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A B S T R A C T

The blood-brain barrier (BBB), a selective barrier formed by brain microvascular endothelial cells (BMEC), rep-
resents a major challenge for the efficient accumulation of pharmaceutical drugs into the brain. The receptor-
mediated transcytosis (RMT) has recently gained increasing interest for pharmaceutical industry as it shows a
great potential to shuttle large-sized therapeutic cargos across the BBB. Confirming the presence of the RMT
pathway by BMEC is therefore important for the screening of peptides or antibody libraries that bind RMT re-
ceptors. Herein, a comparative study was performed between a human cell line of BMEC (HBEC) and human
induced pluripotent stem cells-derived BMEC-like cells (hiPS-BMEC). The significantly higher gene and protein
expressions of transporters and tight junction proteins, excepting CD31 and VE-cadherin were exhibited by hiPS-
BMEC than by HBEC, suggesting more biomimetic BBB features of hiPS-BMEC. The presence and functionality of
transferrin receptor (TfR), known to use RMT pathway, were confirmed using hiPS-BMEC by competitive binding
assays and confocal microscopy observations. Finally, cysteine-modified T7 and cysteine modified-Tfr-T12 pep-
tides, previously reported to be ligands of TfR, were compared regarding their permeability using hiPS-BMEC. The
hiPS-BMEC could be useful for the identification of therapeutics that can be transported across the BBB using RMT
pathway.
1. Introduction

Pharmaceutical drug development is a lengthy and highly expensive
process, whose costs have steadily increased over recent decades [1], due
to the development of new modalities such as RNA therapeutics, anti-
body drug conjugates, or gene therapy [2]. Drug candidate libraries must
be tested against potential targets, as well as drug side effects and toxicity
towards human tissue to allow their commercialization [3]. Drug can-
didates for the treatment of neurological pathologies tend to have higher
failure rates at the “bench-to-bedside” transition than any other drugs
[4], most often because of insufficient evidences of the clinical efficacy of
the drugs. It is also partly due to the lack of reliable human equivalent
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models to effectively screen potential therapeutic molecules, especially
the brain. The permeation mechanism and the delivery efficiency of
intravenously injected drugs to the brain are also poorly understood.
Increasing efforts have been focused on the implementation of biologi-
cally relevant models of the brain vasculature to simulate the passage of
anti-cancer drugs from the bloodstream to the brain.

Notably, the in vitro blood-brain barrier (BBB) models can provide a
valuable tool for understanding intracellular trafficking and receptor
binding related to the transport of drugs into the brain [5]. The BBB is a
protective barrier located at the interface between the microvascular
blood stream and the brain. It regulates the transport of nutrients and
ions in the brain parenchyma, which is essential for brain homeostasis.
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This selective barrier also impedes the brain uptake of potentially
harmful substances and neurotherapeutics [6]. The restrictive perme-
ability mainly arises from the presence of highly specialized brain
microvascular endothelial cells (BMEC), which are different from the
endothelial cells (ECs) in other organs [7,8]. They are characterized by
the absence of fenestration, a low level of pinocytic vesicles and high
expression of tight junctions (TJs) between adjacent ECs. The presence of
specific carriers and receptors that regulates the transport of ions, small
and large molecules is also a hallmark of the BBB endothelium [9,10].
The source of BMEC is important to consider for the reproduction of all of
these properties in vitro and is crucial for a better clinical translation of
engineered BBB models [11–13]. Immortalized cell lines provide a
readily available source of human brain microvascular endothelial cells
(BMEC) but do not exhibit some of the characteristics of the in vivo BBB
endothelium, being impaired by their inadequate barrier function and
low expression of BBB-specific transporters and enzymes [14,15]. Human
induced pluripotent stem cells derived BMEC-like cells (hiPS-BMEC)
have recently generated great opportunities for the BBB modeling
[16–21]. Although the formation of strong TJs and the expression of
some transporter proteins were demonstrated for hiPS-BMEC, the func-
tions of the receptor-mediated transcytosis (RMT) receptors remains to
be elucidated. The RMT pathway has recently attracted increasing in-
terest due to the possibility of transporting certain large molecules across
the BBB [6]. An ever-increasing list of protein, such as insulin, leptin, and
lipoproteins, essential for brain functions has been proposed to be
transported using the RMT [22–25]. One of the most studied RMT re-
ceptors is the transferrin receptor (TfR) which mediates the delivery of
iron to the brain [25]. TfR has gained particular attention due to its high
expression level by both brain ECs and brain cancer cells [26–28],
making it an attractive target for the specific delivery of drugs into the
brain and to tumor site. Various drug delivery systems (DDS) have been
designed for improving the delivery efficiency of drugs into the brain by
adding moieties targeting RMT receptors for an enhanced transport
across the BBB [29–33]. HiPS-BMEC-based models could be a valuable
complementary tool prior to in vivo studies, as it could easily and rapidly
screen the DDS functionalized with different ligands for RMT based on
their in vitro permeation rate. Assessing the possibility of hiPS-BMEC to
use RMT pathway is therefore highly desired, as it could create oppor-
tunities for finding novel treatments of central nervous system diseases.

In this study, hiPS-BMEC [18] were compared to an immortalized
human brain microvascular endothelial cell line (HBEC) [34] with
respect to their gene and protein expression profile, as well as their
barrier function properties. The functionality of the TfR-mediated
transcytosis on hiPS-BMEC was then confirmed using the native ligand
of the TfR, transferrin. Finally, as an applicative validation, two candi-
date peptides previously reported to be internalized using TfR [35],
Fig. 1. Schematic overview of the comparison study between human BMEC/cond
(hiPS-BMEC).
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cysteine-modified T7 (Sequence CHAIYPRH) or cysteine-modified
Tfr-T12 peptide (Sequence CTHRPPMWSPVWP), were screened with
respect to their permeability ability across the hiPS-BMEC monolayer
(Fig. 1).

2. Materials and methods

2.1. Reagents

Cysteine-modified T7 peptide (8 AA, CHAIYPRH, cys-T7) and
cysteine-modified Tfr-T12 peptide (13 AA, CTHRPPMWSPVWP, cys-TfR-
T12) were custom peptides synthesized by Scrum (Tokyo, Japan). (4-(4,
6-dimethoxy-1, 3, 5 -triazine-2-yl)-4-methyl-morpholinium chloride
(DMT-MM, nH2O) was purchased from Watanabe Chemical (Hiroshima,
Japan) (Ref. 3945-69-5). Unconjugated fluoresceinyl glycine amide
(FGA) was obtained from Setareh Biotech (Eugene, OR, USA)
(Ref. 136091-82-2). Dimethylsulfoxide (DMSO) was purchased from
Nacalai Tesque (Kyoto, Japan) (Ref. 08489–45). Spectra/Por™ Biotech
Cellulose Ester (CE) Dialysis Membrane Tubing (MWCO 500–1000Da)
was purchased from Spectrum (New Brunswick, NJ, USA) (Ref. 131096).
Lysotracker deep red (Ref. L12492) and FITC-dextran of 9.5 kDa
(Ref. FD10S), 70 kDa (Ref. FD70S), 250 kDa (Ref. FD250S), 2000 kDa
(Ref. FD2000S) were purchased from Sigma-Aldrich (St Louis, MO, USA).
PitStop®2 (Ref. ab120687) was purchased from Abcam (Cambridge,
UK).

2.2. DLS measurement

The zeta potential and size of FITC dextran molecular weight (MW)
9.5 kDa, 70 kDa, 250 kDa and 2000 kDa at 1 mg/mL were measured in
PBS. The analysis was performed three times with an acquisition at 37 �C
using dynamic light scattering (DLS) instruments (Malvern Instruments,
Nano-ZS, UK). The data were analyzed by Malvern ZetaSizer Software
(Version 7.13.1, UK) and values were reported as the means of triplicate
measurements.

2.3. Cell culture

Human brain microvascular endothelial cells/conditionally immor-
talized clone ci18 (HBEC) used for this work were kindly provided by
Prof. Furihata, generated as previously reported [34]. HBEC were
cultured on collagen-coated dishes (100 mm, collagen type I, Iwaki,
Tokyo, Japan). Cells were cultured in a humidified incubator (33 �C, 5%
CO2) for the maintenance of growth activity. Culture medium was sup-
plemented with 4 μg/mL of Blasticidin S HCl (Invitrogen, Waltham, MA,
USA) to maintain selective pressure for routine culture. HBEC were
itionally immortalized, clone ci18 (HBEC) and human iPS-derived BMEC-like
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grown in Vasculife (VEGF-Mv, LifeLine, Carlsbad, CA, USA) supple-
mented with 0.5 mL rh FGF-b, 0.5 mL ascorbic acid, 0.5 mL hydrocor-
tisone hemisuccinate, 25 mL L-glutamine, 0.5 mL rh IGF-1, 0.5 mL rh
EGF, 0.5 mL rh VEGF, 0.5 mL heparin sulfate, 25 mL fetal bovine serum
(kit LifeFactor VEGF-Mv, LifeLine, Carlsbad, CA, USA), 25 mL supple-
mentary fetal bovine serum (FBS, Gibco ThermoFisher, Waltham, MA,
USA), and 1% penicillin-streptomycin (10,000 U.mL-1 - 10,000 μg/mL,
Nacalai Tesque, Kyoto, Japan). For transport studies, 1.0 � 105 HBEC
were seeded in a 24 well insert (Ref. 662641, Greiner Bio-One, Monroe,
NC, USA) pre-coated with 100 μL of fibronectin at 0.04% (fibronectin
from human plasma, F2006-5G, Sigma-Aldrich, St. Louis, MO, USA).
Insert cultures of HBEC were then incubated at 37 �C for 2 days to induce
their differentiation before their use in subsequent experiments, also
performed at 37 �C.

Human iPS cells (hiPS) were successfully differentiated to hiPS-BMEC
as previously reported [18] (Fig. S1). Briefly, hiPS were detached with
Accutase (SCR005, Merck, Branchburg, NJ, USA) and seeded on
Matrigel-coated 6-well plate at a density of 1–1.5 � 105 cells/well and
cultured in mTeSR1 medium (Ref. 85850, STEMCELL Technologies,
Vancouver, BC, Canada) containing 10 μM ROCK inhibitor Y27632
(Ref. 259–00613, Fujifilm Wako, Osaka, Japan) (day �3). After 24h, the
medium was replaced with fresh mTeSR1 medium without ROCK in-
hibitor Y27632 (day �2). On day 0, the medium was replaced with un-
conditioned medium (UM). On day 6, the medium was replaced by
human endothelial serum-free medium (SFM, Ref. 11111044, Gibco
ThermoFisher, Waltham, MA, USA) containing 1% human
platelet-derived serum (hPDS, Ref. P2918 Sigma-Aldrich, St. Louis, MO,
USA), 10 μM all-trans-retinoic acid (ATRA, Ref. 182–01116, Fujifilm
Wako, Osaka, Japan) and 20 ng/mL human fibroblast growth factor 2
(FGF2, Ref. 161-0010-3, Katayama Chemical Industries Co., Osaka,
Japan). On day 8, the cells were detached using Accutase and seeded at a
density of 3.3 � 105 onto 24-well inserts with 0.4 μm pore size
(Ref. 353095, Falcon, Flowery Branch, GA, USA) coated with fibro-
nectin/collagen IV (FN/Col IV, Pharmaco-cell, Nagasaki, Japan) and
cultured in SFM with hPDS, ATRA, and FGF2. On day 9, floating cells
were removed by washing with SFM, and the medium was replaced with
fresh SFM with hPDS. The hiPS-BMEC insert cultures at day 10 of the
differentiation were used in subsequent experiments.

2.4. Assessment of transendothelial electrical resistance (TEER)

The TEER was monitored for 1 h at different time points (0, 10, 30,
45, 60 min) in SFM medium using the cultures of HBEC and hiPS-BMEC
seeded in the 24-well insert. The TEER was measured using a Millicell®
ERS-2 Volt-Ohm Meter (Millipore, Bedford, MA, USA) equipped with a
STX01 chopstick electrode (Millipore, Bedford, MA, USA). The TEER
value was calculated from the following equation (1) [36]:

TEER¼ �
Rmonolayer �Rblank

�� A (1)

Where Rmonolayer is the resistance of the cell monolayer along with the
filter membrane; Rblank is the resistance of the cell-free insert membrane
in SFM medium, and A is the surface area of the membrane (0.33 cm2).

2.5. Quantitative reverse Transcription-PCR (qRT-PCR)

The HBEC and hiPS-BMEC cultured in inserts were rinsed with PBS,
and RNA was extracted using PureLink RNA Micro Kit (Invitrogen,
Waltham, MA, USA). RNA content was assessed with a NanodropTM

spectrometer (N1000, Thermo Fisher Scientific, Waltham, MA, USA). A
reverse transcription of the RNA samples into cDNA using iSCRIPT cDNA
synthesis kit (Bio-Rad, Hercules, USA) was performed. A real-time
quantitative polymerase chain reaction (RT-qPCR) was then conducted
3

on the cDNA samples using Taqman Fast Advanced Mix (Taqman Gene
Expression Assays, Thermo Fisher Scientific, Waltham, MA, USA) (cf.
Supplementary Data, Table S1 for probes reference) in the StepOnePlus
Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA).
Peptidylprolyl Isomerase A (PPIA) was used as the housekeeping gene to
normalize the gene expression.

2.6. Immunofluorescence

The HBEC and hiPS-BMEC insert cultures were rinsed three times in
PBS then fixed in 4% paraformaldehyde (FujifilmWako, Osaka, Japan) at
room temperature for 15 min. Permeabilization was carried out using
0.2% Triton X-100 for 15 min (Sigma-Aldrich, St. Louis, MO, USA)
diluted in PBS. After PBS rinsing, blocking was performed for 1 h at room
temperature with 1% bovine serum albumin (BSA, Sigma-Aldrich, St.
Louis, MO, USA) in PBS, to minimize non-specific staining. The samples
were incubated with primary antibodies overnight at 4 �C: anti-CD31
antibody (mouse anti-human, NCL-CD31-1A10, Leica, Wetzlar, Ger-
many) was diluted in 1% BSA in PBS at 1/100, while antibodies against
tight-junction proteins, adherens junction protein and transporters were
diluted in 1% BSA in PBS at 1/50 (rabbit anti-human TfR, NB500-
493AF647, NovusBio, Centennial, USA) (mouse anti-human ZO-1, ZO1-
1A12, Invitrogen, Waltham, MA, USA), 1/100 (mouse anti-human
Claudin-5, 35–2500, Thermo Fisher Scientific, Waltham, MA, USA) or
at 1/500 (rabbit anti-human VE-cadherin, ab33168, Abcam, Cambridge,
UK). Double staining was usually carried out at the same time, except for
the anti-TfR antibody which was already conjugated with Alexa Fluor
647. After PBS rinsing, samples were incubated for 2 h at room tem-
perature in the dark with secondary antibodies diluted at 1/100 in 1%
BSA in PBS (goat anti-mouse, Alexa Fluor 647, A21235, Thermo Fisher
Scientific, Waltham, MA, USA; or goat anti-rabbit, Alexa Fluor 488,
ab150077, Abcam, Cambridge, UK). The nuclei were counterstained with
Hoechst (Thermo Fisher Scientific, Waltham, MA, USA). After washing
three times with PBS, the samples were observed using confocal laser
scanning microscope FluoView FV3000 (Olympus, Tokyo, Japan) using
�10 or �40 magnification. The images were taken by keeping the same
exposure time and excitation power for each sample for fluorescence
quantification assessment. Fluorescence intensity of �10 magnification
pictures was quantified using Fiji software [37] and normalized by cell
number.

2.7. Fluorescent labeling of peptides

A stock solution at 1 mg/mL of each peptide was prepared by dis-
solving 5 mg of cys-T7 or cys-Tfr-12 peptide in MilliQ water. A 500 mM
stock solution of DMT-MM was prepared in MilliQ water. 10.04 μL of
DMT-MM stock solution (5.02 μmol, 1 eq.) and 6.275 μL of DMT-MM
stock solution (3.137 μmol, 1 eq.) were respectively added dropwise to
the 5 mL of the stock solution of cys-T7 peptide or cys-Tfr-T12 peptide
stock solution (5.02 μmol, 1 eq.). These solutions were stirred at room
temperature for 10 min. In parallel, a stock solution of 25 mM of FGA
were prepared in DMSO. 7.53 μmol (1.5 eq.) or 4.70 μmol (1.5 eq.) of 25
mM of FGA stock solution are respectively added to the DMT-MM/cys-T7
peptide and DMT-MM/cys-Tfr-T12 reaction mixture and stirred in an ice
bath for 1 h and then at room temperature for 24 h. The mixture was then
dialyzed for 3 days with a cellulose ester dialysis tubing (MWCO
500–1000 Da) and freeze dried (Freeze Dryer FDU-2200, Eyela, Tokyo,
Japan) for 3 days to afford the FGA-labeled peptides.

2.8. Permeability studies

Permeability studies were performed as similarly reported in previous
studies [38,39]. For all the permeability studies, HBEC or hiPS-BMEC



M. Piantino et al. Materials Today Bio 14 (2022) 100232
cultures were rinsed three times with PBS, Human Endothelial Serum
Free Medium (SFM) (Ref. 11111044, ThermoFisher, Waltham, MA, USA)
was then added to the upper side with the tested molecules (200 μL) and
to the lower side (1000 μL) of the inserts and the systemwas incubated at
37 �C for the permeability assays for 1 h. Different molecular weights
(MW) (9.5, 70, 250, 2000 kDa) of fluorescein isothiocyanate (FITC)
labeled dextran at a final concentration of 1 mg/mL were added to the
upper side before beginning the assay. For the competition binding as-
says, Alexa Fluor 488-transferrin (AF 488-Tf) (009-540-050, Jackson
ImmunoResearch, West Grove, PA, USA) (final concentration 125 nM)
was co-incubated with different concentrations of unlabeled transferrin
(Tf) (009-000-050, Jackson ImmunoResearch, West Grove, PA, USA)
(final concentration 0; 12.5; 125; 1250 nM). Alexa Fluor 647-MEM-189
(AF 647-MEM-189) (NB500-493AF647, NovusBio, Centennial, USA),
Alexa Fluor 647-immunoglobulin G1 (IgG1) (NBP1-97005AF647,
NovusBio, Centennial, USA) and Alexa Fluor 647-13E4 (NB100-73092,
NovusBio, Centennial, USA) were incubated at a final concentration of
64 nMwith HBEC or hiPS-BMEC. FGA-cys-T7 peptide or FGA-cys-Tfr-T12
peptide at a final concentration of 10 μg/mL were co-incubated with
different amounts of unlabeled transferrin (Tf) (final concentration 0;
12.5; 125; 1250 nM) using hiPS-BMEC.

Following the incubation with the tested molecule, 10 μL of the me-
dium was collected in the lower chambers and replaced with the same
volume of fresh medium at t¼ 10, 15, 30, 45, 60 min. The fluorescence in
the lower chamber was measured using a NanodropTM fluorospec-
trometer (N3300, Thermo Fisher Scientific, Waltham, MA, USA) from
which was deduced the amount of transported compound. The cumula-
tive amount transported across the membrane was plotted against time,
and the slopes of the linear regions were used to calculate the perme-
ability coefficients, as previously described [39].

The apparent permeability (Papp) was calculated using the following
equation (2):

Papp ¼ðdQ=dtÞ� ðC0 �AÞ (2)

Where dQ/dt is the transport rate, defined as the slope obtained from
linear regression of the transported amount, C0 is the initial concentra-
tion on the donor side and A is the surface area of the inserts (0.33 cm2).

The effective permeability (Pe) of the EC monolayer was calculated
using the following equation (3):

PS¼ðdQ = dtÞ =D0 (3)

Where PS, dQ/dt, and D0 are, respectively, the permeability surface area
product, the slope of the linear region of a plot of the amount of permeant
in the receiver chamber over time, and the initial concentration of the
tested molecule on the donor side.

1 =PStotal ¼ 1=PSe þ 1=PSm (4)

Pe ¼PSe=A (5)

Where PStotal and PSm are respectively the permeability surface area
product corresponding to the transwell membrane with and without the
EC monolayer and PSe is the surface area product value for the endo-
thelial monolayer. A is the surface area of the insert membrane.

2.9. Confirmation of TfR-mediated endocytosis by confocal microscopy
imaging

HBEC or hiPS-BMECwere co-incubated with 125 nM of AF488-Tf and
64 nM of AF647MEM-189 for 1h at 37 �C. Cells were then fixed with PFA
4%, washed three times with PBS prior to the observation. Images were
then taken with a confocal laser scanning microscope AX (Nikon, Tokyo,
Japan).
4

2.10. Co-localization studies

HiPS-BMEC insert cultures were washed with PBS three times and
incubated for 45 min with a solution of 10 μM of each FGA-labeled
peptide (cys-T7 or cys-Tfr-T12) or 125 nM of Alexa Fluor 488-transferrin
(AF 488-Tf) diluted in SFM medium, followed by staining with 50 nM of
lysotracker deep red diluted in SFM medium for 15 min prior to fixation
with PFA 4%.

HiPS-BMEC insert cultures were washed with PBS three times and
incubated with a solution of 10 μM of FGA-cys-T7 or FGA-cys-Tfr-T12
and 125 nM Alexa Fluor 647-transferrin (AF 647-Tf) diluted in SFM
medium for 1 h prior to fixation with PFA 4%.

Fixed cells were observed with a confocal laser scanning microscope
FluoView FV3000 (Olympus, Tokyo, Japan). Images were taken by
keeping the same exposure time and excitation power for each sample.
The colocalization ratio between lysotracker deep red and FGA-peptides
or AF 488-Tf, as well as the colocalization ratio of AF 647-Tf and FGA-
cys-T7 or FGA-cys-Tfr-T12 peptide was quantified by IMARIS software
(Oxford Instruments, Version 9.2.1, Bitplane, Belfast, UK).

2.11. Inhibition study

HiPS-BMEC insert cultures were treated with 25 μM of PitStop®2
dissolved in SFM medium for 30 min at 37 �C. Cells were washed three
times with PBS prior to incubation with 10 μM of FGA-cys-T7 peptide or
FGA-cys-TfR-T12 peptide dissolved in SFM medium for 45 min at 37 �C.
After the incubation with FGA-peptides, cells were fixed with PFA 4%,
washed three times with PBS, stained with DAPI and again washed three
times with PBS prior to the observation. Images were then taken with a
confocal laser scanning microscope FluoView FV3000 (Olympus, Tokyo,
Japan) by keeping the same exposure time and excitation power for each
sample.

2.12. Statistical analysis

All values are presented as means � standard deviation (SD). Statis-
tical analysis of the data was performed with Student's t-test or one-way
ANOVA using EzAnova software when more than two samples were
compared (Version 0.985, University of South Carolina, Columbia, SC,
USA) with Tukey multiple comparison post-hoc tests. Differences were
considered statistically significant at p � 0.05.

3. Results and discussion

3.1. Evaluation of an endothelial marker, tight junctions and transporter
expressions

The gene expression and phenotypical features of BMEC/condition-
ally immortalized clone ci18 (HBEC) or human iPS-derived BMEC-like
cells (hiPS-BMEC) were first investigated, focusing on the expression of
endothelial marker CD31, tight junction proteins (TJ) and transporter.
CD31 is an adherent molecule expressed at the inter-endothelial junc-
tions and is involved in blood vessel formation, vascular integrity and
remodeling [40–43]. The expression of complex TJs between the BMEC
is also very important for barrier function properties, as they control the
paracellular transport and the maintenance of cell polarity [11]. Claudin
5 (Cld5) is the most abundant form of the claudin family in the brain
endothelium and is needed for the macromolecular assembly of the TJ
[44]. VE-cadherin is an endothelial-specific transmembrane protein
which play a major role in the establishment and development of endo-
thelial cell-cell junction [45,46]. Zonula occludens-1 (ZO-1) is involved
in the maintenance of TJ stability and functionality by interacting with
the TJ components and the actin cytoskeleton [47–49]. The delivery of
nutrients, ions and proteins into the brain is ensured by the presence of



Fig. 2. Gene and protein expression of endothelial marker, tight junction proteins and transporters between HBEC (blue) and hiPS-BMEC (orange) (n ¼ 3). (A) RT-
qPCR results. Data are presented as means � S.D. The biological replicates of HBEC and hiPS-BMEC come from three independent differentiations. (B) Immunostaining
observed by confocal light scanning microscopy. Scale bar ¼ 150 μm. The images were taken using same exposure time and excitation power for each protein with
HBEC and hiPS-BMEC. (C) Immunostaining fluorescence intensity comparison using pictures from Fig. 2B. Data are presented as means � S.D. Statistical analysis was
performed using the Student's t-test (*p � 0.05, n. s. p > 0.05). The biological replicates of HBEC and hiPS-BMEC come from three independent differentiations. (D)
Zoom in pictures of immunostaining observed by confocal light scanning microscopy. The images were taken using different exposure time and excitation power for
each sample. Scale bar ¼ 10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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carriers and transporters expressed on the EC membrane. Among them,
transferrin receptor (TfR) is highly expressed by BMEC and is responsible
for the transport of transferrin-bound iron into the brain tissue [50]. Iron
is required for several fundamental biological processes that maintain
normal neurological functions (oxygen transport, neurotransmitter
metabolism, DNA synthesis) [25]. As seen in Fig. 2A, RT-qPCR showed
that the expression of CD31 was significantly higher (15,000-fold) in
HBEC than hiPS-BMEC. Both cell types expressed the gene for Cld5 in a
5

similar manner. However, the mRNA for ZO-1 and TfR were significantly
higher for hiPS-BMEC than HBEC. The protein expression of the same
endothelial marker, TJ proteins, and transporter was also assessed by
immunofluorescence staining (Fig. 2B). The comparison of the fluores-
cence intensity (Fig. 2C) revealed a similar tendency as the RT-qPCR
results, with an increased expression of ZO-1 for hiPS-BMEC compared
to HBEC. These observations are in line with the previously reported
characteristics for hiPS-BMEC, particularly the high expression of TJ
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proteins, including ZO-1 and Claudin-5 [16,17,51]. Although differences
of Cld5 gene expression could not be detected by RT-qPCR, it was more
expressed by hiPS-BMEC than HBEC at the protein level. Moreover,
hiPS-BMEC showed uniform and continuous staining for Claudin-5 and
ZO-1, while punctate contacts with intercellular gaps was detected with
HBEC (Fig. 2D), suggesting differences in barrier stability and integrity.
TfR showed higher expression at both gene and protein levels by
hiPS-BMEC, as compared to HBEC. Both hiPS-BMEC and HBEC were
positive for CD31 and VE-cadherin (Fig. 2D) which is in accordance with
previous reports [17,18,34]. Even though CD31 expression at gene level
was detected with hiPS-BMEC (Fig. 2D), it remains relatively very low as
compared to HBEC (Fig. 2C). This higher expression of CD31 by HBEC as
compared to hiPS-BMEC is similarly found at the protein level, but to a
lesser extent than the gene expression level. The observed differences
between expression at gene and protein levels are expected to be due to
transcriptional and post-transcriptional regulation processes [52].

Although the comparison of HBEC to primary human BMEC has been
already initiated in a previous work [34], the degree of phenotypical
similarities to the in vivo brain endothelium for hiPS-BMEC remains
however to be elucidated.
3.2. Evaluation of the barrier function properties

In addition to the expression of BBB markers and vascular phenotype,
BMEC should exhibit tight barrier properties and express functional
transport systems. One of the hallmarks of the BBB is its high trans-
endothelial electrical resistance (TEER), mainly resulting from the pres-
ence of TJ protein interactions between adjacent brain microvascular ECs
[16,53]. For both cell types, the TEER value remains stable for a period of
1 h (Fig. 3A), confirming the possibility of performing permeability as-
says without any variability in the barrier function properties in this lapse
of time. The TEER value for hiPS-BMEC exceeded 1000 Ω cm2, around
100-fold higher than the value obtained for HBEC, independently of the
time point measurement. The TEER value observed for hiPS-BMEC is in
accordance with previously reported values [16]. Although the in vivo
TEER values across the BBB in human brain cannot be easily measured,
Fig. 3. Characterization of the barrier function properties of HBEC (blue) and hiPS-BM
and hiPS-BMEC come from three different differentiations. (B) Effective permeabili
presented as means � S.D. Statistical analysis was performed using one-way ANOVA (
HBEC and hiPS-BMEC are issued from the same differentiation. (For interpretation o
version of this article.)
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values from the brains of other species such as rat [54] and frog [55] have
been estimated to exceed 1000 Ω cm2. Moreover, a study demonstrated
that if the TEER can be maintained above 900 Ω cm2, the model has the
potential to be used to predict in vivo human permeability of both small
and large molecules [56]. The TEER value obtained for hiPS-BMEC is
closer to physiological TEER than HBEC (Fig. 2B and C). Although the
TEER is a versatile and non-invasive approach to confirm the barrier
integrity of the EC monolayer, several factors such as temperature, me-
dium composition, type of electrode probe or surface area can greatly
affect the value of the measurement. The TEER value is thus subject to
considerable variations between experiments and laboratories [53].
3.3. Size-dependent molecular permeability of fluorescent dextran

Paracellular fluorescent tracer compounds, such as fluorescein
isothiocyanate-dextran (FITC-dextran), have also been widely used to
detect potential leakages in the endothelial barrier [57]. To explore the
potential molecular size effect on the permeability of fluorescent tracers,
a range of different molecular weights (MW) of FITC-dextran (9.5 kDa,
70 kDa, 250 kDa and 2000 kDa) were chosen to represent the small,
intermediate- and large-sized agents but with a similar surface charge
(Fig. S2). The apparent (Papp) and effective (Pe) permeability coefficient
values were inversely correlated with the size of the tracer. As shown in
Fig. 3B, both HBEC and hiPS-BMEC were totally impermeable to 250 and
2000 kDa FITC-dextran. However, a drastic increase in the permeability
was observed with smaller sizes of FITC-dextran (9.5 and 70 kDa) for
HBEC. Conversely, hiPS-BMEC showed a significantly lower permeability
to fluorescent tracers than HBEC, even with the smallest ones such as 9.5
kDa FITC dextran. For example, the Papp value of 9.5 kDa FITC-dextran
was 6.2 � 10�8 cm/s and 1.0 � 10�6 cm/s for hiPS-BMEC and HBEC
respectively (Fig. S3). The Pe value of 9.5 kDa FITC-dextran showed a
similar trend in the fluctuation changes, with 1.8 � 10�8 cm/s for
hiPS-BMEC and 1.4� 10�6 cm/s for HBEC (Fig. 3B). The junctions of the
confluent HBEC cell monolayers appeared to be tight enough to block the
transfer of large-sized dextran, 250 and 2000 kDa FITC dextran, in the
lower compartment of the insert but remained permeable to the small-
EC (orange) (n ¼ 3). (A) TEER measurement. The biological replicates of HBEC
ty coefficients (Pe) of FITC-dextran with different molecular weights. Data are
*p � 0.05, n. s. p > 0.05). N.D. means “not detected”. The biological replicates of
f the references to color in this figure legend, the reader is referred to the Web
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and intermediate-sized ones, 9.5 and 70 kDa FITC dextran. These results
are consistent with previous reports, demonstrating the low barrier
function properties of EC cell lines compared to hiPS-BMEC. It is gener-
ally well accepted that human brain EC lines such as hCMEC/D3 are
relatively leaky and exhibit low paracellular resistance. For example, it
has been reported that the Papp value of hCMEC/D3 for 4 kDa and 2000
kDa FITC dextran was about 6.2 � 10�6 cm/s and 3.2 � 10�6 cm/s
respectively [58]. Linville et al. reported a similar low permeability of 10
kDa FITC dextran using hiPS-BMEC with a Papp about 5.0 � 10�8 cm/s
[59]. Taken together, these results demonstrated that hiPS-BMEC dis-
played a restrictive permeability ability of compounds through the cell
monolayer that resemble to the in vivo brain endothelium [60]. The high
TEER value and enhanced size-dependent selectivity of FITC dextran
observed with hiPS-BMEC could result from their ability to form stronger
and more stable TJs between adjacent cells than HBEC, as seen by ZO-1,
VE-cadherin and Claudin-5 junctional continuity and barrier integrity
(Fig. 2D).
3.4. Confirmation of the transferrin receptor-mediated transcytosis

The ability of HBEC and hiPS-BMEC to use RMT pathway for the
transport of molecules was investigated, with a particular focus on the
transferrin receptor (TfR)-mediated transcytosis. In order to validate the
interaction between Alexa Fluor 488-transferrin (AF 488-Tf) and TfR, a
competition binding was performed using AF 488-Tf in the presence of an
excess of unlabeled Tf, the native ligand of TfR [25]. The exact locali-
zation of AF 488-Tf was evaluated with HBEC and hiPS-BMEC using
confocal laser scanning microscopy. Interestingly, higher amounts of AF
488-Tf can be observed inside hiPS-BMEC than with HBEC in the absence
of unlabeled Tf (Fig. 4A, Fig. S4), which can be explained by the higher
expression of TfR by hiPS-BMEC (Fig. 2B). Both HBEC and hiPS-BMEC
showed higher fluorescent signals of AF 488-Tf in the cytoplasm in the
absence of unlabeled Tf than when co-incubated with a 10-fold excess of
unlabeled Tf (1250 nM) as compared to that of AF 488-Tf (125 nM). The
reduced internalization of AF 488-Tf observed inside HBEC and
hiPS-BMEC potentially resulted from the competition between AF 488-Tf
and unlabeled Tf for the same or overlapping binding region on TfR. The
co-incubation with an excess of unlabeled Tf impaired the possibility of
AF 488-Tf to bind to TfR, leading to a decrease of the fluorescence signal
inside the cells. A similar phenomenon was previously reported, where
human serum Tf showed a dose-dependent inhibition of the binding of
radiolabeled human serum Tf (125I-hTf) to TfR [61],[62]. By increasing
the unlabeled Tf, a lower signal for the radiolabeled Tf was found in the
cell lysates, confirming the lower cell internalization of 125I-hTf.
Collectively, these results suggest that the fluorescent labeling of Tf does
not affect the possibility to bind to TfR, thus AF 488-Tf can be used for
monitoring the binding to TfR.

Since the cellular uptake of AF 488-Tf could be clearly visualized by
confocal imaging when co-incubated with unlabeled Tf, we sought to
investigate the possibility to modulate the permeation rate of AF 488-Tf
across the monolayer of HBEC or hiPS-BMEC by using a quantitative
competition binding assay to TfR. For that, we quantified the perme-
ability of AF 488-Tf during the co-incubation with an increasing con-
centration of unlabeled Tf in a transwell assay (Fig. 4B). The permeability
of AF 488-Tf reached a maximum Pe of 3.9 � 10�4 cm/s and 6.0 � 10�5

cm/s in the absence of Tf with HBEC and hiPS-BMEC respectively. When
co-incubated with a concentration of unlabeled Tf of 12.5 and 125 nM, a
high fraction of AF 488-Tf was transported in the bottom compartment of
the insert for HBEC but significantly decreased for hiPS-BMEC (Fig. 4C).
The Pe value of AF 488-Tf significantly decreased only above the con-
centration of 125 nM of unlabeled Tf for HBEC, whereas a concentration-
dependent decrease of the Pe value of AF 488-Tf was found for hiPS-
BMEC, indicating AF 488-Tf transport was dependent on the binding to
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TfR. The PSm values of AF 488-Tf was in the same range, independently
of the concentration of unlabeled Tf which was co-incubated during the
competition assay to TfR (Fig. S5). It confirmed that the actual concen-
tration of AF 488-Tf in the donor side of the transwell was not lowered
due to the adsorption in the culture plate or membrane of the insert or
potential aggregation between transferrin molecules, but mainly resulted
from the transportation efficiency of AF 488-Tf by HBEC or hiPS-BMEC.

Although the presence of RMT transport was confirmed with HBEC,
these cells are probably not the most suitable endothelial cell source for
the measurement of the modulation of the permeation of RMT ligands,
such as AF 488-Tf, due to the contribution of a potential additional
paracellular transportation of Tf. Fig. 4D showed the expected mecha-
nism to explain the competition binding assay to TfR by hiPS-BMEC. The
presence of an increased concentration of unlabeled Tf diminished the
probability of AF 488-Tf binding to TfR, leading to the decrease of
endocytosis of AF 488-Tf. It is of note that the addition of 125 nM of AF
488-Tf was strongly inhibited by only 12.5 nM of unlabeled Tf, as
observed in Fig. 4A, which may be attributed to a higher affinity of un-
labeled Tf as compared to AF 488-Tf. This potential change of affinity of
AF 488-Tf for TfR could be explained by the presence of the fluorescent
labeling. Some precautions may need to be taken when using fluorescent
labeling as a detection method for the measurement of the permeability
of Tf, as it could potentially affect the affinity of Tf to TfR, thus the
permeation rate. The radiolabeling of Tf has been indeed reported to
decrease the affinity to TfR [63], such phenomenon may also occur with
the fluorescence labeling of Tf. A comparison of the binding affinity
between unlabeled Tf or AF 488-Tf to the TfR by the measurement of
their equilibrium dissociation constant could be helpful to validate such
hypothesis.

To confirm that AF 488-Tf is able to interact with the TfR despite the
fluorescence labeling, we performed a colocalization study with Alexa
Fluor 647-MEM-189 (AF 647-MEM-189), a transportable antibody tar-
geting TfR. As observed in Fig. 5, Alexa Fluor 488-transferrin (AF 488-Tf)
could be transported into their cytoplasm (Fig. S6). The colocalization of
AF 488-Tf and AF 647-MEM-189 confirm that AF 488-Tf was endocy-
tosed by HBEC and hiPS-BMEC by binding to the TfR. The internalization
of the Tf-TfR complex leading to release of iron from the ligand is asso-
ciated with an endosomal acidification [64],[65]. The colocalization
ratio between lysotracker deep red, a specific stain of acidic vesicles, and
AF 488-Tf further validate that both cell types used this specific trans-
portation route for the intracellular accumulation of Tf in their cytoplasm
(Fig. S7). Additionally, AF 488-Tf was shown to be transported faster
from apical to basolateral side than basolateral to apical side of
hiPS-BMEC (Fig. S8). It confirms the polarized expression of the TfR on
cell membrane, with a predominance on the apical side, similarly re-
ported in previous study for brain endothelial cells [66].

To gain further insights of the permeability of large-sized TfR ligands
with HBEC and hiPS-BMEC, we next compared the permeability of AF
647-MEM-189, with the high-affinity human anti-TfR antibody (13E4)
and the mouse immunoglobulin G1 isotype control (IgG1), molecules
reported to have a poor transportability [67],[68]. As seen in Fig. 6,
hiPS-BMEC showed the possibility to efficiently transport AF
647-MEM-189 with a Papp value of 6.5� 10�6 cm/s and Pe value of 1.7�
10�6 cm/s, further validating the presence of TfR-mediated transport.
Some differences in the permeability of large-sized TfR ligands were
observed between HBEC and hiPS-BMEC. AF 647-MEM-189 showed
indeed a higher permeability with HBEC as compared to hiPS-BMEC with
a Papp value around 7.1 � 10�5 cm/s (Fig. 6B). It could be explained by
the “leaky” properties of HBEC, which showed an increased permeability
for FITC-dextran with a MW < 70 kDa as compared to hiPS-BMEC
(Fig. 3B). It suggests that AF 647-MEM-189, which has a MW~156.2
kDa, may be transported by both transcellular and paracellular transport
with HBEC, but to a lesser extent with hiPS-BMEC. The AF 647-13E4



Fig. 4. (A) Localization of Alexa Fluor 488 labeled Tf (AF 488-Tf) with the co-incubation without or with 1250 nM of unlabeled transferrin (Tf) using HBEC and hiPS-
BMEC, images were taken after 1 h incubation at 37 �C. Scale bar ¼ 10 μm. (B) Schematic illustration of the method. The medium in the bottom compartment was
collected at predetermined time to measure fluorescence intensity. (C) Effective permeability of 125 nM of AF 488-Tf with co-incubation at various concentrations (0;
12.5; 125; 1250 nM) of unlabeled Tf with HBEC (blue) and hiPS-BMEC (orange). Data are presented as means � S.D. Statistical analysis was performed using one-way
ANOVA (*p � 0.05, n. s. p > 0.05). The biological replicates of HBEC and hiPS-BMEC come from three different differentiations. (D) Proposed mechanism of the
permeation of 125 nM of AF 488-Tf when co-incubated with or without 1250 nM of unlabeled Tf by hiPS-BMEC. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Confocal images of HBEC (top) and hiPS-BMEC (bottom) after the co-incubation of 125 nM of Alexa Fluor 488-transferrin (AF 488-Tf) and 64 nM of Alexa
Fluor 647-MEM-189 (Anti-Human Transferrin Receptor antibody) for 1 h at 37 �C. Scale bar ¼ 2 μm.
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antibody and AF 647-IgG1 also showed a high permeability for HBEC,
with a Papp value of 1.23 � 10�6 cm/s and 1.41 � 10�6 cm/s and with a
Pe value of and 1.8 � 10�6 cm/s and 3.9 � 10�6 cm/s respectively.
Conversely, hiPS-BMEC were totally impermeable for AF 647-13E4 and
AF 647-IgG1, during the permeability assay, as the fluorescence signal
was below the detection limit for these two fluorescent molecules (<100
ng/mL). These results confirm the hypothesis about the additional par-
acellular transport of large-sized molecules by HBEC, such as AF
647-MEM-189, AF 647-IgG1 or AF 647-13E4, as compared to
hiPS-BMEC. The fact that HBEC also have an unstable RMT-mediated
permeability was already observed from Fig. 4 when Tf was labeled
with AF 488, the fluorescent labeling potentially changing its transport
efficiency towards an increased paracellular transport. Taken together,
these results confirmed that hiPS-BMEC should be preferred for the ac-
curate measurement of the permeation rates of TfR ligands due to the
reduced contribution of the paracellular route as compared to HBEC.
Especially, hiPS-BMEC seem to be more reliable for the measurement of
the permeation of large-sized molecules such as antibodies.
3.5. Screening of cysteine modified T7 or TfR-T12 peptides targeting TfR
by competition binding assay with unlabeled Tf

We next investigated whether HiPS-BMEC could be also useful for
investigating the permeation of molecules with smaller size, such as
peptides binding to TfR. The HAIYPRH (T7) peptide and the
THRPPMWSPVWP (Tfr-T12) peptide, discovered by phage display, have
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been reported as potential ligands of TfR [35]. These peptides have been
reported to exhibit a high binding affinity to TfR in the nM range, with a
dissociation constant of Kd ¼ 10 and 15 nM for the T7 peptide [69] and
Tfr-T12 peptide [35], respectively. These values are comparable to the
native ligand, Tf (Kd ¼ 2.8 nM) [35]. The T7 and Tfr-T12 peptides have
thus been widely used as ligands for constructing tumor-targeted nano-
drug delivery systems [69–74].

Although it has already been reported in the literature that the
binding site of the T7 and the Tfr-T12 peptide on TfR was identified to be
different from that of the Tf to TfR [35], we wanted to confirm that the
site of the fluorescein glycine amide (FGA) labeled cysteine-modified
peptides (FGA-cys-T7 and FGA-cys-Tfr-T12 peptide) also does not over-
lap with that of the Tf on TfR. To verify this, a competition binding assay
for TfR was performed by the co-incubation of an increasing concentra-
tion of unlabeled Tf and by maintaining the same concentration of the
FGA-cys-T7 or FGA-cys-Tfr-T12 peptide (Fig. 7A). As previously stated,
both HBEC and hiPS-BMEC are both available to visualize TfR-mediated
transcytosis (Fig. 5), but for this permeability assessment, hiPS-BMEC
were chosen instead of HBEC since the RMT transport of HBEC was
previously found unstable when using labeled proteins such as the AF
488-Tf in the transwell permeability assay (Fig. 4). For hiPS-BMEC, the
permeability of both peptides was drastically reduced when co-incubated
with a high concentration of unlabeled Tf (1250 nM) (Fig. 7B, Fig. S9).
The dose-dependent inhibition of the FGA-cys-T7 peptide permeability
showed a similar trend to the one found in the competition binding assay
between AF 488-Tf and unlabeled Tf with hiPS-BMEC (Fig. 4).



Fig. 6. Permeation of antibodies binding to TfR using HBEC and hiPS-BMEC (n ¼ 3). (A) Schematic illustration of the method. The medium in the bottom
compartment was collected at determined time to measure fluorescence intensity. (B) Apparent permeability coefficient of 64 nM of AF 647-MEM-189, AF 647-13E4
or AF 647-IgG1. Data are presented as means � S.D. N.D. means “not detected”. (C) Effective permeability coefficient of 64 nM of AF 647-MEM-189, AF 647-13E4 or
AF 647-IgG1 after 1 h incubation at 37 �C. Data are presented as means � S.D. N.D. means “not detected”. The biological replicates of HBEC and hiPS-BMEC come from
three and two different differentiations respectively.
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Conversely, the FGA-cys-Tfr-T12 peptide did not show any drastic
changes in its permeability. This suggests that the cell transport of the
FGA-cys-T7 peptide by hiPS-BMEC may follow the same mechanism as
Tf, namely the RMT pathway. To further validate this possibility, the
exact localization of FGA-cys-T7 and FGA-cys-Tfr-T12 peptide was then
investigated using hiPS-BMEC. The colocalization percentage with AF
647-Tf was higher for the FGA-cys-T7 peptide than for FGA-cys-Tfr-T12
using hiPS-BMEC (Fig. 7C and D). Additionally, the colocalization ratio
between lysotracker deep red, indicator of the endocytic process, and the
FGA-cys-T7 peptide was higher than with the FGA-cys-Tfr-T12 peptide
(Figs. S10–S11). Interestingly, the FGA-cys-T7 peptide and AF 488-Tf
showed a similar colocalization ratio with lysotracker deep red
(Fig. S11), demonstrating that the FGA-cys-T7 peptide and AF 488-Tf
shared a similar ability to be endocytosed. Conversely, the
FGA-cys-Tfr-T12 peptide showed a lower colocalization ratio with lyso-
tracker deep red. The FGA-cys-T7 peptide seems slightly more likely able
to bind the TfR in presence of AF 488-Tf on TfR, as compared to
FGA-cys-Tfr-T12 peptide (Fig. 7E). To shed light on the cell internaliza-
tion mechanism of these peptides, hiPS-BMEC were incubated with
either the FGA-cys-T7 peptide or the FGA-cys-Tfr-T12 peptide after
inhibiting the clathrin-mediated pathway. It is well established that
clathrin-coated pits of the plasma membrane are involved in the RMT
pathway, including TfR-mediated endocytosis. In this experiment,
hiPS-BMEC were next used to demonstrate the potential involvement of
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clathrin-mediated pathway (Fig. 5). For this purpose, hiPS-BMEC insert
cultures were treated with the potent clathrin inhibitor PitStop®2, which
is known to interfere with receptor-mediated endocytosis, including the
cell uptake of Tf using TfR [75]. As seen in Fig. S12, no shape of vesicles
containing aggregates of FGA-peptides could be found in the cell cyto-
plasm, which is different as than the results found without inhibition
treatment (Fig. S10), suggesting a successful inhibition of the endocytosis
of both peptides. These results confirm that these peptides are prefer-
entially internalized by the RMT pathway by the binding to TfR. Inter-
estingly, a higher fluorescence signal could still be found with
FGA-cys-Tfr-T12 than FGA-cys-T7 peptide after clathrin inhibition, sug-
gesting FGA-cys-Tfr-T12 peptide could also potentially use the
clathrin-independent endocytosis for its internalization by hiPS-BMEC.

4. Conclusion

Overall, this work showed that hiPS-BMEC could represent a better
alternative than the immortalized cell line HBEC to mimic the functional
properties of the BBB endothelium. The gene and protein expression of
tight junction proteins and transporters was globally upregulated with
hiPS-BMEC compared to HBEC, excepting for the endothelial markers
CD31 and VE-cadherin. Several works have actually identified that the
current differentiation procedures to obtain hiPS-BMEC actually led to a
mixed endothelial-epithelial profile of hiPS-BMEC [17,76–78]. While the



Fig. 7. Competitive binding assay between 10 μg/mL of FGA-cys-T7 and FGA-cys-Tfr-T12 peptide and various concentrations (0; 125; 1250 nM) of unlabeled Tf with
hiPS-BMEC (n ¼ 3). (A) Schematic illustration of the method. The medium in the bottom compartment was collected at determined time to measure fluorescence
intensity. (B) Effective permeability coefficient of 10 μg/mL FGA-cys-T7 peptide (full bars) and FGA-cys-Tfr-T12 peptide (hatched bars) when co-incubated with
various concentrations of unlabeled Tf by hiPS-BMEC after 1 h incubation at 37 �C. Data are presented as means � S.D. Statistical analysis was performed using one-
way ANOVA (*p � 0.05, n. s. p > 0.05). The biological replicates of hiPS-BMEC are issued from the same differentiation. (C) Colocalization of FGA-cys-T7 or FGA-cys-
Tfr-T12 peptide and Alexa Fluor 647- transferrin (AF 647-Tf) with hiPS-BMEC. Scale bar ¼ 10 μm. The biological replicates of hiPS-BMEC are issued from the same
differentiation. (D) Quantification of the colocalization percentage between FGA-peptides and AF 647-Tf using hiPS-BMEC calculated with IMARIS software. Data are
presented as means � S.D. Statistical analysis was performed using the Student's t-test (*p � 0.05). (E) Schematic illustration of the interaction between FGA-cys-T7 or
FGA-cys-Tfr-T12 peptide and Tf for the binding to TfR with hiPS-BMEC.
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hiPS-BMEC in vitro model superiority was confirmed in this study,
compared to the immortalized cell line HBEC, further validations con-
cerning the degree of accuracy of the data might be needed regarding
their genes and proteins expression profile versus complementary system
or experimental techniques, such as in vivo models and human tissue, as
recommended by Lippmann et al. [79]. Although precautions should be
taken when using hiPS-BMEC for mimicking the physiological phenom-
enon of human BMEC, the ability to recapitulate the functional properties
of human BBB must be regarded as an important criterion for judging
their suitability for the development of BBB models.

Even though both cell types globally showed the same trend in the
permeability of the tested molecules, HBEC exhibited an additional
paracellular transport of large-sized molecules compared to hiPS-BMEC,
due to their weak expression of tight junctions. The leakiness properties
of HBEC are therefore not suitable for the accurate measurement of the
permeability of tested molecules, which is fundamental for improving in
vitro drug testing accuracy and the “bench-to-bedside’’ transition of brain
cancer drugs. Additionally, the permeability of two peptides transported
by the RMT pathway was also confirmed, with a higher permeability of
the cys-T7 peptide than the cys-Tfr-T12 peptide by hiPS-BMEC. The cys-
T7 peptide could therefore serve as an efficient targeting moiety to
enhance the delivery of therapeutics through the BBB endothelium.

Finally, although cell monolayer is a handful model to directly study
inherent properties of HBEC and hiPS-BMEC, the incorporation of as-
trocytes and pericytes could be useful to represent more closely native-
like environment. The BBB functions of cocultured BMEC with astro-
cytes and/or pericytes were found to be greater than those of mono-
cultured ones [39,80], including the upregulation of the expression of TJ
and transporters, such as the TfR. The incorporation of human astrocytes
and pericytes could enhance even more the functional properties of the
11
monoculture model of hiPS-BMEC used in this study. The increased
complexity of this in vitro model would greatly benefit the study of the
passage of molecules mediated by the TfR, such as the TfR-targeted an-
tibodies and peptides used in this study, as it would more closely reca-
pitulate the native structure of the brain endothelium.
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