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Abstract: Background/Objectives: The limited translatability of preclinical experimental findings to
patients remains an obstacle for successful treatment of brain diseases. Relevant models to elucidate
mechanisms behind brain pathogenesis, including cell-specific contributions and cell-cell interactions,
and support successful targeting and prediction of drug responses in humans are urgently needed,
given the species differences in brain and blood-brain barrier (BBB) functions. Human microphysio-
logical systems (MPS), such as Organ-Chips, are emerging as a promising approach to address these
challenges. Here, we examined and advanced a Brain-Chip that recapitulates aspects of the human
cortical parenchyma and the BBB in one model. Methods: We utilized human primary astrocytes and
pericytes, human induced pluripotent stem cell (hiPSC)-derived cortical neurons, and hiPSC-derived
brain microvascular endothelial-like cells and included for the first time on-chip hiPSC-derived
microglia. Results: Using Tumor necrosis factor alpha (TNFα) to emulate neuroinflammation, we
demonstrate that our model recapitulates in vivo-relevant responses. Importantly, we show microglia-
derived responses, highlighting the Brain-Chip’s sensitivity to capture cell-specific contributions in
human disease-associated pathology. We then tested BBB crossing of human transferrin receptor
antibodies and conjugated adeno-associated viruses. We demonstrate successful in vitro/in vivo
correlation in identifying crossing differences, underscoring the model’s capacity as a screening
platform for BBB crossing therapeutic strategies and ability to predict in vivo responses. Conclusions:
These findings highlight the potential of the Brain-Chip as a reliable and time-efficient model to
support therapeutic development and provide mechanistic insights into brain diseases, adding to the
growing evidence supporting the value of MPS in translational research and drug discovery.

Keywords: microfluidics brain-chip; physiologically relevant responses; cell-specific contributions;
screening of BBB-crossing therapeutics

1. Introduction

The aging global population and the increasing prevalence of age-related diseases
of the Central Nervous System (CNS), such as Alzheimer’s and other neurodegenerative
diseases, pose significant social and economic challenges. In the USA alone, the economic
burden of these diseases reached USD 305 billion in 2020 and is projected to soar to USD
1.1 trillion by 2050 [1,2].

Despite significant advancements in animal models and the valuable insights they
have provided into brain physiology, data from animal research have often failed to predict
human clinical trial outcomes, underlying the very limited availability of effective drugs
for a number of brain diseases [3–7]. A major contributor to this limited translatability
is the brain’s complexity and function, which involves dynamic signaling between the
numerous neuronal circuits and interactions of neurons with their surrounding cells, such
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as microglia and astrocytes, and the vasculature [3,6,8–10]. This inherent complexity of
the brain along with species-specific differences in its function pose substantial challenges
to the in vivo investigation of the contribution of different cell types in the mechanisms
underlying brain diseases and, therefore, the identification of specific druggable targets
for patients. Furthermore, it hampers our understanding of the interactions between the
blood–brain barrier (BBB) with the parenchymal cells and its potential role in disease
pathogenesis and effective therapeutic targeting [10–13].

The BBB is a complex network of endothelial cells, pericytes and astrocytes with
a number of species-specific features [14–22]. The tight junctions between the endothelial
cells exert stringent control over the passage of molecules and harmful substances circu-
lating in the bloodstream, ensuring CNS homeostasis and protection against neurotoxic
insults. Therefore, much effort is devoted to the understanding of the biology of the human
BBB and to developing strategies to overcome its restrictive properties for the successful
delivery of brain therapeutics [13,23–25].

Considering these challenges, the low success rate in translating experimental findings
into effective patient treatments is not unsurprising and underscores the urgent need for
the development of more effective models for testing CNS drugs before the first in-human
studies [3,26]. Addressing the challenge of modeling the BBB and the complexity of brain
function necessitates the development of models that may recapitulate critical aspects of
their physiological complexity, thereby increasing the chances of successfully predicting
drug responses in humans. This need is further endorsed by the recent FDA Modernization
Act 2.0, which authorizes the use of certain alternatives to animal testing, including cell-
based and computer models, to obtain an exemption from the FDA to investigate the safety
and effectiveness of a new drug (congress.gov/bill/117th-congress/senate-bill/5002; [27]).

Recent advancements in human microphysiological systems (MPS) and Organ-Chip
technologies are emerging as promising approaches to achieve this goal and provide ro-
bust and reproducible systems for disease modeling and drug development [6,7,28–35].
Microengineered Organ-Chips enable recreating a more physiological microenvironment,
including the co-culture of relevant cells on tissue-specific extracellular matrices (ECMs),
exposure to continuous flow, and other in vivo-relevant mechanical forces such as fluidic
shear stress [28,34,36–39]. Several BBB-Chip models have been designed to reconstitute the
neurovascular interface [40–44] and have shown potential for exploring the BBB permeabil-
ity of compounds [45], nanoshuttles [46], screening for identification of Adeno-associated
viruses (AAVs) with enhanced BBB penetration [47], or endothelial cell receptor-mediated
transcytosis for putative brain shuttle application [48]. However, the majority of these mod-
els have not included combinations of all key BBB cell types with neurons and microglia,
critical for the function of the neurovascular unit and better emulation of in vivo condi-
tions [12,49]. In addition, omitting key brain parenchymal cell types limits the potential for
characterizing the brain cell populations targeted by a BBB-crossing therapeutic and the
early identification of therapeutic range and potentially adverse effects.

In this study, we aimed to develop a Brain-Chip to bridge some of these gaps. Using
a commercially available platform, we developed a chip that includes key cell types of the
cortical neurovascular unit in a single model and has a BBB with physiologically relevant
permeability. We utilized human wild-type primary astrocytes and pericytes, human in-
duced pluripotent cell (hiPSC)-derived cortical glutamatergic and GABAergic neurons to
better mimic the neurocircuitry, hiPSC-derived brain microvascular endothelial-like cells
(iBMECs), and, for the first time, reported a Brain-Chip, hiPSC-derived microglia. We
provide strong evidence that our model shows in vivo-relevant responses to pharmaco-
logical and inflammatory challenges, including disruption of the BBB, and can identify
cell-specific contributions. Most importantly, we demonstrate in vivo-relevant specificity
and sensitivity in screening human transferrin receptor 1 (hTfR1)-based BBB-crossing thera-
peutic strategies, while enabling the evaluation of target engagement in brain parenchymal
cells. Altogether, our data demonstrate the value of using a human brain cell-based micro-
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physiological system (Brain-Chip) as a reliable and time-sensitive model for therapeutic
development and mechanistic insights into human brain diseases, an unmet medical need.

2. Materials and Methods
2.1. Cell Culture

Commercial human iPSC-derived cortical glutamatergic and GABAergic neurons
and human primary astrocytes were purchased from NeuCyte (Mountain View, CA, USA;
SynFire® Co-Culture kit; Cat.# 1010-7.5). The cells were cultured in Neucyte cell mainte-
nance media. Primary human brain pericytes (isolated from human cerebral cortex tissue)
were purchased from Cell Systems (Kirkland, WA, USA; Cat.# ACBRI 498) and cultured
according to the manufacturer’s protocol. Human iPSC-derived microglia were purchased
from Fujifilm Cellular Dynamics (Madison, WI, USA; Cat.# C1110).

2.2. Differentiation of hiPSCs into Human Brain Microvascular Endothelial-like Cells (iBMECs)

Human-induced pluripotent stem cells (hiPSCs) were purchased from iXCell Biotech-
nologies (San Diego, CA, USA; Cat.# 30HU-002; Lot.# 400221) and maintained in mTeSR™
Plus medium (Cambridge, MA, USA; Stemcell Technologies, Cat#. 100-0276) in six-well
culture plates coated with Matrigel (Glendale, AZ, USA; Corning, Cat.# 354277). Directed
differentiation of hiPSCs was adapted from a previous publication [50]. Briefly, hiPSCs were
expanded in mTeSR™ Plus medium. The cells were then treated with 6µM CHIR99021
(Reprocell, Beltsville, MD, USA; Cat.# 04-0004-10) in DeSR1 medium, which is composed
of DMEM/Ham’s F12 (Thermo Fisher Scientific, Carlsbad, CA, USA; Cat.# 11039021), 1%
MEM-NEAA (Thermo Fisher Scientific, Carlsbad, CA, USA; Cat.# 11140050), and 0.1 mM
2-Mercaptoethanol (Sigma, St. Louis, MO, USA; Cat.# M3148). Twenty-four hours later, the
medium was replaced by DeSR2 medium [DeSR1 plus 1x B27 (Thermo Fisher Scientific,
Carlsbad, CA, USA; Cat.# 17504044)]; the medium was refreshed every day for a period
of another 5 days. On day 6, the medium was switched to hECSR1 [Human Endothelial
SFM (Thermo Fisher Scientific, Carlsbad, CA, USA; Cat.# 11111044) supplemented with
20 ng/mL bFGF (R&D Systems, Minneapolis, MN, USA; Cat.# 233-FB), 10µM retinoic
acid (Sigma, St. Louis, MO, USA; Cat.# R2625), and 1x B27]. On day 8, the medium was
replenished with freshly prepared hECSR1. On day 9, the cells were switched to hESCR2
medium (Human Endothelial SFM supplemented with 1x B27). On day 10, the cells were
dissociated with Accutase (Stemcell Technologies, Cambridge, MA, USA; Cat.# 07920) and
replated in a T-75 flask coated with 400 µg/mL Collagen IV (Sigma, St. Louis, MO, USA;
Cat.# C5533), 100 µg/mL Fibronectin (Corning, Glendale, AZ, USA; Cat.# 356008), and
20 µg/mL Laminin (Thermo Fisher Scientific, Carlsbad, CA, USA; Cat.# 23017015). After
20 min, the unattached cells were removed using Human Endothelial SFM supplemented
with 5% human serum (Sigma, St. Louis, MO, USA; Cat.# P2918) and 10µM Y27632. The
iBMECs were maintained in Human Endothelial SFM supplemented with 5% human serum
until seeding into the Brain-Chip.

2.3. Brain-Chip Microfabrication and Zoë® Culture Module

Organ-Chips (Chip-S1®, Emulate, Inc. Boston, MA, USA) were used to setup the
human Brain-Chip [51,52]. The chip is made of transparent, flexible polydimethylsiloxane
(PDMS), an elastomeric polymer, and contains the following parallel microchannels: the top
(brain) channel and the bottom (vascular) channel (dimensions: 1 × 1 mm and 1 × 0.2 mm,
respectively). The two channels are separated by a thin (50 µm) porous membrane (pore
diameter: 7 µm; pore spacing: 40 µm) made of PDMS. The co-culture area of two parallel
channels is 17.1 mm2. Flow can be introduced to each channel independently to provide
essential nutrients to the cells continuously, while effluent containing any secretion/waste
components from cells is collected on the outlet of each channel separately. The Zoë®

culture module (Emulate) is the instrumentation designed to automate the maintenance of
the chips (12 chips per module) in a controlled manner.
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2.4. Human Brain-Chip and Cell Seeding

Prior to cell seeding, the chips were functionalized using Emulate’s proprietary pro-
tocols and reagents. Briefly, ER-1 (Emulate, Boston, MA, USA; Cat.# ER-105) and ER-2
(Emulate, Boston, MA, USA; Cat.# ER-225) were mixed at a concentration of 1 mg/mL
before their addition to the top and bottom channels of the chip. The platform was then
irradiated with high-power UV light having peak wavelength of 365 nm and intensity of
100 µJ/cm2 for 20 min using a UV oven (AnalytiK-Jena, Tewksbury, MA, USA; CL-1000
Ultraviolet Crosslinker, Cat.# 95-0228-01). After surface functionalization, both channels of
the chip were coated with Collagen IV (400 µg/mL), Fibronectin (100 µg/mL), and Laminin
(20 µg/mL), and incubated at 4 ◦C overnight. Before cell seeding, the chips were incubated
at 37 ◦C for 1 h, followed by a PBS wash. The top (brain) channel was then seeded with
a mix of hiPSC-derived glutamatergic and GABAergic neurons (4 × 106 cells/mL and
2 × 106 cells/mL, respectively), human primary astrocytes (2 × 106 cells/mL), human
iPSC-derived microglia (8 × 105 cells/mL), and primary pericytes (2 × 105 cells/mL). The
cells were mixed in “seeding medium” (NeuCyte, Mountain View, CA, USA) and incubated
in the channel for three hours (37 ◦C and 5% CO2). The top channel was then washed
with seeding medium to remove unattached cells and incubated overnight at the same
conditions. The next day, the iBMECs were seeded in the vascular channel at a density
of 16 × 106 cells/mL using iBMEC seeding medium (human serum-free endothelial cell
medium supplemented with 5% human serum from platelet-poor human plasma (Sigma,
St. Louis, MO, USA; Cat.# P2918) and allowed to attach to the membrane overnight (the
bottom side of the chip was facing up during this period). The iBMECs were incubated in
the channel for 3 h and then washed with iBMEC seeding medium to remove unattached
cells. After overnight incubation (37 ◦C and 5% CO2), the chips were flipped back to their
original orientation and connected to the Zoë® Culture Module. The medium supplying the
brain channel was switched to maintenance medium (Neucyte, Mountain View, CA, USA),
whereas the serum of the vascular medium was lowered to 2% (vascular maintenance
medium). The chips were maintained under constant one-way flow (30 µL/h for both the
brain and vascular channel; shear stress: 0.01 dyn/cm2) at 37 ◦C with 5% CO2.

We used cell densities consistent with those reported in previous Brain-Chip studies,
specifically those using the Emulate platform [51,52]. The cell proportions are comparable
to those reported in vivo [53–55], although we acknowledge that it is challenging to exactly
replicate the natural (in vivo) cellular environment in an in vitro setting.

2.5. Immunofluorescence Microscopy

The chips were fixed with 4% paraformaldehyde in PBS for 15 min and then washed
with PBS six times. Incubation of the chips in blocking/permeabilization buffer (10%
donkey serum, 0.1% Saponin in PBS) for 2 h was the next step followed by an overnight
incubation at 4 ◦C with primary antibodies diluted in blocking/permeabilization buffer
(for antibody dilutions, see the “Antibodies” Section of “Material and Methods”). After
six washes with washing buffer (PBS with 0.1% Saponin), the cells were incubated for 1 h
at room temperature with secondary antibodies conjugated with Alexa Fluorophores in
blocking/permeabilization. The cells were washed six times with PBS. Incubation for 2 min
with Hoechst 33342 (NucBlue™ Live ReadyProbes™ Reagent; Invitrogen, Carlsbad, CA,
USA; Cat.# R37605) for nuclear stain was the next step, followed by six washes with PBS
and final mounting with (Ibidi, Gräfelfing, Germany; Cat.# 50001). Images were acquired
with an LMS880 Zeiss confocal microscope (Zeiss, White Plains, NY, USA).

2.6. Antibodies

The antibodies used in this study included chicken anti-MAP2 (Abcam, Waltham, MA,
USA; Cat.# ab5392, 1:200), mouse anti-GFAP (Abcam, Waltham, MA, USA; Cat.# ab279290,
1:300), rabbit anti-IBA1 (Fujifilm Cellular Dynamics, Madison, WI, USA; Cat.# 019-19741,
1:50), mouse anti-CD68 (Abcam, Waltham, MA, USA; Cat.# ab955, 1:100), rabbit anti-NG2
(Abcam, Waltham, MA, USA; Cat.# ab83178, 1:100), mouse anti-VGLUT1 (Invitrogen,
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Carlsbad, CA, USA; Cat.# MA5-31373, 1:100), rabbit anti-VGAT (Millipore, Burlington,
MA, USA; Cat.# AB5062P, 1:100), rabbit anti-GLUT1 (Abcam, Waltham, MA, USA; Cat.#
ab115730, 1:200), and rabbit anti-ZO1 (Invitrogen, Carlsbad, CA, USA; Cat.# 40-2200, 1:50).
Secondary antibodies conjugated with Alexa Fluor-488 (Abcam, Waltham, MA, USA; Cat.#
ab63507 and ab150073), Alexa Fluor-568 (Abcam, Waltham, MA, USA; Cat.# ab175470) and
Alexa Fluor-647 (Abcam, Waltham, MA, USA; Cat.# ab150075 and ab150107) were used at
1:300 dilution.

2.7. BBB Permeability Assay

To evaluate the integrity of the BBB, 3 kDa Dextran-Cascade Blue (Invitrogen, Carls-
bad, CA, USA; Cat.# D7132) was added to the vascular compartment of the Brain-Chip at
0.1 mg/mL. The effluents from both channels were collected daily for 1 or more days (de-
pending on the experiment) for fluorescence measurements by SpectraMax M4 (Molecular
Devices, San Jose, CA, USA). The apparent permeability (Papp) was calculated based on
a standard curve and using the following formula, as previously described [52]:

Papp =
QR + QD

SA ∗ (QR + QD)
∗ ln[1 − CR,0 ∗ (QR + QD)

(QR ∗ CR,0 + QD ∗ CD,0)
]

where SA represents the surface area of the overlapping sections of the channels (0.17 cm2),
indicating the area through which the tracer (dextran) is able to transport from the dosing
channel to the receiving channel, and the permeability is assessed. QR refers to the fluid
flow rate in the dosing (vascular) channel, measured in cm3/s. This parameter represents
the movement of dextran across the endothelial barrier. QD is the flow rate in the receiving
(brain) channel, also measured in cm3/s. This value indicates the rate at which fluid is
collected from the outlet of the receiving channel for analysis. CR,O refers to the concentra-
tion of dextran recovered from the outlet of the dosing (vascular) channel, used to evaluate
permeability relative to the original concentration. CD,O represents the concentration of
dextran recovered from the outlet of the receiving (brain) channel, reflecting the amount of
dextran that permeated through the endothelial barrier [56,57].

2.8. Pharmacological Studies with Bicuculline

Bicuculline to block γ-Aminobutyric acid type A (GABAA) receptors and GABAergic
transmission was purchased from Tocris and used at 20 µM (Minneapolis, MN, USA; Cat.#
0130). The AMPA receptor antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) was
used at 25 µM (Tocris, Minneapolis, MN, USA; Cat.# 0190) to block glutamatergic trans-
mission simultaneously. Prior to the addition of the drugs, the effluents of the chips were
removed from the outlets to ensure the collection of fresh effluents during the experiment.
After two hours and immediately before the drug administrations, the brain channel efflu-
ents were collected for the measurement of the baseline levels of glutamate. Brain channel
effluents were again collected at the end of the 2 h perfusion of the drugs. Perfusion of
the chips continued with fresh and drug-free maintenance culture media for four more
hours. Brain channel effluents were collected 2 and 4 h after the removal of the drugs.
Glutamate was measured using an assay kit purchased from Abcam (Waltham, MA, USA;
Cat.# ab83389). The chips treated with DMSO were used as controls, given that DMSO was
used to reconstitute bicuculline and CNQX.

2.9. TNF-α Induced Neuroinflammation

The Brain-Chips were incubated in microfluidics prior to exposure to TNFα (R&D
Systems, Minneapolis, MN, USA; Cat.# 210-TA), which was perfused to the brain chan-
nel at a 100 ng/mL concentration starting on day 2. On day 3, the brain channel media
were replenished with freshly prepared TNFα. Effluents from the brain channel collected
immediately before the administration of TNFα (day 2) were used for baseline measure-
ments. During the two days of the administration of TNFα, effluents were collected on
a daily basis (days 3 and 4) for analysis. Extracellular glutamate was measured in effluents
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collected at the end of TNFα administration (day 4) using the same kit used for the glu-
tamate measurements in the bicuculline experiment (Abcam, Waltham, MA, USA; Cat.#
ab83389). The chips were then fixed for immunostaining and confocal microscopy. BBB
permeability assays to examine the integrity of the barrier were performed on a daily basis,
as described above. The levels of secreted cytokines and chemokines in the collected efflu-
ents were measured using the MILLIPLEX MAP Human Cytokine/Chemokine Magnetic
Bead Panel-Immunology Multiplex Assay from Millipore (Burlington, MA, USA; Cat.#
HCYTOMAG-60K), following the manufacturer’s directions. Chips with similar culture
conditions but perfused with PBS were used as controls. The experimenter was blinded to
the treatment groups.

2.10. BBB Crossing Studies

We tested the specificity of the Brain-Chip using a human TfR1 antibody (JCR Phar-
maceuticals clone 3) [58] and a mouse TfR1 antibody (8D3 clone) [59]. The antibodies
were added in vascular maintenance medium at 10µg/mL concentration and flowed to
the vascular channel at 30 µL/h for 24 h, at which point the brain channel effluents were
collected for analysis. The detection and quantification of antibodies were performed by
a human IgG1-specific ELISA kit (Abcam, Waltham, MA, USA; Cat.# ab100548).

The purified hTfR1 antibodies used to test the sensitivity of the Brain-Chip to detect
BBB crossing differences were internally generated (Regeneron Pharmaceuticals, Inc.,
Tarrytown, NY, USA). We replaced the culture media of the iBMECs with serum-free
Human Endothelial SFM one hour prior to the perfusion of the antibodies. The antibodies
were added in the serum-free media (10µg/mL) and flowed to the vascular channel at
30 µL/h for eight hours, at which point the brain channel effluents were collected for
detection and quantification of the antibodies using ELISA (Abcam, Waltham, MA, USA;
Cat.# ab157709).

All AAV9 were obtained from the Viral Production Core at Regeneron Pharmaceuticals,
Inc. (Tarrytown, NY, USA). The packaged genome contained a single-stranded GFP reporter
driven by the scCBh promoter. The viruses (1 × 1010 viral genomes per chip) were added
in the vascular maintenance medium and flowed to the vascular channel at 30 µL/h for
2 days. Cell lysates were collected from the top and bottom channels two days after the
perfusion of the viruses. GFP protein quantification was performed using the Ella™ Auto-
mated ELISA platform (Bio-techne, Minneapolis, MN, USA; Cat.# SPCKB-OT-002820). For the
quantification of viral genomes, DNA was collected from the cell lysates at the end of the viral
perfusion using the DNA Extract All Reagents Kit from Thermo Fisher Scientific (Carlsbad,
CA, USA; Cat.# 4402616). Digital PCR was performed to quantify the AAV ITR2 sequence
(5′-3′; Forward primer: GGAACCCCTAGTGATGGAGTT-3′, Reverse primer: CGGCCTCAG-
TGAGCGA, Probe Sequence: CACTCCCTCTCTGCGCGCTCG) using the QIAcuity Probe
PCR Kit (Qiagen, Germantown, MD, USA; Cat.# 250103) and the QIAcuity Digital PCR System
(Qiagen, Germantown, MD, USA; Cat.# 911050), following the manufacturer’s protocol. The
experimenter was blinded to the treatment groups in all BBB crossing experiments.

2.11. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (Version 10). When
comparing two groups, we applied an unpaired Student’s t-test, while for multiple group
comparisons (e.g., BBB crossing studies), we utilized one-way ANOVA followed by Tukey’s
test. Additionally, Papp analysis for chips with and without TNFα treatment across multiple
days was evaluated using two-way ANOVA with Tukey’s post hoc test. The significance
level was set at p < 0.05 for all tests. The error bars in our figures represent the standard
error of the mean (SEM), and sample sizes are described in each figure legend.
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3. Results
3.1. Development and Characterization of the Human Cortical Brain-Chip Model

To generate our Brain-Chip model, we first seeded the top channel (referred to as
the “brain” channel) with human primary astrocytes and pericytes, human iPSC-derived
cortical glutamatergic (excitatory) and GABAergic (inhibitory) neurons, to better mimic
the neurocircuitry of the human brain cortex, and hiPSC-derived microglia, which is
reported in the system for the first time. Previous Brain-Chip and BBB-Chip models
used a microglial cell line derived from SV40-dependent immortalization of human fetal
brain primary microglia (CRL-3304) [51,52] or no microglia at all [43,60]. We chose to
utilize hiPSC-derived microglia to develop a model that would enable future examination
of the effects of CNS disease-associated genetic mutations in microglia cells and their
contributions to cell–cell interactions and disease pathology, a role increasingly apparent in
recent years [61–65].

Twenty-four hours after seeding the brain channel (Day 1), we seeded the bottom
channel (referred to as the “vascular” channel) with iBMECs. On Day 2, the Brain-Chips
were connected to the automated microfluidics system using a constant fluid flow of
30 µL/h for both the brain and vascular channels (Figure S1).

To confirm the attachment and presence of all cell types in the chip, we performed
immunocytochemistry after six days in microfluidics, using the following cell-type-specific
markers: Glucose transporter 1 (GLUT1) for iBMECs, Glial fibrillary acidic protein (GFAP)
for astrocytes, Neural/glial antigen 2 (NG2) for pericytes, Ionized calcium binding adaptor
molecule 1 (Iba1) and Cluster of Differentiation 68 protein (CD68) for microglia, and the
neuronal dendritic marker MAP2 (microtubule-associated protein 2) for the detection
of neurons. All cells were present and uniformly distributed throughout the respective
channel (Figure 1A,B for iBMECs and brain cells, respectively). Using immunofluorescence
labeling, confocal microscopy, and digital 3D image reconstruction, we also show that the
astrocytes extend end-feet-like processes through the pores of the membrane reaching the
endothelial cells in the vascular channel (Figure 1C), consistent with previous studies [43,51]
and the role of astrocytes in the formation of the neurovascular unit and a tight BBB [66].

To ensure formation of a functional barrier, we first examined the formation of tight
junctions by iBMECs using immunostaining against ZO-1 (Zona Occludens-1), a main
marker of tight junctions. The iBMECs formed a uniform layer of tight junctions throughout
the vascular channel (Figure 1A). Next, we measured the barrier’s apparent permeability
(Papp) for a 3 kDa fluorescent dextran, starting on Day 1 in microfluidics and continuing for
six days (Figure 1D). Papp ranged between 1.0 × 10−6 cm/s and 1.7 × 10−6 cm/s, values
comparable with those shown in previous studies with Brain-Chips and in rodent models
(Figure 1D) [51,52,67,68].

We confirmed the presence of glutamatergic and GABAergic neurons in our chips by
immunostaining against Vesicular Glutamate Transporter 1 (VGLUT1) and Vesicular GABA
Transporter (VGAT), respectively (Figure 1E). We then tested whether these two types
of neurons form functional synaptic connections and communicate. Since the chip is
a closed system and electrophysiology is not possible, we used pharmacology and pulse-
chase experiments. Neuronal and circuit excitability result from the synergistic action of
excitatory and inhibitory inputs. Accordingly, blockade of inhibitory transmission results
in enhanced excitatory transmission and increased glutamate release and extracellular
glutamate levels [69–71]. After four days in microfluidics, GABAergic transmission in
the Brain-Chips was blocked by local (brain channel) transfusion of the GABAA receptor
blocker, bicuculline (20 µM). Brain channel effluents for glutamate measurement were
collected immediately before the addition of bicuculline, at the end of its perfusion, which
lasted 2 h, and two and four hours later. As shown in Figure 1F, extracellular glutamate
was significantly increased 2 h after the application of bicuculline and returned to baseline
levels two hours after the removal of the drug. Consistent with increased excitatory
neurotransmission, the effect of bicuculline on extracellular glutamate was abolished when
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the drug was administered together with CQNX, an AMPA receptor antagonist, in a parallel
experiment (Figure 1F).

In summary, our data demonstrate good reconstitution of our Brain-Chip model with
all the seeded cortical brain parenchyma cell types present, with functional inhibitory
and excitatory neuronal connections and circuitry, and a tight BBB, for at least six days
in microfluidics.
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the astrocytic end-feet passing through the 7 µm pores extending into the vascular channel. (D) 

Figure 1. Characterization of the human cortical Brain-Chip. (A) Representative confocal images
showing the hiPSC-derived microvascular endothelial-like cells (iBMECs) attached to the porous
membrane (vascular channel). (i) Immunostaining against the tight junction marker ZO-1. Stack of
Z-series for the vascular channel (left) and high magnification optical section of ZO-1 staining (right)
are shown. (ii) Immunostaining against the brain microvascular endothelial cell marker GLUT1
(stack of Z-series). (B) Confocal images of astrocytes (GFAP) with pericytes (NG2) (i) and neurons
(MAP2) with microglia (Iba1 and CD68) (ii) attached to the porous membrane in the brain channel.
Confocal images (stack of Z-series) of the entire brain channel (top) and high-magnification confocal
optical sections (bottom). All cell types were present and uniformly distributed along the entire
brain channel. (C) (i): Confocal micrograph (stack of z-series) showing immunofluorescence staining
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against GFAP (astrocytes) and MAP2 (neurons) coupled with phase contrast for visualization of the
porous membrane. (ii): Digital 3D reconstruction of z-series image stacks showing the Brain-Chip
from the side. The interrupted line indicates the location of the porous membrane separating the
brain from the vascular channel. The nuclear staining (Hoechst) on the vascular side indicates the
iBMECs. A GFAP signal is detected in the vascular side (arrows). Arrows in both images indi-
cate the astrocytic end-feet passing through the 7 µm pores extending into the vascular channel.
(D) Schematic representation of the experimental design and averaged data from quantitative barrier
function analysis via apparent permeability (Papp) to 3 kDa fluorescent dextran crossing through the
vascular channel to the brain channel on Days 1 through 6 in microfluidics. Chips with and without
iBMECs were examined (N = 6 chips/group). Each data point represents an individual chip. Graph:
mean ± SEM. Shaded box: range of Papp values shown in animal models. (E) Confocal images show-
ing GABAergic (VGAT) and glutamatergic neurons (VGLUT1) in the brain channel of the chip. All
stainings were performed in Brain-Chips after six days in microfluidics. (F) Examination of functional
connectivity between GABAergic and glutamatergic neurons using pharmacology and extracellular
glutamate measurements. The experimental design (top) and extracellular glutamate quantifica-
tion (mean ± SEM) for the indicated time points and treatments are shown. N = 3 chips/group,
*** p < 0.001, two-way ANOVA and post hoc Tukey’s test.

3.2. The Brain-Chip Model Recapitulates TNFα-Induced Neuroinflammation and Provides
Evidence of Microglia-Specific Responses

Previous studies using Brain-Chips with the same cell types, but with a human mi-
croglial cell line, have shown that the system is functional and responsive to challenges
associated with brain pathology, such as TNFα, and consequent induction of neuroin-
flammation, as demonstrated by assessment of three cytokines 2 days after exposure to
TNFα [51]. To validate our model and, importantly, the functionality of the hiPSC-derived
microglia used in it, we followed a similar approach, which is outlined in Figure 2A. Briefly,
the Brain-Chips were perfused with TNFα directly into the brain channel at a concentration
of 100 ng/mL starting on Day 2 in microfluidics for two days. The concentration of TNFα
was the same as that used in previous studies and has been shown to induce the release
of proinflammatory factors and compromise the integrity of the BBB [51,72–74]. Effluents
for analysis were collected on Day 2, just before TNFα dosing, and then every 24 h for two
more days (Days 3 and 4), at which point the chips were fixed for immunofluo-rescence
staining. Chips dosed with PBS were used as the control. The brain channel effluents were
collected for examination of cytokines and chemokines. Extracellular glutamate was also
measured in the brain effluent collected on Day 4. Compared with the control chips, we
observed that exposure to TNFα resulted in (1) microglia activation, as evidenced by the
increased number of cells positive to CD68, which is a lysosomal marker of microglia in-
dicative of microglial reactivity (Figure 2B and Figure S2), (2) transition of the morphology
of astrocytes from a polygonal to a thinner and more elongated shape with longer processes,
suggesting reactive astrogliosis (Figure 2B and Figure S3), (3) reduction in the neuronal
dendritic marker MAP2, indicating reduced neuronal complexity and potential neuronal
dysfunction (Figure 2B and Figure S2), (4) a significant increase in extracellular glutamate
levels (Figure 2C), (5) disruption of the integrity of the BBB, as evidenced by the significant
increase in its apparent permeability to 3kDa dextran (Figure 2D), and (6) induction of pro-
and anti-inflammatory cytokines and chemokines (Figure 3). Of note, the daily collection of
effluents enabled the identification of the temporal profile of the cytokine and chemokine
responses to TNFα.

In addition to examining the Brain-Chips with all the cell types included in the model,
we also examined, in parallel, the Brain-Chips without microglia. We found that the
TNFα-induced increase in extracellular glutamate was ameliorated, and the disruption
of the BBB was abolished in the Brain-Chips without microglia (Figure 2C,D). This is
consistent with the important contribution of these cells to neuroinflammation and BBB
disruption and in agreement with published works [12,75–80]. Additionally, we mapped
the contribution of microglia to the temporal profile of cytokine and chemokine changes
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induced by TNFα. Indeed, a subset of cytokines (IL-6, IL-8, GM-CSF) and chemokines
(GRO) continued to be induced by TNFα, but these responses were significantly lower in
the chips without microglia. Notably, some cytokines and chemokines were not affected by
the lack of microglia (IL-1a, IP-10, Fractalkine, and RANTES), whereas the TNFα-mediated
induction of proinflammatory IL-10 and anti-inflammatory IL-1Ra and the chemokines
MDC, MIP-1α, and MIP-1β was completely abolished (Figure 3). The microglial-specific
induction of IL-10, IL-1Ra, MDC, MIP-1α, and MIP-1β levels are compatible with their
expression profile, which is restricted to microglia and macrophages [81], in further support
of the specificity of the responses obtained with the Brain Chip.
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Figure 2. TNFα-induced neuroinflammation and BBB disruption in the Brain-Chip. (A) Outline
of the experimental design. Beginning on Day 2 in microfluidics, 100 ng/mL of TNFα were dosed
in the brain channel and replenished 24 h later. Chips dosed with PBS were used as the control.
Immunocytochemistry and extracellular glutamate measurements were performed on Day 4. Ef-
fluents were collected daily from Day 1 to Day 4 for the BBB permeability assay (Days 1–4) and
cytokines/chemokines analysis (Days 2–4). (B) Representative confocal images of microglia (CD68)
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and neurons (MAP2) (i) and astrocytes (ii). (iii) Averaged data (mean ± SEM) for the number of
CD68+ cells and MAP2 intensity. TNFα treatment increases the numbers of CD68-positive cells,
indicative of microglial reactivity. The signal intensity of the neuronal dendritic marker MAP2 is
decreased, suggesting neuronal dysfunction. High-resolution stacks of z-series from brain channel
areas (50% coverage of the channel) were analyzed for each chip. N = 3 chips/treatment. Confocal
images of all chips used for MAP and CD68 analysis can be found in Figure S2. The morphology of
reactive astrocytes upon TNFα exposure changes from a polygonal state to a more elongated state
(see Figure S3 for additional chips and images). (C) Averaged data (mean ± SEM) of extracellular
glutamate measurements in brain effluents collected at the end of the experiment (day 4). N = 3
chips/group. Red asterisks: comparison with TNFα-treated chips without microglia. Black asterisks:
comparison with the respective control. (D) Apparent permeability (Papp) of the barrier across
days (mean ± SEM). Papp on Day 2 was measured immediately before TNFα perfusion. Chips
with microglia, N = 4; chips without microglia, N = 3. (B–D) * p < 0.05, ** p< 0.01, *** p < 0.001,
**** p < 0.0001, Student’s t-test (B) and one-way (C) or two-way (D) ANOVA with post hoc Tukey’s
test (significantly different compared with all other groups).
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Figure 3. TNFα-induced secretion of cytokines and chemokines and contribution of microglia.
Longitudinal analysis of cytokines and chemokines in brain channel effluents collected at the indicated
time points. Effluent collection on Day 2 was performed immediately prior to TNFα dosing (baseline
levels of cytokines and chemokines). Brain-Chips with and without microglia were examined to
determine their contribution to the observed inflammatory responses. All other cell types (astrocytes,
pericytes, glutamatergic and GABAergic neurons, brain microvascular endothelial-like cells) were
present in the chips. Brain-Chips (with and without microglia) treated with PBS were used as controls.
Graphs: averaged data (mean ± SEM) from 4 chips for each group. Microglial-specific responses are
indicated by the blue rectangles.

In summary, our validation data demonstrate the functionality of our Brain-Chip
and the hiPSC-derived microglia used in the system for the first time, as well as the
capability of our model to emulate pathological conditions affecting the brain. Moreover,
we demonstrate that our model has the resolution to determine cell-specific contributions,
leading to a better understanding the dynamic cell–cell interactions in brain pathogenesis.

3.3. Human TfR1 but Not Mouse TfR1-Specific Antibody BBB Crossing in the Brain-Chip

A promising method extensively studied to overcome the BBB challenge for brain-
targeting therapeutics is crossing the BBB via endothelial receptor-mediated transcytosis.
Thus, we examined whether our cortical human Brain-Chip could serve as a screening
platform for testing BBB-crossing therapeutic strategies, focusing on the human transferrin
receptor 1 (hTfR1), a widely used approach for targeted brain drug delivery [82].

First, we examined the specificity of our model to detect hTfR1-mediated BBB crossing.
After reconstitution and 24 h incubation in microfluidics (Day 1), the chips were perfused
in the vascular channel for 24 h with a human antibody specific for human TfR1 [58] or
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mouse TfR1 [59] (10 µg/mL concentration in the endothelial cell culture media). Chips
perfused with human IgG1 (isotype) or treated with PBS were used as negative controls.
A 3 kDa fluorescent dextran was perfused in the vascular channel starting at the beginning
of incubation in microfluidics (Day 0) for daily BBB permeability measurements to ensure
that all chips had a tight BBB with comparable permeability (Days 1 and 2; Figure 4B).
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µg/mL), which was due to the supplementation of 2% human serum. After antibody dos-
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groups (mean ± SEM; µg/mL for hIgG1, mTfR1 and hTfR1: 22.4 ± 1 µg/mL, 22.9 ± 0.74 

Figure 4. Specificity of the Brain-Chip for human transferrin receptor-mediated BBB crossing.
(A) Schematic representation of experimental design. On Day 1 in microfluidics, the vascular channel
was perfused with a human antibody specific for human TfR1 or mouse TfR1, or isotype control
antibody (human IgG1), at a final concentration ~10 µg/mL. PBS was used as a baseline control. On
Day 2, effluents from the brain channel were collected for hIgG1 measurements. The permeability
of the barrier was examined on Days 1 and 2 by measuring its Papp to a 3 kDa fluorescent dextran
perfused to the vascular channel starting at the beginning of incubation in microfluidics. (B) All
chips had a tight barrier with similar Papp values, which were within the range of those shown
in published works and in rodent models (shaded box). Each data point represents an individual
chip. (C) Measurement of hIgG1 levels in culture media of vascular and brain channels prior to
perfusion of the TfR1 antibodies (N = 3 and N = 5 chips, respectively, for vascular and brain channel).
hIgG1 was detected in the vascular maintenance medium, as it contained 2% human serum. Data
points represent three individual measurements. (D) Quantification of hIgG1 in the vascular channel
media prior to perfusion (influent) (i) and in brain channel effluents collected 24 h post-dosing (ii).
The percentage of vascular hIgG1 detected in the brain channel for each treatment group was also
calculated (iii). Averaged data (mean ± SEM) and individual chip values are shown in (i–iii). N = 3
chips per group. ** p < 0.01, *** p < 0.001, one-way ANOVA with post hoc Tukey’s test. Blue asterisks:
comparison with mouse TfR1. Black asterisks: comparison with hIgG1.



Pharmaceutics 2024, 16, 1314 13 of 25

The vascular channel media initially contained detectable human IgG1 (~11.3 ± 0.27 µg/mL),
which was due to the supplementation of 2% human serum. After antibody dosing, hIgG1
levels increased in the media accordingly and were similar across the treatment groups
(mean ± SEM; µg/mL for hIgG1, mTfR1 and hTfR1: 22.4 ± 1 µg/mL, 22.9 ± 0.74 µg/mL
and 20.2 ± 0.7 µg/mL, respectively; Figure 4C,D). The brain channel media lacked human
serum and had undetectable hIgG1 before dosing.

Twenty-four hours post-treatment, we collected brain channel effluents and measured
hIgG1. The chips dosed with the hTfR1 antibody had significantly more hIgG1 in the brain
channel compared with the chips dosed with the mTfR1 antibody (mean ± SEM; µg/mL;
150.8 ± 0.03 and 57.6 ± 0.007; hTfR1 and mTfR1, respectively). The hIgG1 levels in the
brain channel of the mTfR1-treated chips were similar to those in the chips with isotype
control antibody (64.8 ± 0.01 µg/mL) and slightly higher than the PBS-treated groups
(25.9 ± 0.006 µg/mL) (Figure 4D). The normalized data showed that the percentage of
vascular hIgG1 detected in the brain channel of the PBS-treated chips, which is likely due
to paracellular transport, was indistinguishable from mTfR1- and isotype control-treated
chips (mean ± SEM; 0.24 ± 0.05%, 0.26 ± 0.04% and 0.28 ± 0.05%; PBS, hIgG1 and mTfR1,
respectively). In contrast, this percentage was significantly greater than all the other groups
in the chips treated with the hTfR1 antibody (0.756 ± 0.1%). This effect was not due
to changes in BBB integrity, as we identified no differences in permeability between the
chips (Figure 4B). These data demonstrate human TfR1-specific BBB crossing in the human
cortical Brain-Chip model.

3.4. The Brain-Chip Identifies BBB Crossing Differences between hTfR1 Antibodies

After establishing that the Brain-Chip can detect hTfR1-specific BBB crossing, we
examined its ability to discern varying levels of hTfR1 antibody permeation. For this
purpose, we tested internally generated hTfR1-specific antibodies. These antibodies had
previously been evaluated in human TfR1 knock-in (KI) mice as hTfR1:AAV9GFP formats
(conjugated to AAV9 expressing GFP). Their BBB crossing ability was determined based
on immunohistochemical detection of GFP in the mouse brain parenchyma and blinded
scoring of the GFP signal (Figure S4).

For our Brain-Chip experiment, we used purified antibodies and selected a range
of them based on their BBB crossing properties. Specifically, we tested the best crosser
from the in vivo screening (REGN1), a good and a moderate crosser (REGN5 and REGN12,
respectively), and a non-crosser (REGN28). The experimental design was similar to that
used to test the specificity of the Brain-Chip with two modifications. First, we replaced
the culture media of the iBMECs with serum-free media in order to eliminate the serum-
derived IgG levels and, therefore, precisely measure the dosed antibodies. Second, we
perfused the antibodies for eight hours (Figure 5A). The chips were equilibrated for 24 h
in microfluidics prior to perfusion with the antibodies, which were dosed in the vascular
channel at a concentration of 10 µg/mL in the culture media. Brain channel effluents were
collected at the end of the antibody perfusion. As shown in Figure 5B, the REGN1 antibody
levels in the brain channel effluent were nearly double of those of the REGN5 antibody,
which were significantly higher than REGN12 (mean ± SEM; ng/mL; REGN1, REGN5
and REGN12, respectively: 656.4 ± 20.7, 345.3 ± 40.6 and 184.1 ± 25.4). REGN28, a non-
crosser in vivo, was detected at low levels (50.5 ± 11.1 ng/mL) comparable to the isotype
control antibody (59.6 ± 10.1 ng/mL), suggesting paracellular transport. Normalization
with vascular channel antibody levels showed similar results (Figure 5B; mean ± SEM;
percentage of dosed antibodies detected in the brain channel; REGN1, 5.6 ± 0.23; REGN5,
3.0 ± 0.35; REGN12, 2.2 ± 0.26; REGN28, 0.35 ± 0.07; isotype control, 0.5 ± 0.10).
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Figure 5. The human Brain-Chip has the resolution to identify BBB crossing differences between
human TfR1 antibodies. (A) Outline of the experimental design. The chips were connected to mi-
crofluidics for one day prior to antibody administration of human TfR1 antibodies with varying BBB
crossing properties in vivo. The vascular channel was dosed with the antibodies in serum-free culture
media at 10 µg/mL. PBS and an isotype antibody were used as negative controls. After 8 h, effluents
from the brain channel were collected for antibody measurements. (B) Antibody quantification data.
Mean ± SEM and individual chip values are shown. Antibody quantification in vascular channel
media prior to perfusion (left) and in the brain channel effluent 8 h post-dosing (middle) are shown.
The right graph shows the percentage of the dosed antibodies detected in the brain channel. Four
human TfR1 antibody clones with different BBB crossing ability were examined (REGN1, REGN5,
REGN12, and REGN28). The clones were tested in mice as conjugates to AAV9 expressing GFP, and
their BBB crossing ability was determined based on immunohistochemical detection and quantifi-
cation of the GFP signal in the brain parenchyma. The numeric immunohistochemical scores and
their order based on their BBB crossing abilities are shown below the graphs. N = 6 chips/group.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way ANOVA with post hoc Tukey’s test. Black
asterisks: comparison with isotype antibody control. Light blue asterisks: comparison between groups,
as indicated. No differences in BBB permeability were observed between groups (Figure S5A).

3.5. The Human Brain-Chip Detects BBB Crossing Differences between hTfR1
Antibody-Conjugated AAV9

To further validate the Brain-Chip, we re-examined the internally developed hTfR1
antibodies, now conjugated to AAV9 expressing GFP, the same format used in mice. To
refine our model’s resolution, we included an additional antibody, REGN25, which exhib-
ited low BBB crossing in mice [BBB crossing ability in vivo: REGN1 > REGN5 > REGN12
> REGN25 > REGN28 (non-crosser)]. The chips treated with PBS, AAV9 without any
conjugated antibody, and AAV9 conjugated with an antibody specific to the liver-expressed
Asialoglycoprotein receptor 1 (hASGR1) served as controls.

Twenty-four hours post-calibration in the microfluidics (Day 1), the chips were exposed
to the virus in the vascular channel for two consecutive days (6.94 × 106 viral genomes/µL;
1 × 1010 viral genomes in total). On Day 3, the vascular media were replaced with fresh
media without the virus, and the chips were incubated for two additional days (Day 3
to Day 5) to allow for maximal GFP expression. Endothelial and brain parenchymal cells
were then collected and GFP protein levels measured using automated ELISA (Figure 6A
and Materials and Methods). The total protein in cell lysates was comparable between the
groups (Figure S5B).
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Figure 6. The human Brain-Chip detects different levels of permeation hTfR1 antibody-conjugated
AAV9. (A) Schematic of the experimental design. AAV9 expressing GFP and decorated with hTfR1
antibodies were perfused in the vascular channel for two days (Days 1–3). On Day 5, the endothelial-
like cells from the vascular channel and the brain channel cells were collected for GFP protein
analysis. (B) Graphs showing averaged data (mean ± SEM) and individual chip values of GFP
protein quantification analysis in endothelial and brain cell lysates, as indicated. The hTfR1 antibody-
conjugated viruses were tested in vivo for their BBB crossing abilities, based on GFP signal intensity
scoring in the mouse brain parenchyma, as shown below the graphs. We examined AAV9 conjugated
with the same hTfR1 clones tested as purified antibodies in the chip (REGN1, REGN5, REGN12,
REGN28) plus viruses conjugated with the antibody clone REGN25, which exhibited low BBB crossing
in vivo. Unconjugated AAV9 and hASGR1-conjugated viruses were used as negative controls. hTfR1
antibody-conjugated AAV9: N = 6 chips for each group; PBS, AAV9 and hASGR1-AAV9: N = 3;
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way ANOVA with post hoc Tukey’s test. Black
asterisks: comparison with PBS, AAV9, and hASGR1-AAV9. Red asterisks: comparison with REGN1.
Blue asterisks: comparison with REGN5. Light blue asterisks: comparison with REGN12. All chips
had a tight barrier with comparable Papp (Figure S5A). The amount of total protein in endothelial
and brain channel cell lysates was comparable between groups (Figure S5B).

As shown in Figure 6B, the total GFP in the endothelial cells of the chips treated with
REGN1:AAV9 and REGN5:AAV9 was comparable, indicating similar virus uptake (mean
± SEM; 23.02 ± 1.78 ng and 20.10 ± 1.02 ng, respectively). The GFP in the endothelial
cells from the chips treated with REGN12:AAV9 (12.69 ± 1.03 ng) was significantly lower
compared with REGN1:AAV9 and REGN5:AAV9 but significantly higher compared with
REGN25:AAV9 (6.61 ± 0.16 ng). The GFP levels in the endothelial cells from the chips
treated with REGN28:AAV9 (non-crosser), hASGR1:AAV9, and unconjugated AAV9 were
minimal (mean (ng) ± SEM; 0.18 ± 0.021, 0.13 ± 0.013, 0.35 ± 0.055, respectively).

In the brain parenchymal cells, the GFP level difference closely matched the in vivo
BBB crossing studies and our Brain-Chip experiment with purified antibodies. REGN1
showed the greatest GFP expression, followed by REGN5, REGN12, and REGN25. The
non-crosser REGN28 and all control viruses showed no GFP expression [mean (pg) ± SEM;
798.3 ± 33.29, 349.4 ± 33.51; and 252.7 ± 26.45, 105.1 ± 3.15, respectively]. The GFP
expression differences were statistically significant. A parallel experiment where chips
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were perfused with the same viruses and cells collected at the end of viral dosing (Day 3)
for viral genome measurements showed consistent results with the GFP expression analysis
and BBB crossing properties in mice (Figure S5B).

4. Discussion

Enhancing the likelihood for successful translation of preclinical findings into clinical
settings necessitates an in-depth understanding of the mechanisms driving disease devel-
opment and progress in patients, along with capabilities for the best possible prediction
of safety and efficacy of therapeutics before the first-in-human studies. Addressing such
requirements poses a particular challenge for brain diseases and cannot be easily met
using animal models because of limited predictive and face validity given the remain-
ing unknowns in disease pathogenesis and related phenotypes. The key reasons include
species differences in brain and BBB biology, as well as the impact of genetics including
the frequent lack of similarities in genotype/phenotype associations between humans and
experimental animal models. Along the same lines, several disease risk variants lie in non-
coding regions, which are markedly different between humans and animals [83]. Potential
conformational and tissue expression differences of disease-associated targets can also limit
the effectiveness of animal models in predicting successful therapeutic targeting [3,6,84,85].

Human cell-based systems recapitulating the human brain microenvironment are
emerging as a promising approach to elucidate brain disease mechanisms and enable
the establishment of reliable and time-saving drug screening platforms [28,34,86]. Given
the BBB’s importance and the critical roles of neurons, glial, immune, and vascular cells
in brain physiology in health and disease through both cell-autonomous and non-cell
autonomous effects [62,87–96], significant efforts have been directed toward developing
platforms incorporating all key cell types and vasculature in a single model [34,97,98]
emulating critical elements of the organ microenvironment.

In the present study, we utilized a commercially available Organ-Chip platform to
develop a human cortical Brain-Chip that includes five major brain cell types and recreates
the neurovascular unit and the BBB to further expand on the capabilities of previously
reported ex vivo systems. Cortical neurons, astrocytes, microglia, and pericytes form the
brain parenchymal side (top channel of the chip), while brain microvascular endothelial-like
cells make up the vascular side (bottom channel). Astrocytes extend end-feet-like processes
to the vascular side through membrane pores, indicating the recreation of the abluminal
aspect of brain microvessels. The astrocytes and microglia remain in a quiescent state,
suggested by the very low or nearly undetectable baseline levels of secreted cytokines and
chemokines (Figure 3). Over six days of culture under constant flow, the endothelial-like
monolayer maintains a tight barrier, comparable to animal models [67,68].

Besides combining key brain parenchymal cell types and the BBB in a single model,
we demonstrated functional connectivity between inhibitory (glutamatergic) and excitatory
(GABAergic) cortical neurons by pulse-chase experiments with bicuculline and CNQX and
extracellular glutamate measurements. The baseline levels of glutamate across all chips and
experiments were comparable (6–7 µM; Figures 2 and 3) and within the range observed
in the human brain cortex (0.1–20 µM, depending on the cortical area) [99,100], indicating
a physiologically relevant circuitry and excitatory/inhibitory (E/I) balance. Upon TNFα
challenge, extracellular glutamate levels rose to concentrations typically used for the
induction of excitotoxicity in neuronal cultures [101–103], consistent with the role of TNFα
in inducing glutamate-mediated excitotoxicity [104,105] and the disturbed E/I balance
observed in several brain diseases and neuroinflammation [106–108]. Thus, our Brain-Chip
enables measurements of a neurocircuitry-related and physiologically relevant endpoint
for mechanistic and pharmacological studies. Our results with bicuculline demonstrate
the chip’s suitability for pulse-chase experiments and its sensitivity to capture responses to
transient pharmacological challenges. The return of the extracellular glutamate levels to
baseline after the wash-out of bicuculline indicates healthy and plastic neurons and neural
circuitry. It also proves that the setup of this engineered model permits well-controlled and
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precise pharmacological manipulations without disturbing the cells, most likely because of
the constant and automated control of flow, an advantage over Transwells, organoids and
other static culture systems.

To validate the in vivo relevant responses of our Brain-Chip to disease-associated chal-
lenges, we assessed responses to TNFα exposure through the brain channel. We observed
glutamate excitotoxicity, microglial and astrocytic reactivity, activation of the secretion
of cytokines and chemokines, neuronal damage, and compromised BBB, consistent with
previous in vitro and in vivo studies [51,76,77,104,105,109–119] and the role of TNFα in
neuroinflammation, a major component in the pathogenesis of CNS diseases [120–127].
These data demonstrate the functionality of our Brain-Chip and the hiPSC-derived mi-
croglia used in the system for the first time, as well as the capability of our model to
emulate pathological conditions affecting brain function. Importantly, we demonstrate
microglia-specific inflammatory responses and microglia-dependent BBB disruption. This
aligns with published studies [78] and further supports the critical role of microglia in
the neuroimmune mechanisms involved in human brain pathology [62]. Our data also
demonstrate the advantage of our model to map cell-specific contributions and dynamic
cell–cell interactions critical in disease-associated pathology. Additionally, we generate
a temporal secretory profile for cytokines and chemokines over several days, before and
during TNFα exposure. Such fine mapping of inflammatory responses is important for
disease modeling and comparison of genetic variants associated with brain disease traits.
The ability of the chip to capture time-dependent phenotypic and functional changes within
the same sample chip (or same “individual”) in response to experimental interventions is
another of its main advantages compared to static multicellular systems.

Preclinical testing of brain-targeting therapeutics, particularly biologics, remains chal-
lenging. Given the limitations of animal studies, developing clinically relevant human
in vitro models for predicting penetration, efficacy, and investigating transcytosis mecha-
nisms for BBB-crossing therapeutic strategies and drug development is a major need. Brain
endothelial cell receptors and receptor-mediated transcytosis (RMT) represent an emerging
strategy for BBB crossing and potentiating therapeutic delivery to the brain [23,128,129].
Strategies utilizing RMT involve creating a complex between the therapeutic modality
and a receptor-targeting entity, such as an endogenous receptor ligand, mimetic peptide
ligand, or receptor-targeting antibody. The therapeutic can be chemically linked to the
entity (i.e., chemical compound or siRNA linked to a receptor-specific antibody) or in-
corporated in a vehicle decorated with the RMT-targeting entity, such as in the case of
adeno-associated viruses (AAVs) expressing a therapeutic protein [128,130–133]. Human
transferrin receptor 1 (hTfR1) is among the most studied RMT targets in brain endothelial
cells [82,131,134–136]. Mice have provided important insights into the therapeutic potential
of the approach, although they are not hTfR1-specific. hTfR1 KI mice have been generated
to overcome this issue and are currently used in proof-of-concept studies for therapeutic
testing. This important animal model has great potential, but the question of its predictive
value because of differences in the biology of the BBB between rodents and humans remains
open. Considering that human TfR1 acts in the context of a mouse cell environment, BBB
crossing studies in hTfR1 KI mice would be greatly benefited by complementary studies
in exclusively human cell-based systems. In vivo screening of hTfR1-specific entities and
therapeutic modalities can be also challenging. Effective BBB crossing and brain-targeting
is a multistep process including efficient uptake by endothelial cells, efficient transcytosis,
and successful release to the brain parenchymal side and engagement in the targeted cells.
Meeting these criteria requires screening numerous versions of the examined entity; for
example, multiple antibody clones and formats in the case of hTfR1-targeting antibodies.
Such in vivo screening efforts take a lot of time (several months), are labor-intensive, and,
importantly, require a very large number of mice, which is not aligned with the 3R princi-
ples of animal use in biomedical research—reduction, refinement, replacement—aiming for
significant reduction in the use of animal models in preclinical studies [137].
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The Brain-Chip we describe in this study, shows the sensitivity and specificity to
qualify as a screening platform for hTfR1-based BBB crossing therapeutic strategies and the
prediction of in vivo responses. We demonstrated that the model could identify BBB cross-
ing differences between different hTfR1 antibodies tested in hTfR1 KI mice, aligning with
the associated in vivo findings. By measuring BBB permeability during these experiments,
we ensured a tight barrier with comparable permeability in all examined chips, indicating
that the observed differences were due to transcytosis rather than a leaky barrier.

We examined BBB crossing differences in hTfR1 antibodies in the following formats:
(1) conjugated to AAV9, the format used for in vivo testing, and (2) unconjugated. This was
possible because of the versatility of the chip, which enables collection of cells and effluents
from the brain and vascular sides for appropriate readout measurement methods for each
antibody format. The comparable results from the two experiments demonstrate the
robustness, reproducibility, and sensitivity of the model. In addition, the selected readouts,
which are quantitative, are more reliable than qualitative methods such as measuring
changes in immunostaining intensity. Of note, the identification of BBB crossing differences
was possible in just four or eight days (hTfR1 and hTfR1:AAV9, respectively), including the
two days required for the seeding of the cells and the preincubation of the chips under flow
for one day, a significantly faster process compared with animal studies. Furthermore, our
results with hTfR1:AAV9 illustrate the Brain-Chip’s suitability for analyzing endothelial cell
uptake and determining target engagement in the brain parenchymal compartment. With
the right design and bioassays, future studies that combine biochemical analysis with cell
imaging will allow for the examination of the cell types targeted by the tested therapeutic
modalities as well as the prediction of target engagement, safety and, potential efficacy in
one single study. Considering the time required to generate and test multiple antibody
clones and formats, and the large number of animals necessary for such experiments,
our human Brain-Chip holds great potential to facilitate screening efforts and advance
therapeutic development. Furthermore, a comparison between basal (healthy) and disease
states, such as in neuroinflammation or genetic models, might provide disease-specific
insights that could further support drug development.

Our data demonstrate several advantages of the Brain-Chip. However, the model in its
current stage has certain limitations. It is composed of five different cell types from different
human donors, and a mix of primary (astrocytes and pericytes) and hiPSC-derived cells
(neurons, microglia, and iBMECs). This setup is less than ideal for disease modeling studies.
Although there has been significant progress in developing protocols for differentiating
human iPSCs into microglia, astrocytes, pericytes, and oligodendrocyte-lineage cells, the
functionality of each of these cells in complex in vitro models requires experiments beyond
the scope of this study. As a first step, we selected to use hiPSC-derived microglia and
examine their functionality in the chip, which is the first time this has been performed.
The cells are functional and exhibit neuroinflammatory responses upon exposure to TNFα,
consistent with in vivo data and a recent study using a similar Brain-Chip configuration
but with the human microglial cell line CRL-3304 [51]. Our Brain-Chip established a tight
barrier with in vivo-relevant permeability. However, the exact identity of iBMECs is still
debatable [138], so we chose to refer to them as endothelial-like cells. The iBMECs used
in our study express genes regulating key BBB attributes, such as genes encoding for
the tight junction proteins ZO-1 (TJP1), Occludin (OCLN), and Claudin (CLDN), solute
carrier transporters, ATP-binding cassette transporters and GLUT1 (SLC2A1), and the
TfR1-encoding gene, TFRC [50].

The closed format of the Organ-Chip design does not support the examination of
Transendothelial Electrical Resistance (TEER), an in vitro measure of electrical resistance
across a cell layer considered a sensitive measure of barrier integrity [139,140]. Therefore,
we measured the Papp of the barrier using fluorescent dextran, an accepted alternative
used in several published works using Organ-Chips and animal models [43,51,52,67,68,141].
Papp is a relevant surrogate to TEER and a corollary in the clinic, enabling in vivo compari-
son of barrier integrity, which is not possible with TEER measurements.
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Despite these caveats, our Brain-Chip model in its current configuration provides
unique advancements compared with previous Brain-Chip and BBB-Chip models. It con-
firms functionality at the pharmacological level, as shown both for BBB crossing and
neuronal responses to relevant pharmacologic challenges. Further, it recapitulates pheno-
typic changes and responses to neuroinflammation-relevant challenges in a time-dependent
manner while highlighting microglia-dependent cytokine release, a major area of inves-
tigation for a great number of brain diseases. These findings provide evidence that the
human Brain-Chip holds strong potential for modeling and therapeutic development
for neuroinflammatory and neurodegenerative diseases. Importantly, our Brain-Chip
enables timesaving, specific, and accurate detection of different levels of permeation of
in vivo-tested hTfR1-specific antibodies and associated therapeutic modalities (AAV9),
demonstrating its value in facilitating and advancing the development of human brain-
targeting therapies. Future advancements should incorporate oligodendrocyte precursor
cells (OPCs) and oligodendrocytes (OLs) and develop Brain-Chip models with all cell
types fully isogenic and derived from hiPSCs. This would enable detailed mapping of the
mechanism of action of disease-associated genetic variants, including the determination of
cell-autonomous and non-cell autonomous effects, to further inform cell-specific targeting
and the identification of biomarkers to guide patient stratification. The continuous im-
provements in cell differentiation protocols, the scientific community’s and pharmaceutical
companies’ growing interest in human cell systems [34,142], and the FDA Modernization
Act provide realistic optimism for the engagement of human cell systems in facilitating
drug development and fighting brain diseases.
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mdpi.com/article/10.3390/pharmaceutics16101314/s1, Figure S1: Overview of human Brain-Chip
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TNFα treatment; Figure S3: TNFα-induced morphological changes of astrocytes in the Brain-Chip;
Figure S4: In vivo tested hTFR1 antibody clones examined in the Brain-Chip for BBB crossing; Figure S5:
Additional experiments related to the testing of the resolution of the Brain-Chip to detect BBB crossing
differences between hTfR1-specific antibodies.
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