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General Introduction

Pharmaceutical drug development is a lengthy and highly expensive process, whose costs
have steadily increased over recent decades, due to the development of new modalities such as
RNA therapeutics, antibody 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 1. The permeation mechanism and the delivery efficiency of
intravenously injected drugs to the brain are also poorly understood. In particular, drug
candidates for neurological pathologies have higher failure rates at the bench-to-bed transition
than any other drugs . It has been demonstrated that of the mere 8% of candidates reaching
the initial Phase 1 of human safety testing, only a limited number received commercial approval
[1l. The adverse effects on the brain microvasculature are still poorly understood, and the
question is whether they arise from endogenous pathological mechanisms or from the drugs
themselves. Damage or dysfunction of the brain vasculature are often associated with many
neurological diseases, including brain cancers. Glioblastoma multiform (GBM) is not only one
of the most common forms of brain cancer in adults, but also one of the deadliest brain tumors,
with a median survival of 12 months with appropriate treatments. It is also one of the most
vascularized brain cancers, and is associated with a high remodeling of the extracellular matrix
(ECM). There has been intensive research dedicated to modeling the characteristic features of
GBM in order to understand its impact on brain vascularization, particularly the regulation of
the angiogenic signaling pathways, as microvascular proliferation is a hallmark of GBM B, |t
is important to modeling pathological tissues for improving evaluation accuracy of the

treatments for brain diseases.

The shortage of effective therapies and low success rate of investigational drugs are partly
due to the lack of reliable models to effectively screen potential therapeutic molecules,
especially the brain 1. Animal models are commonly used in pharmaceutical and industrial
research for the assessment of drug toxicity and efficacy and pharmacokinetic studies. They
remain however poor predictors of drug safety in humans due to interspecies differences. The
relevance and related ethical issues arising from animal models also limit their use for the
investigation of drug delivery in the brain ©l. Although there have been rising concerns about
the use of animals for drug delivery and toxicological assays, they continue to be used
worldwide for scientific purposes. A recent study by Taylor and Alvarez has estimated the
animal testing numbers worldwide, with an increase from 115.2 million animals to 192.1

million between 2005 and 2015 I, According to European Union definitions, China and Japan
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were ranked first and third place for animal uses in 2015, with estimated 20.5 and 5 million
procedures, respectively ©. It thus seems unlikely to see a significant reduction of animal
testing in the immediate future. Nevertheless, there have been increasing efforts from the
scientific community and pharmaceutical companies to limit the proportion of animal research,
whenever possible, through the development of alternative techniques, such as advanced

biomimetic in vitro cellular models of the brain microvasculature.

In the average human adult brain, the surface exchange area between itself and the vascular
system is between 12 and 18 m? [*%1. Blood vessels can be categorized depending on their size
and diameter, with large vessels (>6 mm in diameter), small vessels (1-6 mm) and microvessels
or capillaries (<1 mm) . The brain vasculature is a highly complex network which comprises
of arteries and arterioles, capillaries, venules and veins. The large surface exchange area is
mainly due to the presence of the brain microvasculature comprising more than 100 billion
capillaries, with a density of about 500 m/cm?, which correspond to an average length of about
600 km %121 Modeling the brain microvasculature is thus of importance to collect more
relevant in vitro data simulating the drug permeation or toxicity assessment of compounds in
the brain for improved clinical translations. Notably, the in vitro blood-brain barrier (BBB)
models can provide a valuable tool for investigating the transport of drugs into the brain 3],
The BBB represents a physical and metabolic barrier that separates the periphery from the brain
tissue. The BBB comprises brain microvascular endothelial cells (BMEC) are surrounded by
supporting cells, pericytes (PCs) and astrocytes (ACs), themselves unsheathed in the basement
membrane (BM) (Figure 1).

Blood-Brain Barrier (BBB)

Astrocyte end foot

Brain
microvascular

Pericyte
Blood
flow ‘ Brain Basement membrane

Figure 1. Structure of the Blood-Brain Barrier (BBB).



The BBB plays an important role in brain homeostasis by regulating the exchange of
substances between blood and brain parenchyma for enabling sufficient brain nutrition and
oxygenation, wastes removal 4, and by preventing the entry of neurotoxic substances
circulating in the blood. The restrictive permeability mainly arises from the presence of highly
specialized BMEC. The brain endothelium indeed greatly differs from that in the rest of the
human body since the BMEC are highly polarized, display minimal vesicular trafficking, and
have high expression of tight junction proteins (TJs) between adjacent BMEC 2%, They also
express solute carriers that regulate the transport of ions and small molecules and exhibit

receptor-mediated processes for the specific uptake of macromolecules.

The presence of TJs between the BMEC lead to high endothelial electrical resistance and
low paracellular permeability. The transendothelial electrical resistance (TEER) reflects the
junction development and barrier integrity. Although TEER values across human brain
endothelium cannot be measured in vivo, TEER measurements performed on rat and frog brains
have been estimated to be around 1500-2000 Q x cm?, much higher than the 3-33 Q x cm? in
the other tissues 61, The BBB regulates the transport of nutrients and ions in the brain tissue
but also impedes the brain uptake of potentially harmful substances and neurotherapeutics.
Generally, paracellular transport is limited to small lipid drugs with molecular weight (MW) no
more than 450 Da, hydrogen bonds acceptor less than 7, hydrogen bonds donor less than 3, and
with a calculated logarithm of the partition coefficient between n-octanol and water (CLogP)
less than 5 1. Moreover, it is reported that the BBB prevents 98% of small molecular drugs
and almost 100% of macromolecular drugs from entering the brain via circulation 1, making
the drug delivery a considerable challenge for the treatment of brain diseases. Other
transportation routes should be therefore considered for the transportation of large-sized
therapeutics, for example the new modalities such as antibody-drug conjugates, polypeptides

and oligonucleotides, which have a MW above that threshold.

Alternatively, metabolites can also be delivered into the brain by specific transporters
expressed on the BMEC membrane. Among them, the transferrin receptor (TfR)-mediated
transcytosis is available for the brain delivery of large-sized molecules. The TfR, a
homodimeric transmembrane protein of 180 kDa, is responsible for the transport of transferrin-
bound iron into the brain 18, Iron is required for several fundamental biological processes that
maintain normal neurological functions (oxygen transport, neurotransmitter metabolism, DNA
synthesis) [*°]. The crystal structure of the human TfR shows the presence of three regions in
the extracellular space : a protease-like domain in contact with the cell membrane, a helical
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domain comprising the dimer contact
regions and an apical domain (Figure 2)
201 The delivery of iron to the brain is
enabled by the binding and intracellular
trafficking of the iron bound to the
transferrin (Tf), which is the native
ligand of the TfR, with a dissociation
constant Kq of 0.22 nM 1, The Tfis a
80 kDa glycoprotein which contains two
lobes of ~40 kDa, the N- and C-lobes,
which shares similar sequence and
structure. Each lobe comprises two
domains, with N-I and N-II in the N-
lobe and C-I and C-Il in the C-lobe. One
ferric ion (Fe*") binds in a region of the
Tf located at the interface between the
two domains of each lobe. The Tf can
bind up to two Fe** ions (Fe,-Tf), and
two iron-bearing Tf molecules can bind
the dimeric TfR (Figure 3).

The TfR has gained particular
attention due to its high expression level
by both BMECs and brain cancer cells

Apical }

Prot‘oase-like
TR

Figure 2. Structure of the TfR homodimer alone.
One of the TfR chains is colored in brown and the
other is color coded to differentiate the three

domains 201,
Apical
% 1)) Helical

>Protease-like

TRIFe, Tf

Figure 3. Structure of the TfR homodimer bound to
Fe,-Tf. The red dots represent the Fe3* ions 21,

221 'making it an attractive target for the specific delivery of drugs into the brain and the tumor

site. Various drug delivery systems (DDS) have been designed for improving the delivery

efficiency of drugs into the brain by adding moieties targeting this transportation route for an

enhanced transport across the BBB [2°3 Assessing the functionality of TfR-mediated

transport in the in vitro BBB models is therefore highly desired, as it could create opportunities

for the screening of novel treatments of central nervous system (CNS) diseases.

Many studies have attempted to model the dynamic and complex structure that represents

the brain vasculature for a better understanding of drug permeation in the brain, from simple

transwell cultures to more complicated microfluidic systems (Figure 3).



[. Transwell model Il. Hydrogel-embedded model

Hydrogel
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Figure 3. Schematic illustration of the construction of in vitro BBB models.

l. Transwell culture

For several decades, transwell cultures have been extensively used to predict drug
permeability due to their simplicity, scalability and reproducibility. Transwell models typically
comprise of a BMEC monolayer grown of the top of the porous polyester member of a culture
insert, which is then suspended on the top of a well in a multi-well plate. More complex BBB
model can be obtained by the co-culture with pericytes and/or astrocytes %34, Each cell type
can be physically separated by attaching them on both sides of the transwell or on the bottom
of the well plate. For transport assays, the tested molecules can be loaded in the top (“blood”
side) chamber and their accumulation in the bottom (“brain” side) chamber can be measured

over time.

Although this system represents a cost-effective and reproducible method, it fails to
accurately mimic some important BBB features and extracellular matrix (ECM)
microenvironment which are critical factors for proper cellular differentiation and the
polarization of the cells 28, The two-dimensional (2D) configuration and the presence of
artificial polyester membrane indeed reduce the possibility of the three cell types of the BBB
to communicate directly and make physical contact with each other 132, It is however known
that a direct contact between BMEC and astrocytes is important to achieve a significant
reduction in paracellular transport of models compounds as compared monoculture and indirect

coculture [33-331,



Il. Matrix embedded models using extracellular matrix or synthetic materials

The incorporation of a three-dimensional (3D) matrix is important in vascular and neural
tissue engineering as it provides support and comprises appropriate ECM factors that enable
the recapitulation of the morphological and functional characteristics of those cells. For a more
relevant 3D microenvironment, the choice of material is a key factor to take into account when
designing the cell scaffold. Cells of the BBB are mixed in a matrix made of native or synthetic
materials to provide a scaffold that supports cell migration, cell-cell interaction and the

formation of a self-organized vascular network, with sometimes the presence of lumen.

Synthetic materials possess many advantages that make them attractive for tissue
engineering, such as the possibility to finely tune the mechanical properties and degradation
rates by modifying the crosslinking degree or the composition. The porosity can be modulated
by adjusting polymer chain lengths and density for supporting cell migration and
vasculogenesis processes. Biocompatible synthetic materials used for modeling brain
microvasculature include polymers such as poly(ethyl acrylate), poly(hydroxyethyl acrylate),
poly(methacrylic acid) 8 or polyethylene glycol B71 which can be further modified with
binding peptide sequences, such as arginylglycylaspartic acid (RGD), for promoting cell
adhesion.

Natural materials can also be used because they are inherently bioactive, contain
endogenous binding motifs for cell adhesion and cell infiltration, and also exhibit similar
mechanical properties as the soft brain tissues. Such materials include type I collagen matrix
(38411 decellularized ECM (dECM) #2431 and Matrigel 4451, Type I collagen is present in most
human tissues including the brain, even though its concentration is considered to be lower than
in other parts of the body 61, Although it is known that collagens are not abundant in the brain
ECM and are only limited to the vascular BM ¥, type I collagen remains the most extensively
used scaffold due to its easy access and mechanical tunability. Hydrogel made from type |
collagen microfibers allowed to reach a stiffness and a Young’s modulus close to mammalian
brains %41 Matrigel® is a soluble and sterile extract of BM from a mouse sarcoma tumor
(Engelbreth-Holm—Swarm), which is characterized by a high content of ECM proteins.
However, its highly variable composition and stiffness among production lots limit its potential
use 81, Decellularized ECM, characterized by the removal of native cells, can represent a good
alternative for maintaining native tissue ECM components in terms of protein composition and
growth factors as well as physical properties 3. Brain dECM is however usually not from

human source but usually from porcine or rodent origins %59, which can potentially affect the
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relevance of the BBB model. The ECM origin and composition should indeed be carefully

considered to ensure the accurate replication of the brain vasculature in vitro.

Although hydrogel-based models show compatibility for high-throughput screening
(HTS), it lacks connection with the outside of the hydrogel in order to enable the perfusion of
tested molecules inside the lumen of the blood capillary network, as seen in the native BBB
when a drug is injected intravenously. The lack of exposure of BMEC to the physiological

mechanical forces such as shear stress also prevents the induction of their BBB phenotype B,

I1. Microfluidic models

Microfluidic platforms have recently emerged to address the issues of transwell and
hydrogel-based models by offering a closer representation of the in vivo microenvironment. In
physiological conditions, the blood flow has mechanotransductive effects on BMEC, known to
be of great importance for cell differentiation and TJ formation 2. Indeed, shear stress
developed by blood flow can increase TJ proteins and reduces the permeability properties.
Therefore, more advanced BBB models have been developed using different materials, designs,

and strategies, allowing for media to flow, hence generating a shear stress.

These “organ-on-chip” BBB models can reproduce a 3D multicellular configuration by co-
culture of several types of BBB cells, physiochemical microenvironment, vascular perfusion
under physiological shear stress 3. An endothelium monolayer is, in most cases, seeded on the
inner walls of rigid channels often made of polymers such as polydimethylsiloxane or
polypropylene. These walls are pre-coated with adhesive proteins such as fibronectin to
facilitate BMEC adhesion. BMEC are allowed to adhere under static conditions during a short
period of time (usually 24 hours) before flow perfusion. For example, systems of perfused
vessels in co-culture with supporting cells were engineered 54551, However, no direct cell-cell
contact was possible between the endothelial cells and the supporting cells since they were
physically separated by an acellular type | collagen gel or polycarbonate membrane, limiting
the cell interactions to paracrine exchanges solely. Moreover, some of these models have a large
vessel diameter (~600-800 pum) 54581 which is much higher than the actual in vivo dimensions
of the human BBB vasculature, composed of arterioles and venules (10-90 um diameter) and
capillaries (7-10 um diameter) 7. As these models cannot effectively recapitulate BBB
microvasculature morphology, it may lead to an inaccurate reproduction of the blood flow and
transport exchange events occurring in brain capillaries. Although this diameter could be
greatly reduced below 30 um of outer diameter in self-organization models 25859 the “brain”
side remains not easily accessible for the sample collection and in-depth composition analysis
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after transport assays. Despite their advantages and potential development pathways,
microfluidic platforms are still not widely used for HTS due to the difficulty of handling, and
the special and expensive equipment required. Moreover, as for now, the number of samples

per device is still limited, making the translation to HTS laborious 5451,

Current in vitro BBB models cannot reproduce the human structural complexity of the brain
microvasculature, and thus their functions are not enough for drug assessments. Therefore, the
fabrication of 3D BBB with a structure similar to the native BBB which recapitulates the
essential functions of the BBB, including barrier function properties sufficient to restrict the
passage of molecules and functional transportation routes, such as the TfR-mediated
transcytosis, is highly desired. Ideally, the 3D BBB model should be prepared in a format
compatible with HTS and exhibit a perfusable blood capillary network in order to perform

transport assays.



In this thesis, the author aimed to develop a robust 3D self-assembled microvascular
network formed by BMEC covered by pericytes and astrocyte end feet inside the hydrogel. It
exhibited perfusable microvasculature due to the presence of capillary opening structures on
the bottom of the hydrogel, which is highly needed for performing permeability assays (Figure
4). The structure, the molecular permeability and the functionality of the transporters were
evaluated in this 3D BBB model. Additionally, the possibility of using human induced
pluripotent stem cells derived BMEC-like cells (hiPS-BMEC) as a BMEC source for the 3D
BBB model was also investigated regarding their BBB-specific gene and protein expression
profile, as well as their barrier function properties. The functionality of the TfR-mediated
transcytosis on hiPS-BMEC was also assessed by permeability assays, competitive binding
assays and confocal microscopy observations. Finally, in order to show potential applications
of the 3D BBB model for HTS, a cancer-microenvironment responsive drug-free
chemotherapy, named Molecular Block, was synthesized. This polymeric construct could
potentially serve as a template molecule for the fabrication of drug-free chemotherapy treating
brain diseases, which could be screened in a tumor model of the 3D BBB open capillary

network.

3D BBB capillary network model

© : Polymeric anti-cancer drug

BMEC @
el

Open _|
structure

Figure 4. Schematic illustration of the fabrication of 3D BBB model for assessing the transport
of polymeric anti-cancer drugs which can be transported by TfR-mediated transcytosis.



Outline of this thesis

In this thesis, the author describes the fabrication of a 3D blood-brain barrier (BBB)
capillary network model for assessing the transport of anti-cancer drugs and cancer-
microenvironment sensitive polymeric drug-free chemotherapy. This thesis includes the

following three chapters.

Chapter 1.
Development of a three-dimensional blood-brain barrier network with opening capillary

structures for drug transport screening assays

In this chapter, a 3D BBB model with perfusable open capillary structures at the bottom
of the hydrogel was established. Studies in this chapter focused on the evaluation of the barrier
function properties and the functionality of the TfR-mediated transcytosis by the BMEC
capillary network by permeability assays.

Chapter 2.
Brain microvascular endothelial cells derived from human induced pluripotent stem cells
as in vitro model for assessing blood-brain barrier transferrin receptor-mediated

transcytosis

The source of BMEC is important to consider for the reproduction of the BBB properties
in vitro. Human induced pluripotent stem cells derived BMEC-like cells (hiPS-BMEC) have
recently generated great opportunities for the BBB modeling as they exhibit a paracellular
tightness similar to the native BBB. In this study, the possibility of hiPS-BMEC for BBB
modelling was investigated, particularly regarding their size-selective permeation and TfR-
mediated transcytosis ability. Finally, as an applicative validation, two candidate peptides
previously reported to be internalized using the TfR were screened with respect to their

permeability ability across the hiPS-BMEC monolayer.

Chapter 3
Development of Highly Sensitive Molecular Blocks at Cancer Microenvironment for
Rapid Cancer Cell Death

In this study, a drug-free chemotherapy named Molecular Block (MB) was prepared.
The MB can form self-assembled aggregates on the cancer cell surfaces in response to the weak
acid condition, leading to subsequent cancer cell death by membrane disruption. The effect of

the hydrophilic-hydrophobic balance in the MB was discussed regarding their pH-dependent
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self-assembly properties and cytotoxicity using 2D cultures of normal and cancer cells. The MB

could be potentially used as a candidate molecule for brain diseases treatment.
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Chapter 1

Development of a three-dimensional blood-brain barrier network with

opening capillary structures for drug transport screening assays

1.1. Introduction

As mentioned in the general introduction, assessing the functionality of TfR-mediated
transport in 3D BBB models is highly desired, as it could create opportunities for the screening
of novel treatments of central nervous system (CNS) diseases. The validation of a BBB model
usually relies on the assessment of barrier integrity and functionality of specific transport
systems. It can respectively be checked by measuring the permeability of the dextran or specific
substrates. The size-permeability of different molecular weight of dextran is often investigated
in most BBB models to demonstrate the low paracellular transport 131, Only few studies
however demonstrate the functionality of specific transporters such as the transferrin receptor
(TFR) 51, For example, Wevers et al. investigated the functionality of the TfR by comparing
the transcytosis ability of the anti-TfR antibody MEM-189 and control antibody 1gG1 ©, with
only a two-fold difference was observed. The functionality of the TfR in this model may be not
sufficient to distinguish “hit” compounds from other candidates when performing high-
throughput screening by transport assays. Therefore, a 3D BBB model displaying higher
discrimination of candidate molecules based on their TfR-mediated transport efficiency is
expected to improve the sensitivity of the drug screening assays. To perform permeability
assays, dextran or other tested compound require the capillaries to have an open end to perfuse
molecules inside the capillary lumen. These techniques cannot however be performed in our
previously reported 3D self-organized BBB capillary network model due to the absence of a
perfusable connection between the outside and the capillary lumen 71, Controlling the capillary
organization and opening in our BBB model, as originally reported in 3D blood-/lymph-

capillary networks [, would thus be beneficial for drug transport assays.

In this chapter, a 3D self-organized in vitro model of the BBB with perfusable opening
structures was established in a transwell culture. This fully human 3D BBB model recapitulates
direct cell-cell interactions between BMEC, astrocytes and pericytes. The size-selective
permeation of molecules, the functionality of transport systems by the capillary network, such

as efflux pumps and TfR-mediated transcytosis were investigated.
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1.2. Experiments

1.1.1. Cell maintenance

The three cell lines used in this study have been developed and characterized in previous
studies: human brain microvascular endothelial cells/conditionally immortalized clone 18
(HBEC), human astrocyte/conditionally immortalized clone 35 (HA), and human brain
pericyte/conditionally immortalized clone 37 (HP) were kindly provided by Prof. Furihata from
the School of Pharmacy, Tokyo University of Pharmacy and Life Sciences (Hachioji, Tokyo,
Japan). All cells were cultured on 100 mm diameter collagen type | coated dishes (Ref. 4020-
010, Iwaki, Shizuoka, Japan) and incubated at 33 °C, 5% CO,. All culture media were
supplemented with 4 pg/mL Blasticidin S HCI (Ref. R21001, Invitrogen, Waltham, USA) to
maintain selective pressure during routine culture. HBEC were cultured in Vasculife (Ref. LEC-
LLO005, VEGF-Mv, LifeLine, Frederick, USA) supplemented with 0.5 mL rh FGF-b, 0.5 mL
ascorbic acid, 0.5 mL hydrocortisone hemisuccinate, 25 mL I-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 (FBS) (Kit,
LifeFactor VEGF-Mv, LifeLine, Frederick, USA), 25 mL supplementary FBS (Gibco
ThermoFisher, Waltham, USA), and 1% penicillin-streptomycin (P/S, 10,000 U.mL-1 - 10,000
pug.mL-1, Nacalai tesque, Kyoto, Japan). HA were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Ref. 08458-16, Nacalai tesque, Kyoto, Japan), complemented with 10%
FBS, 1% P/S, 5 mL of N2 supplement x100 (Ref. 17502048, Gibco ThermoFisher, Waltham,
USA). HP were cultured in Pericyte Medium (Ref. 1201, ScienCell Research Laboratories,
Carlsbad, USA), supplemented by 1% Pericyte Growth Supplement 100x, 10% FBS, and 1%
P/S. HA and HP were pre-differentiated at 37 °C during 3 days prior to their use for the
fabrication of the 3D model BBB model.

1.1.2. Fabrication of 3D BBB with open structures

One the first day of preparation, a solution of 10%wt gelatin was prepared using gelatin
powder (Ref G1890, Sigma Aldrich, St. Louis, MO, USA) dissolved in PBS. This solution was
first placed in warm water bath to make it completely dissolved. 450 pL of 10%wt gelatin
solution was dispensed on a 24-well plate (Ref. 3820-024, Ilwaki, Shizuoka, Japan). The 24-
well culture inserts with 0.4 um pore size (Ref. 3470, Costar, NY, USA) were placed on the
gelatin solution by taking precautions to avoid bubbles formation below the insert. The 24-well

plate was then incubated at 4 °C for 20 min to enable the gelation of the gelatin solution. After
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complete gelation, the inserts were taken out from the gelatin mold and the culture insert
membranes was removed. The insert without membranes were plasma-treated with a small
plasma device (Ref. PM100, Yamato Scientific Co., Ltd., Tokyo, Japan) with 40 sccm, 100 W
for 1 min to make them hydrophilic. The plasma-treated inserts were placed back onto the
gelatin mold in the 24-well plate. The HBEC, HA and HP were harvested with a Trypsin/ EDTA
solution composed of 0.25% trypsin (Ref. 209-19182, Fujifilm Wako, Osaka, Japan) with
0.02% EDTA (Ref. E6758-500G, Sigma Aldrich, St. Louis, MO, USA) and centrifuged at 130
g for 3 min at room temperature. The cell pellet was resuspended in non-complemented DMEM
and cell count was performed with the Countess™ 3 Automated Cell Counter (ThermoFisher,
Waltham, USA). For the preparation of each 3D BBB gel, 2 mg of fibrinogen (Ref. F8630-5G,
Sigma Aldrich, St. Louis, MO, USA) were dispersed in 40 puL of non-complemented DMEM
in a Eppendorf tube, while 4 x 10° HA, 2 x 10° HBEC and 2 x 10°HP, and 0.2 U thrombin (Ref.
T4648-10kU, Sigma Aldrich, St. Louis, MO, USA) were dispersed in 20 ulL of non-
complemented DMEM in another Eppendorf tube. The other BBB configurations were
prepared in a similar manner but by omitting HP, HA and/or HBEC inside the fibrin gel when
necessary. Both solutions were quickly mixed before depositing in cell culture inserts and
incubated for 20 min at room temperature for fibrinogen gelation. The fibrins gels were then
incubated an additional 40 min at 37 °C, 5% CO: to dissolve the gelatin gels. After complete
dissolution of the gelatin gels, 500 pL of PBS was added into the bottom of the 24-well plates.
The fibrin gels were placed in a new well with 2.5 mL of triple media composed of Vasculife
medium, Pericyte medium, and DMEM/N2 medium (1:1:1; v:v:v), all without Blasticidin, and
incubated at 37 °C, 5% CO> overnight.

On the next day, the insert with fibrin gel was placed upside down in a 6-well plate (Ref.
3810-006, Iwaki, Shizuoka, Japan) filled with 10 mL of triple media. HBEC was harvested for
a second seeding on the fibrin gel, with 2 x 10° HBEC resuspended in 60 pL of triple media on
top of each fibrin gel. The gels were incubated at 37 °C, 5% CO> to enable the adhesion of
HBEC onto the fibrin gel. After 6 h incubation, the inserts were placed on top of 6 well culture
plates thanks to a specifically designed 24- to 6-well plate adaptor. 4 mL of triple media were
additionally added and incubated at 37 °C & 5% CO». Half of the media (7 mL of total 14 mL)
was changed every 3-4 days before the subsequent experiments performed after 7 days of

culture.
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1.1.3. Immunofluorescence staining

After 7 days culture, the 3D BBB models were rinsed three times in PBS then fixed in
4% paraformaldehyde (PFA, Fujifilm Wako, Osaka, Japan) at room temperature (RT) for 15
min. Permeabilization was carried out using 0.2% Triton X-100 diluted in PBS for 15 min
(Sigma-Aldrich, St. Louis, MO, USA). After PBS rinsing, blocking was performed for 1 h at
RT with 1% bovine serum albumin (BSA, Ref. A3294-50G, Sigma-Aldrich, St. Louis, MO,
USA) in PBS. The samples were incubated with primary antibodies overnight at 4 °C: mouse
anti- human CD31 antibody (Ref. NCL-CD31-1A10, Leica, Wetzlar, Germany), mouse anti-
human ZO-1 antibody (Ref. ZO1-1A12, Invitrogen, Waltham, MA, USA, or mouse anti-human
Claudin-5 antibody (Ref. 35-2500, Thermo Fisher Scientific, Waltham, MA, USA) diluted at
1/100 in 1% BSA in PBS. After PBS rinsing, samples were incubated for 2 h at room
temperature in the dark with secondary antibody goat anti-mouse conjugated with Alexa Fluor
647 (Ref. A21235, Thermo Fisher Scientific, Waltham, MA, USA) diluted at 1/100 in 1% BSA
in PBS. Actin filaments were stained with fluorescein isothiocyanate (FITC)-labeled phalloidin
(Ref. ab235137, Abcam, Cambridge, UK). The nuclei were counterstained with Hoechst33342
(Ref. H3570, Thermo Fisher Scientific, Waltham, MA, USA). After washing three times with
PBS, the samples were observed with confocal laser scanning microscope FluoView FV3000
(Olympus, Tokyo, Japan) using x10 or x40 magnification.

1.1.4. Calculation of CD31* surface area in the 3D BBB models

The whole insert was imaged by taking large scale pictures of the 3D BBB models
stained for CD31 using confocal laser scanning microscope FluoView FV3000 (Olympus,
Tokyo, Japan) using x10 magnification. Three sections of the 3D BBB gel (bottom, middle and
top of the fibrin gel) were separately imaged for three BBB gels issued from three independent
experiments. The observation settings were kept the same for imaging the 3D BBB gels, such
as the step size, the thickness of each observed section, the exposition time and excitation
power. The CD31" surface area was automatically generated by IMARIS software for the three
sections of the 3D BBB gels (Oxford Instruments, Abingdon, UK). The total CD31" surface
area for each was obtained by summing the CD31" surface area of the three sections of the gel

(bottom, middle and top of the fibrin gel).
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1.1.5. Leakage assay with Fluorescein Isothiocyanate Labeled Dextran

The perfusability of the open structures was assessed by adding a solution of 1 mg/mL
FITC-dextran MW 2000 kDa (Ref. FD2000S, Sigma Aldrich, St. Louis, MO, USA) diluted in
PBS in the bottom side of the insert. After one hour incubation at room temperature, observation
by confocal microscopy was performed by confocal laser scanning microscope FluoView
FV3000 (Olympus, Tokyo, Japan) using x60 magnification. This experiment was conducted

using fixed samples.

1.1.6. Evaluation of the Transendothelial Electrical Resistance

The transendothelial electrical resistance (TEER) was measured for the fibrin gel
without BBB cells and for 3D BBB model with open structures after 7 days culture. The TEER
was measured in PBS at RT using a Millicell® ERS-2 Volt-Ohm Meter (Millipore, Bedford,
MA, USA) equipped with a STXO01 chopstick electrode (Millipore, Bedford, MA, USA). The

TEER value was calculated from the following equation (1) ! :
(1) TEER = (Rees — Ronly gel) X A

Where Roniy gel IS the resistance of the fibrin gel without BBB cells; Rgsg is the resistance of the
fibrin gel seeded with BBB cells, and A is the average value of CD31" surface area of three 3D
BBB gels calculated by IMARIS software.

1.1.7. Permeability assays

One day prior to the permeability assays, the wells of 24-well plate were pre-incubated
with 1 mL of 1% BSA (Ref. A3294, Sigma Aldrich, St. Louis, MO, USA) in PBS overnight at
37 °C, 5% CO2 to prevent unspecific adsorption of the tested molecules on the walls of the
plate. All the permeability assays were performed on day 7 and day 8 of culture of the 3D BBB
models at 37 °C, 5% CO:z in triple media, using 1000 pL of triple media in the bottom side and
200 pL in the top side of the inserts.

For the assessment of paracellular transport, 4 kDa (Ref. T1037, Sigma Aldrich, St.
Louis, MO, USA), 20 kDa (Ref. 73766, Sigma Aldrich, St. Louis, MO, USA) and 70 kDa (Ref.
T1162, Sigma Aldrich, St. Louis, MO, USA) of tetramethylrhodamine (TRITC)-labeled
dextran at a final concentration of 1 mg/mL or 10 puM Lucifer Yellow (CH, dilithium salt) (Ref.
L0259, Sigma-Aldrich, St. Louis, MO, USA) were added to the bottom side before beginning
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the assay. 10 pL of the culture media w!'as collected in the top side of the insertatt =1 h, 10 h,

24 h for the analysis.

For the evaluation of the functionality of P-glycoprotein (P-gp), the transport of
Rhodamine 123 (Ref. R302, Thermo Fisher Scientific, Waltham, MA, USA) was measured for
both the apical-to-basolateral side or basolateral-to-apical side. For that, 10 uM Rhodamine 123
dissolved in triple media was added in the bottom side (apical-to-basolateral transport) or top
side (basolateral-to-apical transport) of the inserts containing the 3D BBB gels. Triple media
was added in the top side (apical-to-basolateral transport) or bottom side (basolateral-to-apical
transport) without the tested molecule. 10 uL of the culture media was collected in the top side
(apical-to-basolateral transport) or the bottom side (basolateral-to-apical transport) of the insert
att=1h,5h, 10 h, 24 h for the analysis.

For the receptor-mediated transcytosis assay, 10 pg/mL Alexa Fluor 647-MEM-189
(AF 647-MEM-189, Ref. NB500-493AF647, NovusBio, Centennial, USA), Alexa Fluor 647-
13E4 (AF 647-13E4, Ref. NB100-73092AF647, NovusBio, Centennial, USA) or Alexa Fluor
647-immunoglobulin G1 (AF 647-1gG1, Ref. NBP1-97005AF647, NovusBio, Centennial,
USA) was added in the bottom side of the insert during 24 h. 10 uL of the culture media was
collected in the top side of the insertatt =1 h, 5 h, 10 h, 24 h for the analysis.

The fluorescent intensity of the tested molecules was evaluated using Nanodrop™
fluorospectrometer (N3300, Thermo Fisher Scientific, Waltham, MA, USA) from which was
deduced the amount of transported compound across the fibrin gel. The cumulative amount
transported across the membrane was plotted against time, and the slopes of the linear regions

were used to calculate the permeability coefficients, as previously reported [291:

The effective permeability coefficient (Pe) of the 3D BBB gel was calculated using the

following equation (2):

(2) PS = (dQ/dt)/ (Do x A)

With PS, dQ/dt, and Do being 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.
(3) l/PStotaI = 1/PSe + l/PSonIy gel
(4) Pe = PSe/A
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With PSttar and PSony ger being respectively the permeability surface area product
corresponding to the 3D fibrin gel seeded with and without the three types of BBB cells and
PS. is the surface area product value for the 3D BBB cells. A is the average value of CD31*
surface area of the 3D BBB gels calculated by IMARIS software.

1.1.8. Statistical analysis

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

statistically significant when p < 0.05.
1.3. Results and discussion

1.3.1. Fabrication of a three-dimensional brain microvasculature network
model with open structures

A 3D model of the 3D BBB microvascular network was established as illustrated in
Figure 1-1. Briefly, the HBEC, HA and HP mixture was dispersed in the culture medium
containing thrombin. The cell suspension was mixed with fibrinogen and quickly deposited in
the 24-well insert before the formation of the fibrin gel. The ratio of each cell type incorporated
in the fibrin gel was already established and optimized in a previous report ["). Based on network
appreciation by confocal observations and capillary diameter and length measurements, the best
results were obtained for ratios of 1:2:0.5 HBEC:HA:HP. The selected cell ratio was in a similar
order of magnitude than those observed in vivo, such as 1:5:1 HBEC:HA:HP ™ or 1:0.3
HBEC:HP [*?. The next day, a HBEC monolayer was deposited onto the bottom side of the

membrane-free insert of the fibrin gel.
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Figure 1-1. Schematic illustration of the fabrication method of the 3D BBB model with open

structures by gelatin method.

The expected mechanism of the formation of the open structures is detailed in Figure
1-2. After 7 days culture, the HBEC monolayer and the HBEC inside the fibrin gel fused to

generate a vascular network by self-organization with lumen structures, as similarly shown in

our previous works 231,

’ ~¢ERy Human brain endothelial cell (HBEC) =3 Human pericyte (HP) < Human astrocyte (HA) [ Fibrin gel

2n HBEC seedin
< 9

Bt o

om

Remove
insert membrane

3D self-organized
BBB microvasculature

Figure 1-2. Schematic illustration of the expected formation of the open structures in the 3D
BBB model.
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Several holes, named open structures, were uniformly distributed in the entire bottom
surface of the fibrin gel (Figure 1-3A). The confocal xz and yz planes showed a clear
organization of the HBEC as capillary-like tubules with open lumen (Figure 1-3B). Moreover,
the actin and CD31 staining showed the direct cell-cell contact between HBEC, HP and HA.
This observation is consistent with previous studies which demonstrated HA and HP were
found in the close vicinity of the HBEC network [®71, The open structures could be successfully
perfused by 2000 kDa dextran (Figure 1-3C). These data suggested the successful formation

of open structures composed of BBB microvascular network.

A. B. C.

CD31 CD31/ Actin I Nucleus CD31 / Actin / Nucleus / 2000k Dextran

Blood side

Brain side

Figure 1-3. (A) Confocal image of the bottom side of the whole culture insert after 7 days
culture showing the open structures. Scale bar = 1 mm. (B) 3D reconstruction of a confocal z-
stack showing the open structures. HBEC were labeled with CD31 (red), all cells were stained
for actin filaments (green) and nucleus (blue). Scale bar = 80 um. (C) Cross-sectional image of
the open structure perfused with FITC-labeled dextran (MW 2000 kDa) (grey). Scale bar = 50
pum.

1.3.2. Optimization of self-assembled microvasculature with open
structures

We next wanted to understand whether there would be one specific cell type which could
more contribute for stimulating the formation of the open structures in our model. As seen in
Figure 1-4A, different combinations of the three BBB cell types were envisaged, with (i) only
a monolayer of HBEC on the bottom of the insert (“HBEC mono™), or in combination with (i1)
HP (“HBEC mono + HP”), (iii) HA (“HBEC mono + HA”), or (iv) both HP and HA (“HBEC
mono + HP + HA”), or (v) HA, HP and HBEC (“HBEC mono + HP + HA + HBEC”) inside
the fibrin gel. Open structures were not formed with “HBEC mono” conditions but were present
in “HBEC mono + HP”, “HBEC mono + HA”, “HBEC mono + HP + HA”, and “HBEC mono

+ HP + HA + HBEC” conditions, with a respective number of open structures of 53 + 6, 131 +
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8,223 £ 20 and 301 + 28. Only a few open structures were observed in “HBEC mono + HP”
condition. The addition of HBEC inside the gel enabled the stabilization of a more developed
vasculature with more open structures found in “HBEC mono + HP + HA + HBEC”. Fewer
open structures were found in “HBEC mono + HA” condition than with “HBEC mono + HP +
HA + HBEC” (Figure 1-4B). Open structures were more numerous on the bottom of the gel
for “HBEC mono + HA” than for “HBEC mono + HP” condition. These results suggest HA
could be more necessary than HP to promote the formation of the open structures in the fibrin
gel. This observation is consistent with previous report which also emphasizes the role of
astrocytes in the improved morphology of the vascular network 1. Astrocytes have indeed a
major role in the development and maintenance of BBB features in BMEC. They can secrete
several growth factors, such as vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), glial cell line-derived neurotrophic factor (GDNF), or angiopoietin 1
(ANG-1), which can stimulate vasculogenesis, the expression of tight junctions and enzymatic
systems and promote the polarization of transporters in HBEC 14131, The diameter of these open
structures, when present, was in a similar range, independently of the cell combination inside
the fibrin gels (Figure 1-4B). The formation of open structures is expected to result from the
combination of biochemical and physical effects that promotes in vitro vascularization in
engineered 3D-microenvironments. The HBEC are indeed able to migrate in a 3D environment,
mainly towards the tissue surface, through angiogenic processes under the conditions that large
amounts of angiogenic factors (e.g. VEGF) are secreted by neighboring supporting cells 1],
This method enables the 3D arrangement of HBEC that allows their encounter and connection
with each other inside the fibrin gel and with those seeded on the bottom of the hydrogel in
order to spontaneously form the HBEC capillary network with open structures. Based on the
structural evaluation of the vascular network and the highest number of open structures, “HBEC
mono + HP + HA + HBEC” was considered as the best combination after 7 days culture and

was thus used for the subsequent experiments.
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Figure 1-4. (A) Comparison of different types of BBB model with the HBEC monolayer seeded
on the bottom of the fibrin gel (HBEC mono), with the HBEC monolayer seeded on the bottom
of the fibrin gel and only HP (HBEC mono + HP) or only HA (HBEC mono + HA) or both HP
and HA inside the fibrin gel (HBEC mono + HA +HP), or with the HBEC monolayer seeded
on the bottom of the fibrin gel and HBEC, and HBEC, HP and HA inside the fibrin gel (HBEC
mono + HA + HP + HBEC). Confocal images of the bottom side of the culture insert after 7
days culture for the different types of BBB model, HBEC were stained by the endothelial cell
marker CD31 (red). White arrows indicate the open structures. Scale bar = 150 um. (B)
Quantification of number (left) and average diameter (right) of open structures on the bottom
side of the whole culture insert after 7 days culture for the different types of BBB model (n=3
gels/condition). The average diameter was determined using 25 open structures per gel were

used. Data are presented as means + S.D.

1.3.3. Evaluation of the barrier function properties

The BBB is characterized by its reduced paracellular transport, with 100% of the large
molecules and 98% of small molecules which cannot penetrate the brain [71. Even the

movement of small ions such as Na* and CI™ is also restricted, resulting in a high
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transendothelial electrical resistance (TEER) that reach more than 1,000 Q x cm? 8191, We thus

sought to investigate if our model could reproduce this reduced paracellular transport in vitro.

First, the permeability of TRITC-dextran with different molecular weights (4, 20 or 70
kDa) was evaluated in the 3D BBB model with open structures. As seen in Figure 1-5A, the
permeability of TRITC-dextran gradually decreased with increased molecular weight, resulting
from the different size of tested molecules transported across the 3D BBB model with open
structures. The effective permeability coefficient value (Pe) value of 4 kDa, 20 kDa, and 70 kDa
TRITC-labeled dextran were respectively 2.14 x 105, 6.34 x 107, and 4.76 x 10® cm/s. The Pe
values of the dextran correlated with the previously reported in vivo rodent brain uptake (R? =
0.973) (Figure 1-5B) 2% It should also be noted that our model showed a better correlation
with in vivo values than those previously reported using iPSC-based BBB-Chip model (R? =
0.96) [,
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Figure 1-5. (A) Pe values of 1 mg/mL TRITC-dextran with different molecular weights (4
kDa, 20 kDa, and 70 kDa) (n=3). Data are presented as means = S.D. (B) The permeability of
dextran molecules across the 3D BBB model with open structures correlated with previously
reported in vivo rodent brain uptake (R? = 0.973) 129,

The TEER value measured in our 3D model was about 560 Q x cm?, which is higher
than the acellular fibrin gel which has a TEER of about 51 Q x cm? (Figure 1-6A), but being
much lower than the value found in vivo. Additionally, the paracellular tracer Lucifer Yellow
showed a Pe value of 4.17 x 10 cm/s respectively (Figure 1-6B). The Pe value of Lucifer

Yellow is higher than the in vivo permeability values measured in pial post-capillary venules in
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a rodent model, reported to be around 1-2 x 107 cm/s 21, 1t suggests our model showed some
limitations to restrict the permeation of small-sized molecules, such as Lucifer Yellow which
has a MW of 457 Da.
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Figure 1-6. (A) Pevalue of 10 pM Lucifer Yellow after 24 h incubation at 37 °C (n=3). Data
are presented as means + S.D. (B) TEER measurement (n=3). Data are presented as means
+ S.D.

The expression of tight junctions (TJs) is known to have an important role in the
regulation of the diffusion of molecules across the brain endothelium 2. Claudin 5 is one of
the dominant TJ proteins in the brain endothelium and is thought to play a major role in the
macromolecular assembly of the TJs 8], Zonula occludens-1 (ZO-1) is also involved in the
maintenance of the TJs stability and functionality by serving as a linker molecule between the
TJ components and the actin cytoskeleton 4261, Both ZO-1 and Claudin-5 were expressed by
HBEC after 7 days culture both inside and in the bottom of the hydrogel (Figure 1-7). The high
expression of the TJs could be partially responsible for the size-selective permeation of dextran.
Taken together, these results demonstrate that our model could be useful to predict the brain
penetrability of candidate molecules due to the formation and maintenance of a restrictive
barrier sufficient for enabling the size-selective transport of different MW of dextran. This
model however failed to restrict the passage of small-sized molecules, as shown by the low

TEER value and moderate permeation of the Lucifer Yellow.
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Figure 1-7. Immunofluorescence staining of the TJs, Claudin-5 (green, top) or ZO-1 (green, bottom)
and cell nuclei (blue) in the bottom and inside the 3D BBB model with open structures after 7 days

culture. Scale bar = 50 pm.

1.3.4. Evaluation of efflux pump activity

The presence of specific transport systems on the membranes of BMEC contributes to
the regulation of the passage of molecules across the BBB, preventing potentially harmful
compounds from entering in the brain and effluxing brain metabolic wastes 4. Efflux
transporters localized on the luminal surface of BMEC enable the clearance of potentially
harmful xenobiotics from the brain and limit the access of toxic agents to the brain 7. P-
glycoprotein (P-gp) is one of the most studied efflux pumps responsible for rejection of a wide
range of chemical compounds, including central nervous system drugs 8. Although the
expression of P-gp by HBEC at both gene and protein levels was confirmed in 3D model in a
previous study [®l, its functionality was yet to be investigated. Since transporter expression is
indeed not necessarily correlated with its activity %1 it was primordial to confirm the
functionality of the efflux pump in our model. For that, both apical-to-basolateral (A to B) and
basolateral-to-apical (B to A) permeability of Rhodamine 123, a specific substrate of P-gp %,
was measured. As seen in Figure 1-8, the Pe value of Rhodamine 123 from A to B compartment

and from B to A compartment was respectively 1.95 x 10 and 1.91 x 10 cm/s. The efflux
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ratio, defined as Pe to A)/Pe(a to B), IS about 9.7, demonstrating the high polarization of the P-gp,

with a higher expression on the apical side, which is similar to in vivo situation 3132,
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Figure 1-8. Comparison of the Pe value of 10 uM Rhodamine 123 from apical-to-basolateral

side (A to B) and basolateral-to-apical side (B to A) after 24 h incubation at 37 °C (n=3). Data
are presented as means £ S.D.

1.3.5. Assessment of transferrin receptor-mediated transcytosis

The transferrin receptor (TfR) is known to mediate the transport of iron-bound
transferrin (TT). TfR has recently attracted increasing attention due to its high expression by
both brain BMEC and brain cancer cells, which could be useful for the specific transport of

large-sized drugs across the BBB and to the cancer site [33-33],

We sought to confirm whether the combination “HBEC mono + HP + HA + HBEC”
showed the highest TfR-mediated transport efficiency as compared to “HBEC mono” and
“HBEC mono + HP + HA” conditions. For that, the permeability of AF 647-MEM-189 and the
mouse Alexa Fluor 647-Immunoglobulin G1 isotype control (AF 647-1gG1), which does not
bind any target on human cells, were compared for each model configuration (Figure 1-9). The
Pe value of AF 647-MEM-189 was 4.06 x 10 cm/s for “HBEC mono + HP + HA + HBEC”,
which is higher than that of “HBEC mono” and “HBEC mono + HP + HA” conditions, which
have a respective Pe value of 7.96 x 10" and 9.54 x 10”" cm/s. AF 647-1gG1 showed comparable
low permeability for all the configurations, with a respective Pe value of 4.07 x 1077, 5.22 x 10"
"and 6.83 x 107 cm/s for “HBEC mono” “HBEC mono + HP + HA” and “HBEC mono + HP

+ HA + HBEC” conditions, suggesting similar maintained barrier function properties among
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the different models. Although the number of open structures was the highest in “HBEC mono
+ HP + HA + HBEC” condition as compared to the “HBEC mono” “HBEC mono + HP + HA”
conditions (Figure 1-4B), it did not significantly affect the permeability of AF 647-1gG1,
suggesting the barrier function and paracellular transport efficiency of the antibodies are
comparable among the different BBB models. These results suggest “HBEC mono + HP + HA
+ HBEC” displayed the highest TfR functionality, due to the higher transport of AF 647-MEM-
189 as compared to the negative control AF 647-IgGl. The observed differences of
permeability between AF 647-1gG1 and AF 647-MEM-189 did not depend on the number of
open structures or differences in barrier function, but resulted from the higher TfR-mediated
transport in “HBEC mono + HP + HA + HBEC” condition.
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Figure 1-9. P values of 10 pg/mL AF 647-MEM-189 or AF 647-1gG1 using different 3D BBB

models after 24 h incubation at 37 °C (n=3). Data are presented as means + S.D.

In order to further characterize the permeation of TR ligands in the “HBEC mono + HP
+ HA + HBEC” condition, we next compared the permeability of AF 647-MEM-189 with
another human anti-TfR antibody Alexa Fluor 647-labeled 13E4 (AF 647-13E4), reported to
have a reduced transportability €1, A similar trend was found for the Pe values, with 4.77 x
10 cm/s for AF 647-MEM-189, which was seven-fold higher than that of AF 647-IgG1 and
AF 647-13E4 which are respectively 6.83 x 107 and 6.12 x 107 cm/s (Figure 1-10A). It is
worth mentioning that our model displayed a better capacity to discriminate antibodies based
on their TfR-mediated permeation than the OrganoPlate®, where only a two-fold difference was
observed between the permeability of MEM-189 and 1gG1 . The expected mechanism of
permeation of the antibodies is detailed in Figure 1-10B. 13E4 is reported to have a reduced
transportability as a consequence of its high affinity to the TfR. The binding affinity to the TfR

has been indeed already reported to determine the transportability of antibodies directed against
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the TR, including MEM-189 and 13E4 381, Due to its high affinity to the TfR, 13E4 is degraded
inside the cells, thus is not transported across the HBEC network in the 3D BBB model.
Conversely, since MEM-189 have a moderate affinity to the TfR, it can be efficiently
transported by the TfR. Moreover, AF 647-MEM-189, AF 647-13E4 and AF 647-1gG1 have a
similar MW (~156 kDa), thus sharing the same contribution of the paracellular transport in the
overall permeability. The permeation rate of AF 647-MEM-189 was however much higher than
of AF 647-13E4 and AF 647-IgG1 in “HBEC mono + HP + HA + HBEC” condition (Figure
1-10B), confirming that MEM-189 was mainly transported by TfR-mediated transcytosis.
Taken together, these results demonstrated our 3D BBB model with open structures could be
useful for the study and the screening of molecules based on the TfR-mediated transport
efficiency.

A.

AF 647-MEM-189
AF 647-13E4
AF 647-1gG1

Brain

P, (x10€cm/s)

1gG1 MEM-189 13E4 Blood

Figure 1-10. (A) Pe values of 10 pg/mL AF 647-MEM-189, AF 647-13E4 or AF 647-1gG1
using 3D BBB model with open structures after 24 h incubation at 37 °C (n=3). Data are
presented as means + S.D. (B) Expected mechanism of the permeation of AF 647-MEM-189,
AF 647-13E4 or AF 647-1gG1 in the 3D BBB model with open structures.

1.4. Conclusion

In this study, we successfully developed a 3D self-organized capillary network
composed of endothelial cells, astrocytes and pericytes with perfusable opening ends. After 7
days culture, the obtained vascular network exhibited lumen which diameter was similar to the
native BBB capillaries and also showed a few larger similar to microvessels and venules.
Additionally, many BBB features could be retrieved in this model, including functional P-gp

efflux system and specific transporters, such as the TfR. Although the permeability of different
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MW of dextran showed good correlation with in vivo permeability in rodent brain, it however
displayed an insufficient barrier function as shown by the lower TEER value and permeability
of the paracellular tracer Lucifer Yellow by the HBEC capillary network. The resulting
paracellular transport may not be suitable for the accurate assessment of the permeation of both
small-sized molecules, including small drugs, and large-sized molecules with a MW < 70 kDa.
Changing cell source of BMEC could potentially improve barrier function properties for the
preparation of a more biologically relevant 3D BBB model.
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Chapter 2
Brain microvascular endothelial cells derived from human induced
pluripotent stem cells as in vitro model for assessing blood-brain barrier

transferrin receptor-mediated transcytosis

2.1. Introduction

As aforementioned, HBEC used in the 3D BBB model with open capillary network were
found to exhibit inadequate barrier function properties for transport assay applications. The
source of BMEC is an important factor to consider for the reproduction of the BBB properties
in vitro, including the restricted paracellular transport. Although immortalized cell lines provide
a readily available source of human brain microvascular endothelial cells (BMEC), they 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 121,
Human induced pluripotent stem cells derived BMEC-like cells (hiPS-BMEC) have recently
generated great opportunities for the BBB modelling by exhibiting a paracellular tightness
similar to the native BBB.E®! Although the formation of strong TJs and the expression of some
transporter proteins were demonstrated for hiPS-BMEC, the functions of the receptor-mediated
transcytosis (RMT) receptors remain to be elucidated, particularly the TfR-mediated
transcytosis. 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 [“8l. 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 TfR-mediated transport is highly desired, as it could create
opportunities for finding novel treatments of central nervous system diseases, for example by

the screening of peptides or antibody libraries that bind RMT receptors.

In this study, hiPS-BMEC ! were compared to the immortalized human brain
microvascular endothelial cell line (HBEC) [*% 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 assessed using the native ligand of the TfR, transferrin.
Finally, as an applicative validation, two candidate peptides previously reported to be

internalized using TfR [, cysteine-modified T7 (Sequence CHAIYPRH) or cysteine-modified
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Tfr-T12 peptide (Sequence CTHRPPMWSPVWP), were screened with respect to their
permeability ability across the hiPS-BMEC monolayer.

2.2. EXxperiments

2.2.1. Materials

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, nH20) 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 (DMSQ) 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). FITC-dextran of 9.5 kDa (Ref. FD10S), 70 kDa (Ref.
FD70S), 250 kDa (Ref. FD250S), 2,000 kDa (Ref. FD2000S) were purchased from Sigma-
Aldrich (St Louis, MO, USA).

2.2.2. Cell culture

Human brain microvascular endothelial cells/conditionally immortalized clone cil8
(HBEC) used for this work were kindly provided by Prof. Furihata. HBEC were cultured on
collagen-coated dishes (100 mm, type I collagen, Iwaki, Tokyo, Japan). Cells were cultured in
a humidified incubator (33 °C, 5% CO2) for the maintenance of growth activity. Culture
medium was supplemented with 4 pug/mL of Blasticidin S HCI (Invitrogen, Waltham, MA,
USA) to maintain selective pressure for routine culture. HBEC were grown in Vasculife
(VEGF-Myv, LifeLine, Carlsbad, CA, USA) supplemented with 0.5 mL rh FGF-b, 0.5 mL
ascorbic acid, 0.5 mL hydrocortisone 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-Myv, LifeLine, Carlsbad, CA, USA), 25 mL supplementary fetal bovine serum (FBS,
Gibco ThermoFisher, Waltham, MA, USA), and 1% penicillin-streptomycin (10,000 U.mL-1 -
10,000 pg/mL, Nacalai Tesque, Kyoto, Japan). For transport studies, 1.0 x 10° HBEC were
seeded in a 24 well insert (Ref. 662641, Greiner Bio-One, Monroe, NC, USA) pre-coated with
100 pL 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.
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Human iPS cells (hiPS) were successfully differentiated to hiPS-BMEC as previously
reported 1. 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 x 10° cells/well and
cultured in mTeSR1 medium (Ref. 85850, STEMCELL Technologies, Vancouver, BC,
Canada) containing 10 uM ROCK inhibitor Y27632 (Ref. 259-00613, Fujifilm Wako, Osaka,
Japan) (day —3). After 24 h, the medium was replaced with fresh mTeSR1 medium without
ROCK inhibitor Y27632 (day —2). On day 0, the medium was replaced with unconditioned
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 uM 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
x 10° onto 24-well inserts with 0.4 um pore size (Ref. 353095, Falcon, Flowery Branch, GA,
USA) coated with fibronectin/collagen 1V (FN/Col 1V, 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.

2.2.3. 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 STXO01 chopstick electrode (Millipore, Bedford, MA, USA). The TEER value

was calculated from the following equation (1) [21:
TEER = (Rmonolayer - Rblank) x A (1)

Where Rmonolayer 1S the resistance of the cell monolayer along with the filter membrane;
Ruiank is the resistance of the cell-free insert membrane in SFM medium, and A is the surface

area of the membrane (0.33 cm?).

2.2.4. Quantitative Reverse Transcription-PCR (gQRT-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
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assessed with a Nanodrop™ spectrometer (N1000, Thermo Fisher Scientific, Waltham, MA,
USA). A reverse transcription of the RNA samples into cDNA using iISCRIPT cDNA synthesis
kit (Bio-Rad, Hercules, USA) was performed. A real-time quantitative polymerase chain
reaction (RT-gPCR) was then conducted on the cDNA samples using Tagman Fast Advanced
Mix (Tagman Gene Expression Assays, Thermo Fisher Scientific, Waltham, MA, USA) 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.

2.2.5. Immunofluorescence

The HBEC and hiPS-BMEC insert cultures were rinsed three times in PBS then fixed
in 4% paraformaldehyde (Fujifilm Wako, 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,
Germany) 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
Z0-1, 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 temperature 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 x10 or x40 magnification. The images were taken by keeping the same exposure
time and excitation power for each sample for fluorescence quantification assessment.
Fluorescence intensity of x10 magnification pictures was quantified using Fiji software [*3l and

normalized by cell number.
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2.2.6. Fluorescent labeling of peptides

A stock solution at 1 mg/mL of each peptide was prepared by dissolving 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 uL of DMT-MM stock solution (5.02 umol, 1 eqg.) and 6.275 uL of
DMT-MM stock solution (3.137 umol, 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 umol, 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 umol (1.5 eq.) or 4.70 umol (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.

2.2.7. Permeability Studies

Permeability studies were performed as similarly reported in previous studies [+, For
all the permeability studies, HBEC or hiPS-BMEC 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 pL) and to the lower
side (1,000 pL) of the inserts and the system was incubated at 37 °C for the permeability assays
for 1 h. Different molecular weights (MW) (9.5, 70, 250, 2,000 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 assays, 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
(1gG1) (NBP1-97005AF647, NovusBio, Centennial, USA) and Alexa Fluor 647-13E4 (NB100-
73092, NovusBio, Centennial, USA) were incubated at a final concentration of 64 nM with
HBEC or hiPS-BMEC. FGA-cys-T7 peptide or FGA-cys-Tfr-T12 peptide at a final
concentration of 10 pg/mL were co-incubated with different amounts of unlabeled transferrin
(TT) (final concentration 0; 12.5; 125; 1250 nM) using hiPS-BMEC.
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Following the incubation with the tested molecule, 10 uL of the medium was collected
in the lower chambers and replaced with the same volume of fresh medium at t=10, 15, 30, 45,
60 min. The fluorescence in the lower chamber was measured using a Nanodrop™
fluorospectrometer (N3300, Thermo Fisher Scientific, Waltham, MA, USA) from which was
deduced the amount of transported compound. The cumulative amount transported across the
membrane was plotted against time, and the slopes of the linear regions were used to calculate
the permeability coefficients, as previously described [*°,

The effective permeability coefficient (Pe) was calculated using the following equation

(2):
(2) PS = (dQ/dt)/Do

Where PS, dQ/dt, and Do 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.
(3) 1/ PStotaI :1/ PSe + 1/ PSm
(4) Pe: PSe/ A

Where PSiota and PS 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 endothelial monolayer. A is the surface area of the insert membrane.

2.2.8. Confirmation of TfR-mediated endocytosis by confocal microscopy
Imaging
HBEC or hiPS-BMEC were co-incubated with 125 nM of AF488-Tf and 64 nM of
AF647 MEM-189 for 1 h 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).

2.2.9. Co-localization studies

HiPS-BMEC insert cultures were washed with PBS three times and incubated with a
solution of 10 uM 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
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each sample. The colocalization ratio between AF 647-Tf and FGA-cys-T7 or FGA-cys-Tfr-
T12 peptide was quantified by IMARIS software (Oxford Instruments, VVersion 9.2.1, Bitplane,
Belfast, UK).

2.2.10. Statistical analysis

All values are presented as means + standard deviation (SD). Statistical 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.

2.3. Results and discussion

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

The gene expression and phenotypical features of BMEC/conditionally immortalized
clone cil8 (HBEC) or human iPS-derived BMEC-like cells (hiPS-BMEC) were first
investigated, focusing on the expression of endothelial cell (EC) markers VE-cadherin and
CD31, tight junction proteins (TJs) Claudin-5 and ZO-1 and the specific transporter TfR. 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 (61,
VE-cadherin is an endothelial-specific transmembrane protein which play a major role in the
establishment and development of endothelial cell-cell junction 7181, As seen in Figure 2-1,
RT-gPCR showed that the expression of CD31 was significantly higher (15,000-fold) in HBEC
than hiPS-BMEC. Both cell types expressed the gene for CId5 in a similar manner. However,
the mRNA for ZO-1 and TfR were significantly higher for hiPS-BMEC than HBEC.
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Figure 2-1. Gene expression of endothelial marker, tight junction proteins and transporters

between HBEC (blue) and hiPS-BMEC (orange) (n=3). Data are presented as means + S.D.
The protein expression of the same endothelial marker, TJs, and transporter was also
assessed by immunofluorescence staining (Figure 2-2A). The comparison of the fluorescence
intensity (Figure 2-2B) revealed a similar tendency as the RT-gPCR 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
proteins, including ZO-1 and Claudin-5 1929 Although differences of CId5 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 (Figure 2-
2B), 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 (Figure 2-2B) which is in accordance with
previous reports %219 Even though CD31 expression at gene level was detected with hiPS-
BMEC (Figure 2-1), it remains relatively very low as compared to HBEC (Figure 2-2B). 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 [?Xl. Although the comparison of HBEC to primary human
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BMEC has been already initiated in a previous work %], the degree of phenotypical similarities
to the in vivo brain endothelium for hiPS-BMEC remains however to be elucidated.
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Figure 2-2. (A) Immunostaining of CD31, VE-cadherin, Claudin-5, ZO-1 and TfR observed
by confocal microscopy for HBEC and hiPS-BMEC. Scale bar = 10 um. (B) Immunostaining
fluorescence intensity comparison between HBEC (blue) and hiPS-BMEC (orange) using
pictures from Figure 2-2A (n=3). Data are presented as means + S.D.

2.3.2. Evaluation of the barrier function properties

In addition to the expression of BBB markers and vascular phenotype, BMEC should
exhibit tight barrier properties. One of the hallmarks of the BBB is its high trans-endothelial
electrical resistance (TEER), mainly resulting from the presence of TJ protein interactions
between adjacent BMEC %1, For both cell types, the TEER value remains stable for a period

of one hour (Figure 2-3), confirming the possibility of performing permeability assays without
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any variability in the barrier function properties in this lapse of time. The TEER value for hiPS-
BMEC exceeded 1,000 Q x cm?, 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 [,
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Figure 2-3. TEER measurement for HBEC (blue) and hiPS-BMEC (orange) (n=3). Data are
presented as means + S.D.

Although the in vivo TEER values across the BBB in human brain cannot be easily
measured, values from the brains of other species such as rat ??1 and frog > have been
estimated to exceed 1,000 Q x cm?. Moreover, a study demonstrated that if the TEER can be
maintained above 900 Q x cm?, the model has the potential to be used to predict in vivo human
permeability of both small and large molecules 24, The TEER value obtained for hiPS-BMEC
is closer to physiological TEER than HBEC. Although the TEER is a versatile and non-invasive
approach to confirm the barrier integrity of the EC monolayer, several factors such as
temperature, medium 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 [2°1,

2.3.3. 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 261, 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 2,000 kDa) were chosen to represent the small, intermediate- and large-sized agents.
The Pe values were inversely correlated with the size of the tracer. As shown in Figure 2-4,
both HBEC and hiPS-BMEC were totally impermeable to 250 and 2,000 kDa FITC-dextran.

However, a drastic increase in the permeability was observed with smaller sizes of FITC-

42



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. The Pe value of 9.5 kDa FITC-dextran showed a similar trend in the fluctuation
changes, with 1.8 x 10 cm/s for hiPS-BMEC and 1.4 x 10 cm/s for HBEC (Figure 2-4). The
junctions of the confluent HBEC cell monolayers appeared to be tight enough to block the
transfer of large-sized dextran, 250 and 2,000 kDa FITC dextran, in the lower compartment of
the insert but remained permeable to the small- 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 generally 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 permeability coefficient of hCMEC/D3
for 4 kDa and 2,000 kDa FITC dextran was about 6.2 x 10 cm/s and 3.2 x 10 cm/s respectively
271 Linville et al. reported a similar low permeability of 10 kDa FITC dextran using hiPS-
BMEC of about 5.0 x 10® cm/s [?81. Taken together, these results demonstrated that hiPS-
BMEC displayed a restrictive permeability ability of compounds through the cell monolayer
that resemble to the in vivo brain endothelium %, 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 (Figure 2-2A).
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Figure 2-4. Pe values of 1 mg/mL FITC-dextran with different molecular weights (n=3).
Data are presented as means = S.D. N.D. means “not detected”.
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2.3.4. 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. The exact localization 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 Tt (Figure 2-5A), which can be explained by the higher expression of TfR by hiPS-
BMEC (Figure 2-2B). 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 (121-hTf) to TfR %, By increasing
the unlabeled Tf, a lower signal for the radiolabeled Tf was found in the cell lysates, confirming
the lower cell internalization of 2°I-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 permeability of AF 488-Tf during the co-incubation with an increasing concentration of
unlabeled Tf in a transwell assay (Figure 2-5B). The permeability of AF 488-Tf reached a
maximum P of 3.9 x 10 cm/s and 6.0 x 10° 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. The Pe value of AF 488-Tf significantly

decreased only above the concentration of 125 nM of unlabeled Tf for HBEC, whereas a
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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 TfR.
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Figure 2-5. (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 = 10 um. (B) Pe values 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) (n=3). Data are presented as means £ S.D.
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. Figure 2-6 showed the expected mechanism 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 Figure 2-5A,
which may be attributed to a higher affinity of unlabeled 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 % 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.
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Figure 2-6. 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.

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 targeting TfR. As observed in Figure 2-7, Alexa Fluor 488-
transferrin (AF 488-Tf) could be transported into their cytoplasm. The colocalization of AF
488-Tf and AF 647-MEM-189 confirmed that AF 488-Tf was endocytosed 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 associated with an endosomal acidification 1.3,

AF 488-Tf AF 647-MEM-189 AF 488-Tf / AF 647-MEM-189

HBEC

hiPS-BMEC

Figure 2-7. Confocal images of HBEC (top) and hiPS-BMEC (bottom) after the co-
incubation of 125 nM AF 488-Tf and 64 nM Alexa Fluor 647-MEM-189 for 1 h at 37 °C.
Scale bar = 2 um.
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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 334, As seen in Figure 2-8, hiPS-BMEC
showed the possibility to efficiently transport AF 647-MEM-189 with a Pe value of 1.7 x 10
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 Pe value around 2.5 x 10 cm/s (Figure 2-8). It could be explained by the “leaky”
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189, which has a  Figure 2-8. Permeation of antibodies binding to TfR using HBEC and hiPS-

2 Kk BMEC. P. values of 64 nM of AF 647-MEM-189, AF 647-13E4 or AF 647-
MW-~156. Da, IgG1 after 1 h incubation at 37 °C (n=3). Data are presented as means * S.D.
may be transported  N.D. means “not detected”.

by both transcellular and paracellular transport with HBEC, but to a lesser extent with hiPS-
BMEC. The AF 647-13E4 antibody and AF 647-1gG1 also showed a high permeability for
HBEC, with a P value of and 1.8 x 10 cm/s and 3.9 x 10 cm/s respectively. Conversely,
hiPS-BMEC were totally impermeable for AF 647-13E4 and AF 647-1gG1, 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
paracellular 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 Figure 2-5 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
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should be preferred for the accurate 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.

2.3.5. 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
been reported as potential ligands of TfR M. These peptides have been reported to exhibit a
high binding affinity to TfR in the nM range, with a dissociation constant of Kq = 10 and 15 nM
for the T7 peptide 3 and Tfr-T12 peptide 1, respectively. These values are comparable to the
native ligand, Tf (Kq = 2.8 nM) 111, The T7 and Tfr-T12 peptides have thus been widely used

as ligands for constructing tumor-targeted nanodrug delivery systems [35-4%1,

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 I, 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 overlap 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 concentration of unlabeled Tf and by maintaining the same
concentration of the FGA-cys-T7 or FGA-cys-Tfr-T12 peptide (Figure 2-9A). As previously
stated, both HBEC and hiPS-BMEC are both available to visualize TfR-mediated transcytosis
(Figure 2-7), 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 (Figure 2-5). For hiPS-BMEC, the
permeability of both peptides was drastically reduced when co-incubated with a high
concentration of unlabeled Tf (1250 nM) (Figure 2-9B). 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 (Figure 2-5).
Conversely, the FGA-cys-Tfr-T12 peptide did not show any drastic changes in its permeability.
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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 (Figure 2-10A). The colocalization
percentage with AF 647-Tf was higher for the FGA-cys-T7 peptide than for FGA-cys-Tfr-T12
using hiPS-BMEC (Figure 2-10B). 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
(Figure 2-10C).

A. FGA-cys-T7 peptide FGA-cys-Tfr-T12 peptide B.
AF 647-Tf AF 647-Tf —
Nucleus Nucleus 100 1
T
X 80 T
c i
S 60 |
]
N
™ 40 |
Q
k)
S 20 t+
0

FGA-cys T7 FGA-cys-Tfr-T12 4e
peptide peptide

FGA-cys-T7 peptide FGA-cys-Tfr-T12 peptide

Figure 2-10. (A) Colocalization of FGA-cys-T7 or FGA-cys-Tfr-T12 peptide and AF 647-Tf
with hiPS-BMEC. Scale bar = 10 um. (B) Quantification of the colocalization percentage
between FGA-peptides and AF 647-Tf using hiPS-BMEC calculated with IMARIS software
(n=3). Data are presented as means + S.D. (C) Schematic illustration of the interaction between
FGA-cys-T7 or FGA-cys-Tfr-T12 peptide and Tf for the binding to TfR using hiPS-BMEC.

2.4. Conclusion

This study 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. Although both cell types globally showed the same trend in the permeability of the
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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.
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Chapter 3

Development of Highly Sensitive Molecular Blocks at Cancer

Microenvironment for Rapid Cancer Cell Death

3.1. Introduction

Nanotechnology has been actively investigated to target malignant tissues due to their
easy functionalization and their nano-size allowing a facile access to biological compartments
(1 Various DDS have been experimented for improving delivery efficiency into the tumor site,
such as micelles 231 liposomes ™® or dendrimers 71, These constructions allow the
modulation of the physicochemical parameters of a drug and enhance their bioavailability in
tissue. Among them, polymeric nanoparticles have attracted increasing attention owing to their
bioavailability, biodegradability and long-time retention as compared to other formulations (€1,
Many of the current strategies for drug accumulation at the tumor site rely on the enhanced
permeability and retention effect (EPR) which take advantage of the leaky blood vessels and
less lymph vessels at the cancer microenvironment 1. Despite the great improvement in DDS
formulation, it is still challenging to deliver high concentrations of drugs at the tumor site. It
has been demonstrated that not only 0.7% of the DDS can reach the tumor site, but also the
delivery efficiency did not improve for the few past years %, This is why other strategies should
be considered to circumvent the current issues encountered with conventional methods. To
improve the circulation in the bloodstream, avoid immune response and/or to overcome the
physiological barrier [**], tumor microenvironment responsive aggregation would be effective.
To overcome the difficulty of the delivery of anti-cancer drug into the cell nucleus, cell
membrane disruption would be promising as a “drug-free” therapy. These approaches are
characterized by the use of formulations in which the nanoparticle acts itself to induce cancer

cell death 12131,

Our group previously reported the synthesis of molecular block (MB) composed of 4-
arm polyethylene glycol (4-arm PEG) and deoxycholic acid (DCA) 4. The MB were designed
to disperse as nanoscale assemblies in the bloodstream for efficient circulation and penetration
through the stromal tissues. When the MBs reach the tumor site, they self-assembled in
microscale aggregates on the cancer cell surfaces in response to the cancer microenvironment
and induced cancer cell death. Dibenzocyclooctyne acid (DBCO) was used as a linker between
azide modified-DCA and 4-arm PEG by copper-free click reaction. DCA was selected as a

52



cancer microenvironment-responsive unit owing to its acid dissociation constant (pKa) of 6.6
[151 DCA shows self-aggregation behavior in weak acidic environment (pH 6.5), which
correspond to the pH found in the tumor microenvironment 1. The self-assembling properties
of the previous MB (4-PEG-DBCO-DCA) could induce cancer cell death by membrane
disruption via hydrophobic interaction. However, in vivo studies showed that 4-PEG-DBCO-
DCA was rapidly cleared from the body before reaching the tumor site and was mainly found
in the liver, kidney and spleen regions. It was hypothesized that the presence of the highly
hydrophobic molecule DBCO could affect the nanoscale dispersion of the MB in the

bloodstream, hence the bioavailability in the body.

In this study, a new approach was investigated for the synthesis of MB in order to control
its global hydrophobicity. Finding the proper hydrophobic-hydrophilic balance is critical to
achieve a nanoscale dispersion of MB at neutral pH and obtain rapid aggregation at weak acid
conditions for disrupting cancer cell membrane. It is highly desired to optimize of the design of
MB so that it circulates as a nanoscale in the blood circulation, achieves high and fast
accumulation at the tumor site, and induces cancer cell death through self-assembly in response
to the cancer microenvironment. Propiolic acid (PA), which is an electron-deficient alkyne
available for copper-free click reaction [118] was selected as a potential candidate to replace
DBCO due to its smaller size and lower hydrophobicity (Figure 3-1). The effect of the
substitution degree of DCA on the aggregation properties of 4-PEG-PA-DCA was investigated
and compared to 4-PEG-DBCO-DCA. Finally, the cell killing capacity of 4-PEG-PA-DCA was

assessed on in vitro 2D cultures of normal cells and cancer cell lines.

Previous work : 4-PEG-DBCO-DCA New design : 4-PEG-PA-DCA
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Figure 3-1. Chemical structure of the previous MB (4-PEG-DBCO-DCA) and newly
designed MB (4-PEG-PA-DCA).
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3.2. Experiments

3.2.1. Materials

4-arm polyethylene glycol (4-PEG-OH) with MW 20,000 Da (Ref. PJK-402) was
purchased from CreativePEGworks (Chapel Hill, NC, USA). Propiolic acid (PA) (Ref. P0497,
Purity >97.0%), p-toluene sulfonic acid monohydrate (PTSA) (T0267) and diethyl ether
anhydrous (stabilized with BHT) (D3479) were purchased from Tokyo Chemical Industry
(Tokyo, Japan). Ethanol (Ref. 14713-95, purity 99.5%), sodium azide (NaNs3) (Ref. 31208-82)
and pyrene (Ref. 29506-42) were purchased from Nacalai Tesque (Kyoto, Japan). Pyridine
dehydrated (Ref. 167-18455), N, N dimethylformamide (DMF) (Ref. 048-20623), ethyl acetate
(Ref. 051-00351), methane sulfonyl chloride (MsCI) (Ref. 131-01583), methanol (Ref. 132-
12385), chloroform (Ref. 035-02611), super dehydrated toluene (Ref. 202-17911) and 5 M
hydrochloride acid (HCI) (Ref. 081-05435) were purchased from Wako Chemicals (Osaka,
Japan). All chemicals were used without further purification.

3.2.2. Synthesis of 4-PEG-PA-DCA

3.2.2.1. Alkynation of 4-PEG-OH

The 4-PEG-OH (360 mg, 18 umol), PA (89 uL, 1.44 mmol) and PTSA (8 mg, 48 umol)
were dissolved in 7.2 mL of toluene and refluxed using Dean-Stark conditions at 84 °C 191,
After 5 days, the obtained product was concentrated under reduced pressure, dissolved in
chloroform, added dropwise to dry-ice cooled diethyl ether and then centrifuged for 5 min at
10,000 rpm. The supernatant was removed and the pellet was vacuum dried overnight before
analysis by FT-IR and *H-NMR.

3.2.2.2. Azidation of deoxycholic acid

After dissolving DCA (592 mg, 1.5 mmol) in 10 mL of pyridine at 0 °C, methane
sulfonyl chloride (140 pL, 1.8 mmol) was added dropwise and stirred for 30 min. The reaction
was then stirred for an additional 3 h at room temperature. After the reaction, 100 mL of 2M
HCI was added to the mixed solution to acidify the solution. The mixture was extracted by 100
mL of ethyl acetate for three times. The organic phase was separated, evaporated and further
vacuum dried for 3 h. The structure of the obtained mesylated-DCA (DCA-Ms) was confirmed
by FT-IR and *H-NMR.
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DCA-Ms (47 mg, 0.10 umol) was dissolved in 5 mL of DMF and sodium azide (20 mg,
0.31 pmol) was added and stirred at 70 °C for 24 h. After the reaction, 10 mL of 2 M HCI was
added to acidify the mixture, and centrifuged during 2 h at 15,000 rpm. The supernatant was
removed and the pellet was then further vacuum dried overnight to obtain a white solid. The
structure of the azide-modified DCA (N3-DCA) was analyzed by FT-IR and *H-NMR.

3.2.2.3. Click reaction between 4-PEG-PA and N3-DCA

The 4-PEG-PA (55 mg, 2.71 pumol) was dissolved in 200 pL of methanol with Ns-
DCA and stirred for 24 h at room temperature. Different amounts of N3-DCA were used to
prepare 4-PEG-PA-DCA20, 4-PEG-PA-DCA5S0, 4-PEG-PA-DCAT5, respectively 1:1, 1:12,
1:6 alkyne: azide ratio. After the reaction, an equal volume of water was added to the resulting
crude solution and then dialyzed against water for 3 days, followed by a freeze-drying for 3
days. The structure of the obtained product was confirmed by FT-IR and H-NMR.

3.2.3. Structural and functional characterizations
3.2.3.1. Chemical structure and composition
'H-NMR spectra were recorded with JINM-GSX 400 MHz spectrometer (JEOL,

Tokyo, Japan) in CDClz at 25 °C. FT-IR spectra were obtained with Spectrum 100

spectrophotometer (PerkinElmer, Llantrisant, UK).

3.2.3.2. Characterization of the microscale aggregation formation

DCA-sodium, 4-PEG-PA, and 4-PEG-PA-DCA were dissolved in PBS at 1 mg/mL.
The pH of these solutions were adjusted to 6.2 using 0.1 M HCI. Pictures of the solutions were
taken using either a numeric camera and phase contrast microscopy images were recorded with
EVOS microscope (ThermoFisher Scientific, Waltham, US).

3.2.3.3. Characterization of the dispersion and nanoscale aggregation formation

The 4-PEG-PA-DCA was dissolved in PBS at pH 7.4 or pH 6.2 at 1 mg/mL. Before
measurement, the solution was filtered with a 1 um pore size PTFE syringe filter (Ref. 6784-

2510), purchased from Whatman (Sigma Aldrich, St Louis, MO, US). The diameter size of each
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sample were measured at 25 °C by dynamic light scattering (DLS) measurement using a

Zetasizer nano ZS (Malvern Panalytical, Worcs, UK).

3.2.3.4. Determination of critical micelle concentration

Fluorescence spectroscopy was employed to determine the critical micelle
concentration (CMC) of DCA-Na and 4-PEG-PA-DCA at pH 7.4 and 6.2 2%, Briefly, 10 pL of
10~* M pyrene in ethanol was added to 1.5 mL vials and evaporated with nitrogen flux. Various
concentrations of the tested compound were incubated in each vial overnight at room
temperature before fluorescence measurement. Fluorescence spectra were analyzed using a
fluorospectrophotometer (Perkin-Elmer LS55, Perkin-Elmer Ltd., Llantrisant, UK) at 37 °C.
The emission and excitation wavelengths were set at 372 and 339 nm, respectively. The ratio
of the intensity between the peaks at 373 nm and at 383 nm was calculated to determine the
CMC.

3.2.4. Observation of the nanostructures of 4-PEG-PA-DCA by transmission
electron microscope

The 4-PEG-PA-DCA was dissolved at 1 mg/mL in MiliQ water at pH 7.4 or 6.2 and
then dropped on the carbon coated copper disk for 10 min at room temperature. The samples
obtained were stained with 2% uranyl acetate before observation using a transmission electron

microscope (TEM) microscope.

3.2.5. Evaluation of cytotoxicity response to weak acidic conditions

NHDF and HT29 were purchased from Lonza (Basel, Switzerland). MiaPaCa-2 was
purchased from ATCC (Manassas, VA, USA). NHDF, HT29 and MiaPaCa-2 were maintained
in DMEM supplemented with 10% fetal bovine serum (FBS) and 1 % antibiotics. Cells were
cultured in 5% CO2 and 95% humidified air at 37 °C and passaged every 3 days. NHDF,
MiaPaCa-2, or HT29 were seeded on 24-well plate at 1 x 10° cells/well. After 24 h, 1 mL of 4-
PEG-PA-DCA at 1 mg/mL was added in DMEM medium supplemented with 10% FBS and
1% antibiotics at pH 7.4 or pH 6.2 in each plate and incubated for 8 h at 37 °C. Control samples
were also prepared at pH 7.4 or pH 6.2 without treatment with 4-PEG-PA-DCA. The pH was
adjusted to 6.2 using 1M HCI solution. Phase contrast microscope images were taken every 2

h during the incubation time. After the incubation, the cells were trypsinized for 5 min at 37 °C
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and harvested. Cell viability was evaluated by trypan blue method with automatic cell counter
Countess Il (ThermoFisher Scientific, Waltham, US).

3.2.6. Statistical analysis

The results were expressed as means + standard deviation (SD). Student’s t-test and
One-way analysis of variance (ANOVA) with Pairwise comparison were used for data analysis,
with p < 0.05 being considered statistically significant.

3.3.  Results and discussion

3.3.1. Synthesis and characterization of 4-PEG-PA-DCA

The design of a new type of MB for higher assembling sensitivity at cancer
microenvironment, named 4-PEG-PA-DCA, was considered using propiolic acid (PA) as a
small and hydrophilic copper-free click reagent [71 to replace DBCO linker. The DBCO unit
was expected to be a potential cause of the off-target aggregation in blood stream due to its
excessive hydrophobicity. Li and coworkers reported that electron-deficient internal or terminal
alkynes, such as PA, is useful for 1,3-dipolar cycloaddition with azide under mild condition in

water 1171,
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Figure 3-4. Schematic illustration of 4-PEG-PA-DCA in response to the pH change. (A)
Chemical structure of 4-PEG-PA-DCA at pH 7.4 (green) and pH 6.2 (orange). (B) Pictures
of 4-PEG-PA-DCA75 in PBS at pH 7.4 and pH 6.2. (C) TEM images of 4-PEG-PA-DCAT75
in water at pH 7.4 and pH 6.2.
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The different degree of substitution (DS) of DCA was successfully obtained by

changing infeed molar ratio of azide and alkyne (Table S1).

Table 1. Synthetic conditions and characterization of synthesized MB.

Designation MW PEG Repeat Unit | Yield (%) DS (%) alkyne:
(kDa) azide ratio
4-PEG-PA-DCA20 20 110 65 19 1:1
4-PEG-PA-DCAS50 20 110 86 51 1:12
4-PEG-PA-DCATS 20 110 91 74 1:6

* The DS of DCA was measured by *H-NMR in CDCls.

The influence of the DCA unit number on 4-PEG-PA-DCA was evaluated, using 20%
DCA (4-PEG-PA-DCA20), 50% DCA (4-PEG-PA-DCA50) or 75% DCA (4-PEG-PA-
DCAZ75) constructs. DCA is one of the secondary bile salts, which have a rigid and planar
hydrophobic steroid core with hydroxyl and carboxylate groups. Due to its amphiphilic
properties, DCA can easily form micelles Y. The critical micelle concentration (CMC),
defined as the surfactant concentration at which micelles are formed, was evaluated by the
pyrene method 22, The CMC of sodium DCA (DCA-Na) decreased to half, from 0.4 mg/mL
at pH 7.4 t0 0.2 mg/mL at pH 6.2 respectively (Figure 3-5) due to the increasing hydrophobicity
resulting from the protonation of the carboxylate group of DCA. Interestingly, all 20, 50, 75%
DCA substitutions showed the same trend with DCA-Na but decreasing ratio of CMC at pH
6.2 from 7.4 was dependent of the substitution percentage of DCA, which strongly changed for
the highest DCA substitution percentage (75%) but not for the other constructs (20 and 50%).
It was indeed observed 40% decrease for 4-PEG-PA-DCA20 and 32% decrease for 4-PEG-PA-
DCADS50 but 63% decrease for 4-PEG-PA-DCAT5. Taken together, these results suggest that the
balance between hydrophilic and hydrophobic regions in 4-PEG-PA-DCA greatly influences

the physical properties and plays a major role in the micellization process.
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Figure 3-5. CMC measurement evaluated by the pyrene method. (A) Sodium DCA (DCA-
Na) at pH 7.4. (B) Sodium DCA (DCA-Na) at pH 6.2. (C) 4-PEG-PA-DCAZ20 at pH 7.4. (D)
4-PEG-PA-DCA20 at pH 6.2. (E) 4-PEG-PA-DCAS50 at pH 7.4. (F) 4-PEG-PA-DCA50 at pH
6.2. (G) 4-PEG-PA-DCAT75 at pH 7.4. (H) 4-PEG-PA-DCAT75 at pH 6.2. The red dashed
lines indicate CMC values.

3.3.2. Aggregation property of 4-PEG-PA-DCA in response to weak acid
condition

The effect of the DS of DCA on the 4-PEG-PA-DCA on the aggregation properties was
also investigated. The hydrodynamic diameter of 4-PEG-PA-DCAZ20, 4-PEG-PA-DCA50 and
4-PEG-PA-DCAT5 was analyzed by DLS (Figure 3-6). The diameter of 4-PEG-PA-DCA20
and 4-PEG-PA-DCA50 was the same (~220 nm) at pH 7.4 and it was slightly increased by
decreasing the pH at 6.2 (~250 nm). On the other hand, the highest DS (4-PEG-PA-DCAT75)
revealed the smallest size at 35 nm at pH 7.4 and significant size increase to 10-fold higher

(=350 nm) at pH 6.2, suggesting the highest sensitivity at cancer microenvironment. Since the

60



size of 4-PEG-PA-DCAT5 at pH 7.4 was smaller than that of the previous MB (4-PEG-DBCO-
DCAS87; 50 nm) [l probably due to the lower hydrophobicity of PA, a higher dispersion and
lower elimination of 4-PEG-PA-DCA in the bloodstream can be expected. Furthermore,
because nanometer-scale aggregation size of 4-PEG-PA-DCAT5 at pH 6.2 was over two-fold
larger than that of the previous MB with 164 nm, 4-PEG-PA-DCAT5 is expected to have higher
pH sensitivity.
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Figure 3-6. Size distribution of 4-PEG-PA-DCA20, 4-PEG-PA-DCA50 and 4-PEG-PA-
DCA75 in PBS at 1 mg/mL at pH 7.4 (green) or pH 6.2 (orange) at r.t. evaluated by DLS.

Further observation using the phase contrast microscopy revealed micrometer-sized
aggregates of 4-PEG-PA-DCAS50 and 75 at pH 6.2, but not 4-PEG-PA-DCA20 (Figure 3-7A).
Over hundred aggregates numbers of these two samples were clearly observed and the diameter
size of the micrometer-sized aggregates of 4-PEG-PA-DCA50 and 4-PEG-PA-DCAT75 was
about 5 and 12 um respectively (Figure 3-7B,C). Notably, the size of the aggregates of 4-PEG-
PA-DCAS50 and 4-PEG-PA-DCA?75 is much larger than that of the previous MB with 2 um 141,
Since DCA can self-associate in water and form micelles, it is expected that the PEG-PA-DCA
also self-associates to form aggregates, whose size can be positively correlated with the

increasing number of DCA moieties 2], Taken together, these results suggest that the balance
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between hydrophilic and hydrophobic regions in 4-PEG-PA-DCA greatly affect the pH-driven
self-assembly of the polymeric construct.
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Figure 3-7. (A) Phase contrast (Ph) microscopy images of 4-PEG-PA-DCAZ20, 4-PEG-PA-
DCA50 and 4-PEG-PA-DCAT75 in PBS at 1 mg/mL at r.t.. Scale bar = 100 um. (B) Average
number of sub-micron-sized aggregates in Ph images of 4-PEG-PA-DCAZ20, 4-PEG-PA-
DCA50 and 4-PEG-PA-DCA75 at 1 mg/mL in PBS at pH 7.4 and 6.2. The data are
represented as means = SD (n=50). (C) Average diameter of aggregates in Ph images of 4-
PEG-PA-DCA20, 4-PEG-PA-DCA50 and 4-PEG-PA-DCAT75 at 1 mg/mL in PBS at pH 7.4
and 6.2. N.D means “not detected”. The data are represented as means + SD (n=50). (¥*** p
<0.0001).

Figure 3-8 shows the expected mechanism of the self-assembly process at weak acid
condition. The 4-PEG-PA-DCAZ20 and 4-PEG-PA-DCA50 showed aggregations with 220 nm
at pH 7.4, probably due to the weak hydrophobic interactions of the terminal alkyne groups,
whereas 4-PEG-PA-DCAT5 indicated smaller size because of only one terminal alkyne group
grafted per molecule, suggesting the monodispersity. At mild acidic condition, 4-PEG-PA-
DCA can self-assemble due to the increased global hydrophobicity induced by the protonation
of the carboxylic group of DCA. The protonated carboxylic group of DCA has the potential to
form additional intermolecular hydrogen bonding, which further stabilize the formation of the
aggregates. The diameter of the aggregates can be correlated to the content of DCA in the
constructs because the intermolecular hydrophobic interactions between the DCA groups are
increased. In the case of 4-PEG-PA-DCAZ20 and 50, they cannot form strong intermolecular
hydrophobic interaction because of one or two DCA unit grafted per molecule. On the other
hand, the higher content in DCA in 4-PEG-PA-DCAT5 contributes to the formation of larger
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nanometer-sized aggregates. When the DCA content is over 50%, the samples easily interact

with neighboring nanometer-sized aggregated to grow over 5 or 10 pum, respectively.

These results suggest that the in vivo bioavailability of the MB could be potentially
enhanced by the increased DS of DCA in 4-PEG-PA-DCA, as it might show less aggregation
in the blood circulation than 4-PEG-DBCO-DCA. The size is indeed one of the most important
design factors that must be optimized for the nano-formulation, since it directly affects their
transport and tissue uptake. Their sizes should be optimally ranging from 10-100 nm to prevent
the elimination by the kidneys and recognition by the immune response 24261, The size of 4-
PEG-PA-DCAT75 satisfy these criteria as it has a diameter around 35 nm at neutral condition.
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Figure 3-8. Proposed mechanism for the aggregation of 4-PEG-PA-DCA depending on the
DS of DCA.
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3.3.3. Cytotoxicity effect of 4-PEG-PA-DCA75 at weak acid condition

The 4-PEG-PA-DCAT75 seems a promising candidate for cancer therapy due to the
enhanced self-assembly properties at weak acidic condition, suggesting the induction of rapid
and significant cytotoxicity at cancer tumor microenvironment. The cytotoxicity effect of 4-
PEG-PA-DCA75 was assessed on in vitro monolayer cultures of various cell types, such as
normal human dermal fibroblasts (NHDF) as a normal cell and two cancer cell lines (pancreatic
cancer MiaPaCa-2 and colon cancer HT29) by incubating 4-PEG-PA-DCAT75 at 1 mg/mL for
8 hours at pH 7.4 or pH 6.2 (Figure 3-9). The extracellular pH in the central region of tumors
decreases at pH 6.7 and below because of lactate accumulation 71, Since 2D cell cultures are
unable to reproduce the pH gradients observed in solid tumors, we lowered the pH in cell culture
media to pH 6.2 to mimic this process in vitro, and evaluated the cytotoxicity of 4-PEG-PA-
DCAZ75. Importantly, 4-PEG-PA-DCA75 showed a low cytotoxicity at neutral conditions, with
a dead cells percentage below 10% for all cell types (Figure 3-9A). The polymeric conjugates
showed an enhanced cytotoxicity at weak acid conditions, as confirmed by the high percentage

of dead cells (over 60%) and cells detachment after 8 h incubation (Figure 3-9B).
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Figure 3-9. Cytotoxic effect of 4-PEG-PA-DCA75 at 1mg/mL on various cell types under
neutral and weak acid conditions. (A) Dead cell percentage of Normal Human Dermal
Fibroblast (NHDF), HT29 (colon cancer cell line) and MiaPaCa-2 (pancreas cancer cell line)
at pH 7.4 (blue) and pH 6.2 (orange) after 8 h incubation with 4-PEG-PA-DCA75 at 37 °C.
The data are represented as means = SD (n=3) (*** p <0.001). (B) Phase contrast images of
NHDF, HT29 and MiaPaCa-2 before and after 8 h incubation with 4-PEG-PA-DCAT75 at pH
6.2 at 37 °C. Scale bar = 200 pm.
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The cytotoxicity of 4- A
PEG-PA-DCAT75 was
evaluated over the time by

NHDF

morphological assessment via

phase contrast microscopy

images. Cell started to detach

and became round-shaped

HT29

after 6 h treatment with 4-
PEG-PA-DCAT75 (Figure 3-
10A). Interestingly, 4-PEG-
PA-DCAT75 showed a similar

cytotoxicity to the previous

MiaPaCa-2

MB but in much shorter time, B.
within 8h. The previous 4-
PEG-DBCO-DCA87 showed

indeed an enhanced

Dead cell (%)

cytotoxicity only after 18-24 h
0
incubation (Figure 3-10B) (41, 6 12 4

Incubation time (h)

_ ) Figure 3-10. (A) Phase contrast images of NHDF, HT29 and

The difference in  \jaPaCa-2 with 4-PEG-PA-DCA75 at 1 mg/mL at pH 6.2

the time needed for the cell  during 8 h incubation at 37 °C. (B) Time dependent change of
dead cell percentage of HT29 treated with fluorescent labeled
4-PEG-DBCO-DCA at pH 6.2 (n=3). (* p < 0.05). Reproduced
PEG-DBCO-DCA87 and from Ref. [l with permission from the Royal Society of

4-PEG-PA-DCA75 may Chemistry.

death induction between 4-

be potentially attributed to the difference in the hydrophobic and hydrophilic balance, leading
to different stability of the aggregates in solution. The 4-PEG-DBCO-DCA87 indeed bears an
excessive hydrophobicity resulting from the presence of the DBCO moiety, thus, it may show
a lag period before the cell death induction due to the formation of stable micrometer-sized
aggregates in the culture medium (Figure 3-11). The 4-PEG-DBCO-DCA87 might first self-
assemble into large aggregates within short time which remain in solution for a certain period
of time before reaching cell membrane and inducing its cytotoxic effects. Conversely, 4-PEG-
PA-DCA could potentially form smaller aggregates in solution within a short amount of time,
thus could initiate the self-assembly process into large aggregates directly on the cancer cell
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surfaces to induce faster cell death. The exact mechanism of cancer cell death induction of 4-

PEG-PA-DCA needs to be further investigated to confirm this hypothesis.
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Figure 3-11. Expected mechanism of cell death induction for 4-PEG-DBCO-DCA and 4-
PEG-PA-DCA at pH 6.2.

3.4. Conclusion

In summary, this study highlights the importance of the proper balance between the
hydrophilicity-hydrophobicity for the formulation of the new MB. This parameter, finely tuned
by different substitution degree of DCA, was shown to greatly affect the aggregation behavior.
Importantly, we demonstrated three important characteristics of 4-PEG-PA-DCATS5, including
dispersion as a small particle at physiological conditions, pH-driven self-assembly and cell
toxicity at acidic conditions. This “drug-free” MB seems promising for cancer therapy

applications, including for the treatment of brain cancers.
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Concluding remarks

In this study was demonstrated the ability to prepare a 3D BBB model suitable for the

high-throughput screening of polymeric anti-cancer drugs.

In chapter 1, a 3D BBB capillary network with perfusable opening structures was
fabricated in versatile commercially available transwell culture system. This model would not
require any special equipment, and would thus be easier and faster to set up than current
microfluidic platforms for HTS. Controlling the capillary organization and opening in our BBB
model was beneficial for the functional assessment of TfR by permeability assays. This model
also demonstrates sufficiently low paracellular permeability to enable a size-selective transport
of different molecular weight of dextran. The activity of the P-gp efflux pump was then
validated using the specific substrate Rhodamine 123 which showed a preferential transport
from the “brain” side to the “blood” side. Finally, the functionality of specific transport systems,
such as the transferrin receptor (TfR), was confirmed by competition assays using its native
ligand, transferrin, and permeability assays using TfR-targeted antibodies. Effective
permeability coefficient (Pe) value of transportable TfR antibody (MEM-189) was 7-fold higher
than the Pe value of isotype antibody (IgG1) and low transportable antibody (13E4), suggesting
a higher functional and efficient TfR-mediated transport as compared to the other previous
reports. By mimicking several features of the native BBB in a user-friendly manner, our model
shows potential to be used as a platform for screening of CNS drugs transported across the
BBB. Immortalized cell lines of the three BBB cell types were preferred for the preparation of
the model due their robustness and reproducibility, which are indeed desired by pharmaceutical
companies for HTS assays. However, this model did not show sufficient paracellular tightness
as compared to the native BBB, which is highly desired for the accurate assessment of the
transportability of small-sized drugs. Changing the BMEC source in this 3D BBB model could
offer opportunities for BBB modelling by enhancing the BBB properties in order to obtain more

accurate evaluation of small drug permeation across the BMEC network.

Chapter 2 demonstrated that hiPS-BMEC could represent a better alternative than
HBEC to reproduce in vitro the functional properties of the native BBB endothelium,
particularly regarding the paracellular tightness. The use of hiPS-BMEC in BBB modelling
could be beneficial for a more accurate evaluation of the permeation of both small-sized and

large-sized therapeutics, due to the restricted paracellular transport. Even though both cell types
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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. Additionally,
although cell monolayer is a handful model to directly study inherent properties of HBEC and
hiPS-BMEC, the incorporation of astrocytes and pericytes could be useful to represent more
closely native-like environment. The BBB functions of cocultured BMEC with astrocytes
and/or pericytes were found to be greater than those of monocultured ones, 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
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 antibodies and peptides used in this study, as it would more closely
recapitulate the native structure of the brain endothelium. Future work remained to be done to
determine whether hiPS-BMEC could form the same perfusable network with open structures
in a 3D configuration and compared the functionality of the model with the results obtained in
Chapter 1.

In Chapter 3, we synthesized a cancer-microenvironment responsive drug-free
chemotherapy, named 4-PEG-PA-DCA, which displayed better dispersion as a small particle
at physiological conditions, higher pH-driven self-assembly and faster cell toxicity at acidic
conditions than previously reported 4-PEG-DBCO-DCA. The 4-PEG-PA-DCA could
potentially serve as a template molecule for the fabrication of drug-free chemotherapy treating
brain diseases which could be screened in a tumor model of the 3D BBB open capillary network.
For example, a TfR targeting moiety, such as the cys-T7 peptide screened in chapter 2, could
be grafted in the 4-PEG-PA-DCA for an improved BBB crossing ability and enhanced brain
tumor targeting (Figure 1). The expected construct, named BBB-MB, could be potentially

screened in a human BBB tumor model incorporating cancer cells for assessing its BBB
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crossing ability mediated by the TfR as well as the targeting efficiency and cytotoxic effect on

the cancer cells.
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Figure 1. Development of BBB Molecular Block (BBB-MB) for brain tumor treatment.
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