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Significance

The blood–brain barrier (BBB) 
hinders drug delivery to the brain 
and is implicated in neurological 
diseases. To better understand 
these processes in humans, there 
is a need for culture models that 
mimic the complexity of the BBB. 
However, state- of- the- art human 
BBB models either suffer from a 
nonphysiological, mixed 
epithelial–endothelial identity or 
have weak barrier tightness, which 
greatly limits their usability. We 
identified a molecule combination 
that synergistically enhances 
barrier tightness in several in vitro 
models and induces complex BBB 
properties in human stem 
cell–derived endothelial cells by 
targeting a link between three 
signaling pathways. The molecule 
combination has the potential to 
improve BBB culture models 
across laboratories to advance 
both basic research and drug 
development for the human brain.
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NEUROSCIENCE

Synergistic induction of blood–brain barrier properties
Gergő Porkolába,b, Mária Mészárosa , Anikó Szecskóa,b , Judit P. Vigha,b , Fruzsina R. Waltera, Ricardo Figueiredoc , Ildikó Kálomistad,  
Zsófia Hoyka , Gaszton Vizsnyiczaia, Ilona Grófa , Jeng- Shiung Jane , Fabien Gosseletf , Melinda K. Pirityg , Monika Vastagd, Natalie Hudsonh,  
Matthew Campbellh, Szilvia Veszelkaa , and Mária A. Delia,1

Edited by Jeremy Nathans, Johns Hopkins University School of Medicine, Baltimore, MD; received September 14, 2023; accepted April 5, 2024

Blood–brain barrier (BBB) models derived from human stem cells are powerful tools 
to improve our understanding of cerebrovascular diseases and to facilitate drug devel-
opment for the human brain. Yet providing stem cell–derived endothelial cells with 
the right signaling cues to acquire BBB characteristics while also retaining their vas-
cular identity remains challenging. Here, we show that the simultaneous activation 
of cyclic AMP and Wnt/β- catenin signaling and inhibition of the TGF- β pathway in 
endothelial cells robustly induce BBB properties in vitro. To target this interaction, 
we present a small- molecule cocktail named cARLA, which synergistically enhances 
barrier tightness in a range of BBB models across species. Mechanistically, we reveal 
that the three pathways converge on Wnt/β- catenin signaling to mediate the effect of 
cARLA via the tight junction protein claudin- 5. We demonstrate that cARLA shifts 
the gene expressional profile of human stem cell–derived endothelial cells toward 
the in vivo brain endothelial signature, with a higher glycocalyx density and efflux 
pump activity, lower rates of endocytosis, and a characteristic endothelial response 
to proinflammatory cytokines. Finally, we illustrate how cARLA can improve the 
predictive value of human BBB models regarding the brain penetration of drugs and 
targeted nanoparticles. Due to its synergistic effect, high reproducibility, and ease of 
use, cARLA has the potential to advance drug development for the human brain by 
improving BBB models across laboratories.

blood–brain barrier | endothelial cell | signaling pathways | in vitro models | drug delivery

Endothelial cells (ECs) lining the smallest blood vessels in the brain possess unique ana-
tomical and functional properties, collectively known as the BBB (1). Having specialized 
tight junction complexes, low rates of vesicular transcytosis, a negatively charged glycocalyx 
as well as efflux and influx transport systems, the BBB precisely controls the composition 
of the neural microenvironment (2). While these characteristics protect the brain from 
harmful substances, the barrier also prevents most drugs from entering the central nervous 
system, hindering drug development for neurological diseases (3). Additionally, BBB 
breakdown is a hallmark of a range of neuropathologies (4, 5), yet these processes are 
incompletely understood in humans at the molecular level. To provide mechanistic insight 
into BBB (dys)function and improve the prediction of drug delivery to the brain, there 
is a need for in vitro models that faithfully mimic the human BBB (6).

Culture models based on primary brain microvascular ECs isolated from animal tissue 
have been widely used as in vitro systems to study the BBB since the 1980s (7). However, 
there are major interspecies differences in the BBB proteome related to drug transport (8–10), 
which negatively impacts the translatability of findings from animal models to clinical trials. 
As a human alternative with good scalability, several BBB models have been established using 
induced pluripotent stem cells (11–21) or CD34+ hematopoietic stem cells isolated from 
umbilical cord blood (22–25). Although these protocols represent major technological 
advances, state- of- the- art human BBB models either have high barrier tightness but suffer 
from a mixed epithelial–endothelial identity or are definitive vascular ECs with weak barrier 
properties (26, 27). In either case, the usability of these models is limited (26, 27).

To solve this problem, two- step differentiation has emerged as a promising strategy, in 
which stem cells are first differentiated into vascular ECs, and brain- like features are then 
induced in a second step (15, 21, 22). This is critical as BBB properties are not intrinsic to 
ECs but are promoted and maintained by organ- specific signaling cues from pericytes 
(28–30), astrocytes (31–33), and the microenvironment in vivo. While stem cell–derived 
vascular ECs are mostly responsive to inductive cues from coculture with pericytes or 
astrocytes (15, 21, 22), they need additional factors for proper junctional maturation and 
to acquire a complex BBB phenotype in vitro. Motivated by the unmet need for an approach 
that is efficient, reproducible, and easily adaptable by other laboratories, we focused on 
targeting developmentally relevant signaling pathways at the BBB using soluble factors.D
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During development, Wnt/β- catenin signaling controls brain 
angiogenesis (34–36) and BBB formation (37–39), and this 
pathway has been activated in vitro by Wnt ligands (Wnt- 3a 
and Wnt- 7a/b) or small molecules (LiCl, 6- BIO, and 
CHIR99021) to induce a subset of barrier properties (22, 40–
43). Recently, TGF- β receptor antagonists (RepSox and A83- 01) 
have also been shown to elevate junctional tightness in human 
stem cell–derived ECs (44, 45) via claudin- 5, the dominant 
tight junction protein at the BBB. Notably, treatment with 
cyclic AMP- elevating agents (pCPT- cAMP, forskolin, and the 
cAMP- specific phosphodiesterase inhibitor Ro- 20- 1724) has 
previously been demonstrated to increase the resistance across 
bovine brain EC monolayers alone, and especially in combina-
tion with astrocyte- conditioned medium (46–48). Since astro-
cytes and their conditioned media can be a source of Wnt 
ligands (49, 50) and Wnt signaling- associated genes were 
reported to be induced by RepSox (44), we hypothesized that 
the cAMP, Wnt/β- catenin, and TGF- β pathways converge dur-
ing BBB maturation, which can be leveraged to increase barrier 
properties in culture.

Here, we show that the simultaneous activation of cAMP and 
Wnt/β- catenin signaling while inhibiting the TGF- β pathway syn-
ergistically increases BBB tightness in ECs. Using our small- molecule 
cocktail containing pCPT- cAMP+Ro- 20- 1724+LiCl+A83- 01, 
which we termed as cARLA, we demonstrate a simple and efficient 
approach to induce barrier properties in vitro that is reproducible 
across a range of BBB models from different species. We provide 
mechanistic insight into how these signaling pathways interact at 
the molecular level and illustrate how the complex phenotype 
induced by cARLA can potentially improve the prediction of drug 
and nanoparticle delivery across the human BBB.

Results

cARLA Synergistically Enhances BBB Tightness via Claudin- 5. 
First, we performed an impedance- based screen of small molecules 
and recombinant proteins for their ability to enhance barrier 
tightness in cultured human stem cell–derived ECs (Fig.  1A). 
This approach allowed us to test selected activators of cAMP and 
Wnt as well as inhibitors of TGF- β signaling combinatorially in 
a 96- well plate format in real time (Fig. 1B). After optimizing 
treatment durations and concentrations (SI Appendix, Fig. S1 A–F 
and Table S1), we asked whether combining Wnt activation with 
TGF- β inhibition increases barrier integrity compared to targeting 
single pathways. Interestingly, we observed an increase but only 
by specific combinations, most effectively by LiCl+A83- 01 
(SI Appendix, Fig. S2 A–H).

We then asked whether Wnt activation by LiCl or TGF- β 
inhibition by A83- 01 can potentiate the barrier integrity- promoting 
effect of cAMP signaling in ECs. Targeting the cAMP pathway 
alone by pCPT- cAMP supplemented with the cAMP- specific 
phosphodiesterase inhibitor Ro- 20- 1724 (cAMP+Ro) resulted 
in an immediate and potent increase in barrier integrity that 
diminished over time (Fig. 1C and SI Appendix, Fig. S3 A and 
B). The addition of either LiCl or A83- 01 did not enhance the 
effect of cAMP+Ro (Fig. 1C). However, the combination of 
cAMP+Ro+LiCl+A83- 01, which we termed as cARLA, synergis-
tically elevated barrier integrity in ECs (Fig. 1C), i.e., the effect 
of cARLA was larger than the sum of its parts. This effect could 
be reproduced by other combinations that simultaneously activate 
cAMP and Wnt as well as inhibit TGF- β signaling (SI Appendix, 
Fig. S3 C–E), but we have found cARLA to be the most potent 
combination in our screen (Fig. 1B and SI Appendix, Fig. S3E). 
Added to this, the effect of cARLA on barrier integrity was 

long- lasting (>72 h) and resilient to withdrawal of treatment 
from ECs by replacing cARLA with control medium (Fig. 1D 
and SI Appendix, Figs. S3E and S4A).

We validated these findings in a BBB model in which human 
stem cell–derived ECs acquire brain- like characteristics (from 
now on referred to as brain- like ECs) upon coculture with per-
icytes (Fig. 1E) (22). Transendothelial electrical resistance 
(TEER) was synergistically increased upon cARLA treatment by 
2.1- fold compared to the control group (Fig. 1F and SI Appendix, 
Fig. S4B), an effect that was highly reproducible across experi-
ments (Fig. 1G). Moreover, we measured a lower permeability 
of tracers sodium fluorescein (2.2- fold) and Evans blue–albumin 
(7.4- fold compared to the control group) across the coculture 
model upon cARLA treatment (Fig. 1 H and I). As a proposed 
mediator of its barrier- tightening effect, cARLA elevated both 
the staining intensity (2.3- fold) and continuity (4.5- fold) of the 
tight junction protein claudin- 5 at cell borders (Fig. 1 J and K). 
Importantly, similar results were obtained in EC monoculture 
(SI Appendix, Fig. S5 A–F), indicating that the effect of cARLA 
does not depend on other soluble factors from pericytes. We also 
confirmed the efficacy of cARLA treatment and its specificity for 
claudin- 5 in an induced pluripotent stem cell–derived human 
BBB model with definitive vascular characteristics 
[EECM- BMEC- like cells (21), SI Appendix, Fig. S6 A–K].

To test whether the effect of cARLA is dependent on claudin- 5, 
we assembled BBB models consisting of primary brain ECs, pericytes, 
and astrocytes isolated from wild- type (WT) mice or claudin- 5 het-
erozygous (Cldn5+/−) mice that have only one copy of Cldn5 (Fig. 1L). 
Compared to WT cultures, Cldn5+/− cultures had 49% less claudin- 5 
at the protein level, which could be rescued by cARLA treatment 
(Fig. 1M). Similarly to human brain–like ECs and EECM- BMEC- like 
cells, cARLA not only increased the staining intensity of claudin- 5 
(Fig. 1M) but also its junctional localization (Fig. 1N) in both gen-
otypes. TEER was elevated by cARLA compared to the control group 
in both genotypes, but approximately 50% less so in Cldn5+/− cultures 
(Fig. 1O), suggesting that cARLA increases TEER by inducing Cldn5 
gene expression.

We repeated the main experiments in additional, widely used 
BBB culture models of rodent origin to see whether the synergistic 
effect of cARLA is conserved between species. For this purpose, 
we selected the mouse brain EC line bEnd.3 in monoculture and 
a rat primary brain EC- pericyte- astrocyte coculture model (51), 
which considerably differ in their complexity (Fig. 2A). Barrier 
integrity measured by impedance was robustly elevated by cARLA 
in both models, albeit to a different extent and with different 
kinetics (Fig. 2 B and C). Notably, the optimal treatment concen-
trations of cARLA and its components were different between 
mouse bEnd.3 cells, primary rat brain ECs, and human brain–like 
ECs (SI Appendix, Table S1 and Figs. S7–S9). Therefore, we 
emphasize the need for optimizing these parameters first when 
testing cARLA in any BBB model. As validation, we measured a 
2.1- fold increase in TEER (Fig. 2D) and decreased permeability 
of fluorescein (1.6- fold) and albumin (3.4- fold) tracers across 
bEnd.3 monolayers upon cARLA treatment (Fig. 2 E and F). In 
the rat primary coculture model, a 2.9- fold increase in TEER 
(Fig. 2G) as well as a 2.1- fold and 1.93- fold decrease in permea-
bility was seen for fluorescein and albumin, respectively (Fig. 2 H 
and I). Similarly to human brain–like ECs, treatment with cARLA 
synergistically elevated the staining intensity of claudin- 5 in both 
mouse bEnd.3 cells (Fig. 2J), and in rat primary brain ECs 
(Fig. 2K), but did not change the staining intensity of ZO- 1 
(SI Appendix, Figs. S7G and S8G). Taken together, our results 
reveal that cARLA synergistically enhances barrier tightness in a 
range of BBB models and this effect is dependent on claudin- 5.D
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Fig. 1.   cARLA synergistically enhances barrier tightness via claudin- 5. (A) Rationale. (B) Schematic drawing of single compounds and their combinations tested in 
the impedance- based screen. (C) Barrier integrity of human cord blood stem cell–derived EC monolayers supplemented with PC- conditioned medium, measured 
by impedance. Higher normalized cell index values and a higher area under the curve indicate increased barrier integrity. Mean ± SD, ANOVA with Bonferroni’s 
post hoc test, ****P < 0.0001 compared to the control group, n = 6. (D) Impedance kinetics of EC monolayers with or without changing cARLA treatment to control 
medium at 72 h. Mean ± SD, n = 6. (E) Schematic drawing of the BBB model: human stem cell–derived ECs acquire brain- like characteristics upon coculture with 
PCs. (F) Transendothelial electrical resistance (TEER) in the coculture model after 48 h treatment. Mean ± SD, ANOVA with Bonferroni’s post hoc test, ****P < 
0.0001 compared to the control group, n = 24 from three experiments. (G) Reproducibility of TEER measurements after 48 h cARLA treatment across experiments, 
measured by different experts using different batches of cells. Mean ± SD, ANOVA with Bonferroni’s post hoc test, n = 82 from four experiments. (H) Permeability 
of sodium fluorescein and (I) Evans blue–albumin across the coculture model after 48 h treatment. Papp: apparent permeability coefficient. Mean ± SD, ANOVA 
with Bonferroni’s post hoc test, *P < 0.05, **P < 0.01, ****P < 0.0001 compared to the control group, n = 11 from two experiments. (J) Claudin- 5 immunostaining 
in human brain–like ECs. (Scale bar: 50 µm.) Mean ± SD for intensity and (K) median ± quartiles for continuity, ANOVA with Bonferroni’s post hoc test, ****P < 
0.0001 compared to the control group, n = 27 to 30 from three experiments. (L) Schematic drawing of BBB coculture models isolated from wild- type (WT) and 
Cldn5+/− mice. (M and N) Claudin- 5 immunostaining in the mouse BBB coculture model. (Scale bar: 50 µm in both subpanels.) Mean ± SD, Two- way ANOVA with 
Bonferroni’s post hoc test, n = 15. (O) Measurement of TEER in the mouse BBB coculture models. Values are presented as fold change (cARLA vs. control). Mean 
± SD, unpaired t test, t = 6,903, df = 30, n = 16.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 S
Z

E
G

E
D

I 
B

IO
L

O
G

IA
I 

K
U

T
A

T
O

K
O

Z
PO

N
T

 o
n 

M
ay

 1
6,

 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
16

0.
11

4.
61

.2
52

.



4 of 12   https://doi.org/10.1073/pnas.2316006121 pnas.org

cARLA Promotes Barrier Maturation and Brain Endothelial Identity 
Revealed by MACE- Seq. To investigate gene expressional changes 
in human brain–like ECs upon cARLA treatment, we performed 
Massive Analysis of cDNA Ends (MACE- seq, Fig. 3A). Principal 
component analysis revealed a sharp separation of control and 
cARLA samples along principal component 1 (Fig. 3B). In line with 
our findings on barrier integrity, CLDN5 was the most differentially 
expressed gene based on statistical significance (SI Appendix, Fig. S10A) 

among the 619 up- regulated and 546 down- regulated genes upon 
cARLA treatment (Fig. 3C). Key transcripts related to different aspects 
of BBB function were up- regulated by cARLA, such as ABCB1 
encoding the efflux pump P- glycoprotein, and SLC2A1 encoding the 
glucose transporter GLUT1 (Fig. 3C). Conversely, genes involved in 
pathological BBB disruption, including CCL2 (the C- C motif ligand- 2 
chemokine) and SERPINE1 (plasminogen activator inhibitor- 1) were 
down- regulated by cARLA (Fig. 3C).

Fig. 2.   The effect of cARLA on barrier tightness is reproducible in additional BBB culture models. (A) Schematic drawing of additional BBB culture models in 
which cARLA treatment was tested. (B) Real- time measurement of barrier integrity by impedance in mouse bEnd.3 cells and (C) in rat primary brain capillary 
ECs. Higher normalized cell index values and a higher area under the curve indicate increased barrier integrity. Mean ± SD, ANOVA with Bonferroni’s post hoc 
test, ****P < 0.0001 compared to the control group, n = 5 to 6 for both panels. (D) Measurement of TEER as well as permeability of (E) sodium fluorescein and 
(F) Evans blue–albumin across mouse bEnd.3 monolayers after 48 h treatment. Similarly, (G) TEER as well as permeability of (H) sodium fluorescein and (I) Evans 
blue–albumin was measured across the rat primary cell–based coculture BBB model after 24 h treatment. Mean ± SD, ANOVA with Bonferroni’s post hoc test, 
*P < 0.05, ***P < 0.001, ****P < 0.0001 compared to the control group, n = 8 in mouse bEnd.3 cells n = 11 in the rat primary BBB model from 2- 2 experiments. 
(J) Claudin- 5 immunostaining in mouse bEnd.3 cells and (K) in the rat primary BBB model. (Scale bar: 50 µm in both panels.) Mean ± SD, ANOVA with Bonferroni’s 
post hoc test, ****P < 0.0001 compared to the control group, n = 20 to 22 from two experiments in both panels.
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Fig.  3.   cARLA promotes barrier maturation and brain endothelial identity in human brain–like ECs. (A) Schematic drawing of the experimental setup. (B) 
Principal component analysis (PCA) of control and cARLA- treated samples. (C) Mean- difference (MD) plot of cARLA vs. control samples showing up-  and down- 
regulated genes and their expression levels. Key transcripts related to different aspects of BBB function are highlighted. (D) Functional enrichment analysis of 
up- regulated-  and (E) down- regulated gene sets upon cARLA treatment. Gene Ontology Biological Process (GO:BP) terms are ranked based on their gene ratio 
and are colored based on statistical significance. (F) F- actin immunostaining, with or without cARLA treatment. (Scale bar: 40 µm.) (G) Validation of the vascular 
endothelial nature of human stem cell–derived brain- like ECs. Expression levels (TPM: transcript per million) of key epithelial and endothelial transcripts from 
our dataset are plotted on a three- segment y- axis covering multiple orders of magnitude. (H) Scaled heatmap of 45 BBB- specific genes that are up- regulated 
by cARLA and are enriched in brain ECs in vivo. (I) Scaled heat map of 14 genes that are down- regulated by cARLA and are enriched in peripheral ECs in vivo. 
(J) The ratio of up- regulated, not changed, and down- regulated genes by cARLA for all genes and BBB- specific genes using our and previously published (4, 52) 
lists. (K) Venn diagram of BBB- specific genes from the three lists up- regulated by cARLA.
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On a pathway level, we observed an overrepresentation of genes 
related to EC differentiation and barrier formation as well as quies-
cence and maturation (Fig. 3 D and E). Accordingly, cARLA reduced 
the staining intensity of cytoplasmic vimentin fibers (SI Appendix, 
Fig. S11A), and the number of Ki- 67+ cells (SI Appendix, Fig. S11B) 
in EC monoculture. This was accompanied by a marked redistribu-
tion of F- actin from stress fibers to the cortical actin cytoskeleton 
(Fig. 3F and SI Appendix, Fig. S12A) and a more continuous ZO- 1 
staining at cell borders (SI Appendix, Fig. S12B), supporting the 
maturation of cell–cell contacts. Other up- regulated junctional genes 
include F11R (JAM- A), CGNL1 (paracingulin/JACOP), and 
PECAM1 (CD31; SI Appendix, Fig. S12 C–E).

Notably, the expression of key endothelial transcripts in human 
brain–like ECs was orders of magnitude higher than that of 
epithelial- associated transcripts (27), confirming the vascular 
endothelial nature of the model (Fig. 3G). To test whether cARLA 
further shifts the gene expression of ECs toward the in vivo brain 
EC signature, we examined a set of 100 transcripts (SI Appendix, 
Table S2 and Fig. S10B) that are enriched in brain vs. peripheral 
ECs in mice (4, 49, 52) and are robustly expressed at the human 
brain endothelium (53–56). We observed an upregulation of 45 
BBB- specific genes by cARLA, including BBB- enriched trans-
porters, enzymes, and transcription factors (Fig. 3H). By contrast, 
14 BBB- depleted genes participating in cell–cell adhesion, prolif-
eration, and vesicular transport, were down- regulated by cARLA 
(Fig. 3I). The ratio of BBB- specific genes up- regulated by cARLA 
was 45% according to our list of 100 genes, and 39.4- 39.5% using 
two other published gene lists from mice (4, 52) (Fig. 3 J and K 
and SI Appendix, Table S3). This indicates that BBB- specific genes 
were 14 to 16× more likely to be up- regulated by cARLA com-
pared to all genes (2.8% up- regulated, Fig. 3J). The effect of 
cARLA positively correlated with the gene pattern differences 
observed between mouse brain vs. peripheral ECs (52) but only 
partially matched the differences between mouse brain vs. lung 
ECs (4) (SI Appendix, Fig. S13A). Importantly, for BBB- specific 
genes, cARLA shifted the expression profile of human brain–like 
ECs in vitro toward values in ECs from isolated human brain 
microvessels (56) (SI Appendix, Fig. S13B). Together, these results 
demonstrate that cARLA promotes quiescence, barrier matura-
tion, and the acquisition of a brain EC- like identity.

cARLA Induces a Complex BBB Phenotype at the mRNA, Protein, 
and Functional Levels. We verified our MACE- seq results at the 
protein and functional levels for four selected BBB properties in 
human brain–like ECs (also shown by category in SI Appendix, 
Fig. S14 A–J). First, genes encoding key enzymes that participate 
in the synthesis of the negatively charged EC glycocalyx, such 
as ST6GALNAC1, ST6GALNAC3, and ST8SIA6, were up- 
regulated by cARLA (Fig. 4A). This was also reflected by a higher 
intensity of wheat germ agglutinin (WGA) lectin staining, which 
recognizes negatively charged sialic acid residues in the glycocalyx, 
upon cARLA treatment (Fig. 4B and SI Appendix, Fig. S15A). 
Accordingly, we measured a more negative surface charge (Δ1.5 
mV) in cARLA- treated ECs (Fig. 4C). Second, genes encoding 
BBB efflux transporters, such as P- glycoprotein (ABCB1), 
breast cancer–related protein (BCRP, ABCG2) and multidrug 
resistance- related protein 4 (MRP4, ABCC4), were up- regulated 
by cARLA (Fig. 4D). At the protein level, we observed a 20 to 
35% elevation in the staining intensity of P- glycoprotein (Fig. 4E 
and SI Appendix, Fig. S16A) which was accompanied by a marked 
increase in its luminal–abluminal polarization in ECs treated 
with cARLA (SI Appendix, Fig. S16B). BCRP protein levels were 
also robustly induced by cARLA, especially in EC monoculture 

(SI  Appendix, Fig.  S16B). As a functional test of efflux pump 
activity, we measured the permeability of rhodamine 123, a ligand 
of efflux pumps, across the coculture model in blood- to- brain 
and brain- to- blood directions. The efflux ratio of rhodamine 123 
was 2.1 upon cARLA treatment (a 1.6- fold increase compared to 
the control group), which could be reduced using verapamil, an 
efflux pump inhibitor (Fig. 4F). These results were also confirmed 
in accumulation assays using additional efflux pump ligands 
and inhibitors, with or without pericyte- conditioned medium 
(SI Appendix, Fig. S16 D–G). Together, our data reveal a higher 
glycocalyx density and better polarity and functionality of efflux 
pumps in ECs treated with cARLA.

On the other hand, genes associated with endocytic vesicle 
formation and nonspecific albumin uptake, suppressed pathways 
at the BBB in vivo, were also down- regulated by cARLA (Fig. 4G). 
In line with this and our results on albumin permeability (Fig. 1I), 
we observed 20 to 30% lower levels of albumin internalization in 
ECs upon cARLA treatment (Fig. 4 H and I). Moreover, the inter-
nalization process was sensitive to methyl- β- cyclodextrin, which 
inhibits lipid raft/caveolin- mediated endocytosis, but this effect 
was smaller in cARLA- treated cells (Fig. 4I). Finally, genes encod-
ing cell adhesion molecules involved in leukocyte trafficking across 
the inflamed BBB, such as vascular cell adhesion molecule 1 
(VCAM1) and E- selectin (SELE), showed a low expression at basal 
conditions (SI Appendix, Fig. S14D) and were down- regulated by 
cARLA (Fig. 4J). When challenged by a combination of TNF- α and 
IL- 1β in increasing concentrations, both control and cARLA- treated 
ECs responded to cytokine treatment by a decrease in impedance 
(Fig. 4K). ECs treated with cARLA maintained a higher barrier 
integrity at lower cytokine concentrations, but a robust reduction in 
impedance was observed at the highest cytokine concentration, sim-
ilarly to the control group (Fig. 4K). Treatment with proinflamma-
tory cytokines also decreased barrier integrity in the BBB model 
both in control and cARLA groups, as measured by TEER (Fig. 4L), 
fluorescein (Fig. 4M), and albumin permeability (Fig. 4N). In agree-
ment with this and our MACE- seq results, VCAM1 protein levels 
without TNF- α and IL- 1β treatment were low in ECs and were 
decreased by cARLA (Fig. 4O and SI Appendix, Fig. S15B) but were 
robustly increased in both control and cARLA- treated ECs by 
proinflammatory cytokines (Fig. 4O). These findings suggest that 
cARLA- treated ECs have lower basal rates of endocytosis and retain 
their ability to respond to proinflammatory cytokines.

Targeted Pathways Converge on Wnt/β- Catenin Signaling to 
Mediate the Effect of cARLA. We then asked how the synergistic 
effect of cARLA on barrier tightness is orchestrated in brain- like 
ECs. Bioinformatic analyses using the STRING database revealed 
a network of interactions between the effector transcription factors 
of cAMP, Wnt, and TGF- β pathways, with β- catenin taking center 
stage (Fig. 5A). Indeed, we observed a robust induction of Wnt/β- 
catenin signaling- associated genes at the mRNA level (Fig. 5B 
and SI Appendix, Figs. S14E and S17A). In addition, both the 
staining intensity (Fig.  5 C and D) and nuclear accumulation 
of β- catenin (Fig. 5E) were synergistically elevated by cARLA, 
indicating a convergence of the targeted pathways on Wnt 
signaling. Active β- catenin levels were also increased by LiCl and 
A83- 01 (SI Appendix, Fig. S17B), but the nuclear translocation of 
β- catenin was most evident in the cARLA group (Fig. 5C). This 
was not accompanied by the disruption of junctional β- catenin 
or VE- cadherin (SI  Appendix, Fig.  S18A) complexes, and was 
consistent with the upregulation of RAPGEF5, a mediator of β- 
catenin nuclear import, by cARLA (Fig. 5B). Notably, the effect 
of cARLA was synergistic (SI Appendix, Fig. S17E) for 14 out of 
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Fig. 4.   cARLA induces a complex BBB phenotype at the mRNA, protein, and functional levels in human brain–like ECs. (A) Key glycocalyx synthesis enzymes 
are up- regulated upon cARLA treatment. Mean ± SD. (B) Wheat germ agglutinin (WGA) lectin staining labeling negatively charged sialic acid residues in the EC 
glycocalyx. (Scale bar: 50 µm.) Mean ± SD, unpaired t test, t = 11.43, df = 43, n = 22 to 24 from two experiments. (C) Cell surface zeta potential measurement in ECs. 
Mean ± SD, unpaired t test, t = 3.045, df = 60, n = 31 from two experiments. (D) Key BBB efflux transporters are up- regulated upon cARLA treatment. Mean ± SD. 
(E) P- glycoprotein (P- gp, ABCB1) immunostaining in ECs. (Scale bar: 50 µm.) Mean ± SD, unpaired t test, t = 4.065, df = 36, n = 19 from two experiments. (F) Efflux 
ratio of rhodamine 123, a ligand of efflux pumps, across the BBB coculture model in the presence or absence of verapamil, an efflux pump inhibitor. Mean ± SD, 
two- way ANOVA with Bonferroni’s post hoc test, n = 4. (G) Key mediators of endocytic vesicle formation and nonspecific albumin uptake are down- regulated by 
cARLA. Mean ± SD. (H) Texas Red (TR)- labeled albumin internalization in ECs visualized by live cell confocal microscopy. (Scale bar: 50 µm.) Mean ± SD, unpaired t 
test, t = 3.786, df = 22, n = 12. (I) TR- albumin internalization in ECs quantified by fluorescent spectrophotometry. MβCD: randomly methylated β- cyclodextrin, an 
inhibitor of lipid raft/caveolin- mediated endocytosis. Incubation at 4 °C inhibits energy- dependent internalization. Mean ± SD, two- way ANOVA with Bonferroni’s 
post hoc test, **P < 0.01, ****P < 0.0001 compared to its respective 37 °C group, n = 6. (J) Key immune cell adhesion molecules are down- regulated by cARLA in 
the absence of inflammatory stimuli. Mean ± SD. (K) Barrier integrity of control and cARLA- treated ECs upon TNF- α + IL- 1β treatment, measured by impedance. 
Higher normalized cell index values indicate better- preserved barrier integrity. Mean ± SD, n = 4 to 6. (L) Measurement of TEER in control and cARLA- treated 
cocultures upon TNF- α + IL- 1β treatment. Mean ± SD, two- way ANOVA with Bonferroni’s post hoc test, ****P < 0.0001 compared to nonstimulated ECs, n = 6. 
(M) Permeability of sodium fluorescein and (N) Evans blue–albumin across the control or cARLA- treated coculture model upon TNF- α + IL- 1β treatment. Mean 
± SD, two- way ANOVA with Bonferroni’s post hoc test, n = 5 to 6. (O) VCAM- 1 (red) and VE- cadherin (gray) immunostaining in control or cARLA- treated ECs, with 
or without TNF- α + IL- 1β treatment. Mean ± SD, two- way ANOVA with Bonferroni’s post hoc test, n = 11.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 S

Z
E

G
E

D
I 

B
IO

L
O

G
IA

I 
K

U
T

A
T

O
K

O
Z

PO
N

T
 o

n 
M

ay
 1

6,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

16
0.

11
4.

61
.2

52
.



8 of 12   https://doi.org/10.1073/pnas.2316006121 pnas.org

the 100 BBB- specific genes in our set, 6 of which are direct targets 
of Wnt signaling.

To investigate how a highly active state of Wnt/β- catenin sig-
naling contributes to the effect of cARLA, we pharmacologically 
blocked this pathway at two different points (Fig. 5F). ICG- 001 
specifically inhibits the β- catenin- CREB- binding protein (CBP) 
interaction in the nucleus, while XAV 939 blocks the pathway 
upstream of nuclear translocation. We used these inhibitors in 
concentrations that do not interfere with basal barrier integrity 
(SI Appendix, Fig. S18 B and C) but block the effect of elevated 
levels of Wnt signaling on impedance (Fig. 5 G and H). ICG- 001 
moderately decreased (Fig. 5G), whereas XAV 939 more potently 
reduced the effect of cARLA on barrier tightness, almost to the 
level of cAMP+Ro treatment (Fig. 5H). By contrast, the elevation 
in barrier integrity by cAMP+Ro alone was not affected by these 
inhibitors (SI Appendix, Fig. S17 C and D). Treatment with XAV 

939 increased the permeability of both fluorescein and albumin, 
whereas ICG- 001 only increased the permeability of fluorescein 
but not albumin, across the cARLA- treated coculture model 
(Fig. 5 I and J). These findings suggest that the three pathways 
converge on Wnt/β- catenin signaling to mediate the effect of 
cARLA on barrier integrity and that specifically, the β- catenin- CBP 
interaction is involved in establishing paracellular tightness.

cARLA Improves the Prediction of Drug and Nanoparticle 
Transport across the Human BBB. Finally, to put cARLA into 
practice, we assessed the penetration of 10 clinically used small- 
molecule drugs across the coculture model, with or without cARLA 
treatment. Drugs were selected to represent different routes of 
penetration across the BBB, such as passive diffusion, efflux, and 
influx transport (SI Appendix, Tables S4 and S5). In blood- to- brain 
direction, the permeability of efflux pump ligands vinblastine, 

Fig. 5.   Targeted pathways converge on Wnt/β- catenin signaling to mediate the effect of cARLA. (A) Schematic drawing of known interactions between effector 
transcription factors (TFs) of cAMP, Wnt, and TGF- β signaling. (B) Canonical target genes of Wnt/β- catenin signaling are up- regulated by cARLA. Mean ± SD. (C) β- 
catenin immunostaining in human brain–like ECs. Arrowheads point to nuclear β- catenin, a hallmark of active Wnt signaling. (Scale bar: 50 µm.) (D) Quantification 
of β- catenin staining intensity and (E) β- catenin nuclear/non- nuclear ratio. Mean ± SD for intensity, median ± quartiles for nuclear/non- nuclear ratio, ANOVA with 
Bonferroni’s post hoc test, **P < 0.01, ****P < 0.0001 compared to the control group, n = 20 from two experiments. (F) Schematic drawing of the mechanism of 
action of Wnt signaling inhibitors ICG- 001 and XAV 939. (G) Barrier integrity measured by impedance in EC monolayers, with or without ICG- 001 (5 µM) and (H) 
XAV 939 (1 µM). Higher normalized cell index values indicate higher barrier integrity. Mean ± SD, n = 5 to 6. (I) Permeability of sodium fluorescein and (J) Evans 
blue–albumin across the coculture model, with or without ICG- 001 and XAV 939. Mean ± SD, ANOVA with Bonferroni’s post hoc test. ****P < 0.0001 in cARLA- 
treated ECs compared to its respective treatment in the control group, n = 6 from two experiments.
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loperamide, salicylic acid, and verapamil was lower upon cARLA 
treatment (Fig. 6A). Conversely, cARLA increased the permeability 
of tacrine (influx transport) and propranolol (passive diffusion, 
influx transport) across the coculture model. As a consequence, the 
cARLA- treated human BBB model could correctly discriminate 
between drugs that readily enter the central nervous system 
in vivo and those that do not (Fig. 6A). Treatment with cARLA 
also elevated the efflux ratio of loperamide and methotrexate, 
indicating an improved vectorial transport across the BBB model 
(Fig. 6B). We observed similar results regarding the extent of drug 
penetration (Fig. 6C) given as in vitro unbound brain- to- plasma 
partition coefficients (Kp,uu,brain) (22, 25, 57). Importantly, cARLA 

increased the overall correlation between human in vitro Kp,uu,brain 
values and in  vivo brain penetration data from rats (57) and 
nonhuman primates (58) (Fig. 6D). In the case of verapamil, the 
only drug on our list with human clinical Kp,uu,brain data available, 
the cARLA- treated BBB model closely approximated the human 
in vivo value (Fig. 6E and SI Appendix, Fig. S19A), being second 
only to nonhuman primate in vivo data among predictive models. 
In cases of drugs where no human clinical data were available, 
we selected nonhuman primate values as reference points. For all 
drugs in this group, cARLA shifted in vitro Kp,uu,brain values toward 
nonhuman primate in vivo values, compared to the control BBB 
model (SI Appendix, Fig. S19B).

Fig. 6.   cARLA improves the in vitro prediction of drug and nanoparticle delivery across the human BBB. (A) Permeability of 10 clinically used drugs in blood- to- 
brain direction across the human brain–like EC- PC coculture model, with or without cARLA treatment. CNS: central nervous system. Red and blue color indicates 
higher and lower permeability, respectively, for a given drug upon cARLA treatment (P < 0.05). Mean ± SD for symbols, n = 3 to 4. Line of best fit with 95% CIs and 
R2 value from a simple linear regression are shown. (B) Drug efflux ratios in the coculture model. Mean ± SD, multiple unpaired t tests with Welch’s correction,  
n = 3 to 4. Upward red and downward blue triangles indicate higher and lower efflux ratios, respectively (P < 0.05). (C) In vitro unbound brain- to- plasma partition 
coefficient (Kp,uu,brain) of drugs across the coculture model, with or without cARLA treatment. Red and blue color indicates higher and lower values, respectively, 
for a given drug upon cARLA treatment (P < 0.05). Mean ± SD for symbols, n = 3 to 4. Line of best fit with 95% CIs and R2 value from a simple linear regression are 
shown. (D) Correlation heatmap of in vitro Kp,uu,brain values for the whole set of drugs from our experiments with in vivo Kp,uu,brain data from rats and nonhuman 
primates. Numbers inside boxes are Spearman’s correlation coefficients. Data were obtained from 1present study, 2Fridén et al. (57), and 3Sato et al. (58).  
(E) Comparison of Kp,uu,brain measured in vivo in humans with its predictive models for the drug verapamil. Upper panel: Heat map of Kp,uu,brain values. Lower panel: 
Mean difference of Kp,uu,brain values compared to human in vivo data. Lower values indicate better prediction. (F) Schematic drawing of nontargeted and GSH- 
targeted polypeptide nanoparticles (NPs) carrying rhodamine 6G cargo. (G) Permeability of nontargeted and GSH- targeted NPs across the coculture BBB model, 
with or without cARLA treatment. Pe: endothelial permeability coefficient. Mean ± SD, two- way ANOVA with Bonferroni’s post hoc test, n = 4. (H) Internalization 
of nontargeted and GSH- targeted NPs carrying rhodamine 6G cargo (orange) in ECs, visualized by live cell confocal microscopy. (Scale bar: 50 µm.)D
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We also tested the effect of cARLA on the penetration of 
brain- targeted nanocarriers by assessing the permeability of pol-
ypeptide nanoparticles (NPs) decorated with or without the 
BBB- specific targeting ligand glutathione (59–61) (GSH; Fig. 6F). 
In agreement with lower basal levels of endocytosis upon cARLA 
treatment (Fig. 4 G–I), the permeability of nontargeted NPs was 
lower across the cARLA- treated BBB model compared to the con-
trol group (Fig. 6G). Notably, the BBB- specific targeting effect of 
GSH was apparent in the cARLA- treated but not in the control 
model, based on both the permeability (Fig. 6G) and internaliza-
tion of NPs in ECs (Fig. 6H). Taken together, our results demon-
strate that by inducing several aspects of BBB function, cARLA 
can improve the in vitro prediction of therapeutic drug and NP 
transport across the human BBB.

Discussion

In the past decade, several laboratories established BBB models 
derived from human stem cells (11–25). Not only can this tech-
nology revolutionize drug development for the human brain by 
eliminating problems with species differences, it can also provide 
mechanistic insight into how the human BBB functions in health 
and disease. However, state- of- the- art human BBB models either 
have high barrier tightness but suffer from a mixed epithelial–
endothelial identity or the cells are vascular ECs but have weak 
barrier properties (26, 27). This is a major limitation and thus, there 
is consensus in the field that existing differentiation protocols need 
serious improvements to better mimic both the endothelial nature 
and the complexity of the human BBB (26, 62–64). In this study, 
we describe an efficient, reproducible yet easy- to- use approach to 
induce complex BBB properties in vascular ECs in vitro.

The small- molecule cocktail cARLA, which consists of pCPT-   
cAMP+Ro- 20- 1724+LiCl+A83- 01, simultaneously activates cAMP  
and Wnt/β- catenin signaling and inhibits the TGF- β pathway. So 
far, soluble factors targeting these pathways have been separately 
used to elevate BBB tightness in vitro. For example, cAMP- elevating 
agents (pCPT- cAMP, Ro- 20- 1724, and forskolin) rapidly increased 
junctional integrity in bovine and rodent primary brain ECs (47, 
48, 65). The activation of Wnt/β- catenin signaling (22, 40–43) by 
Wnt ligands (Wnt- 3a and Wnt- 7a/b) or small molecules (LiCl, 
6- BIO, and CHIR99021) as well as the inhibition of TGF- β sig-
naling by receptor antagonists (RepSox and A83- 01) (44, 45) have 
also been shown to induce a subset of barrier properties individu-
ally. Yet we and others hypothesized that signaling cues do not act 
separately in ECs but rather interact with one another during BBB 
maturation. Indeed, overexpression of a combination of general 
and brain EC- specific transcription factors has been shown to 
increase barrier integrity in stem cell–derived ECs by ~40% (65). 
In contrast to targeting signaling pathways separately, Praça et al. 
used Wnt- 3a, VEGF, and retinoic acid to simultaneously activate 
multiple pathways during EC differentiation (15). These factors, 
however, did not effectively potentiate each others’ effect on barrier 
tightness (11). The strength of our approach compared to previous 
studies is that we performed a combinatorial screen of selected 
compounds for their ability to increase barrier tightness in ECs. 
This allowed us to identify a link between cAMP, Wnt/β- catenin, 
and TGF- β signaling at the BBB in vitro and thus, we could ration-
ally develop a small- molecule cocktail with optimal composition 
to target this interaction. Treatment with cARLA has a greater than 
twofold, synergistic effect on barrier tightness via claudin- 5, the 
dominant tight junction protein at the BBB (66). Based on our 
results, cARLA not only increases claudin- 5 expression but can also 
promote its localization and stabilization at the intercellular junc-
tions. We further support these findings by showing that the effect 

of cARLA is mediated by a convergence of targeted pathways on 
Wnt/β- catenin signaling.

The other main strength of our approach is that cARLA induces 
several aspects of BBB function, not just junctional tightness. 
Recapitulating these different BBB properties in vitro is necessary 
for both physiological studies and to predict the penetration of 
drugs and nanocarriers across the BBB. However, the induction 
of a complex BBB phenotype has remained challenging in human 
stem cell–derived vascular ECs using current differentiation pro-
tocols (15, 21, 22, 27). Notably, cARLA does not induce epithelial- 
 associated genes, and cARLA- treated ECs retain their character-
istic endothelial response to proinflammatory cytokines. We also 
demonstrate that cARLA up- regulates 39 to 45% of BBB- specific 
genes, and shifts the gene expressional profile of human stem 
cell–derived ECs toward the in vivo brain endothelial signature. 
As a limitation, 10 out of the selected 100 BBB- specific genes, 
including transcription factors LEF1, FOXF2, and ZIC3, were 
not expressed in human brain–like ECs and could not be induced 
by cARLA. Treatment with our small- molecule cocktail also did 
not elevate the expression of 45 other BBB- specific genes, such as 
MFSD2A or SLC38A5 (SNAT5). By contrast, cARLA induced a 
higher glycocalyx density and efflux pump activity as well as lower 
rates of transcytosis, which we validated at mRNA, protein, and 
functional levels. Recapitulating these BBB properties in vitro is 
important as pathological factors modify, and therapeutics interact 
with the EC glycocalyx, influx and efflux transporters as well as 
transcytotic pathways at the BBB. Accordingly, we observed a 
higher in vitro–in vivo correlation, and a substantially better pre-
diction of the penetration of clinically used small- molecule drugs 
in the cARLA- treated human BBB model compared to the control 
group and previously published human in vitro models. Among 
these, the effect of cARLA was best seen for drugs that are efflux 
pump ligands or have an influx transport mechanism across the 
BBB. Our data also indicate that cARLA increases the paracellular 
tightness of the human BBB model to a level that is suitable for 
testing larger biopharmaceuticals, such as antibody constructs, 
enzymes, and brain- targeted NPs.

Importantly, the aim of our study was not to establish a new 
human BBB model but rather to create an approach that can be 
used in a range of models across laboratories to move the field 
forward. To this end, we selected commercially available small-  
molecules as an easy, affordable, and rapid way to target develop-
mentally relevant signaling pathways. Our method uses a single 
“hit- and- run” treatment with cARLA for 24 to 48 h to induce 
barrier maturation in ECs before the cells can be used in experi-
ments. Notably, the effect of cARLA on barrier tightness is main-
tained after removal of the treatment, which can be important for 
several experimental setups. Whether the efficacy of cARLA can be 
further improved by other cues such as fluid flow and organ- on- a- chip 
technology (6, 19, 67), 3D microenvironment (68) or basement 
membrane composition (69) remains to be explored. As we are 
aware of current difficulties in the field related to the induction of 
BBB properties of culture models in a reproducible way, we demon-
strated the consistent effect of cARLA treatment using different 
batches of cells, measured by different experts in our research group. 
Moreover, we verified the effectiveness of cARLA in additional, 
well- established BBB models, namely EECM- BMEC- like cells dif-
ferentiated from human induced pluripotent stem cells (21), the 
mouse brain EC line bEnd.3 and primary brain EC- PC- AC cocul-
ture models (51) from mice and rats. Although it is a limitation of 
our study that the interaction between the three pathways targeted 
by cARLA was not yet proven in vivo, the synergistic effect of 
cARLA is conserved between species and is reproducible across BBB 
models of different complexity.D
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Due to its high efficacy, reproducibility, and ease of use, 
cARLA has the potential to be applied in a variety of BBB culture 
models across laboratories to advance drug development for the 
human brain. We envision that our study will also boost future 
research in understanding interactions between signaling path-
ways that govern the formation, maturation, and maintenance 
of the BBB.

Materials and Methods

Derivation and culture of human stem cell–derived ECs, impedance- based meas-
urement of barrier integrity, optimal concentrations of soluble factors and cARLA 
in human ECs, construction of the human brain–like EC and bovine brain PC 
coculture BBB model, the measurement of transendothelial electrical resistance, 
tracer permeability, immunocytochemistry and image analysis, differentiation and 
culture of EECM- BMEC- like cells and SMLCs, animals, assembly of the primary 
mouse brain EC- PC- AC coculture BBB model, the mouse brain endothelial cell 
line bEnd.3, assembly of the primary rat brain EC- PC- AC coculture BBB model, 
total RNA isolation, library preparation and 3’ RNA- sequencing (MACE- seq), bio-
informatic analysis of MACE- seq data, glycocalyx staining and measurement of 
cell surface charge, measurement of efflux pump activity, western blotting, meas-
urement of albumin internalization, measurement of barrier integrity in response 
to inflammation, pharmacological inhibition of Wnt/β- catenin signaling, pene-
tration of small- molecule drugs across the human brain–like EC- PC BBB model, 
synthesis and penetration of nanoparticles across the human brain–like EC- PC 
BBB model, and statistics are described in SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. MACE- seq data generated and 
analyzed in this study have been deposited to the Gene Expression Omnibus 
(GEO) repository under accession number GSE224846 (70). Source data are pro-
vided with the manuscript and on Dryad: https://datadryad.org/stash/share/9j1- 
8dVQt4EMgoKBMV- OoZfcRzmUPQSuOIvIlsdUOKQ. All other data are included 
in the manuscript and/or SI Appendix.
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