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Hyaluronan impairs the barrier integrity
of brain microvascular endothelial cells
through a CD44-dependent pathway

Abraham J Al-Ahmad1,2, Ronak Patel2, Sean P Palecek1

and Eric V Shusta1

Abstract

Hyaluronan (HA) constitutes the most abundant extracellular matrix component during brain development, only to

become a minor component rapidly after birth and in adulthood to remain in specified regions. HA signaling has been

associated with several neurological disorders, yet the impact of HA signaling at the blood–brain barrier (BBB) function

remains undocumented. In this study, we investigated the impact of HA on BBB properties using human-induced pluri-

potent stem cell (iPSC) -derived and primary human and rat BMECs. The impact of HA signaling on developmental and

mature BMECs was assessed by measuring changes in TEER, permeability, BMECs markers (GLUT1, tight junction

proteins, P-gp) expression and localization, CD44 expression and hyaluronan levels. In general, HA treatment decreased

barrier function and reduced P-gp activity with effects being more prominent upon treatment with oligomeric forms of

HA (oHA). Such effects were exacerbated when applied during BMEC differentiation phase (considered as developmen-

tal BBB). We noted a hyaluronidase activity as well as an increase in CD44 expression during prolonged oxygen–glucose

deprivation stress. Inhibition of HA signaling by antibody blockade of CD44 abrogated the detrimental effects of HA

treatment. These results suggest the importance of HA signaling through CD44 on BBB properties.
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Introduction

Hyaluronic acid (HA) is a linear glycosaminoglycan
polymer chain formed by N-glucoronate-b1,4-N-acetyl-
glucosamne dimers. HA can be divided into two groups
based on their molecular weights: High-molecular
weight HA (HA,> 500 kDa) and low-molecular
weight (oligomeric HA or oHA, <100 kDa). In the
central nervous system, HA constitutes the main extra-
cellular matrix component during mammalian brain
development and rapidly decreases during early post-
natal stages.1–3 Such decrease in HA levels coincides
with the maturation of the developmental blood–
brain barrier (BBB).4–6 In the adult CNS, HA localiza-
tion is largely restricted to the perineural network. At
the BBB, HA is located at the endothelial cell glycoca-
lyx located on the luminal side.7 Amongst the different
putative HA receptors described in the literature,8–10

CD44 appears as the main HA receptor expressed at
the BBB. HA signaling has also been associated in

various neurological diseases including fungal brain
infection,11,12 multiple sclerosis,13–18 stroke,19–21 sui-
cidal depression,22 and vascular dementia.23 Yet, the
biological effect of HA (and HA signaling) on the bar-
rier function remains until now undocumented. Thus,
we examined the effects of HA on BBB function using
two complementary in vitro models, primary BMECs
and iPSC-derived BMECs. Importantly, iPSC-derived
BMECs are generated by differentiating human
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pluripotent stem cells as a mixture of neural and
endothelial progenitors that gain BMEC properties in
concert with key in vivo relevant signaling pathways
including the canonical Wnt pathway,24 such differen-
tiation can be likened to a BBB ‘‘development’’ phase.
After purification of the developing BMECs, they gain
many properties of mature BMECs24–27 and ultimately
display a gene expression profile quasi-identical to pri-
mary or established human BMECs.28,29

Methods

Cell culture

Primary cultures and induced pluripotent stem cells
used in this study were obtained and manipulated
after protocols approval and by following the guide-
lines of the Institutional Biosafety Committee and the
Animal Care and Use Committee of Texas Tech
University Health Sciences Center and the University
of Wisconsin–Madison, respectively. Human-induced
pluripotent stem cells (iPSC-BMECs) were obtained
from IMR90-c4 iPS cell line30 (RRID:CVCL_C437)
and differentiated using established protocols by
Lippmann et al.24 In brief, undifferentiated IMR90-c4
iPS colonies were maintained on growth-factor reduced
(GFR) Matrigel (BD Biosciences, San Jose, CA, USA)
in presence of mTeSR1 (Stem Cell Technologies,
Vancouver, BC, Canada) for four days. BMECs differ-
entiation was achieved by incubating such colonies
for six days in presence of unconditioned media
((UM): DMEM/F12 15mM HEPES (Thermofisher,
Waltham, MA), 20% knockout serum replacement
(Thermofisher), 1�MEM non-essential aminoacids
(Thermofisher), 1mM Glutamax (Thermofisher), and
0.1mM b-mercaptoethanol (Sigma-Aldrich, St. Louis,
MO)). After six days of differentiation on UM, cells
were allowed to mature into BMECs by incubating
such cells for two days in presence of ECþ (human
endothelial serum-free medium (hESFM,
Thermofisher), 1% platelet poor-derived bovine serum
(PDS, Alfa-Aesar, Haverhill, MA) and 20 ng/mL basic
fibroblast growth factor (bFGF, Bio-Techne,
Minneapolis, MN)). After eight days of differentiation,
cells were dissociated with accutase (Thermofisher)
After eight days of differentiation, cells were enzymati-
cally dissociated and seeded at a density of 106 cells/cm2

on 12-wells polyester Transwells (0.4 mm pore size,
Corning, Corning, NY, USA) coated with 80 mg/cm2

collagen from human placenta (Sigma-Aldrich) and
20 mg/cm2 fibronectin from bovine plasma (Sigma-
Aldrich) and maintained in ECþ for 24 h. After 24 h,
cell medium was changed to EC� (EC medium supple-
mented with 1% PDS). Primary human brain micro-
vascular endothelial cells (HBMECs) were purchased

(Sciencell, Carlsbad, CA) and maintained as specified
by the vendor, whereas rat brain microvascular endo-
thelial cells (RBMECs) were isolated from adult
Sprague-Dawley rats and maintained as previously
described.31,32 In brief, RBMECs were seeded on
12-wells polyester membranes (0.4 mm) and maintained
in RBMEC medium (DMEM, 20% PDS, 1 mg/mL hep-
arin, 2mM L-glutamine, 4 mg/mL puromycin). IMR90-
derived astrocytes and neurons were obtained following
differentiation protocols previously described by our
group.33 In this study, we maintained neural progenitor
cells (NPCs) grown on GFR Matrigel (Corning) in
neural differentiation medium (NDM) for 48 h in pres-
ence of HA or oHA at different concentrations.
Differentiating neurons were grown on GFR Matrigel
in presence of neuronal maturation medium (NMM)
for seven days. In co-culture experiments, freshly iso-
lated IMR90-BMECs were seeded on Transwell�

inserts placed over 21-days old astrocyte co-cultures.
BMECs were maintained in presence of ECþ during
the first 24 h, followed by medium change to EC�
during the next 24 h. Astrocytes co-cultures medium
was changed after BMECs seeding into fresh astrocytes
medium and maintained as such for 48 h. BMECs
monocultures containing ECþ/EC� on the apical
chamber and astrocytes medium in the bottom chamber
served as control for assessing the barrier function.

Hyaluronan and hyaluronidase treatment

High-molecular weight hyaluronan (HA,> 950 kDa)
and ultra-low-molecular weight HA (oHA, 4–8 kDa)
were purchased from R&D Systems (Bio-Techne) and
dissolved in complete media. HA (or oHA) were added
either at Day 6 of differentiation (48 h incubation) or at
Day 10 of differentiation (24 h incubation). In experi-
ments involving Transwell inserts, HA and oHA were
added at the same concentration in both the apical and
basolateral chambers unless specified. Anti-CD44 treat-
ment was performed in presence of rat anti-CD44 (IM7
clone, 1:100, BD Biosciences, San Jose, CA), and rat
isotype IgG (BD Biosciences) was used as control.
Antibodies were added in both apical and basolateral
chambers. In some experiments, we added HA only in
the basolateral at the desired concentration. Cells were
treated in presence of 10U/mL Streptomyces hyaluro-
nidase (Sigma-Aldrich) either from day 6 to day 8 or
from day 9 to day 10.

Cell count

Cells treated with HA or oHA from day 10 to day 11
were fixed in 100% methanol (Sigma) and stained
with DAPI (Sigma) and observed under an inverted
fluorescence microscope at a 100�magnification
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(Leica X, Leica Microsystems, Wetzlar, Germany).
Cell nuclei were counted using ImageJ (ImageJ, NIH,
Bethesda, MD). An average of five random fields per
experiment was used for data analysis. Cells treated
with HA or oHA from day 6 to day 8 were dissociated
by accutase (Corning) seeded at 106 cells/cm2 and
maintained as previously described. At day 10, cells
were dissociated with accutase and counted using
0.4% Trypan Blue (Sigma) exclusion staining assay
and an hemocytometer. Following the average cell
density obtained at this timepoint, we adjusted the
Transwell� seeding density to 1.55 and 1.75� 106

cells/insert for HA and oHA-treated cells, respectively.

Cell metabolic activity

Cells were exposed to CellTiter Aqueous 96 MTS
reagent (Promega, Madison, WI) at a dilution of 1:20
and allowed to incubate for 2 h. Absorbance was read
using an ELISA plate reader set at 490 nm. Absorbance
from MTS-containing blank medium was subtracted
from the sample absorbance. Cell metabolic activity
was normalized against the average absorbance of con-
trol group.

Barrier function assessment

Transendothelial electrical resistance (TEER) was mea-
sured using an EVOHM STX2 electrode system (World
Precision Instruments, Sarasota, FL). Such TEER
values were referred as baseline values and used to nor-
malize changes in TEER observed following treatment.
After treatment, changes in barrier tightness were mea-
sured using both TEER and paracellular permeability
using sodium fluorescein using previously published
protocols.24,27 Baseline TEER and permeability values
for all three BMECs under resting conditions can be
found in Supplementary Table S1.

Immunofluorescence

Cells were fixed 4% paraformaldehyde (PFA,
Electron Microscopy Sciences, Thermofisher) or
100% cold methanol, followed by permeabilization
with 0.2% Triton-X100 solution (Sigma) with the
exception of extracellular CD44 (eCD44) staining.
Fixed cells were blocked in PBS with 10% normal
goat serum (Sigma) for 1 h. Cells were incubated over-
night with primary antibodies overnight at different
concentrations (see Supplementary Table S2).
Secondary antibodies (1:200, Life Technologies) were
incubated for 1 h at room temperature and visualized
with an inverted epifluorescence microscope (Olympus).
Images were analyzed with ImageJ software (NIH,
Bethesda, MD).

Alcian blue staining

Cells fixed with 100% cold methanol were treated with
3% acetic acid solution (pH2.5) for 5min followed by
incubation with 5% Alcian Blue GX (Alfa-Aesar) dis-
solved in 3% acetic acid solution for 30min followed by
Nuclear Fast Red solution (Sigma-Aldrich) for 5min.
Images were acquired using an Olympus CK2 inverted
tissue culture microscope and processed using ImageJ.

Flow cytometry

Dissociated cells were fixed, permeabilized and blocked
as previously mentioned. Cells were incubated with
primary and secondary antibodies as described in the
previous section (Supplementary Table S2). Cells were
washed with PBS containing 1% bovine serum albumin
(Sigma) and sorted using a BD FACSCalibur (BD
Biosciences). Flow cytometry data were analyzed
using FlowJo X (FlowJo LLC, Ashland, OR). Mean
fluorescence intensity from samples was subtracted
from samples incubated with their respective IgG iso-
type controls.

Immunoblots

Cells were briefly washed with ice-cold PBS and incu-
bated in presence of mammalian protein extrac-
tion reagent (M-PER, Thermofisher) for 10min
followed by a centrifugation at 14,000 r/min for
10min at 4 �C. Cell lysate supernatants total protein
content was assessed by BCA protein detection assay
(Thermofisher); 20 mg of total protein was loaded in a
10% SDS-PAGE followed by a transfer on a nitrocel-
lulose membrane (Bio-Rad, Hercules, CA) and incuba-
tion in presence of 1% BSA solution (Sigma).
Membranes were probed overnight at RT in presence
of mouse primary antibodies targeting b-actin (1:2000,
Thermofisher), claudin-5 (1:500; Thermofisher), occlu-
din (1:500, Thermofisher). Following incubation with
primary antibodies, cells were washed with TBS-0.1%
Tween 20 for 20min each followed by incubation in
HRP-conjugated secondary antibody (1:2000). Protein
bands detection was achieved by incubation with
enhanced chemiluminescent reagent (Pico West,
Thermofisher), detected with X-ray films (Thermofisher)
and digitally acquired using a Canon Pixma MX472
tabletop scanner (Canon Ltd). Images were processed
using ImageJ (ImageJ, NIH, Bethesda, MD).

Hyaluronan ELISA

Acellular and cellular conditioned medium was col-
lected and frozen at �80 �C until analysis. Samples
were diluted by 1:1000 with ELISA diluent buffer and
total hyaluronan concentration (HA�35 kDa) was
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assessed by (Bio-Techne). Samples concentrations were
corrected for endogenous hyaluronan detected in com-
plete medium.

P-glycoprotein activity assay

Cells were seeded at a density of 4� 105 cells/cm2 and
allowed to recover in ECþ for 24 h. Subsequently,
these cells were incubated in ECþ containing 10 mM
Rhodamine 123 (Sigma) with or without 5 mM cyclo-
sporine A (CsA, Sigma) for 1 h at 37 �C. Following
such incubation, cells were washed with PBS and
lyzed with 200 ml RIPA buffer (Thermofisher). Total
fluorescence (RFU) was normalized to total protein
content by BCA assay (Thermofisher).

Oxygen–glucose deprivation stress

Cells were incubated inside an hypoxic chamber
(Biospherix, Laconia, NY) at 37 �C with an atmos-
pheric gas mixture of 1% O2, 5% CO2 and 94% N2

in glucose-free/pyruvate-free Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 1% PDS
(DMEM-) for 24 h, as previously described by our
group.34 Cells maintained in DMEM containing 1 g/L
glucose and 1% PDS served as normoxic control;
10 mM HA or oHA was added at the beginning of
experiment only.

Statistics

Cells (including cell culture wells and inserts) were ran-
domly assigned into each group through the experi-
ment. Results were presented as mean� S.D. from
four independent experiments (each experiment was
performed with two technical duplicates). Statistical
analysis was performed using Graphpad Prism 7.0 stat-
istical package (Graphpad Software, La Jolla, CA),
using Students t-test (for comparison between acellular
and cellular HA content) and one-way analysis of vari-
ance (ANOVA) supplemented by the Dunnett’s post
hoc test. P<0.05 was considered as statistically
significant.

Results

High- and low-molecular weight hyaluronan impairs
the barrier function in mature iPSC-derived BMECs

As high-molecular weight hyaluronan has been
described as a barrier tightening extracellular matrix
component (ECM) in the literature,35–37 we investi-
gated the presence of similar biological activity in our
iPSC-derived BMECs by exposing mature (Day 10)
iPSC-derived BMECs to high (HA; 960 kDa) and

ultra-low (oHA;< 6.5 kDa) molecular weight hyaluro-
nan (Figure 1(a)) at concentrations ranging from 0.1 to
10 mM. Such treatment had minimal impact on BMEC
cell density and cell metabolic activity both following
HA or oHA treatment (Figure 1(b) and (c)), with
exception of 10 mM treatment. Next, we measured
changes in the barrier function following HA or oHA
treatment using TEER for up to 6 h (Figure 1(d) and
(e)). We noted a biphasic response to HA in IMR90-
derived BMECs, as noted by a decrease in TEER at
1 mM, but not at 0.1 mM and 10 mM (Figure 1(d)).
Treatment with oHA resulted in a significant decrease
in TEER at 0.1mM (Figure 1(e)), but not at higher
concentrations. Primary rat BMECs monocultures
(RBMECs, Supplementary Figure 1(a)) showed a simi-
lar biphasic effect following HA treatment (maximum
activity at 1 mM), yet all concentrations showed a
decreased TEER. Next, we assessed the functional bar-
rier outcome at 24 h timepoint (Figure 1(f) and (g)).
We noted a decrease in TEER following HA treatment
at concentrations as low as 0.1mM; however, an
increase in paracellular permeability (fluorescein) was
significant only at 1 mM. Notably, oHA treatment
failed to show a significant decrease in the barrier func-
tion at concentration below 10 mM. RBMECs showed
a dose-dependent effect of HA on the barrier function,
with a significant difference at 1 and 10 mM
(Supplementary Figure 1(b) and (c)). Taken together,
high-molecular weight hyaluronan exerted a detrimen-
tal effect on the barrier function via a dose-dependent
mechanism.

Impact of HA and oHA on BMEC phenotype and
HA signaling

We further investigated changes in BMEC phenotype
by investigating changes in protein expression and
localization following treatment with 10 mM HA or
oHA (Figure 2), a concentration similar to values
reported by Margolis et al.3 in fetal rat brain. No
major changes were observed in BMEC phenotype by
immunofluorescence (Figure 2(a)). We noted a slight
decrease in tight junction (TJ) immunoreactivity in
both iPSC-derived BMECs (Figure 2(a)) and
RBMECs (Supplementary Figure 1(e)), with only a sig-
nificant decrease in ZO-1 protein levels (Figure 2(b)).
We noted a clear decrease in CD44 immunoreactivity
(Figure 2(c)) and protein levels (Supplementary Figure
2(a)) following hyaluronan treatment, as well as CD44þ

cells (Figure 2(d)). Expression of glycocalyx-associated
hyaluronan in mature BMECs7,38 appeared low, as we
noted a fainted purple staining with no differences
noted following HA and oHA treatment (Figure 2(e)).
Nevertheless, we noted differences in P-gp activity fol-
lowing HA and oHA treatment in both iPSC-derived
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Figure 1. Hyaluronan impacts iPSC-derived BMEC monolayers barrier integrity via a dose-dependent manner.(a) Schematic rep-

resentation of the hyaluronan treatment applied to mature iPSC-derived BMECs. At day 10, cells were treated with HA or oHA for

24 h. (b) Effect of HA and oHA treatment on BMEC cell density. Cell nuclei were counted using DAPI staining. (c) Cell metabolic

activity following HA or oHA treatment. Dose-dependent effect of HA (d) and oHA (e) on iPSC-derived BMEC transendothelial

electrical resistance following acute (<6 h) exposure. (f) Effect of prolonged (24 h) treatment on TEER. Note the difference in

response between HA and oHA. (g) Fluorescein permeability in mature BMECs monolayers. Note the highest increase in permeability

noted in iPSC-BMECs. * and ** denote P< 0.05 and P< 0.01 compared to control group, # denotes P< 0.05 between HA and oHA

groups.
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Figure 2. Hyaluronan treatment affects tight junction protein complexes and CD44 expression in mature iPSC-derived BMEC

monolayers. (a) Representative immunocytochemistry pictures of mature BMECs (Day 11) following exposure to 10 mM HA or oHA.

Note the partial detrimental effect of hyaluronan treatment on claudin-5 and occludin immunoreactivity. Scale bar¼ 30mm. (b)

Representative immunoblot for occludin and claudin-5 in iPSC-derived BMECs following HA or oHA treatment (top panel) and

quantitative analysis (bottom panel). (c) Effect of hyaluronan treatment on CD44 expression and localization. Note the decrease in
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BMECs and RBMECs (Supplementary Figure 1(e)), as
CD44 interactions with HA and oHA can alter P-gp
activity.39 HA treatment partially induced P-gp activity
(as measured by decrease in R123 uptake), whereas
oHA treatment partially inhibited such activity in
iPSC-derived BMECs. In contrast, RBMECs showed
an inhibition with both HA and oHA.

Finally, we measured changes in HA levels
(HA�35 kDa) by ELISA (Figure 2(f)). We noted the
presence of endogenous hyaluronan shedding in iPSC-
derived BMECs, with an average concentration of
122.2� 5.46 ng/mL. In absence of BMECs, HA concen-
tration was 10.98� 0.04mg/mL, whereas such number
decreased to 10.62� 0.23mg/mL following incubation
with BMECs. In conclusion, hyaluronan detrimental
effect on the barrier function may be driven by the gen-
eration of HA degradation products from BMECs hya-
luronidase activity.

CD44 inhibition blocks HA-mediated barrier
disruption in mature BMECs

To assess the importance of the hyaluronan present in
the cell glycocalyx, we investigated changes in the bar-
rier function following treatment with a prolonged
treatment with hyaluronidase (HAse) (Figure 3(a) and
(b)). Notably, treatment with hyaluronidase resulted in
an improved barrier function, as noted by an increase
in TEER and decreased permeability. As we speculated
that HA-mediated effects occur via CD44, we inhibited
CD44 activity using IM7 (Figure 3), a CD44-shedding
antibody.40 Treatment of iPSC-BMECs with IM7 alone
for 24 h from Day 10–11 increased TEER and
decreased fluorescein permeability compared to IgG
controls (Figure 3(c) and (d)). In addition, IM7 treat-
ment abrogated HA and oHA-mediated activity on the
barrier function. Treatment with IM7 also did not
appear to substantially impact TJ complexes compared
to IgG isotype control (Figure 5(e)), although we noted
a decrease in CD44þ cells following IM7 treatment
(Figure 3(f)). Finally, IM7 partially inhibited P-gp
activity as we noted a significant increase in R123
uptake compared to IgG (Figure 3(g)). In conclusion,
HA and oHA-mediated effects on the barrier function
appear mediated via a CD44-dependent mechanism.

Astrocytes co-cultures blunt HA-mediated effects on
BMECs barrier function

Astrocytes play a significant function at the BBB, by
inducing the barrier function in BMECs. Thus, we gen-
erated iPSC-derived astrocytes from the same iPSC line
using our most recent protocol33 and exposed astro-
cyte/BMECs co-cultures to HA (Figure 4(a) and (b)).
Incubation of BMEC monocultures with astrocytes
medium in the basolateral medium did not affect the
BMEC barrier function (241� 160 X.cm2). Notably,
presence of astrocytes blunted HA and oHA-mediated
activity on the barrier function as we noted no differ-
ences in TEER and fluorescein permeability.

No differences were noted if hyaluronan was added to
the basolateral chamber only (BL) or in both apical and
basolateral (APþBL). Astrocytes monocultures failed to
show hyaluronan shedding activity (Supplementary
Figure 2(a)), despite showing a partial hyaluronidase
activity (10.68� 0.15 and 10.10� 0.10mg/mL in HA
alone or incubated with iPSC-derived astrocytes). In
conclusion, astrocytes inhibit BMECs response to HA
and oHA.

Oxygen–glucose deprivation stress impact CD44
expression in astrocytes and BMECs, but not HA
degradation

Next, we investigated the effect of HA on prolonged
oxygen–glucose deprivation stress in iPSC-derived
BMECs (Figure 4(c) to (f)) following our published
protocol.34 Treatment with DMEMþ under normoxia
resulted in an absence of CD44 immunoreactivity
(Figure 4(c)). However, OGD treatment resulted in an
increased CD44 immunoreactivity (Figure 4(c)) that
was further amplified following treatment with HA
and oHA. We did notice an Alcian blue peri-nuclear
purple staining in HAþOGD and oHAþOGD groups
suggesting the presence of glycocalyx-associated hya-
luronan. We did not notice an increase hyaluronan
shedding or exogenous hyaluronan degradation follow-
ing OGD stress (Figure 4(d)). Notably, treatment of
OGD-BMECs with HA or oHA resulted in the partial
maintenance of the barrier function both in TEER and
permeability (Figure 4(e) and (f)). In conclusion, our

Figure 2. Continued

CD44 immunoreactivity in both the cell surface (eCD44) and total (tCD44). Scale bar¼ 30 mm (d) Quantification of CD44þ cells.

Total CD44 staining (tCD44) was used for quantification. (e) Alcian blue staining of iPSC-derived BMECs. Note the pale purple staining

suggesting a low glycocalyx-associated hyaluronan. (f) Hyaluronan levels in BMECs without or with HA. Represented values were

corrected against the endogenous hyaluronan content found in complete cell medium. Note the small but significant decrease in HA

levels following incubation with BMECs compared to HA incubated in cell medium alone. * and ** denote P< 0.05 and P< 0.01 versus

control group; # denotes P< 0.05 versus HA or oHA group.
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Figure 3. Removal of glycocalyx-associated hyaluronan or CD44 blockade by IM7 abrogates hyaluronan activity in mature iPS-

BMECs. (a and b) Effect of hyaluronidase treatment on TEER and fluorescein permeability. Cells were treated with 100 U/mL

hyaluronidase for 24 h. (c and d) Effect of IM7 on TEER and permeability. Cells were incubated in presence of IgG isotype or IM7 alone

or in presence of HA or oHA for 24 h. (e) Representative immunocytochemistry pictures of mature iPSC-derived BMECs treated with

IM7 with or without HA or oHA. Note the relative absence of change in TJ complexes and a decrease in total CD44 immunoreactivity.

(f) Quantification of CD44-positive cells (tCD44), note a decrease following IM7. (g) IM7 inhibits P-gp activity, as noted by an increase

in R123 uptake. * and ** denote P< 0.05 and P< 0.01 versus IgG isotype group, respectively.
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Figure 4. Impact of astrocytes and oxygen–glucose deprivation stress on hyaluronan biological activity. (a and b) TEER and

fluorescein permeability values of astrocytes/BMECs co-cultures in presence of HA and oHA for 24 h. BMECs were co-cultured

with astrocytes upon seeding at day 8 and maintained as monocultures; basolateral chamber was maintained in astrocytes medium.

HA or oHA were added in both the apical and basolateral chamber (APþBL) or basolateral chamber alone (BL). Note the absence

of HA- or oHA-mediated effect on the barrier function, regardless of its location. (c) Expression of CD44 in IPSC-derived iPSC-

derived BMECs during prolonged (24 h) OGD stress. Cells were exposed to oxygen–glucose deprivation stress (OGD, 1% oxygen

and glucose-free DMEM/1% PDS) for 24 h in absence or presence of 10mM HA or oHA. Note the absence of CD44 under

normoxic condition in BMECs and its increase following OGD stress and concomitant presence of HA or oHA. (d) Hyaluronan

levels following OGD stress. OGD stress has minimal effect on endogenous hyaluronan secretion. No differences in hyaluronan

levels were observed following OGD treatment. (e and f) Impact of HA and oHA on the barrier function (TEER and fluorescein)

during OGD stress. * denotes P<0.05 between HA incubated in acellular condition and HA incubated in presence of iPSC-derived

astrocytes (astros).
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data suggest the possible involvement of hyaluronan
signaling during OGD stress.

Hyaluronan impairs BMEC yield

As we have demonstrated, astrocytes blunted
HA-mediated activity on BMEC barrier function.
Yet, astrocytes only appear in late stage of fetal brain
development.41 Barriergenesis occurs earlier during
fetal brain development, encountering an hyaluronan-
rich environment.3,42–46 As our model display a cellular
micro-environment similar to a developmental BBB
(presence of neural progenitor cells (NPCs), endothelial
cell differentiation and barriergenesis), we investigated
the impact of HA and oHA treatment from Day 6 to
Day 8 and measured changes in the barrier function at
Day 9 (Figure 5(a)). Hyaluronan shedding by such
BMECs/NPCs co-cultures (Figure 5(b)) was lower
than mature BMECs (62.1� 0.89 ng/mL); however,
we did not observe significant difference in HA degrad-
ation (10.98� 0.04 and 10.82� 0.39mg/mL, respect-
ively). Treatment with HA or oHA had minimal
effects on BMEC phenotype (PECAM1þ/GLUT1þ)
in differentiating BMEC colonies (Figure 5(c)).
Treatment with HA and oHA increased cell density
by Day 8 (Figure 5(d)); however, such proliferation
was not present after purification as no changes in
MTS were noted (Figure 5(e)). Noteworthy, HA and
oHA partially decreased NPCs cell metabolic activity
(Supplementary Figure 2(c)) and increased cell density
(Supplementary Figure 2(d)) at concentrations lesser than
1mM. Although we noted an important decrease in cell
metabolic activity in neurons (Supplementary Figure
2(e)), we did not observe notable changes in bIII-tubulinþ

neurites density (Supplementary Figure 2(f)).

Hyaluronan treatment during differentiation impairs
BMEC barrier phenotype and function

Taking into account the difference in BMEC yield into
BMECs Transwell filters seeding, we measured changes
in the barrier function at Day 10 (Figure 5(g) and (h)).
HA and oHA treatment had a lasting effect on the bar-
rier function, as we noted lower outcomes in TEER and
fluorescein permeability compared to control. The
impact of HA and oHA was mostly visible on the
BMEC phenotype at Day 9 (Figure 6), as we noted
impaired TJ complexes in BMECs by immunofluores-
cence (Figure 6(a)) and immunoblots (Figure 6(b)). We
noted a decrease in claudin-5 and ZO-1 immunoreactiv-
ity (Figure 6(a)) and protein levels (Figure 6(b)) and cor-
related with an increase in frayed junctions (Figure 6(c)).
In addition to changes in TJ complexes, we noted a slight
decrease in GLUT1 immunoreactivity (Figure 6(a)) and
protein level (Supplementary Figure 2(b)) following

hyaluronan treatment. As observed with mature
BMECs, we noted a decrease in CD44þ cells (Figure
6(e)) and CD44 protein levels (Supplementary Figure
3(c)). P-gp showed signs of delocalization (Figure 6(a))
and activity (Supplementary Figure 3(d)) but no changes
in protein expression (Supplementary Figure 3(e)).

CD44 inhibition during BMEC differentiation
improved barrier phenotype in iPSC-derived BMECs
and mitigated the effects of HA treatment

We investigated the impact of CD44 blocking by IM7
antibody on BMEC phenotype outcome (Figure 7). As
observed with mature BMECs (Figure 3), treatment
with IM7 increased BMECs barrier function by acting
both on TEER and fluorescein (Figure 7(a) and (b)).
IM7 treatment reduced the number of frayed TJ com-
plexes and number of CD44þ BMECs (Figure 7(d) and
(e)). As expected, IM7 partially inhibited P-gp activity
in IMR90-derived BMECs (Figure 7(f)). In conclusion,
our data indicate that CD44 inhibition eliminates most
effects driven by HA or oHA, although CD44 inhib-
ition on its own also affects BBB phenotype.

Discussion

Hyaluronan signaling pathway has been associated
with various neurological disorders,11,15,19,22 yet the
impact of such pathway on the BBB integrity remains
poorly understood. In this study, we investigated the
effect of high (HA) and ultra-low (oHA) weight hyalur-
onan on the barrier function using IMR90 iPSC-
derived and primary brain microvascular endothelial
cells (BMECs) during their developmental (Days 6 to
8) and mature stage (Days 10 to 11). We observed a
biological activity at 10 mM for both HA and oHA,
such concentration was within range of values reported
by Margolis et al.3 in fetal rat brain. Such levels were 4-
fold higher than an adult rat brain. On the other hand,
Delpech et al.47 reported average HA concentrations in
human fetal and adult (cortex) brains of 12.35 and
1.8mg/g dry tissues, respectively.

Both HA and oHA resulted in a detrimental effect
on the barrier function, as we noted decreased TEER,
increased fluorescein permeability and frayed TJ com-
plexes. Such effect was associated with a decrease in TJ
proteins (claudin-5, occludin, ZO-1) as noted by immu-
noblots and immunocytochemistry.

Notably, a recent study by Tang et al.48 noted an
increase in HA plasma level in patients suffering from
stroke injury. In particular, such study noted an
unfavorable outcome in patients suffering from either
acute ischemic stroke or intracerebral hemorrhage and
displaying HA plasma levels higher than 500 ng/mL.
Such findings support the possible association between
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Figure 5. Hyaluronan treatment mildly affects iPSC-derived BMECs differentiation. (a) Schematic of the treatment of immature

iPSC-derived BMECs with HA and oHA were treated with 10 mM HA or oHA from Day 6 to Day 8 of their differentiation. (b)

Hyaluronan levels at day 8 of differentiation, in BMECs incubated without or with 10mM HA. Hyaluronan level at day 8

(62.12� 0.89 ng/mL) was lower than observed at day 11 (122.2� 5.49 ng/mL). (c) Representative immunocytochemistry pictures of

purified BMECs monolayers following HA and oHA treatment at day 8 of their differentiation, prior purification. BMECs colonies are
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high HA levels and impaired BBB function. In our
study, we have shown the increased permeability of
BMECs monolayers following treatment with HA or
oHA. The presence of similar response in vivo is yet
to be documented; however, a recent study by Yao
et al.49 noted an increased Evans Blue permeability at
the BBB following treatment with chitosan-based micro
emulsions conjugated with HA. Similar outcomes were
observed for paclitaxel using hyaluronan-conjugated
nanoparticles.50 Yet, such in vivo models failed to pro-
vide the mechanism of action of HA on the BBB that
allow such increase in permeability. According to
Lesley et al.,51 CD44 affinity to HA is inversely propor-
tional to the molecular weight, with high-molecular
weight HA showing the highest affinity for CD44. A
possible signaling pathway involved in hyaluronan-
induced barrier disruption may involve small
GTPases, including Rac1 and RhoA.8 Both pathways
appear important in the regulation of TJ integrity at the
BBB,52,53 thus we are further investigating how HA and
oHA treatment are affecting such small GTPases.

In our study, HA and oHA displayed similar
response. Hyaluronan ELISA data suggest the presence
of an endogenous HA shedding and release in cell
medium. Endogenous HA levels observed in our cell
culture supernatants were similar to values observed
in patients’ plasma level.48 In addition to endogenous
HA production, we noted the presence of a hyaluroni-
dase activity (via an hypothetical HYAL1 and HYAL2-
mediated degradation) in our iPSC-derived BMECs
capable to degrade exogenous hyaluronan. Yet, a limi-
tation of this study is made by the limited discrimin-
ation of HA degradation byproducts. Such limitation
was obvious in our OGD samples, as we did not
observe significant differences in hyaluronan levels
compared to normoxic samples. Therefore, we are cur-
rently investigating the possibility to refine our analyt-
ical method to quantify the nature of such HA
degradation byproducts sorted by their size as well as
assessing HYAL1 and HYAL2 in our cells during both
normoxia and OGD stress, as such enzymes are report-
edly up-regulated during stroke injury.19

Interestingly, CD44 appeared as the main receptor in
HA-mediated activity on the BBB. We noted though
that CD44 expression was decreased during the matur-
ation process. In parallel, we also noted an increase in
shed hyaluronan in iPSC-derived BMECs (but not in
astrocytes). Such observation supports a study of
Knudson et al.54 pointing to an increased HA degrad-
ation following its binding with CD44. Furthermore,
we noted up-regulation of CD44 expression during
OGD stress in both iPSC-derived astrocytes and
BMECs. CD44 has been recently described as a hyp-
oxic responsive gene,55 thus we are currently investigat-
ing the impact of OGD on CD44 expression.
In addition, the presence of HA or oHA appeared to
stabilize the barrier function, as we noted an increase in
TEER and decrease in fluorescein permeability com-
pared to cells treated with OGD only. In terms of devel-
opmental timing in vitro, hyaluronan treatment showed
a more detrimental differentiating BBB compared to
the mature BBB suggesting a crucial role of hyaluronan
signaling in BBB development. Neural progenitor cells
(NPCs) co-differentiating with BMECs have shown
pivotal roles inducing a barrier phenotype, through sig-
naling pathways such as Wnt/b-catenin and retinoic
acid pathways.24,27,56 We cannot exclude that the pres-
ence of HA or oHA may disrupt the maturation of both
BMECs and NPCs during the time-window of our
treatment (Day 6 to Day 8). Hyaluronan signaling
appears an important pathway involved in NPC main-
tenance and differentiation in vivo.57 Both HA and
oHA affected IMR90-derived NPCs proliferation and
metabolic activity, but showed no impact on neuronal
differentiation and neurites outgrowth. Thus, it may be
possible that the temporal regulation of hyaluronan
during development may in part impact the timing of
BBB development and maturation. Another effect
noted in both primary and stem cell-derived BMECs
is the effect of hyaluronan on P-gp activity. We
observed an increase in P-gp activity (decreased R123
uptake) following treatment with HA, whereas oHA
treatment resulted in a decrease of such activity.
Moreover, treatment with IM7 also resulted in P-gp

Figure 5. Continued

characterized by the expression of both PECAM-1 and GLUT-1. Note the mild decrease in PECAM-1 immunoreactivity in oHA-

treated groups. Scale bar¼ 30 mm. (d) Cell density analysis using Trypan blue exclusion assay. Cells were dissociated with accutase and

counted using Trypan Blue. Note the increase in cell density at Day 8 following treatment with HA and oHA. (e) MTT assay was

performed on cells freshly seeded at 1� 105 cells/cm2 and incubated for 4 h in presence of MTT reagent. MTT absorbance was

adjusted to absorbance from blank (cell-free) well, absorbance values were normalized against control (untreated) cells. (f) Cell density

count 24 h after seeding on collagen/fibronectin coated tissue culture plastic surface. All groups were seeded at a density of 1� 105

cells/cm2. Note the decrease in cell density following HA and oHA treatment suggesting a decrease in BMEC population. (g and h)

TEER and fluorescein permeability values were obtained at Day 10. Note the increased permeability observed following HA and oHA

treatment. iPSC-derived BMECs were treated with 10mM HA or oHA from Day 6 to Day 8 of their differentiation. * and ** denote

P< 0.05 and P< 0.01 compared to control group, # denotes P< 0.05 between HA and oHA groups.
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Figure 6. Hyaluronan treatment during BMECs differentiation impairs BMECs barrier function. (a) Representative micrograph

pictures of confluent BMECs monolayers at Day 9. Note the presence of lacunar tight junction (TJ) complexes (claudin-5 and occludin)

and decrease in ZO-1 immunoreactivity, indicative of frayed cell junctions (denoted by arrows). Note the decrease in extracellular

CD44 (eCD44), but no differences in total CD44 (tCD44) were noted upon cell permeabilization with Triton-X100. Cell nuclei were

counterstained using DAPI (blue). Also, note the changes in P-gp distribution in cells pre-treated with oHA. Scale bar¼ 30mm. (b)

Representative claudin-5 and ZO-1 immunoblots (top panel) and quantification (bottom panel) expression at day 9. Occludin bands

were below detection levels. Note the decrease in claudin-5 and ZO-1 protein levels following hyaluronan treatment. (c)

Quantification of frayed junctions in claudin-5 tight junction complexes. Cell junctions that did not display a smooth pattern or that

was not visible was qualified as frayed junction. (d) Quantification of eCD44-positive cells at day 9. Note the decrease in eCD44-

positive cells following HA and oHA treatment. * and ** denote P< 0.05 and P< 0.01 versus control group.
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Figure 7. Exogenous hyaluronase treatment has a deleterious effect on BMEC maturation whereas CD44 blockade by IM7 reverses

the detrimental effect of hyaluronan on BMEC differentiation. (a and b) Effect of hyaluronase treatment during the BMEC maturation

phase on the barrier function. Cells were treated from Day 6 to Day 8 with bovine hyaluronidase (HAse; 100 U/mL), followed by

purification on inserts. Cells were maintained in hyaluronidase-free medium from Day 8 to Day 9. TEER and permeability were

measured at Day 9. Note the detrimental effect of HAse treatment on the barrier function, contrasting with its effect on mature

BMECs. (c–h) Cells were incubated in presence of IM7 or IgG isotype concomitantly with HA or oHA during from Day 6 to Day 8. (c)

TEER values obtained at Day 10. Note the intrinsic increase in TEER following treatment with IM7 alone or combined with hyaluronan

treatment. (d) Fluorescein permeability at Day 10. Again, note the decreased permeability following treatment with IM7 alone or

combined with hyaluronan treatment. (e) Representative micrograph picture of claudin-5, extracellular CD44 (eCD44) and total

CD44 (tCD44) at Day 10 following treatment with IM7. Note the smoothening of claudin-5 TJ complexes (arrow) following treatment

with IM7. (f) Quantification of frayed TJ complexes following IM7 treatment. Note the decrease by 50% of frayed junctions. (g)

Quantification of tCD44-positive cells, as decrease in eCD44-positive cells was accompanied by a decrease in total number of cells

expressing CD44 (eCD44 or tCD44). (h) CD44 blockade by IM7 partially inhibited P-gp activity up to 24 h after purification and

abrogated the effect of HA and oHA P-gp activity. * and ** denote P<0.05 and P<0.01 versus IgG isotype control group.
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inhibition. Such observation is in agreement with the
existing literature, as expression and interaction of
CD44 with P-gp have been associated with multidrug
resistance in various cancer cell lines.58–60 The mechan-
ism of action of CD44-mediated P-gp activity in our
model remains unclear; however, we speculate the con-
tribution of the ezrin-radixin-moesin (ERM) complex-
dependent pathway.39 Taken together, this study
emphasizes the deleterious effects of hyaluronan signal-
ing on BBB integrity, and that such disruption occurred
through a CD44-dependent pathway. Further study of
hyaluronan signaling at the BBB is warranted as these
data suggest a significant potential impact of hyaluro-
nan on BBB health and disease.
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