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SUMMARY

Species differences in brain and blood-brain barrier (BBB) biology hamper the
translation of findings from animal models to humans, impeding the develop-
ment of therapeutics for brain diseases. Here, we present a human organotypic
microphysiological system (MPS) that includes endothelial-like cells, pericytes,
glia, and cortical neurons and maintains BBB permeability at in vivo relevant
levels. This human Brain-Chip engineered to recapitulate critical aspects of
the complex interactions that mediate neuroinflammation and demonstrates
significant improvements in clinical mimicry compared to previously reported
similar MPS. In comparison to Transwell culture, the transcriptomic profiling
of the Brain-Chip displayed significantly advanced similarity to the human adult
cortex and enrichment in key neurobiological pathways. Exposure to TNF-a
recreated the anticipated inflammatory environment shown by glia activation,
increased release of proinflammatory cytokines, and compromised barrier
permeability. We report the development of a robust brain MPS for mechanistic
understanding of cell-cell interactions and BBB function during neuroinfla-
mmation.

INTRODUCTION

Neurodegenerative diseases (ND) are a serious public health problem, with their increasing burden ac-
counting for more than one billion affected people worldwide (Carroll, 2019). Although the molecular
mechanisms underlying changes in brain cell-to-cell interactions associated with ND have been elucidated
to a significant extent, therapeutic targets and predictive biomarkers are still lacking. Emerging evidence
points to inflammation as a major pathogenetic mechanism for neuropathology underlying neurodegen-
erative diseases (Guzman-Martinez et al., 2019; Minghetti, 2005). Growing evidence indicates that brain
events, such as local ischemia and systemic inflammatory conditions, create a microenvironment favoring
the entry of peripheral activated immune cells, or their secreted proinflammatory factors, into the brain by
compromising the integrity of the blood-brain barrier (BBB) (Perry et al., 2007). There is a large body of ev-
idence for a pivotal role of microglia and astrocytes in the pathogenesis of neurodegenerative disorders
(Crotti and Ransohoff, 2016; Kim and Joh, 2006; Liddelow and Barres, 2017; Liddelow et al., 2017; Linner-
bauer et al., 2020; Perry et al., 2010). Activation of microglia is characterized by the production of cytotoxic
molecules and proinflammatory cytokines, affecting cellular homeostasis, and ultimately establishing a
microenvironment driving neuronal damage (Perry et al., 2010).

In addition, reactive astrocytes are also found to be implicated in impaired neuronal function and survival
promoting inflammation and increasing cell damage in the CNS (Horng et al., 2017; Liddelow and Barres,
2017; Linnerbauer et al., 2020; Sofroniew, 2020). Additional reports suggest a crosstalk between astrocytes
and microglia in the context of neuroinflammation and neurodegeneration (Linnerbauer et al., 2020). Reac-
tive microglia and astrocytes are likely to contribute to the leaky BBB observed in these diseases through
downregulation of paracellular tight junction proteins such as occludin and zonula occludens-1(ZO-1) (Kea-
ney and Campbell, 2015; Obermeier et al., 2013).

Despite the progress in understanding the mechanisms mediating the effects of immune activation in the
brain (Gonzélez et al.,, 2014), the translation of these findings to effective, specific treatments lags
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significantly. Species differences between human and the currently used experimental in vivo animal
models of ND, together with the inherent limitations of the primary brain rodent cells or human cell lines
currently used as in vitro models, are greatly implicated in this problem. Advances in stem cell biology have
recently enabled new human cell models for experimentation, such as iPSC-derived brain cells and com-
plex, multi-layered 3D organoids (Bose et al., 2021; Cassotta et al., 2022; Dolmetsch and Geschwind,
2011; Yin et al., 2016). These systems can provide new insights into tissue biology and our understanding
of the interindividual differences in brain functions. Exploiting these systems can be significantly advanced
by their culture in microphysiological platforms providing a perfusable vascular system and an overall phys-
iologically relevant microenvironment, by enabling long-lasting cell interactions and the associated func-
tionality (Cucullo et al., 2011; Ingber, 2022). Recent reports describe applications of this technology in
developing Organ-Chips that recapitulate aspects of the complex BBB functions (Ahn et al., 2020; Maoz
etal., 2018; Park et al., 2019; Pediaditakis et al., 2021; Vatine et al., 2019). These BBB models have certainly
overcome several of the limitations of traditional culture models (Oddo et al., 2019).

In pathological states, microglia and astrocytes undergo complex changes increasing their capacity to pro-
duce proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) (Lau and Yu, 2001; Wang et al.,
2015), interleukin-1B (IL-1B), interleukin-6 (IL-6), and interferon-gamma (IFN-y), that increase the BBB
permeability (De Vries et al., 1996; Yarlagadda et al., 2009). TNF-a. was shown to increase BBB permeability,
induce the activation of glia in vivo (Cheng et al., 2018; Neniskyte et al., 2014), and potentiate glutamate-
mediated cytotoxicity, a process linked to neuronal death (Olmos and Lladé, 2014). Elevated levels of TNF-
o have been found in traumatic brain injury (Frugier et al., 2010), ischemic stroke (Zaremba and Losy, 2001),
Alzheimer (AD) (Jiang et al., 2011), Parkinson (PD) (Kouchaki et al., 2018), multiple sclerosis (MS) (Rossi et al.,
2014), and amyotrophic lateral sclerosis (ALS) (Cereda et al., 2008).

Here, we describe how we leveraged the Human Emulation System to build a comprehensive Brain-Chip
model to characterize cellular interactions underlying the development of neuroinflammation. We have
populated our Brain-Chip with human primary astrocytes, pericytes, and iPSC-derived brain microvascular
endothelial-like cells, together with human iPSC-derived cortical neurons and microglial cell line. This
Brain-Chip supported a tissue relevant, multicellular architecture and the development of a tight BBB, sus-
tained over seven days in culture. Using next-generation sequencing data and information retrieved from
well-curated databases of signature gene sets for the human cortex, we demonstrate that the Brain-Chip's
transcriptomic signature is closer to the adult cortical tissue than the conventional cell culture systems used
to study the BBB in vitro (Stone et al., 2019, Thomsen et al., 2015).

To simulate changes occurring during the early phases of neuroinflammation, we perfused either the brain
or the vascular side of the Brain-Chip with TNF-a.. We successfully reproduced key clinical features of neuro-
inflammation, such as disruption of the BBB, astrocyte, and microglial activation, increased proinflamma-
tory cytokine release, capturing contributions of the individual brain cell types to inflammatory stimuli.

In summary, we present an in vivo relevant human Brain-Chip as a multicellular model designed to inves-
tigate neurodegenerative pathogenesis and future applications, including clinical studies that could lead
to effective precision medicine treatments.

RESULTS

Microengineered human Brain-Chip platform of the neurovascular unit

We leveraged organ-on-chip technology and the recent progress in developing human brain primary and
iPSC-derived differentiated cells to generate a human Brain-Chip model that enables the stimulation and
monitoring of inflammatory responses. As described previously, the Brain-Chip has two microfluidic chan-
nels, separated by a thin, porous polydimethylsiloxane (PDMS) membrane that enables cellular communi-
cation and supports coating with tissue-specific extracellular matrix (ECM) (Pediaditakis et al., 2021). The
top channel, we refer to as the “brain” channel of the chip, accommodates the co-culture of key elements
of the neurovascular unit (NVU), including excitatory and inhibitory cortical neurons, microglia, astrocytes,
and pericytes (McConnell et al., 2017). The bottom channel, which we refer to as the “vascular” channel of
the chip, is seeded with human iPSC-derived brain microvascular endothelial-like cells (iBMECs) that create
a lumen-like structure (Wong et al., 2013), modeling the interface between the circulation and the brain pa-
renchyma (Figure 1A). We used cell proportions comparable to those reported (von Bartheld et al., 2016;
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Figure 1. Reconstruction of the neurovascular unit in the Brain-Chip

(A) Schematic illustration of the Brain-Chip, a two-channel microengineered chip including iPSC-derived brain endothelial-like cells cultured on all surfaces
of the bottom channel, and iPSC-derived Glutamatergic and GABAergic neurons, primary human brain astrocytes, pericytes, and microglia on the surface of
the top channel.

(B) Confocal images of the cell coverage in the brain channel on day 7 of culture. Top image: Immunofluorescence staining of the brain channel including
MAP2 (green), GFAP (magenta), NG2 (red), and DAPI (blue). Bottom images: Representative merged confocal image of the brain channel on culture day 7,
stained for neurons (MAP2, green), astrocytes (GFAP, magenta, IBA1, yellow), and pericytes (¢SMA, red) (bar, 50 um).

(C) Representative immunofluorescent staining for s100B (red) and GLAST (green) (bar,100 pm).

(D) FACS analysis of cell-specific markers of microglia: Total population of microglia within the brain channel (gray), CD11b-positive population (magenta),
CD45-positive population (magenta), quantification of CD11b:CD45-positive cells.

(E) Representative merged confocal image of the brain channel co-stained with VGAT (green) for GABAergic neurons and VGlut1 (red) for Glutamatergic
neurons (bar, 100 um).

(F) Immunofluorescence staining of the brain channel including MAP2 (green) and SYP (red) (bar, 100 um).

(G) Levels of secreted glutamate in the brain channel on culture days 5, 6, and 7 (n = four to six independent chips, ****p < 0.0001, NS: not significant

compared to the transwells group n = 3-4). Data are represented as mean + SEM, statistical analysis by two-way ANOVA with Tukey’s multiple com-
parisons test.
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Figure 2. Characterization of the barrier in the Brain-Chip

(A) Top Image: Immunofluorescence staining of the vascular channel stained for the tight junction marker ZO-1 (green)
(bar, 1 mm). Bottom Images: Immunofluorescence micrographs of the human brain endothelium cultured on-chip for

7 days labeled with occludin (green), PECAM1 (magenta), and DAPI (blue) (bar, 100 pm).

(B) Quantitative barrier function analysis by the apparent permeability to 3kDa fluorescent dextran, in two independent
iPSC donor lines on culture days 5, 6, and 7 (n = four to six independent chips). NS: not significant. Data are represented as
mean £ SEM, statistical analysis by Student's t-test.

(C) The apparent permeability of different size dextran molecules (3-70 kDa) across Brain-Chips correlated with previously
reported in vivo rodent brain uptake data. (n = three to five independent chips). Data are represented as mean + SEM).
(D) Left: Exploded view of the chip. Interaction of primary human astrocyte end-feet-like processes (GFAP, red) with
endothelial-like cells (ZO-1, yellow), MAP2 (green) (bar, 200um). Right: Representative scanning electron microscopy
(SEM) image showing astrocytic endfoot passing through 7 um pores into the vascular channel (bar, 30um). White arrows
show the astrocytic endfoot.

Shepro and Morel, 1993; Sultan and Shi, 2018; Xu et al., 2010), with the understanding of the challenge in
recapitulating the in vivo cellular milieu.

To characterize the multicellular structure in the brain channel of the chip, we used specific markers for each
brain cell type, including microtubule-associated protein 2 (MAP2) for neurons, glial fibrillary acidic protein
(GFAP), s100B, and glutamate transporter (GLAST) for astrocytes, ionized calcium-binding adaptor
protein-1 (IBA-1) for CD11b+ CD45 low microglia, neuron-glial antigen 2 (NG2), and smooth muscle
alpha-actin (aSMA) for pericytes (Figures 1B, 1C, and 1D). Positive staining for the vesicular glutamate
transporter (VGLUT1) and the vesicular GABA transporter (VGAT) (Figure 1E) indicate the co-existence
of excitatory and inhibitory neurons, respectively. To get an initial evaluation of the functionality of the neu-
rons in the Brain-Chip, we performed immunofluorescent staining with synaptophysin (SYP), a nerve termi-
nal marker synaptic vesicle that stains mature presynaptic neurons. Our results show that MAP2-positive
cells expressed the synaptic marker synaptophysin (Figure 1F). The efficiency of synaptic transmission is
governed by the probability of neurotransmitter release, the amount of neurotransmitter released from
the presynaptic terminal. Additionally, our data demonstrate the functional maturation of the human
iPSC-derived neurons in the Brain-Chip compared to transwells, as depicted by the secreted glutamate
levels (Figure 1G), suggesting functional differences between the two systems.

The establishment of the endothelial monolayer was assessed via staining for the tight junction-specific
marker, zona occludens-1 (ZO-1), occludin, as well as the endothelial-specific junctions PECAM1, which
demonstrated that the endothelial-like cells form a consistent morphology along the entire vascular chan-
nel of the chip (Figure 2A). Additionally, we screened the endothelial-like cells we employed in our model
for expression of the epithelium markers Cadherin1 (CADH1), TRPV6, and Claudin-4. As shown, we
confirmed lack of expression in the endothelial-like cells, in contrast to the human epithelial cell lines
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used as positive controls (Figure STA). Once the endothelial-like cells are cultured juxtaposed to pericytes,
astrocytes, microglia, and neurons in the Brain-Chip, they establish a tight barrier for seven days (Figure 2B).
To this end, we evaluated the apparent permeability (Papp) in Brain-Chips seeded with human
iPSC-derived brain microvascular endothelial-like cells from two different healthy donors (Donor 1;
RUCDR, Donor 2; iXcell) (Figure 2B). The obtained Papp values in our model to 3, 10, 40, and 70 kDa dextran
reached values as low as those reported from in vivo studies (Shi et al., 2014; Yuan et al., 2009) (Figure 2C),
routinely cited as golden standards of apparent permeability. Moreover, the permeability values obtained
in the Brain-Chip were comparable within a specified range to those reported by previous BBB studies with
organ chips (Ahn et al., 2020; Vatine et al., 2019).

Findings on microglial location in the perivascular space highlight their interaction with endothelial cells
and support their influence on BBB integrity although very few studies have been conducted to delineate
a direct link between microglia and barrier function (Haruwaka et al., 2019). On the other hand, astrocytes,
by providing a connection between the endothelial blood flux and neurons (Figure 2D), are critical for the
formation and maintenance of the BBB (Alvarez et al., 2013).To explore the potential impact of microglia
and astrocytes on the barrier integrity, we measured the permeability to cascade-blue 3-kDa dextran. Sig-
nificant decrease in paracellular permeability in the presence of microglia highlights its importance in the
maintenance of the barrier integrity in the Brain-Chip (Figure S1B). Furthermore, we found significant
increase in the permeability in the absence of astrocytes, in line with their reported significant role in the
stability and maintenance of the BBB (Abbott et al., 2006). No significant effect in the permeability was
detected by eliminating neurons, the most abundant cell in the Brain-Chip. Taken together, all the above
support the hypothesis that the decrease in permeability in the Brain-Chip following challenge with TNF-a
is specifically driven from the microglia and the astrocytes, rather than from a technical/mechanical
obstacle, such as clogging of the pores.

Furthermore, the comparison to chips that contain only iPSC-derived brain microvascular endothelial-like
cells provides further reassurance on the contribution of the supporting cells in the Brain-Chip that also
contains pericytes, astrocytes, microglia, and neurons (Keaney and Campbell, 2015; Obermeier et al.,
2013) (Figure S1C) in the stability of the barrier. We also confirmed that the cells in the vascular channel ex-
pressed the brain endothelium-specific glucose transporter, GLUT-1 (Veys et al., 2020) (Figure S1D), and
showed internalization of transferrin (Figure STE), an essential mechanism for transport across the BBB
leveraged for delivery of therapeutic antibodies (Jones and Shusta, 2007). Further characterization of iB-
MECs via FACS analysis confirmed the expression of the brain endothelium-specific glucose transporter,
GLUT-1, transferrin receptor, and efflux transporters in the BBB, such as P-glycoprotein (P-gp) and
MRP-1 (Figure ST1F), of additional reassurance on the potential of the model in evaluating the ability of
developing therapeutics to enter the brain.

Transcriptomic comparison of the human Brain-Chip versus conventional transwell systems
and adult human tissue

After confirming the in vivo relevant cell composition and barrier function, we assessed the extent of sim-
ilarities in gene expression between the Brain-Chip and the adult human cortex tissue, as well as the dif-
ferences compared to the transwell brain model, the most commonly used cell culture system for modeling
brain in vitro. Using the same cell composition and experimental conditions in transwells and Brain-Chip
cultures, we performed RNAseq analyses on days 5 and 7 of culture. Expression of specific markers for
each of the cell types seeded confirmed their representation in the culture at the time of the analyses. Prin-
cipal component analysis (PCA) showed clear separation between the samples of the two models in the
two-dimensional space determined by the first two PCs explaining 47.5% of the total variance in the
data (Figure 3A). Unlike transwells, Brain-Chips were clustered together in the 2D PCA space, which indi-
cates their transcriptomic “stability” across the days in culture (Figure 3A). Next, we examined the differ-
ential gene expression in Brain-Chips compared to transwells. Out of the 57,500 genes annotated in the
genome, 5695 were significantly differentially expressed (DE) between these samples: 3256 and 2439 genes
were up- and downregulated, respectively (Figure 3B). Next, using the information of the up- and down-DE
genes, we performed Gene Ontology enrichment analysis to identify the significantly enriched biological
processes in the two systems (Ashburner et al., 2000; Mi et al., 2013). In Brain-Chips, we identified sig-
nificantly enriched pathways (FDR p value < 0.05) of the Brain channel related to the extracellular matrix
organization, cell adhesion, and tissue development (Figure 3C). Evidence has been accumulated that ac-
tivity-dependent aggregation and proteolysis of ECM (extracellular matrix organization) and associated
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(A) Principal component analysis (PCA) of RNAseq data from the brain channel of the Brain-Chip and the transwell brain cells culture on culture days 5and 7
n = 4 independent Brain-Chips (donor 1) per condition). The first two PCs explain the 47.47% of the total variance.

(
(B) DGE analysis identified up (cyan)- and down (magenta)regulated genes (dots) in the Brain-Chip as compared to transwells on culture day 7.
(C and D) Biological processes in Brain-Chip and transwells, as identified by Gene Ontology (GO) enrichment analysis based on the DE genes.
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Figure 3. Continued

(E) Boxplots summarizing the distributions of the corresponding pairwise TSD distances. In each pair, one sample belongs to the reference tissue (Human
Brain-Cortex) and the other either to the reference tissue or to one of our culture models, i.e., Brain-Chip or transwell, from culture days 5 and 7. The Brain-
Chip and transwell cultures were run in parallel. n = 4 independent Brain-Chips (donor 1); data are represented as mean = SEM NS: Not Significant,

**p < 0.01, ***p < 0.001; statistical analysis with two-sample t-test using a null hypothesis that the data from human tissue and the data from chips or
transwells comes from independent random samples from normal distributions with equal means and equal but unknown variances. On each box the red line
indicates the median and the bottom and top edges correspond to the 25" and 75" percentiles, respectively. The whiskers extend to the most extreme but
not considered outliers values.

molecules shape synaptogenesis, synapse maturation, and synaptic circuit remodeling (Ferrer-Ferrer and
Dityatev, 2018). Extracellular matrix accelerates the formation of neural networks and communities in a
neuron-glia co-culture (Lam et al., 2019). In contrast, axongenesis, axon guidance, chemotaxis, neurogen-
esis, neuron migration, and cell differentiation pathways were significantly enriched in transwells (Fig-
ure 3D), supporting the hypothesis of incomplete neuronal maturation in these systems (Hesari et al.,
2016; Sances et al., 2018). A basic property of immature neurons is their ability to change position from
the place of their final mitotic division in proliferative centers of the developing brain to the specific posi-
tions they will occupy in a given structure of the adult nervous system (Rakic, 1990). Proper acquisition of
neuron position attained through the process of active migration and chemotaxis (Cooper, 2013).

Lastly, we used the Transcriptomic Signature Distance (TSD) (Manatakis et al., 2020) to calculate the Brain-
Chip’s and transwell’s transcriptomic distances from the adult human cortex tissue. We were able to show
that the Brain-Chip exhibits higher transcriptomic similarity (smaller transcriptomic distance) to the adult
human cortex on either day of culture compared to the transwells (Figure 3E), by leveraging next-genera-
tion sequencing data and information retrieved from the Human Protein Atlas database providing signa-
ture gene sets characteristic for the human brain (Uhlén et al., 2015). To further support our conclusions, we
used the cerebral cortex RNA-seq data, from two different human donors (donor 9861 and 10,021), avail-
able in the Allen Brain Atlas (Available from: human.brain-map.org). For each donor, we measured the
TSDs between the corresponding cerebral cortex samples and (i) Brain-Chip and (ii) transwells on days 5
and 7. For both donors, the results clearly indicate that for both days, our Brain-Chips are statistically signif-
icantly closer to human cerebral cortex as compared to transwells (Figure S2). Cumulatively, these findings
demonstrate that the Brain-Chip recapitulates the cortical brain tissue more closely than conventional cell
culture systems such as transwells.

TNF-a-induced neuroinflammation in the Brain-Chip

Neuroinflammation is emerging as a key mechanism in the progress of several infectious and neurodegen-
erative diseases (Guzman-Martinez et al., 2019). While the pathways driving neuroinflammation in response
to infection have been delineated, the exact mechanisms that trigger and sustain the activation of glia (mi-
croglia and astrocytes) and the direct association with the barrier function remain unclear.

To model neuroinflammation in the Brain-Chip, we perfused TNF-a directly in the brain channel at a con-
centration of 100 ng/mL starting on day five of culture (Figures 4A and S3A) for two days. The concentration
of 100 ng/mL TNF-a was chosen based on previous studies, where this concentration stimulated proinflam-
matory factors to be released and compromised the barrier integrity (Peng et al., 2020; Rochfort et al., 2014,
2016; Wei et al., 2022). As the majority of neuroinflammatory responses are elicited by the supportive glial
cells, in particular microglia and astrocytes, the incorporation and evaluation of these cell types in in vitro
assay systems is of particular interest in the pharmaceutical field.

To confirm the advantage of the Brain-Chips containing both microglia and astrocytes, the key cellular me-
diators of neuroinflammatory processes, we compared TNF-a-induced secretion of inflammatory cytokines
in Brain-Chip in the presence or absence of microglia or astrocytes in the brain channel. We found signif-
icantly increased levels of interleukin-1p (IL-1B), interleukin-6 (IL-6), and interferon-gamma (IFNy) in the
effluent of the Brain-Chips containing microglia and astrocytes, following 48 h of exposure to TNF-a
(Figures 4B-4D). Notably, absence of microglia resulted in compromised induction of both IL-1B and
IFNYy, while it prevented any change in IL-6 secretion, in contrast to the high levels of IL-6 detected in
the microglia-containing Brain-Chip (Figures 4B—4D). These findings capture the microglia-dependent in-
flammatory responses to TNF-a in the Brain-Chip, in line with previous studies (Block et al., 2007; Brés et al.,
2020; Haruwaka et al., 2019; Kuno et al., 2005; Merlini et al., 2021).
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(A) Schematic illustration of the induction of neuroinflammation by perfusion of TNF-a through the brain channel.
(B-D) Secreted levels of IL-1B, IL-6, and IFNy in control or TNF-a-treated Brain-Chips including, or not, microglia and/or astrocytes. n = four to five inde-
pendent chips; data are represented as mean + SEM NS: Not Significant, *p < 0.05, **p < 0.01, ****p < 0.0001; statistical analysis with Student's t-test.

(E and F) Representative immunofluorescent staining for microglia (CD68, red), neurons (MAP2, green), astrocytes (GFAP, magenta), and nuclei (DAPI, blue)

in TNF-a-treated or control chips (bar, 100 nm).
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Figure 4. Continued

(G) Quantification of the CD68-positive events/field of view in four randomly selected different areas/chip, n = 3 Brain-Chips; data are represented as
mean + SEM, **p < 0.01 compared to the untreated control group, statistical analysis by Student’s t-test.

(H) Quantification of the number of GFAP-positive and MAP2 events/field of view in n = 4 randomly selected different areas/chip, n = 3 Brain-Chips; data are
represented as mean + SEM, **p < 0.01, compared to the untreated control group; statistical analysis with Student’s t-test.

(1) Immunofluorescence images show an example of the two types of astrocyte morphology in cultures (polygonal shape toward more elongated shape),
after immunostaining with an antibody against GFAP (bar, 100 nm).

(J) Representative immunofluorescent staining for pericytes (NG2, red) in TNF-a-treated or control chips (bar, 100 nm).

(K) Quantification of NG2 fluorescent intensity in n = 5 randomly selected different areas/chip, n = 3 Brain-Chips; data are represented as mean + SEM,
***%p < 0.0001 compared to the untreated control group; statistical analysis with Student's t-test.

(L) Quantification of the number of MAP2 events/field of view in n = 4 randomly selected different areas/chip, n = 3 Brain-Chips; data are represented as
mean + SEM, ****p < 0.0001, compared to the untreated control group; statistical analysis with Student's t-test.

(M) Levels of secreted glutamate in the brain channel on culture day 7 (n = six to seven independent chips. ****p < 0.0001, compared to the untreated group.
Data are represented as mean + SEM, statistical analysis by Student's t-test.

Although microglia cells are the primary source of cytokines, astrocytes do also perpetuate the destructive
environment via secretion of various chemokines and proinflammatory cytokines, including IL-18 and IFNy
(Rothhammer and Quintana, 2015), in line with our findings. Interestingly, TNF-a induced IL-6 secretion
directly from the microglia but not from the astrocytes that required the presence of microglia for induction
of cytokines secretion. Cumulatively, our data suggest the operation of different regulatory mechanisms
and cell-to-cell interactions driving the cytokine responses of glial cells during inflammation. These findings
indicate the potential of the Brain-Chip to critically support the development of specific new therapeutic
approaches for patients.

In line with the increased cytokine release, TNF-a exposure led to activation of microglia and astrocytes, as
depicted by significant increases in CDé8-positive cells or the proportion of GFAP-positive cells, respec-
tively (Figures 4E-4H, S3B, and S3C), recapitulating in vivo findings for glial cells that constitute the first
response to inflammatory and infectious stimuli (Boche et al., 2019; Sun et al., 2008). Astrocytes exposed
to TNF-a displayed a significant change in their morphology, transitioning from a polygonal shape toward
a more elongated (stellate) shape (Figure 41). Furthermore, we detected pericyte activation, in line with the
notion of the importance of NG-2 reactive pericytes in neuroinflammation (Ferrara et al., 2016) (Figures 4J
and 4K), although we did not detect any significant effect on the total nuclei count (Figure S3D). Our studies
revealed no differences in the abundance of Kié7-positive cells between the control and treated groups,
suggestive of TNF-a-induced activation of the existing, astrocytes, rather than generation of new astro-
cytes (Figures S3E and S3F).

In addition, exposure to TNF-a resulted in the loss of neuronal immunoreactivity of the cytoskeletal
microtubule-associated protein (MAP-2) compared to the control, in neurons, suggesting that TNF-a
induced neuronal injury/damage (Figures 4F and 4L), in line with the described neurotoxic effects of in-
flammatory mediators (Neniskyte et al., 2014). Excessive brain TNF-a levels have been associated with
the compromised activity of the glutamate transporters, which results in an increase in glutamate levels.
The secreted glutamate levels in the effluent of the brain channel of the chip in control Brain-Chips re-
mained stable on days 5, 6, and 7 of culture (Figure 1G), while they increased significantly following two
days of exposure to TNF-a (Figure 4M). These data corroborate reports from in vitro and in vivo studies
linking glutamate-induced excitotoxicity to neuroinflammation (Olmos and Llado, 2014; Rossi et al., 2014;
Ye et al., 2013).

Strong experimental evidence has demonstrated the multifaceted effects of TNF-a on the BBB anatomy
and function, via its direct action on the endothelium as well as the downstream effects via induction of
associated proinflammatory factors (Trickler et al., 2005; Zhao et al., 2007). We found that in the Brain-
Chip, the perfusion of the brain channel with TNF-a (100 ng/mL) for two days, ensued loss of the integrity
of the tight junctions, as demonstrated by diffuse ZO-1 staining (Figure 5A). Furthermore, the expression of
intercellular adhesion molecule 1 (ICAM-1), a hallmark of inflammation-promoting adhesion and transmi-
gration of circulating leukocytes across the BBB (Marchetti and Engelhardt, 2020), was also significantly
induced (Figure 5A). Assessment of the barrier function revealed a significant increase in permeability to
3kDa dextran in the TNF-a-treated Brain-Chip, in a time-dependent manner (Figure 5B). Furthermore,
we show that the changes in barrier permeability were only evident in the presence of microglia (Figure 5C),
confirming previous findings on the critical role of this cell in driving BBB dysfunction (Nishioku et al., 2010).
To further support this hypothesis, we used minocycline to inhibit the induction of reactive microglia
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Figure 5. Barrier changes during neuroinflammation
(A) Representative merged image of immunofluorescent staining of intercellular adhesion molecule 1 (ICAM-1, red), tight junction protein 1 (ZO-1, green),

and cell nuclei (DAPI, blue), (bar, 100 nm).
(B) Quantification of barrier permeability to 3 kDa fluorescent dextran, upon 24 and 48 h of treatment with TNF-a; n = three to four independent chips. Data
are expressed as mean + SEM, NS: Not Significant, **p < 0.01, control compared to TNF-a-treated group; statistical analysis by two-way ANOVA followed

by Tukey’s multiple comparisons test.

(C) Assessment of the permeability of the Brain-Chip on culture day 7, in the absence or presence of microglia, astrocytes, or neurons; n = four to eight
independent chips; data are represented as mean + SEM, ****p < 0.0001, NS: Not Significant compared to full model (Brain-Chip), statistical analysis by
one-way ANOVA with Sidak’s multiple comparisons test.

(D) Quantification of barrier apparent permeability to 3 kDa fluorescent dextran, upon 48 h of TNF-a-treated Brain-Chips including minocycline, or not
(control); n = three to five independent chips. Data are represented as mean + SEM, ****p < 0.0001, NS: Not Significant compared to TNF-a-treated group

or minocycline group; statistical analysis by Student’s t-test.

(Ai et al., 2005; Henry et al., 2008). Reportedly, minocycline, as well as other inhibitors (Cho et al., 2015),
reduces the characteristic BBB leakage in rodent models of brain diseases, such as hypoxia, ischemia,
and Alzheimer disease (Ryu and McLarnon, 2006; Yang et al., 2015; Yenari et al., 2006). Our findings add
on our understanding on barrier function in the human Brain-Chip as a result of TNF-a-induced inflamma-
tion, as they also include the response of microglia (Figure 5D).

These results taken together show how the Brain-Chip can be applied to characterize specific changes in
cell-cell interactions underlying the development and progress of neuroinflammation.
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Figure 6. Brain-Chip response to TNF-a perfused through the vascular channel

(A-C) Representative immunofluorescent staining for microglia (CDé8, red), neurons (MAP2, green), astrocytes (GFAP, magenta), nuclei (DAPI, blue), and
pericytes (NG2, red) in TNF-a-treated of control chips (bar, 100 nm).

(D) Quantification of the CDé8-positive events/field of view in n = 4 randomly selected different areas/chip, n = 3 Brain-Chips; data are represented as
mean £ SEM, ****p < 0.0001 compared to the untreated control group, statistical analysis by Student’s t-test.

(E) (Left) Quantification of the number of GFAP-positive events/field of view in n = 4 randomly selected different areas/chip, n = 3 Brain-Chips; data are
represented as mean + SEM, ***p < 0.001 compared to the untreated control group; statistical analysis with Student’s t-test. (Right) Quantification of GFAP
fluorescent intensity in n = 3randomly selected different areas/chip, n = 3 Brain-Chips, ****
analysis with Student’s t-test.

p < 0.0001 compared to the untreated control group, statistical

(F) Quantification of fluorescent intensity of NG2 in, n = 4, randomly selected different areas/chip, n = 3 Brain-Chips; data are represented as mean + SEM,
*kk ok,

p < 0.0001 compared to the untreated control group; statistical analysis with Student's t-test.
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Figure 6. Continued

(G) The nuclei counts based on DAPI staining were similar between the control and treated groups (n = 4 Brain-Chips, data are represented as mean + SEM,
NS: Not Significant compared to the untreated control group). Statistical analysis with Student’s t-test.

(H-J) Secreted levels of the proinflammatory cytokines IL-6, IL-1B, and IFNY, in the brain channel of control or TNF-a-treated Brain-Chips. n = three to four
independent chips, data are represented as mean + SEM, *p < 0.05, P**<0.01, ****p < 0.0001, statistical analysis with Student’s t-test.

(K) Quantification of the number of MAP2 events/field of view in n = 4 randomly selected different areas/chip, n = 3 Brain-Chips, data are expressed as
mean + SEM, NS: Not Significant compared to the untreated control group, statistical analysis with Student's t-test.

(L) Levels of secreted glutamate in the brain channel on culture day 7 (n = 6 independent chips; data are represented as mean + SEM, NS: Not Significant
compared to the untreated control group). Statistical analysis with Student'’s t-test.

(M) Immunofluorescent staining of cell nuclei (DAPI, blue), intercellular adhesion molecule 1 (ICAM-1, red), tight junction protein 1 (ZO-1, green), and a
merged image of all three markers (bar, 100 nm).

(N) Quantitative barrier function analysis via apparent permeability to 3kDa fluorescent dextran, upon 48 h of exposure to TNF-a via the vascular channel. n =
3-4 independent chips, NS = Not Significant, *p < 0.05, control group compared to TNF-a-treated group after 24 and 48 h of treatment; data are
represented as mean + SEM, statistical analysis by two-way ANOVA with Tukey’s multiple comparisons test.

Neuroinflammation in the Brain-Chip induced by vascular exposure to TNF-«

Although pathology locally in the brain is associated with massive production of proinflammatory cytokines
(neuroinflammation), reports show that systemic infections/inflammatory states spreading to the brain
through the vascular system can also induce inflammation in the brain and alter the progression of chronic
neurodegenerative diseases (Perry, 2004). To assess how systemic (through the vascular channel) adminis-
tration of TNF-a affects the cells in the brain channel (Figures 6A and S4A), we first performed
immunostaining for CD68, GFAP, and NG2 two days after vascular administration of TNF-a that revealed
activation of microglia and astrocytes, respectively (Figures 6B—6F), while we did not detect any significant
effect on the total nuclei count (Figure 6G).

Next, we characterized markers indicative of neuroinflammation. We found significantly higher levels of
IFNYy, IL-1B, and IL-6 in the effluent collected from the brain channel, following two days of vascular expo-
sure to TNF-a, compared to the untreated group (Figures 6H-6J). These findings are consistent with
published studies showing that TNF-a crossing through the BBB activates the microglia and induced the
release of proinflammatory cytokines, resulting in further propagation of the inflammatory process in the
brain (Qin et al., 2007; Tangpong et al., 2006). We also found higher levels of IFNy, IL-1B, and IL-6 in the
vascular channel media in the TNF-treated model group compared to the untreated group, all of which
contribute to increase the barrier permeability (Figure S4B). However, no neuronal damage was detect-
able, as per the number of MAP2-positive neurons and the secreted glutamate levels (Figures 6K and
6L). Thus, vascular-mediated challenge of the brain with TNF-a. induces neuroinflammation, although rela-
tively milder compared to that following direct exposure to TNF-a, administrated through the brain
channel.

Immunofluorescence analysis showed significantly attenuated expression of the tight junction protein ZO-1
and increased expression of ICAM-1 in the TNF-a-treated chips compared to the control chips (Figure 6M).
Furthermore, the barrier permeability to 3kDa dextran was significantly increased in the TNF-a-treated
chips (Figure 6N). Overall, these findings were similar to those described in detail above, in the neuroin-
flammation model above (Figures 5A-5C).

Brain barriers are uniquely positioned to communicate signals between the CNS and peripheral organs.
The BBB cells (endothelial cells, pericytes, and astrocytes) respond to signals originating from either
side by changes in permeability, transport, and secretory functions (Cunningham et al., 2009; Erickson
and Banks, 2018; Verma et al., 2006). It has been previously shown that TNF-a crosses the intact BBB by
a receptor-mediated transport system, upregulated by CNS trauma and inflammation (Gutierrez et al.,
1993, Pan and Kastin, 2002; Pan et al., 2003a). Free traffic of radioactively labeled TNF-a. from blood to brain
and cerebrospinal fluid (CSF) has been shown in mice (Gutierrez et al., 1993; Pan et al., 1997), as well as in
monolayers of cultured cerebral microvessel endothelial cells (Pan et al., 2003b). We measured the levels of
TNF-a in effluent from both the brain and vascular channels (Figure S4C) and identified significantly lower
basal levels in the former (control condition). Our results confirm that TNF-a can cross through the
intact barrier in either direction, i.e., brain or vascular. Also, barrier disruption resulted in significantly
increased TNF-a levels from the vascular compartment into the brain compartment and vice versa
(Figures 7A and 7B).
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Figure 7. Impact of inflammation on barrier transport systems
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(A and B) The transport of TNF-a from the brain to vascular or vice versa was shown by assessment of the levels of TNF-a secreted in the vascular or brain
channel of control (basal levels) or TNF-a. dosed chips either through the brain (brain to vascular) or the vascular channel (vascular to brain), n = 6
independent chips, data are represented as mean + SEM, P*<0.05, P**<0.01, ****p < 0.0001, statistical analysis by two-way ANOVA with Tukey's multiple

comparisons test.

(C) Representative immunofluorescence images of GLUT-1 transporter (red) expression and DAPI (blue), in the endothelial cells of the vascular channel of the
Brain-Chip upon challenge with TNF-a. through the brain or the vascular channels. Vehicle-treated chips serve as control (bar, 100 nm).

(D) Quantification of the GLUT-1-fluorescence intensity/field of view in four randomly selected different areas/chip, n = 4 Brain-Chips; data are represented
as mean *+ SEM, ****p < 0.0001 compared to the untreated control group, statistical analysis by two-way ANOVA with Tukey’s multiple comparisons test.

Still, a knowledge gap remains in our in-depth understanding of the interplay between gain/loss of function
of drug transporters and their role in the development of neurological diseases, whether changes in trans-
porter expression are a cause or consequence of these diseases. Glucose transporter-1, GLUT-1, is the ma-
jor cerebral glucose transporter, and is expressed at particularly high levels in endothelial cells that line the
brain capillaries. Although decreases in GLUT-1 expression is a well-accepted biomarker for degenerative
and inflammatory brain diseases, how it is associated with their pathogenesis remains elusive. To this pur-
pose, we measured the GLUT-1 expression in both TNF-a treatment conditions (brain or vascular side
dosing) compared to the control group. Analysis of immunofluorescence images showed substantial
decrease in GLUT-1 expression upon TNF-a treatment as compared to the control group (Figures 7C
and 7D), showing the sensitivity of the Brain-Chip to capture the direct effect of TNF-a. on GLUT-1 trans-
porter. Although there are differences associated with the specific route of administration of TNF-a in
the inflammation-induced mechanisms, exposure through the brain or the vascular channel represents
relevant in vivo conditions. All the above taken together, suggest that the Brain-Chip may advance our un-
derstanding on the molecular mechanisms underlying function of BBB transporters in basal and disease
states.
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DISCUSSION

In the present study, we designed a microfluidic model, a human Brain-Chip, that recreates several func-
tional features of the neurovascular unit. Cortical neurons, astrocytes, microglia, and pericytes compose
the parenchymal basement membrane (brain side) whereas astrocytic end feed embracing the abluminal
aspect of the brain microvessels (vascular side). Astrocytes and microglia were maintained in a resting state
in coordination with low levels of cytokine secretion. The endothelial-like monolayer within the human
Brain-Chip sustained the expression of tight junction proteins and showed low barrier permeability levels
for seven days in culture, similar to those reported for the human brain in vivo (Shi et al., 2014; Yuan et al.,
2009), for seven days in culture.

By leveraging next-generation sequencing data and information retrieved from well-curated databases
providing signature gene sets characteristic for the human cortex, we were able to show that the Brain-
Chip exhibits higher transcriptomic similarity to the adult cortical tissue than the transwells, both models
with the same cellular composition. These data complement previous reports on the advantages of the mi-
crofluidic organ-chip systems to provide a better tissue-relevant microenvironment compared to other
commonly used conventional culture systems (Pediaditakis et al., 2021; Sances et al., 2018). Most impor-
tantly, our findings demonstrate the closeness of the Brain-Chip to the adult human cortex tissue and
the cells’ maturation state after seven days in culture.

Neuroinflammation emerges as an essential process in the pathogenesis of neurodegenerative diseases.
Several studies have shown direct effects of the activated microglia, astrocytes, and pericytes and the
secreted cytokines in the brain and BBB functions (Biswas et al., 2020; Freitas-Andrade et al., 2020; Horng
etal.,, 2017; Liebner et al., 2018; Sofroniew, 2015; Sweeney et al., 2019). TNF-a, a key mediator of inflamma-
tion, impairs neuronal function, suppresses long-term hippocampal potentiation (LTP), a mechanism
essential for memory storage and consolidation (Cunningham et al., 1996), and affects synaptic transmis-
sion (Singh et al., 2019). Furthermore, TNF-a. levels have been found markedly elevated in the brains of pa-
tients with Alzheimer disease (Heneka and O'Banion, 2007), indicative of the active inflammatory process in
the disease. It has been proposed that systemic inflammation exacerbates neuroinflammation and neuro-
degeneration via circulating proinflammatory factors such as TNF-a, crossing the BBB via active transport
(Osburg et al., 2002; Pan and Kastin, 2007; Perry et al., 2007) or through the compromised barrier (Franzén
et al., 2003; Trickler et al., 2005). Despite the increasing experimental and clinical evidence on the connec-
tion between neuroinflammation, neurodegeneration, and, ultimately, neuronal death, the development
of effective therapeutic targets is still slow. A major factor contributing to the latter is that there is still
lack of specific models for the onset and progress of human brain diseases. Most of the existing in vitro
BBB models do not incorporate neurons and glia in the BBB cell systems, resulting in incomplete modeling
of the inflammatory responses.

In the present study, we characterized the Brain-Chip responses upon exposure to TNF-a. via two distinct
routes, either directly through the brain channel or via the vascular channel, where TNF-a reaches the brain
cells by crossing through the barrier either actively or paracellularly. We show that the brain’s exposure to
TNF-a, either directly or through the BBB, results in activation of microglia and astrocytes, secretion of cy-
tokines, and neuronal damage. As expected, exposure to TNF-a induced significant changes in tight junc-
tion formation that compromised the barrier permeability and induced adhesion molecules such as
ICAM-1, which propagated the inflammatory response by facilitating the recruitment of the immune cells
to the brain (Marchetti and Engelhardt, 2020). We expect that future studies set to characterize the precise
sequence of events following exposure to systemic- or tissue-induced inflammatory injury might provide
important, targetable hints for critical cell-driven mechanisms in neuroinflammation.

The comprehensive Brain-Chip model presented here can enhance our current capability to interrogate
both brain barrier dysfunction and neuron-glia interactions underlying the onset and progress of neuroin-
flammation, for the benefit of human patients.

LIMITATIONS OF THE STUDY

In its current configuration, the Brain-Chip is composed of five different cell types that originate from
different human donors, which is less optimal for disease modeling studies. However, establishing a sin-
gle-donor iPSC-derived model requires robust and reliable differentiation protocols for each cell type in
the model. Although there has been tremendous progress in the development of protocols for
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differentiating human iPSCs into specific brain cell types, the functionality of each of these cells in complex
in vitro models remains to be shown and was beyond the scope of the current investigation. Furthermore,
while we suggest our Brain-Chip can establish an intact barrier based on permeability assays and tight junc-
tion markers expression, the exact identity of iPSC-derived brain endothelial cells has been questioned (Lu
et al.,, 2021), and we, therefore, refer to these cells as endothelial-like cells. TEER is an in vitro measure of
electrical resistance across a cell layer and is considered a sensitive measure of barrier integrity, but the
current Brain-Chip design does not support these measurements. As an alternative, we measured Papp
and demonstrated that it is a relevant surrogate to TEER as well as having a corollary in the clinic, enabling
an in vivo comparison of barrier integrity, which is not possible with TEER measurements. Of note, while
several relatively easy electrode integrations into the fluid inlet/outlets have been developed (Azizgolshani
et al., 2021), they can only measure the ionic flow in areas near the fluid ports. This creates a compromised
assessment because it is not an exact representation of the extended surface of the chip (Odijk et al., 2015).
Furthermore, comparing TEER values from different systems is challenging as these measurements
depend on the electrode and chip geometries, temperature, and the electronic specifications employed
for the acquisitions. All the above may underlie the very limited information regarding the correlation of
TEER measurements, detecting the aggregate electrical behavior of endothelium, with the transport dy-
namics of specific molecules. Another potential caveat of the current model is the lack of peripheral im-
mune cells, an important cellular component of neuroinflammation. By leveraging the perfusion capacity
of this platform, it has recently been reported that a487 T cells were recruited into the epithelial channel
of a Colon Intestine-Chip in an organ- and inflammation-specific manner (L.E., unpublished data, 2022
(Reference for the unpublished data presented at AAI Portland, OR, 2022. Abstract: https://www.
immunology2022.org/session/exhibitor-workshop-emulate-2/.  Modeling Inflammatory Immune Cell
Recruitment and Response on Human Colon Intestine-Chip. Marianne Kanellias, Dennis Ramos, Kairav Ma-
niar, John Sauld, Carolina Lucchesi, Gauri Kulkarni, Athanasia Apostolou, Ville J. Kujala, Lorna Ewart, &
Christopher V. Carman)) providing confidence that a future investigation can be designed to model
neuron-immune cell interactions as well as recruitment of disease-relevant immune cell subsets into the
brain-side of the chip.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Cell culture
O Differentiation of iPSCs into brain microvascular endothelial-like cells
o METHOD DETAILS
O Brain-Chip microfabrication and Zoé® culture module
O Human Brain-Chip model
O Brain transwell model
O Morphological analysis of the Brain-Chip
O Flow Cytometry
O Visualization of transferrin receptor internalization
O Scanning electron microscopy
O Permeability assays
O TNF-a treatment
O Western blot analysis
O ELISA analysis
O RNA isolation and sequencing
O RNA sequencing bioinformatics
O GO term enrichment analysis
O RNA-seq samples for human brain cortex
O Transcriptomic signature distance (TSD) computation
o QUANTIFICATION AND STATISTICAL ANALYSIS

¢? CellPress

OPEN ACCESS

iScience 25, 104813, August 19, 2022 15



https://www.immunology2022.org/session/exhibitor-workshop-emulate-2/
https://www.immunology2022.org/session/exhibitor-workshop-emulate-2/

¢? CellPress

OPEN ACCESS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2022.104813.

ACKNOWLEDGMENTS

We would like to thank Dr. Athanasia Apostolou for providing technical assistance with the scanning elec-
tron microscope. This work was supported by the National Institute of Health, National Center for
Advancing Translational Sciences (UG3TR002188; to C.D.H. and K.K.). The content is solely the responsibil-
ity of the authors and does not necessarily represent the official views of the National Institutes of Health.
We also thank Brett Clair for scientific illustrations.

AUTHOR CONTRIBUTIONS

|.P. developed the Brain-Chip model, designed and performed experiments, collected and analyzed data,
and wrote the paper. K.R.K. contributed to the Brain-Chip model development, performed experiments,
collected data, and contributed to the writing of the paper. D.V.M. processed and analyzed the transcrip-
tomic data, incorporated the associated data in the manuscript, and contributed to the writing of the pa-
per. C.Y.L, S.B., and A.S. helped perform experiments. E.5.M. was involved in the bioinformatic analysis
and contributed to the writing of the paper. A.G., L.E., and L.L.R provided critical feedback and reviewed
the manuscript. C.D.H. provided insightful input on the engineering aspects of the project. K.K. supervised
the project, contributed to the Brain-Chip model development, and wrote the paper.

DECLARATION OF INTERESTS

Patents covering all the main aspects of the use of human Brain-Chip as a model to study neuroinflamma-
tion have been filed by Emulate, Inc. (application numbers: US16/712,439 and PCT/US2020/056,245). The
applications are currently pending. I.P., KR.K,, D.V.M.,C.Y.L.,S.B.,AS., L.E.,, C.D.H.,and KK. are current or
former employees of Emulate, Inc and may hold equity interests in Emulate, Inc. All other authors declare

iScience

no competing interests.

Received: April 4, 2022
Revised: June 10, 2022
Accepted: July 18, 2022
Published: August 19, 2022

REFERENCES

Abbott, N.J., Rénnbéck, L., and Hansson, E.
(2006). Astrocyte-endothelial interactions at the
blood-brain barrier. Nat. Rev. Neurosci. 7, 41-53.
https://doi.org/10.1038/nrn1824.

Ahn, S.I., Sei, Y.J., Park, H.J., Kim, J., Ryu, Y., Choi,
J.J., Sung, H.J., MacDonald, T.J., Levey, A.l., and
Kim, Y. (2020). Microengineered human blood-
brain barrier platform for understanding
nanoparticle transport mechanisms. Nat.
Commun. 11, 175.

Wang, A.L., Yu, ACH,, Lau, LT, Lee, C., Wu,
L.M., Zhu, X., and Tso, M.O.M. (2005).
Minocycline inhibits LPS-induced retinal
microglia activation. Neurochem. Int. 47,
152-158. https://doi.org/10.1016/j.neuint.2005.
04.018.

Alvarez, J.I., Katayama, T., and Prat, A. (2013).
Glial influence on the blood brain barrier. Glia 67,
1939-1958. https://doi.org/10.1002/glia.22575.

Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D.,
Butler, H., Cherry, J.M., Davis, A.P., Dolinski, K.,
Dwight, S.S., Eppig, J.T., et al. (2000). Gene
ontology: Tool for the unification of biology. Nat.
Genet. 25, 25-29.

16 iScience 25, 104813, August 19, 2022

Azizgolshani, H., Coppeta, J.R., Vedula, EM.,
Marr, E.E., Cain, B.P., Luu, R.J., Lech, M.P., Kann,
S.H., Mulhern, T.J., Tandon, V., et al. (2021). High-
throughput organ-on-chip platform with
integrated programmable fluid flow and real-
time sensing for complex tissue models in drug
development workflows. Lab Chip 21, 1454-1474.
https://doi.org/10.1039/d11c00067e.

von Bartheld, C.S., Bahney, J., and Herculano-
Houzel, S. (2016). The search for true numbers of
neurons and glial cells in the human brain: a
review of 150 years of cell counting. J. Comp.
Neurol. 524, 3865-3895. https://doi.org/10.1002/
cne.24040.

Biswas, S., Cottarelli, A., and Agalliu, D. (2020).
Neuronal and glial regulation of CNS
angiogenesis and barriergenesis. Development
147, dev182279.

Block, M.L., Zecca, L., and Hong, J.S. (2007).
Microglia-mediated neurotoxicity: uncovering
the molecular mechanisms. Nat. Rev. Neurosci. 8,
57-69.

Boche, D., Gerhard, A., and Rodriguez-Vieitez, E.;
MINC Faculty (2019). Prospects and challenges of
imaging neuroinflammation beyond TSPO in
Alzheimer's disease. Eur. J. Nucl. Med. Mol.

Imaging 46, 2831-2847. https://doi.org/10.1007/
500259-019-04462-w.

Bolger, A.M., Lohse, M., and Usadel, B. (2014).
Trimmomatic: a flexible trimmer for lllumina
sequence data. Bioinformatics 30, 2114-2120.
https://doi.org/10.1093/BIOINFORMATICS/
BTU170.

Bose, R., Banerjee, S., and Dunbar, G.L. (2021).
Modeling neurological disorders in 3D organoids
using human-derived pluripotent stem cells.
Front. Cell Dev. Biol. 9. https://doi.org/10.3389/
fcell.2021.640212.

Brés, J.P., Bravo, J., Freitas, J., Barbosa, M.A,,
Santos, S.G., Summavielle, T., and Almeida, M.1.
(2020). TNF-alpha-induced microglia activation
requires miR-342: impact on NF-kB signaling and
neurotoxicity. Cell Death Dis. 11, 415.

Carroll, W.M. (2019). The global burden of
neurological disorders. Lancet. Neurol. 18,
418-419. https://doi.org/10.1016/S1474-4422(19)
30029-8.

Cassotta, M., Geerts, H., Harbom, L., Outeiro,
T.F., Pediaditakis, I., Reiner, O., Schildknecht, S.,
Schwamborn, J.C., Bailey, J., Herrmann, K., et al.
(2022). The future of Parkinson'’s disease


https://doi.org/10.1016/j.isci.2022.104813
https://doi.org/10.1038/nrn1824
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref2
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref2
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref2
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref2
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref2
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref2
https://doi.org/10.1016/j.neuint.2005.04.018
https://doi.org/10.1016/j.neuint.2005.04.018
https://doi.org/10.1002/glia.22575
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref5
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref5
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref5
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref5
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref5
https://doi.org/10.1039/d1lc00067e
https://doi.org/10.1002/cne.24040
https://doi.org/10.1002/cne.24040
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref8
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref8
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref8
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref8
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref9
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref9
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref9
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref9
https://doi.org/10.1007/s00259-019-04462-w
https://doi.org/10.1007/s00259-019-04462-w
https://doi.org/10.1093/BIOINFORMATICS/BTU170
https://doi.org/10.1093/BIOINFORMATICS/BTU170
https://doi.org/10.3389/fcell.2021.640212
https://doi.org/10.3389/fcell.2021.640212
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref13
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref13
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref13
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref13
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref13
https://doi.org/10.1016/S1474-4422(19)30029-8
https://doi.org/10.1016/S1474-4422(19)30029-8

iScience

research: a new paradigm of human-specific
investigation is necessary... and possible. ALTEX.
https://doi.org/10.14573/ALTEX.2203161.

Cereda, C., Baiocchi, C., Bongioanni, P., Cova, E.,
Guareschi, S., Metelli, M.R., Rossi, B., Sbalsi, I.,
Cuccia, M.C., and Ceroni, M. (2008). TNF and
sTNFR1/2 plasma levels in ALS patients.

J. Neuroimmunol. 194, 123-131. https://doi.org/
10.1016/j.jneuroim.2007.10.028.

Cheng, Y., Desse, S., Martinez, A., Worthen, R.J.,
Jope, R.S., and Beurel, E. (2018). TNFa. disrupts
blood brain barrier integrity to maintain
prolonged depressive-like behavior in mice. Brain
Behav. Immun. 69, 556-567. https://doi.org/10.
1016/}.bbi.2018.02.003.

Cho, H., Seo, J.H., Wong, KH.K., Terasaki, Y.,
Park, J., Bong, K., Arai, K., Lo, E.H., and Irimia, D.
(2015). Three-dimensional blood-brain barrier
model for in vitro studies of neurovascular
pathology. Sci. Rep. 5, 15222.

Cooper, J.A. (2013). Mechanisms of cell migration
in the nervous system. J. Cell Biol. 202, 725-734.
https://doi.org/10.1083/jcb.201305021.

Crotti, A., and Ransohoff, R.M. (2016). Microglial
physiology and pathophysiology: insights from
genome-wide Transcriptional profiling. Immunity
44, 505-515. https://doi.org/10.1016/j.immuni.
2016.02.013.

Cucullo, L., Hossain, M., Puvenna, V., Marchi, N,
and Janigro, D. (2011). The role of shear stress in
Blood-Brain Barrier endothelial physiology. BMC
Neurosci. 12, 40.

Cunningham, AJ., Murray, C.A., O'Neill, LA.,
Lynch, M.A., and O'Connor, J.J. (1996).
Interleukin-1p (IL-1B) and tumour necrosis factor
(TNF) inhibit long-term potentiation in the rat
dentate gyrus in vitro. Neurosci. Lett. 203, 17-20.
https://doi.org/10.1016/0304-3940(95)12252-4.

Cunningham, C., Campion, S., Lunnon, K.,
Murray, C.L., Woods, J.F.C., Deacon, RM.J.,
Rawlins, J.N.P., and Perry, V.H. (2009). Systemic
inflammation induces acute behavioral and
cognitive changes and accelerates
neurodegenerative disease. Biol. Psychiatry 65,
304-312. https://doi.org/10.1016/j.biopsych.
2008.07.024.

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow,
J., Zaleski, C., Jha, S., Batut, P., Chaisson, M., and
Gingeras, T.R. (2013). Sequence analysis STAR:
ultrafast universal RNA-seq aligner.
Bioinformatics 29, 15-21. https://doi.org/10.
1093/bioinformatics/btsé35.

Dolmetsch, R., and Geschwind, D.H. (2011). The
human brain in a dish: the promise of iPSC-
derived neurons. Cell 145, 831-834. https://doi.
org/10.1016/j.cell.2011.05.034.

Erickson, M.A., and Banks, W.A. (2018).
Neuroimmune axes of the blood-brain barriers
and blood-brain interfaces: bases for
physiological regulation, disease states, and
pharmacological interventions. Pharmacol. Rev.
70, 278-314. https://doi.org/10.1124/pr.117.
014647.

Ferrara, G., Errede, M., Girolamo, F., Morando,
S., lvaldi, F., Panini, N., Bendotti, C., Perris, R.,
Furlan, R., Virgintino, D., et al. (2016). NG2, a
common denominator for neuroinflammation,

blood-brain barrier alteration, and
oligodendrocyte precursor response in EAE,
plays a role in dendritic cell activation. Acta
Neuropathol. 132, 23-42. https://doi.org/10.
1007/s00401-016-1563-z.

Ferrer-Ferrer, M., and Dityatev, A. (2018). Shaping
synapses by the neural extracellular matrix. Front.
Neuroanat. 12, 40.

Franzén, B., Duvefelt, K., Jonsson, C., Engelhardt,
B., Ottervald, J., Wickman, M., Yang, Y., and
Schuppe-Koistinen, I. (2003). Gene and protein
expression profiling of human cerebral
endothelial cells activated with tumor necrosis
factor-a.. Molecular Brain Research 115, 130-146.
https://doi.org/10.1016/50169-328X(03)00185-2.

Freitas-Andrade, M., Raman-Nair, J., and
Lacoste, B. (2020). Structural and functional
remodeling of the brain vasculature following
stroke. Front. Physiol 11, 10.

Frugier, T., Morganti-Kossmann, M.C., O'Reilly,
D., and McLean, C.A. (2010). In situ detection of
inflammatory mediators in post mortem human
brain tissue after traumatic injury. J. Neurotrauma
27, 497-507.

Gonzélez, H., Elgueta, D., Montoya, A., and
Pacheco, R. (2014). Neuroimmune regulation of
microglial activity involved in neuroinflammation
and neurodegenerative diseases.

J. Neuroimmunol. 274, 1-13. https://doi.org/10.
1016/j.jneuroim.2014.07.012.

Gutierrez, E.G., Banks, W.A., and Kastin, A.J.
(1993). Murine tumor necrosis factor alpha is
transported from blood to brain in the mouse.
J. Neuroimmunol. 47, 169-176. https://doi.org/
10.1016/0165-5728(93)90027-V.

Guzman-Martinez, L., Maccioni, R.B., Andrade,
V., Navarrete, L.P., Pastor, M.G., and Ramos-
Escobar, N. (2019). Neuroinflammation as a
common feature of neurodegenerative disorders.
Front. Pharmacol. 10, 1008.

Haruwaka, K., lkegami, A., Tachibana, Y., Ohno,
N., Konishi, H., Hashimoto, A., Matsumoto, M.,
Kato, D., Ono, R., Kiyama, H., et al. (2019). Dual
microglia effects on blood brain barrier
permeability induced by systemic inflammation.
Nat. Commun. 10, 5816.

Heneka, M.T., and O’'Banion, M.K. (2007).
Inflammatory processes in Alzheimer's disease.
J. Neuroimmunol. 184, 69-91. https://doi.org/10.
1016/j.jneuroim.2006.11.017.

Henry, C.J., Huang, Y., Wynne, A., Hanke, M.,
Himler, J., Bailey, M.T., Sheridan, J.F., and
Godbout, J.P. (2008). Minocycline attenuates
lipopolysaccharide (LPS)-induced
neuroinflammation, sickness behavior, and
anhedonia. J. Neuroinflammation 5, 15.

Hesari, Z., Soleimani, M., Atyabi, F., Sharifdini, M.,
Nadri, S., Warkiani, M.E., Zare, M., and
Dinarvand, R. (2016). A hybrid microfluidic system
for regulation of neural differentiation in induced
pluripotent stem cells. J. Biomed. Mater. Res. A
104, 1534-1543. https://doi.org/10.1002/jbom.a.
35689.

Horng, S., Therattil, A., Moyon, S., Gordon, A.,
Kim, K., Argaw, A.T., Hara, Y., Mariani, J.N.,
Sawai, S., Flodby, P., et al. (2017). Astrocytic tight
junctions control inflammatory CNS lesion

¢? CellPress

OPEN ACCESS

pathogenesis. J. Clin. Invest. 127, 3136-3151.
https://doi.org/10.1172/JCI91301.

Huh, D., Kim, H.J., Fraser, J.P., Shea, D.E., Khan,
M., Bahinski, A., Hamilton, G.A., and Ingber, D.E.
(2013). Microfabrication of human organs-on-
chips. Nat. Protoc. 8, 2135-2157. https://doi.org/
10.1038/nprot.2013.137.

Ingber, D.E. (2022). Human organs-on-chips for
disease modelling, drug development and
personalized medicine. Nat. Rev. Genet. https://
doi.org/10.1038/541576-022-00466-9.

Jiang, H., Hampel, H., Prvulovic, D., Wallin, A.,
Blennow, K., Li, R., and Shen, Y. (2011). Elevated
CSF levels of TACE activity and soluble TNF
receptors in subjects with mild cognitive
impairment and patients with Alzheimer’s
disease. Mol. Neurodegener. 6, 69.

Jones, AR, and Shusta, E.V. (2007). Blood-brain
barrier transport of therapeutics via receptor-
mediation. Pharm. Res. 24, 1759-1771. https://
doi.org/10.1007/511095-007-9379-0.

Keaney, J., and Campbell, M. (2015). The dynamic
blood-brain barrier. FEBS J 282, 4067-4079.
https://doi.org/10.1111/febs.13412.

Kim, Y.S., and Joh, T.H. (2006). Microglia, major
player in the brain inflammation: their roles in the
pathogenesis of Parkinson’s disease. Exp. Mol.
Med. 38, 333-347. https://doi.org/10.1038/emm.
2006.40.

Kouchaki, E., Kakhaki, R.D., Tamtaji, O.R.,
Dadgostar, E., Behnam, M., Nikoueinejad, H.,
and Akbari, H. (2018). Increased serum levels of
TNF-a and decreased serum levels of IL-27 in
patients with Parkinson disease and their
correlation with disease severity. Clin. Neurol.
Neurosurg. 166, 76-79. https://doi.org/10.1016/).
clineuro.2018.01.022.

Kuno, R., Wang, J., Kawanokuchi, J., Takeuchi, H.,
Mizuno, T., and Suzumura, A. (2005). Autocrine
activation of microglia by tumor necrosis factor-a.
J. Neuroimmunol. 162, 89-96. https://doi.org/10.
1016/j.jneuroim.2005.01.015.

Lam, D., Enright, H.A., Cadena, J., Peters, S.K.G.,
Sales, A.P., Osburn, J.J., Soscia, D.A., Kulp, K.S.,
Wheeler, E.K., and Fischer, N.O. (2019). Tissue-
specific extracellular matrix accelerates the
formation of neural networks and communities in
a neuron-glia co-culture on a multi-electrode
array. Sci. Rep. 9, 4159.

Lau, L.T., and Yu, A.C. (2001). Astrocytes produce
and release interleukin-1, interleukin-6, tumor
necrosis factor alpha and interferon-gamma
following traumatic and metabolic injury.

J. Neurotrauma 18, 351-359. https://doi.org/10.
1089/08977150151071035.

Liddelow, S.A., and Barres, B.A. (2017). Reactive
astrocytes: production, function, and therapeutic
potential. Immunity 46, 957-967. https://doi.org/
10.1016/j.immuni.2017.06.006.

Liddelow, S.A., Guttenplan, KA., Clarke, L.E.,
Bennett, F.C., Bohlen, C.J., Schirmer, L., Bennett,
M.L., Miinch, A.E., Chung, W.S., Peterson, T.C.,
et al. (2017). Neurotoxic reactive astrocytes are
induced by activated microglia. Nature 541,
481-487. https://doi.org/10.1038/nature21029.

iScience 25, 104813, August 19, 2022 17



https://doi.org/10.14573/ALTEX.2203161
https://doi.org/10.1016/j.jneuroim.2007.10.028
https://doi.org/10.1016/j.jneuroim.2007.10.028
https://doi.org/10.1016/j.bbi.2018.02.003
https://doi.org/10.1016/j.bbi.2018.02.003
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref18
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref18
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref18
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref18
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref18
https://doi.org/10.1083/jcb.201305021
https://doi.org/10.1016/j.immuni.2016.02.013
https://doi.org/10.1016/j.immuni.2016.02.013
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref21
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref21
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref21
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref21
https://doi.org/10.1016/0304-3940(95)12252-4
https://doi.org/10.1016/j.biopsych.2008.07.024
https://doi.org/10.1016/j.biopsych.2008.07.024
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1016/j.cell.2011.05.034
https://doi.org/10.1016/j.cell.2011.05.034
https://doi.org/10.1124/pr.117.014647
https://doi.org/10.1124/pr.117.014647
https://doi.org/10.1007/s00401-016-1563-z
https://doi.org/10.1007/s00401-016-1563-z
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref28
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref28
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref28
https://doi.org/10.1016/S0169-328X(03)00185-2
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref30
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref30
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref30
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref30
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref31
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref31
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref31
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref31
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref31
https://doi.org/10.1016/j.jneuroim.2014.07.012
https://doi.org/10.1016/j.jneuroim.2014.07.012
https://doi.org/10.1016/0165-5728(93)90027-V
https://doi.org/10.1016/0165-5728(93)90027-V
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref34
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref34
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref34
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref34
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref34
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref35
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref35
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref35
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref35
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref35
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref35
https://doi.org/10.1016/j.jneuroim.2006.11.017
https://doi.org/10.1016/j.jneuroim.2006.11.017
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref37
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref37
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref37
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref37
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref37
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref37
https://doi.org/10.1002/jbm.a.35689
https://doi.org/10.1002/jbm.a.35689
https://doi.org/10.1172/JCI91301
https://doi.org/10.1038/nprot.2013.137
https://doi.org/10.1038/nprot.2013.137
https://doi.org/10.1038/S41576-022-00466-9
https://doi.org/10.1038/S41576-022-00466-9
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref42
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref42
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref42
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref42
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref42
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref42
https://doi.org/10.1007/s11095-007-9379-0
https://doi.org/10.1007/s11095-007-9379-0
https://doi.org/10.1111/febs.13412
https://doi.org/10.1038/emm.2006.40
https://doi.org/10.1038/emm.2006.40
https://doi.org/10.1016/j.clineuro.2018.01.022
https://doi.org/10.1016/j.clineuro.2018.01.022
https://doi.org/10.1016/j.jneuroim.2005.01.015
https://doi.org/10.1016/j.jneuroim.2005.01.015
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref48
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref48
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref48
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref48
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref48
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref48
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref48
https://doi.org/10.1089/08977150151071035
https://doi.org/10.1089/08977150151071035
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1038/nature21029

¢? CellPress

OPEN ACCESS

Liebner, S., Dijkhuizen, R.M., Reiss, Y., Plate, K.H.,
Agalliu, D., and Constantin, G. (2018). Functional
morphology of the blood-brain barrier in health
and disease. Acta Neuropathol. 135, 311-336.
https://doi.org/10.1007/s00401-018-1815-1.

Linnerbauer, M., Wheeler, M.A., and Quintana,
F.J. (2020). Astrocyte crosstalk in CNS
inflammation. Neuron 108, 608-622. https://doi.
org/10.1016/j.neuron.2020.08.012.

Lonsdale, J., Thomas, J., Salvatore, M., Phillips,
R., Lo, E., Shad, S., Hasz, R., Walters, G., Garcia,
F., Young, N., et al. (2013). The genotype-tissue
expression (GTEx) project. Nat. Genet. 45,
580-585. https://doi.org/10.1038/ng.2653.

Love, M.I., Huber, W., and Anders, S. (2014).
Moderated estimation of fold change and
dispersion for RNA-seq data with DESeg?2.
Genome Biol. 15, 550.

Lu, T.M., Houghton, S., Magdeldin, T., Gabriel, J.,
Durén, B., Minotti, A.P., Snead, A., Sproul, A.,
Nguyen, D.-H.T., Xiang, J., et al. (2021).
Pluripotent stem cell-derived epithelium
misidentified as brain microvascular endothelium
requires ETS factors to acquire vascular fate. Proc.
Natl. Acad. Sci. USA 118. €2016950118. https://
doi.org/10.1073/pnas.2016950118.

Manatakis, D.V., VanDevender, A., and
Manolakos, E.S. (2020). An information-theoretic
approach for measuring the distance of organ
tissue samples using their transcriptomic
signatures. Bioinformatics 36, 5194-5204. https://
doi.org/10.1093/bioinformatics/btaab54.

Maoz, B.M., Herland, A., Fitzgerald, E.A.,
Grevesse, T., Vidoudez, C., Pacheco, AR.,
Sheehy, S.P., Park, T.E., Dauth, S., Mannix, R.,

et al. (2018). A linked organ-on-chip model of the
human neurovascular unit reveals the metabolic
coupling of endothelial and neuronal cells. Nat.
Nat. Biotechnol. 36, 865-874. https://doi.org/10.
1038/nbt.4226.

Marchetti, L., and Engelhardt, B. (2020). Immune
cell trafficking across the blood-brain barrier in
the absence and presence of neuroinflammation.
Vasc. Biol. Vasc. Biol. 2, H1-H18. https://doi.org/
10.1530/vb-19-0033.

McConnell, H.L., Kersch, C.N., Woltjer, R.L., and
Neuwelt, E.A. (2017). The translational
significance of the neurovascular unit. J. Biol.
Chem. 292, 762-770. https://doi.org/10.1074/jbc.
R116.760215.

Merlini, M., Rafalski, V.A., Ma, K., Kim, K.Y.,
Bushong, E.A., Rios Coronado, P.E., Yan, Z.,
Mendiola, A.S., Sozmen, E.G., Ryu, J.K,, et al.
(2021). Microglial Gi-dependent dynamics
regulate brain network hyperexcitability. Nat.
Neurosci. 24, 19-23. https://doi.org/10.1038/
541593-020-00756-7.

Mi, H., Muruganujan, A., Casagrande, J.T., and
Thomas, P.D. (2013). Large-scale gene function
analysis with the panther classification system.
Nat. Protoc. 8, 1551-1566. https://doi.org/10.
1038/nprot.2013.092.

Minghetti, L. (2005). Role of inflammation in
neurodegenerative diseases. Curr. Opin. Neurol.
13, 3391-3396. https://doi.org/10.1097/01.wco.
0000169752.54191.97.

18 iScience 25, 104813, August 19, 2022

Neniskyte, U., Vilalta, A., and Brown, G.C. (2014).
Tumour necrosis factor alpha-induced neuronal
loss is mediated by microglial phagocytosis.
FEBS Lett. 588, 2952-2956. https://doi.org/10.
1016/j.febslet.2014.05.046.

Nishioku, T., Matsumoto, J., Dohgu, S., Sumi, N.,
Miyao, K., Takata, F., Shuto, H., Yamauchi, A., and
Kataoka, Y. (2010). Tumor necrosis factor-o
mediates the blood-brain barrier dysfunction
induced by activated microglia in mouse brain
microvascular endothelial cells. J. Pharmacol. Sci.
112, 251-254. https://doi.org/10.1254/jphs.
09292SC.

Obermeier, B., Daneman, R., and Ransohoff, R.M.
(2013). Development, maintenance and

disruption of the blood-brain barrier. Nat. Med.
19, 1584-1596. https://doi.org/10.1038/nm.3407.

Oddo, A., Peng, B., Tong, Z., Wei, Y., Tong, W.Y.,
Thissen, H., and Voelcker, N.H. (2019). Advances
in Microfluidic Blood-Brain Barrier (BBB) Models.
Trends Biotechnol. 37, 1295-1314. https://doi.
org/10.1016/J.TIBTECH.2019.04.006.

Odijk, M., van der Meer, A.D., Levner, D., Kim,
H.J., van der Helm, M.\W., Segerink, L.I., Frimat,
J.P., Hamilton, G.A., Ingber, D.E., and van den
Berg, A. (2015). Measuring direct current trans-
epithelial electrical resistance in organ-on-a-chip
microsystems. Lab Chip 15, 745-752. https://doi.
org/10.1039/C4LC01219D.

Olmos, G., and Lladd, J. (2014). Tumor necrosis
factor alpha: A link between neuroinflammation
and excitotoxicity. Mediators Inflamm. 2074,
861231.

Osburg, B., Peiser, C., Démling, D., Schomburg,
L., Ko, Y.T., Voigt, K., and Bickel, U. (2002). Effect
of endotoxin on expression of TNF receptors
and transport of TNF-a at the blood-brain
barrier of the rat. Am. J. Physiol. Endocrinol.
Metab. 283, 10.

Pan, W., and Kastin, A.J. (2002). TNFa transport
across the blood-brain barrier is abolished in
receptor knockout mice. Exp. Neurol. 174,
193-200.

Pan, W., and Kastin, A.J. (2007). Tumor necrosis
factor and stroke: Role of the blood-brain barrier.
Prog. Neurobiol. 83, 363-374.

Pan, W., Banks, W.A., and Kastin, A.J. (1997).
Permeability of the blood-brain and blood-spinal
cord barriers to interferons. J. Neuroimmunol. 76,
105-111.

Pan, W., Zhang, L., Liao, J., Csernus, B., and
Kastin, A.J. (2003a). Selective increase in TNFa,
permeation across the blood-spinal cord barrier
after SCI. J. Neuroimmunol. 134, 111-117.

Pan, W., Csernus, B., and Kastin, A.J. (2003b).
Upregulation of p55 and p75 Receptors
Mediating TNF-a Transport Across the Injured
Blood-Spinal Cord Barrier. J. Mol. Neurosci. 21,
173-184.

Park, T.E., Mustafaoglu, N., Herland, A.,
Hasselkus, R., Mannix, R., FitzGerald, E.A., Prantil-
Baun, R., Watters, A., Henry, O., Benz, M., et al.
(2019). Hypoxia-enhanced Blood-Brain Barrier
Chip recapitulates human barrier function and
shuttling of drugs and antibodies. Nat. Commun.
10, 2621.

iScience

Pediaditakis, I., Kodella, K.R., Manatakis, D.V.,
Ewart, L., Le, C.Y., Hinojosa, C.D., Tien-Street, W.,
Manolakos, E.S., Vekrellis, K., et al. (2021).
Modeling alpha-synuclein pathology in a human
brain-chip to assess blood-brain barrier
disruption. Nat. Commun. 12, 5907.

Peng, B., Tong, Z., Tong, W.Y., Pasic, P.J., Oddo,
A., Dai, Y., Luo, M., Frescene, J., Welch, N.G.,
Easton, C.D., et al. (2020). Situ Surface
Modification of Microfluidic Blood-Brain-Barriers
for Improved Screening of Small Molecules and
Nanoparticles. ACS Appl. Mater. Interfaces 12,
56753-56766.

Perry, V.H. (2004). The influence of systemic
inflammation on inflammation in the brain:
Implications for chronic neurodegenerative
disease. Brain Behav. Brain Behav. Immun. 18,
407-413.

Perry, V.H., Cunningham, C., and Holmes, C.
(2007). Systemic infections and inflammation
affect chronic neurodegeneration. Nat. Rev.
Immunol. 7, 161-167.

Perry, V.H., Nicoll, J.A.R., and Holmes, C. (2010).
Microglia in neurodegenerative disease. Nat.
Rev. Neurol. 6, 193-201.

Qian, T., Maguire, S.E., Canfield, S.G., Bao, X.,
Olson, W.R., Shusta, E.V., and Palecek, S.P. (2017).
Directed differentiation of human pluripotent
stem cells to blood-brain barrier endothelial cells.
Sci. Adv. 3, 1701679.

Qin, L., Wu, X,, Block, M.L., Liu, Y., Breese, G.R.,
Hong, J.S., Knapp, D.J., and Crews, F.T. (2007).
Systemic LPS causes chronic neuroinflammation
and progressive neurodegeneration. Glia 55,
453-462.

Rakic, P. (1990). Principles of neural cell migration.
Experientia 46, 882-891. https://doi.org/10.1007/
BF01939380.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law,
C.W., Shi, W., and Smyth, G.K. (2015). Limma
powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic
Acids Res. 43, e47.

Rochfort, K.D., Collins, L.E., Murphy, R.P., and
Cummins, P.M. (2014). Downregulation of blood-
brain barrier phenotype by proinflammatory
cytokines involves NADPH oxidase-dependent
ROS generation: Consequences for interendo-
thelial adherens and tight junctions. PLoS ONE 9,
e101815.

Rochfort, K.D., Collins, L.E., McLoughlin, A., and
Cummins, P.M. (2016). Tumour necrosis factor-
a-mediated disruption of cerebrovascular
endothelial barrier integrity in vitro involves the
production of proinflammatory interleukin-6.

J. Neurochem. 136, 564-572.

Rossi, S., Motta, C., Studer, V., Barbieri, F., Buttari,
F., Bergami, A., Sancesario, G., Bernardini, S., De
Angelis, G., Martino, G., et al. (2014). Tumor
necrosis factor is elevated in progressive multiple
sclerosis and causes excitotoxic
neurodegeneration. Mult. Scler. 20, 304-312.

Rothhammer, V., and Quintana, F.J. (2015).
Control of autoimmune CNS inflammation by
astrocytes. Semin. Immunopathol. 37, 625-638.


https://doi.org/10.1007/s00401-018-1815-1
https://doi.org/10.1016/j.neuron.2020.08.012
https://doi.org/10.1016/j.neuron.2020.08.012
https://doi.org/10.1038/ng.2653
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref55
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref55
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref55
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref55
https://doi.org/10.1073/pnas.2016950118
https://doi.org/10.1073/pnas.2016950118
https://doi.org/10.1093/bioinformatics/btaa654
https://doi.org/10.1093/bioinformatics/btaa654
https://doi.org/10.1038/nbt.4226
https://doi.org/10.1038/nbt.4226
https://doi.org/10.1530/vb-19-0033
https://doi.org/10.1530/vb-19-0033
https://doi.org/10.1074/jbc.R116.760215
https://doi.org/10.1074/jbc.R116.760215
https://doi.org/10.1038/s41593-020-00756-7
https://doi.org/10.1038/s41593-020-00756-7
https://doi.org/10.1038/nprot.2013.092
https://doi.org/10.1038/nprot.2013.092
https://doi.org/10.1097/01.wco.0000169752.54191.97
https://doi.org/10.1097/01.wco.0000169752.54191.97
https://doi.org/10.1016/j.febslet.2014.05.046
https://doi.org/10.1016/j.febslet.2014.05.046
https://doi.org/10.1254/jphs.09292SC
https://doi.org/10.1254/jphs.09292SC
https://doi.org/10.1038/nm.3407
https://doi.org/10.1016/J.TIBTECH.2019.04.006
https://doi.org/10.1016/J.TIBTECH.2019.04.006
https://doi.org/10.1039/C4LC01219D
https://doi.org/10.1039/C4LC01219D
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref70
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref70
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref70
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref70
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref71
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref71
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref71
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref71
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref71
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref71
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref72
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref72
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref72
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref72
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref73
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref73
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref73
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref74
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref74
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref74
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref74
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref75
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref75
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref75
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref75
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref76
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref76
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref76
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref76
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref76
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref77
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref77
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref77
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref77
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref77
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref77
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref77
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref78
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref78
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref78
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref78
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref78
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref78
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref79
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref79
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref79
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref79
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref79
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref79
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref79
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref80
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref80
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref80
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref80
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref80
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref81
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref81
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref81
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref81
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref82
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref82
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref82
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref83
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref83
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref83
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref83
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref83
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref84
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref84
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref84
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref84
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref84
https://doi.org/10.1007/BF01939380
https://doi.org/10.1007/BF01939380
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref86
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref86
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref86
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref86
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref86
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref87
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref87
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref87
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref87
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref87
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref87
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref87
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref88
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref88
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref88
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref88
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref88
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref88
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref89
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref89
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref89
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref89
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref89
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref89
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref90
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref90
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref90

iScience
Article

Ryu, J.K., and McLarnon, J.G. (2006). Minocycline
or iINOS inhibition block 3-nitrotyrosine increases
and blood-brain barrier leakiness in amyloid
beta-peptide-injected rat hippocampus. Exp.
Neurol. 198, 552-557.

Sances, S., Ho, R., Vatine, G., West, D., Laperle,
A., Meyer, A., Godoy, M., Kay, P.S., Mandefro, B.,
Hatata, S., et al. (2018). Human iPSC-Derived
Endothelial Cells and Microengineered Organ-
Chip Enhance Neuronal Development. Stem Cell
Reports 10, 1222-1236.

Shepro, D., and Morel, N.M. (1993). Pericyte
physiology. FASEB J 7, 1031-1038.

Shi, L., Zeng, M., Sun, Y., and Fu, B.M. (2014).
Quantification of blood-brain barrier solute
permeability and brain transport by multiphoton
microscopy. J. Biomech. Eng. 136, 031005.

Singh, A., Jones, O.D., Mockett, B.G., Ohline,
S.M., and Abraham, W.C. (2019). Tumor Necrosis
Factor-a-Mediated Metaplastic Inhibition of LTP
Is Constitutively Engaged in an Alzheimer's
Disease Model. J. Neurosci. 39, 9083-9097.

Sofroniew, M.V. (2015). Astrocyte barriers to
neurotoxic inflammation. Nat. Rev. Neurosci. 16,
249-263.

Sofroniew, M.V. (2020). Astrocyte Reactivity:
Subtypes, States, and Functions in CNS Innate
Immunity. Trends Immunol. 41, 758-770.

Stone, N.L., England, T.J., and O'Sullivan, S.E.
(2019). A novel transwell blood brain barrier
model using primary human cells. Front. Cell.
Neurosci. 13, 230.

Sultan, K.T., and Shi, S. (2018). Generation of
diverse cortical inhibitory interneurons. WIREs
Dev. Biol. 7, 10.

Sun, J., Zheng, J.H., Zhao, M., Lee, S., and
Goldstein, H. (2008). Increased In Vivo Activation
of Microglia and Astrocytes in the Brains of Mice
Transgenic for an Infectious RS Human
Immunodeficiency Virus Type 1 Provirus and for
CD4-Specific Expression of Human Cyclin T1 in
Response to Stimulation by Lipopolysaccharides.
J. Virol. 82, 5562-5572.

Sweeney, M.D., Zhao, Z., Montagne, A., Nelson,
A.R., and Zlokovic, B.V. (2019). Blood-brain
barrier: From physiology to disease and back.
Physiol. Rev. 99, 21-78.

Tangpong, J., Cole, M.P., Sultana, R., Joshi, G.,
Estus, S., Vore, M., St Clair, W.,
Ratanachaiyavong, S., St Clair, D.K., and
Butterfield, D.A. (2006). Adriamycin-induced,
TNF-a-mediated central nervous system toxicity.
Neurobiol. Dis. 23, 127-139.

Thomsen, L.B., Burkhart, A., and Moos, T. (2015).
A triple culture model of the blood-brain barrier
using porcine brain endothelial cells, astrocytes

and pericytes. PLoS ONE 10, e0134765.

Trickler, W.J., Mayhan, W.G., and Miller, D.W.
(2005). Brain microvessel endothelial cell
responses to tumor necrosis factor-alpha involve
a nuclear factor kappa B (NF-kB) signal
transduction pathway. Brain Res. 1048, 24-31.

Uhlén, M., Fagerberg, L., Hallstrém, B.M.,
Lindskog, C, Oksvold, P., Mardinogly, A.,
Sivertsson, A., Kampf, C., Sjéstedt, E., Asplund,
A., et al. (2015). Tissue-based map of the human
proteome. Science 347, 10.

Vatine, G.D., Barrile, R., Workman, M.J., Sances,
S., Barriga, B.K., Rahnama, M., Barthakur, S.,
Kasendra, M., Lucchesi, C., Kerns, J., et al. (2019).
Human iPSC-Derived Blood-Brain Barrier Chips
Enable Disease Modeling and Personalized
Medicine Applications. Cell Stem Cell 24, 995~
1005.e6.

Verma, S., Nakaoke, R., Dohgu, S., and Banks,
W.A. (2006). Release of cytokines by brain
endothelial cells: A polarized response to
lipopolysaccharide. Brain Behav. Immun. 20,
449-455.

Veys, K., Fan, Z., Ghobrial, M., Bouché, A., Garcia-
Caballero, M., Vriens, K., Conchinha, N.V,,
Seuwen, A., Schlegel, F., Gorski, T., et al. (2020).
Role of the GLUT1 Glucose Transporter in
Postnatal CNS Angiogenesis and Blood-Brain
Barrier Integrity. Circ. Res. 127, 466-482.

De Vries, H.E., Blom-Roosemalen, M.C., Van
Qosten, M., De Boer, A.G., van Berkel, T.J.,
Breimer, D.D., and Kuiper, J. (1996). The influence
of cytokines on the integrity of the blood-brain
barrier in vitro. J. Neuroimmunol. 64, 37-43.

Wang, W.Y., Tan, M.S., Yu, J.T., and Tan, L. (2015).
Role of pro-inflammatory cytokines released from
microglia in Alzheimer's disease. Ann. Transl.
Med 3, 10.

Wei, W.-J., Wang, Y.-C., Guan, X., Chen, W.-G.,
and Liu, J. (2022). A neurovascular unit-on-a-chip:
culture and differentiation of human neural stem

¢? CellPress

OPEN ACCESS

cells in a three-dimensional microfluidic
environment. Neural. Regen. Res. 17, 10.

Wong, AD., Ye, M., Levy, A.F., Rothstein, J.D.,
Bergles, D.E., and Searson, P.C. (2013). The
blood-brain barrier: An engineering perspective.
Front. Front. Neuroeng. 6, 10.

Xu, X., Roby, K.D., and Callaway, E.M. (2010).
Immunochemical characterization of inhibitory
mouse cortical neurons: Three chemically distinct
classes of inhibitory cells. J. Comp. Neurol. 518,
389-404. https://doi.org/10.1002/cne.22229.

Yang, Y., Salayandia, V.M., Thompson, J.F., Yang,
LY., Estrada, E.Y., and Yang, Y. (2015).
Attenuation of acute stroke injury in rat brain by
minocycline promotes blood-brain barrier
remodeling and alternative microglia/
macrophage activation during recovery.

J. Neuroinflammation 12, 26.

Yarlagadda, A., Alfson, E., and Clayton, A.H.
(2009). The blood brain barrier and the role of
cytokines in neuropsychiatry. Psychiatry. 6, 18-22.

Ye, L., Huang, Y., Zhao, L., Li, Y., Sun, L., Zhou, Y.,
Qian, G., and Zheng, J.C. (2013). IL-1B and TNF-a
induce neurotoxicity through glutamate
production: A potential role for neuronal
glutaminase. J. Neurochem. 125, 897-908.

Yenari, M.A., Xu, L., Tang, X.N., Qiao, Y., and
Giffard, R.G. (2006). Microglia potentiate damage
to blood-brain barrier constituents: Improvement
by minocycline in vivo and in vitro. Stroke 37,
1087-1093.

Yin, X., Mead, B.E., Safaee, H., Langer, R., Karp,
J.M., and Levy, O. (2016). Engineering Stem Cell
Organoids. Cell Stem Cell 18, 25-38.

Yuan, W., Lv, Y., Zeng, M., and Fu, B.M. (2009).
Non-invasive measurement of solute
permeability in cerebral microvessels of the rat.
Microvasc. Res. 77, 166-173. https://doi.org/10.
1016/j.mvr.2008.08.004.

Zaremba, J., and Losy, J. (2001). Early TNF-a
levels correlate with ischaemic stroke severity.
Acta Neurol. Acta Neurol. Scand. 104, 288-295.

Zhao, C., Ling, Z., Newman, M.B., Bhatia, A., and
Carvey, P.M. (2007). TNF-a knockout and
minocycline treatment attenuates blood-brain
barrier leakage in MPTP-treated mice. Neurobiol.
Dis. 26, 36-46.

iScience 25, 104813, August 19, 2022 19



http://refhub.elsevier.com/S2589-0042(22)01085-9/sref91
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref91
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref91
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref91
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref91
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref92
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref92
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref92
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref92
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref92
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref92
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref93
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref93
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref94
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref94
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref94
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref94
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref95
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref95
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref95
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref95
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref95
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref96
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref96
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref96
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref97
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref97
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref97
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref98
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref98
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref98
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref98
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref100
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref100
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref100
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref101
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref101
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref101
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref101
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref101
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref101
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref101
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref101
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref102
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref102
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref102
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref102
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref103
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref103
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref103
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref103
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref103
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref103
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref104
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref104
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref104
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref104
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref105
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref105
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref105
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref105
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref105
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref106
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref106
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref106
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref106
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref106
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref107
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref107
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref107
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref107
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref107
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref107
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref107
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref108
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref108
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref108
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref108
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref108
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref109
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref109
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref109
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref109
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref109
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref109
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref110
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref110
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref110
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref110
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref110
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref111
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref111
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref111
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref111
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref112
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref112
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref112
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref112
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref112
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref113
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref113
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref113
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref113
https://doi.org/10.1002/cne.22229
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref115
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref115
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref115
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref115
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref115
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref115
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref115
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref116
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref116
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref116
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref117
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref117
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref117
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref117
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref117
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref118
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref118
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref118
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref118
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref118
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref119
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref119
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref119
https://doi.org/10.1016/j.mvr.2008.08.004
https://doi.org/10.1016/j.mvr.2008.08.004
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref121
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref121
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref121
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref122
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref122
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref122
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref122
http://refhub.elsevier.com/S2589-0042(22)01085-9/sref122

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Z0O-1 Invitrogen Cat#402200; RRID:AB_2255011
GLUT-1 ThermoFisher Cat#ab40084; RRID:AB_2190927
ICAM-1 R&D Cat#BBA3; RRID:AB_356950
alpha smooth muscle Actin Abcam Cat#ab7817; RRID:AB_262054
GFAP Abcam Cat#ab53554; RRID:AB_880202
CD11b Invitrogen Cat#MA1-80091; RRID:AB_927467
TRPV6 Proteintech Cat#13411-1-AP; RRID:AB_2272390
GLAST Invitrogen Cat#PA5-19709; RRID:AB_10982702
Claudin-4 Invitrogen Cat#329494; RRID:AB_2532184
Ki67 Abcam Cat#ab197234

$100 Beta Abcam Cat#ab52642; RRID:AB_882426
MAP2 ThermoFisher Cat#MA512826; RRID:AB_10976831
VGLUT1 ThermoFisher Cat#48-2400; RRID:AB_2533843
Synaptophysin Abcam Cat#32127; RRID:AB_2286949
IBA1 FUJIFILM Cat#019-19741; RRID:AB_839504
CDé68 Abcam Cat#ab213363; RRID:AB_2801637
Occludin Invitrogen Cat#OC-3F10; RRID:AB_2533101
Transferrin Receptor Abcam Cat#ab216665

PECAM1 ThermoFisher Cat#RB-1033-P0; RRID:AB_720500
MRP-1 Millipore Cat# MAB4100; RRID:AB_2143819
CD45 Invitrogen Cat#17-0409-42

P-gp ThermoFisher Cat# MA5-13854, RRID:AB_10979045
NG2 Abcam Cat#ab83178; RRID:AB_10672215
Chemicals, peptides, and recombinant proteins

ER-1 Emulate 10461

ER-2 Emulate 10462

Dulbecco’s PBS (DPBS -/ -) Corning Cat#21-031-CV

Trypan blue Sigma Cat#93595

TrypLE Express ThermoFisher Cat#12604013

DMEM/F12, HEPES, no phenol red ThermoFisher Cat#11039021

mTeSR™ Plus Kit Stemcell Technologies Cat#100-0276

Human Endothelial SFM ThermoFisher Cat#11111044

Fetal bovine serum (FBS) Sigma Cat#F4135

Complete Classic Medium with CultureBoost™ Cell Systems Cat#470-500

Attachment Factor™ Cell Systems Cat#420-210

Seeding Media NeuCyte 102.CUS

Short-Term Maintenance Media NeuCyte 102.CUS

Matrigel — hESC-Qualified Matrix, LDEV-Free Corning Cat#354277

Collagen IV Sigma Cat#C5533

Fibronectin Corning Cat#356008

Y-27632 Stemcell Technologies Cat#72632

20 iScience 25, 104813, August 19, 2022

(Continued on next page)



iScience ¢? CelPress
OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Penicillin-Streptomycin Sigma Cat#P4333-100ML

Eagle’s Minimum Essential Medium (EMEM) ATCC Cat#30-2003

Ethyl alcohol, Pure Sigma Cat#E7023

Cell Culture Grade Water Corning Cat#MT25055CV

Human Serum from platelet Sigma Cat#P2918

poor human plasma

ACCUTASE™ Stemcell Technologies Cat#7920

MEM Non-Essential Amino Acids Solution ThermoFisher Cat#11140050

2-Mercaptoethanol Sigma Cat#M3148

B-27 Supplement, serum free ThermoFisher Cat#17504044

Recombinant Human FGF
basic/FGF2/bFGF Protein

Retinoic Acid

Laminin Mouse Protein, Natural
CHIR99021

3KDa Dextran Cascade Blue
Lucifer Yellow CH, Lithium Salt

Recombinant Human TNF-alpha Protein

R&D Systems

Sigma

R&D Systems
Reprocell
ThermoFisher
ThermoFisher

R&D Systems

Cat#233-FB-025/CF

Cat#R2625-50MG
Cat#23017015
Cat#04-0004-10
Cat#D7132
Cat#L453
Cat#210-TA-020/CF

Minocycline Hydrochloride Sigma Cat#M9511-25MG
Donkey Serum Sigma Cat#D9663
Saponin Perm/Wash Buffer BD Biosciences Cat#554723
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Critical commercial assays
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Deposited data
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Experimental models: Cell lines

iPSCs RUCDR ND50028; RRID:CVCL_1 x 107
iPSCs iXCell Cat#30HU-002

Human primary Pericytes ScienCell Cat#1200

Human microglial cell line ATCC Cat#CRL-3304; RRID:CVCL_II76
Human iPSC-derived glutamatergic neurons NeuCyte 1010-Cus

Human iPSC-derived GABAergic neurons NeuCyte 1010-Cus

Human primary astrocytes NeuCyte 1010-Cus

Software and algorithms

FlowJo

ImageJ

GraphPad Prism 7.0c
Zen 2.3 (black edition)

Gen5

Becton Dickinson
NIH
Dotmatics

Zeiss

Agilent

https://www.flowjo.com
https://ImageJ.nih.gov/ij/
https://www.graphpad.com

https://www.zeiss.com/microscopy/us/

products/microscope-software/zen.html

https://www.biotek.com/products/software-
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systems/sequencing-platforms/
hiseg-3000-4000.html

Trimmonatic v.036 Bolger et al., 2014 http://www.usadellab.org/cms/?
page=trimmomatic

STAR aligner v. 2.5.2b Dobin et al., 2013 https://www.encodeproject.
org/software/star/

Homo Sapiens GRCh38 NCBI https://www.ncbi.nlm.nih.gov/
assembly/GCF_000001405.26/

Subread package v.1.5.2 featureCounts Subread http://subread.sourceforge.net/

RStudio Versions 1.3.1056 Rstudio https://www.npackd.org/p/rstudio/1.3.1056

DEseq2 (BioConductor) v.1.30.1 Bioconductor https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

ggplot2 v.3.3.3 CRAN https://cran.r-project.org/web/
packages/ggplot2/index.html

matrixStats v.058.0 CRAN https://cran.rstudio.com/web/
packages/matrixStats/index.html

edgeR v.3.32.1 Bioconductor https://bioconductor.org/packages/
release/bioc/html/edgeR.html

Limma v3.46.0 Bioconductor https://bioconductor.org/packages/

release/bioc/html/limma.html

MATLAB v.9.6.9.1072779 (R2019a) Mathworks https://www.mathworks.com/
products/matlab.html

Other

Zoé CM-1™ Culture Module Emulate Zoe-CM1

Orb-HM1™ Hub Module Emulate Orb-HM1

Orb-HM1™ Hub Module

UV Light Box Emulate NS-01-US

Microscope Zeiss LSM 880 with AiryScan Zeiss Cat#14109002173609000
FACSCelesta Becton Dickinson Cat#660344

MESO QuickPlex SQ 120 Meso Scale Discovery Cat#AIOAA
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, losif Pediaditakis (spediaditakis@vesaliustx.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® RNA-sequencing data have been deposited in the Gene Expression Omnibus (GEO) under the accession
number GSE199787. Accession number is also listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Commercial human iPSC-derived glutamatergic neurons, iPSC-derived GABAergic neurons, and human
primary astrocytes were purchased from NeuCyte (SynFire® kit; 1010) and maintained in complete
maintenance medium (Neucyte). The cells have been validated by NeuCyte and exhibit mature neuronal
characteristics. Primary human brain pericytes were obtained from ScienCell (Cat. No. 1200) and main-
tained in the pericyte medium (ScienCell). Resting human microglial cell line was purchased from ATCC
(Cat. No. CRL-3304) and cultured according to the manufacturer’s instructions. The primary cells were
used at passage 2-4.

Differentiation of iPSCs into brain microvascular endothelial-like cells

Human iPSCs obtained from the Rutgers University Cell and DNA Repository (Donor 1: RUCDR; ND50028)
and iXCells Biotechnologies (Donor 2: iXCells; 30HU-002) were maintained on Matrigel-coated tissue-cul-
ture treated six-well culture plates (Corning) in mTeSR™1 (Stem Cell Technologies). All iPSCs were tested
for negative mycoplasma and normal karyotype. Colonies were singularized using Accutase (STEMCELL;
07920) and replated onto Matrigel-coated plates at a density 25-50 x 103 cells/cm? in mTeSR1 supple-
mented with 10 mM Rho-associated protein kinase (ROCK) inhibitor Y-27632 (STEMCELL; 72304). Singular-
ized Human iPSCs were expanded in mTeSR1 for 3 days. Cells were then treated with 6 mM CHIR99021
(STEMCELL; 72052) in DeSR1: DMEM/Ham's F12 (Thermo Fisher Scientific; 11039021), 1X MEM-NEAA
(Thermo Fisher Scientific; 10370021), 0.5% GlutaMAX (Thermo Fisher Scientific; 35050061), and 0.1 mM
b-mercaptoethanol (Sigma). On Day 1, the medium was changed to DeSR2: DeSR1 plus 1X B27 (Thermo
Fisher Scientific) daily for another 5 days. On day 6, the medium was switched to hECSR1: hESFM
(ThermoFisher Scientific) supplemented with bFGF (20 ng/mL), 10 mM Retinoic Acid, and 1X B27. On
day 8, the medium was changed to hECSR2 (hRECSR1 without R.A. or bFGF). On day 10 cells were dissoci-
ated with TrypLE™ and plated at 1 X 10° cells/cm? in hESFM supplemented with 5% human serum from
platelet-poor human plasma onto a mixture of collagen IV (400pg/mL), fibronectin (100ug/mL), and laminin
(20 pg/ml) coated flasks at a density of 1 x 10° cells/cm?. After 20 min the flasks were rinsed using hESFM
with 5% human serum from platelet-poor human plasma with Y-27632 as a selection step to remove any
undifferentiated cells and allowed to attach overnight (Qian et al., 2017).

METHOD DETAILS

Brain-Chip microfabrication and Zoé® culture module

The design and fabrication of Organ-Chips used to develop the Brain-Chip was based on previously
described protocols (Huh et al.,, 2013). The chip is made of transparent, flexible polydimethylsiloxane
(PDMS), an elastomeric polymer. The chip contains two parallel microchannels (a 1 X 1 mm brain channel
and a 1 x 0.2 mm vascular channel) that are separated by a thin (50 pm), porous membrane (7 um diameter
pores with 40 um spacing). Flow can be introduced to each channel independently to continuously provide
essential nutrients to the cells, while effluent containing any secretion/waste components from cells is
excreted/collected on the outlet of each channel separately. This allows for channel-specific and indepen-
dent analysis and interpretation of results. The Zo&® culture module is the instrumentation designed to
automate the maintenance of these chips in a controlled and robust manner (Emulate, Inc.).

Human Brain-Chip model

Prior to cell seeding, chips were functionalized using Emulate’s proprietary protocols and reagents. Briefly,
ER-1 (Emulate reagent: 10461) and ER-2 (Emulate reagent: 10462) are mixed at a concentration of 1 mg/mL
before being added to the top and bottom microfluidic channels of the chip. The platform is then irradiated
with high-power UV light having peak wavelength of 365 nm and intensity of 100 pJ/cm? for 20 min using a
UV oven (CL-1000 Ultraviolet Crosslinker AnalytiK-Jena: 95-0228-01). After surface functionalization, both
channels of the human Brain-Chip were coated with collagen IV (400 pg/ml), fibronectin (100 pg/mlL),
and laminin (20 pg/mL). Brain-Chips were then seeded with human iPSC-derived glutamatergic and
GABAergic neurons at a density of 4 x 10° cells/mL and 2 x 10° cells/mL respectively, co-cultured with,
human primary astrocytes at a density of 2 x 10° cells/mL, human microglial cell line at a density of
2 x 10° cells/mL, and primary pericytes at a density of 1.5 x 10° cells/mL, using "seeding medium"
(NeuCyte), and incubated overnight. The next day, human iPSC-derived Brain Microvascular Endothe-
lial-like cells were seeded in the vascular channel at a density of 14 to 16 x 10 cells/mL using human
serum-free endothelial cell medium supplemented with 5% human serum from platelet-poor human
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plasma (Sigma) and allowed to attach to the membrane overnight. Chips were then connected to the Zo&®
Culture Module (Emulate Inc.). At this time, the medium supplying the brain channel was switched to
maintenance medium (Neucyte), and the serum of the vascular medium was lowered to 2%. Chips were
maintained under constant perfusion (60 pL/h) at 37°C with 5% CO, through both chips’ brain and vascular
channels until day seven.

Brain transwell model

The conventional cell cultures (transwells) and the Brain-Chips were seeded using the same ECM compo-
sition as well as cell composition, media formulations and seeding density. At the first experimental day
(DO) the cortical (Glutamatergic and GABAergic subtypes) neurons, astrocytes, microglia, and pericytes
were seeded on the apical side, followed by the seeding of the endothelial cells (D1) on the basolateral
side of the 0.47 cm? Transwell-Clear permeable inserts (0.4-um pore size). For the apical compartment
we used NeuCyte medium, while for the basolateral compartment we used hESFM with 5% human serum
from platelet-poor human plasma. The cells maintained under static conditions at 37°C with 5% CO,
throughout the duration of the experiment (D8). The culture medium was replaced daily in both
compartments.

Morphological analysis of the Brain-Chip

Immunocytochemistry was conducted as previously described (Pediaditakis et al., 2021). Cells were
blocked on the Brain-Chip in phosphate-buffered saline (PBS) containing 10% donkey serum (Sigma) at
4°C overnight. Saponin 1% was used to permeabilize membrane when required. Primary antibodies
were MAP2 (Thermo Fisher Scientific; MA512826), VGLUT1 (Thermo Fisher Scientific; 48-2400), Synapto-
physin (Abcam; 32127), GFAP (Abcam; ab53554), GLAST (Invitrogen; PA5-19709), s100B (Abcam; 52642),
NG2 (Abcam; ab83178), aSMA (Abcam; 7817), IBA1 (FUJIFILM; 019-19741), CDé68 (Abcam; ab213363),
ICAM-1 (R&D Systems; BBA3), Ki67 (Abcam; 197234), ZO-1 (Thermo Fisher Scientific; 402200), Occludin (In-
vitrogen; OC-3F10), Claudin-4 (Invitrogen; 329494), TRPVé (Proteintech;13411-1-AP), PECAM1 (Thermo
Fisher Scientific; RB-1033-P1), CD11b (Invitrogen; MA1-80091), CD45 (Invitrogen; 17-0409-42), GLUT1
(Thermo Fisher Scientific, SPM498), P-gp (Thermo Fisher Scientific; MA5-13854), MRP-1 (Millipore;
MAB4100), Transferrin receptor (Abcam; 216665). Chips treated with corresponding Alexa Fluor secondary
antibodies (Abcam) were incubated in the dark for 2 h at room temperature. Cells were then counterstained
with nuclear dye DAPI. Images were acquired with an inverted laser-scanning confocal microscope (Zeiss
LSM 880).

Flow Cytometry

Cells were dissociated with Accutase, fixed in 1% PFA for 15 min at room temperature, and then washed
with 0.5% bovine serum albumin (BSA) (Bio-Rad) plus 0.1% Triton X-100 three times. Cells were stained
with primary and secondary antibodies diluted in 0.5% BSA plus 0.1% Triton X-100. Data were collected
on a FACSCelesta flow cytometer (Becton Dickinson) and analyzed using FlowJo. Corresponding isotype
antibodies were used as FACS (fluorescence-activated cell sorting) gating control. Details about antibody
source and usage are provided in table.

Visualization of transferrin receptor internalization

Human iPSC-derived Brain Microvascular Endothelial-like cells were treated with 25 pg/mL fluorescent
transferrin conjugate (Thermo Fisher Scientific) and incubated at 37°C for 30 min. Cells were washed twice
with LCIS and fixed with P.F.A. Cells labeled with Alexa Fluor™ Plus 647 Phalloidin and DAPI and then
imaged with Zeiss LSM 880.

Scanning electron microscopy

At the indicated timepoints Brain-Chips were fixed at room temperature, for 2 hours in 2.5% Glutaralde-
hyde solution and washed three times with 0.1M sodium cacodylate (NaC) buffer. Concomitantly, the
chip was trimmed using a razor so that the lateral and top chunks of PDMS are removed and the top channel
is revealed. Afterwards, the samples were fixed with 1% osmium tetroxide (OsO4) in 0.1M NaC buffer for 1
hour at room temperature and dehydrated in graded ethanol. The chip samples were dried using the
chemical drying agent Hexamethyldisilizane (HMDS), sputter coated with platinum and images were ac-
quired using the Hitachi S-4700 Field Emission Scanning Electron Microscope.
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Permeability assays

To evaluate the establishment and integrity of the barrier, 3 kDa Dextran, Cascade Blue, was added to the
vascular compartment of the Brain-Chip at 0.1 mg/mL. After 24 h, effluent from both channels was sampled
to determine the dye’s concentration that had diffused through the membrane. The apparent paracellular
permeability (Papp) was calculated based on a standard curve and using the following formula:

p _ OR * OD * In 1_ CR,O * (QR + QD)
P SA % (Qr+ Qp) (Qg * Cro+Qp * Cpo)

where SA is the surface area of sections of the channels that overlap (0.17¢cm?), Qg and Qp are the fluid flow
rates in the dosing and receiving channels respectively, in units of cm®/s, Cg o and Cp o are the recovered
concentrations in the dosing and receiving channels respectively, in any consistent units.

TNF-o treatment
To mimic the inflammatory condition, cells were treated on either brain or vascular channel with TNF-a. (Tu-
mor Necrosis Factor-a, R&D Systems; 210-TA). The treatment was initiated after the formation of a

confluent monolayer at ~5 days in culture. Cells were further incubated in a culturing medium, including
TNF-a (100 ng/mL) up to 48 h.

Western blot analysis

RIPA cell lysis buffer supplemented with protease and phosphatase inhibitors (Sigma) was used for the
extraction of total protein from either brain or vascular channel. The Auto Western Testing Service was pro-
vided by RayBiotech, Inc. (Peachtree Corners, GA USA). 0.2 mg/mL sample concentration was loaded into
the automated capillary electrophoresis machine. Glial fibrillary acidic protein (GFAP) and Gluceraldehyde-
3-phosphate dehydrogenase (GAPDH) antibody provided by RayBiotech was used as the loading control.

ELISA analysis

The levels of IFNy, IL-1B, and IL-6 were measured by M.S.D. 96-well plate Human Pro-Inflammatory V-PLEX
Human Pro-Inflammatory Assay kits. The secreted levels of Glutamate were measured by Glutamate Assay
Kit (Fluorometric) (Abcam; ab138883).

RNA isolation and sequencing

According to manufacturer’s guidelines, we used TRIzol (TRI reagent, Sigma) to extract the RNA. The
collected samples were submitted to GENEWIZ South Plainfield, NJ, for next-generation sequencing. After
quality control and RNA-seq library preparation the samples were sequenced with lllumina HiSeq 2 x 150
system using sequencing depth ~50M paired-end reads/sample. We preform the transcriptomic analysis
using the Brain-Chip from the Donor 1: RUCDR; ND50028 (Figure 3).

RNA sequencing bioinformatics

Using Trimmomatic v.0.36 we trimmed the sequence reads and filtered-out all poor-quality nucleotides
and possible adapter sequences. The remained trimmed reads were mapped to the Homo sapience refer-
ence genome GRCh38 using the STAR aligner v2.5.2b. Next, using the generated BAM files we calculated
for each sample the unique gene hit-counts by using the featureCounts from the Subread package v.1.5.2.
It is worth noting that only unique reads that fell within the exon region were counted. Finally, the gener-
ated hit-counts were used to perform DGE analysis using the "DESeq2" R package (Love et al., 2014). The
thresholds used for all the DGE analyses were: |loga(Fold Change)| > 1 and adjusted p value < 0.01.

GO term enrichment analysis

The DE genes identified after performing the DGE analyses were subjected to Gene Ontology (GO) enrich-
ment analysis. The GO terms enrichment analysis was performed using the Gene Ontology knowledgebase
(Gene Ontology Resource http://geneontology.org/).

RNA-seq samples for human brain cortex

From these samples only 5 were from healthy individuals and had RNA Integrity Number larger than 8 (RIN
> 8), which indicates good RNA-quality. To create a "balanced" dataset (i.e., 4 samples per condition)
from these 5 samples, we selected the group of 4 that had the smallest variance. We combined the selected
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samples with the 16 samples from our healthy models (i.e., Brain-Chips and transwells on Days 5 and 7).
Next, we used the "remove Batch Effect” function of the "limma" R package (Ritchie et al., 2015) to remove
shifts in the means between our samples (Brain-Chips and transwells) and the 4 human Brain-Cortex sam-
ples retrieved from GTEx portal (Lonsdale et al., 2013). The same process was repeated to combine the 16
samples from our healthy models with each one of the two different cerebral cortex RNA-seq data from two
different human donors (donor 9861 and 10021) available in the Allen Brain Atlas (© 2010 Allen Institute for
Brain Science. Allen Human Brain Atlas. Available from: human.brain-map.org). This dataset used for the
calculation of the Transcriptomic Signature Distances (TSDs) (Manatakis et al., 2020).

Transcriptomic signature distance (TSD) computation

TSD is a novel distance metric based on information theory that allows us to reliably assess the transcrip-
tomic similarity between organ tissue samples. The TSD uses (i) next-generation sequencing data and (ii)
tissue-specific genes (i.e., signature genes) provided by the well-curated and widely accepted Human Pro-
tein Atlas (HPA) project (Uhlén et al., 2015), and calculates the transcriptomic distance of a tissue sample
(e.g., Brain-Chip or transwell) from the reference tissue (in our case the Human Brain-Cortex). As signature
genes we used the set of 2587 genes that are reported to have significantly elevated expression levels in the
brain tissue compared to other tissue types (Uhlén et al., 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in triplicates. Analysis of significance was performed by using two-way
ANOVA with Tukey's multiple comparisons test or unpaired t-test depending on the datasets. Significant
differences are depicted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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