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N E U R O S C I E N C E

A claudin5-binding peptide enhances the permeability 
of the blood-brain barrier in vitro
Martina Trevisani1,2†, Alessandro Berselli1,3†, Giulio Alberini1,3*, Eleonora Centonze1,  
Silvia Vercellino1,3, Veronica Cartocci1,3, Enrico Millo2, Dinu Zinovie Ciobanu4, Clarissa Braccia4, 
Andrea Armirotti4, Francesco Pisani1,5, Federico Zara6,7, Valentina Castagnola1,3*†,  
Luca Maragliano1,8†, Fabio Benfenati1,3†

The blood-brain barrier (BBB) maintains brain homeostasis but also prevents most drugs from entering the brain. 
No paracellular diffusion of solutes is allowed because of tight junctions that are made impermeable by the ex-
pression of claudin5 (CLDN5) by brain endothelial cells. The possibility of regulating the BBB permeability in a 
transient and reversible fashion is in strong demand for the pharmacological treatment of brain diseases. Here, we 
designed and tested short BBB-active peptides, derived from the CLDN5 extracellular domains and the CLDN5-
binding domain of Clostridium perfringens enterotoxin, using a robust workflow of structural modeling and 
in vitro validation techniques. Computational analysis at the atom level based on solubility and affinity to CLDN5 
identified a CLDN5-derived peptide not reported previously called f1-C5C2, which was soluble in biological me-
dia, displayed efficient binding to CLDN5, and transiently increased BBB permeability. The peptidomimetic strat-
egy described here may have potential applications in the pharmacological treatment of brain diseases.

INTRODUCTION
The blood-brain barrier (BBB) represents the primary defense layer 
for the brain and has a pivotal role in maintaining its homeostasis. 
However, it also hinders therapeutic interventions in case of brain 
disorders, such as neurodegeneration, glioblastoma, and various ge-
netic diseases (1, 2). As a notable example, in the glucose transport-
er-1 deficiency syndrome (GLUT1DS) a loss-of-function mutation 
in the SLC2A1 gene encoding for the unique Glut1 transporter in 
brain endothelial cells prevents the appropriate supply of glucose to 
maintain physiological brain functions (3–5).

Because of these limitations, there is a high demand for innovative 
approaches to regulate BBB permeability under pathological conditions 
(1, 6–10). Many strategies are under investigation to increase the passage 
of small molecules across the BBB, by facilitating either their crossing of 
the endothelial cells (the transcellular route) or their passage between 
adjacent endothelial cells (the paracellular route) (6, 11–18). The BBB 
paracellular pathway is controlled by specialized protein assemblies 
called tight junctions (TJs), whose backbone is formed by members of 
the claudin (CLDN) family (19, 20). These proteins comprise a four-
transmembrane helix bundle (TM1-4) with two extracellular loops 
(ECL1-2), cytoplasmic N/C termini, and an intracellular loop (19–22). 
To form TJs, CLDN monomers polymerize in strands within the lateral 
membrane of endothelial cells, while strands from neighboring cells 

associate across the paracellular space. CLDN5 is the most expressed 
member of the family in the TJs of the BBB and has a key role in restrict-
ing the paracellular traffic of molecules and ions (1, 22). Since no experi-
mental studies have shed light on the structure of TJ assemblies of 
CLDNs so far, the current knowledge of their multimeric organization 
relies only on computational modeling (19, 23–25). Many studies sug-
gest that the interactions between the CLDN ECL domains along the TJ 
strands result in porous scaffolds that partially occlude the paracellular 
space (20, 23, 26). Many works demonstrated that these pores convey the 
paracellular fluxes and act as a selectivity filter for ion-permeable CLDNs 
(24,  27–31). However, in previous studies, ours and another group 
showed that these architectures are also consistent with the physiological 
function of barrier-forming CLDNs since, when they are assembled 
with CLDN5 monomers, they are not permissive to ions (24, 25, 32). For 
this reason, hereafter we use the word “pore” (intended as a structural 
feature) when discussing cavity-forming assemblies for the barrier-
forming CLDN5.

Inspired by studies on CLDN1- (14, 33) and CLDN4- (34, 35) 
expressing cells, efforts have been recently devoted to design mo-
lecular approaches based on competing peptides able to modulate 
the formation of CLDN5 multimers. Two families of peptides 
have been investigated, including (i) derivatives of the nontoxic 
C-terminal domain of Clostridium perfringens enterotoxin (cCPE) 
(12, 36, 37) and (ii) a peptidomimetic based on the murine CLDN5 
(mCLDN5) ECL1 domain, known as C5C2 (11, 37). Despite these 
seminal endeavors, the design of CLDN-modulating peptides has 
been hindered by the limited structural information available on 
these proteins. Although the structure of other CLDNs in the mono-
meric form has been determined experimentally (38–41), that of 
CLDN5 is not yet available. Moreover, there are still major gaps in 
our understanding of the assembly of CLDNs in TJs, and the only 
detailed structural models currently available originate from com-
putational approaches (19,  23–25). In addition, the length of the 
CLDN5-modulating peptides identified so far (30 amino acids for 
C5C2 and up to 170 amino acids for the modified cCPE) presents 
difficulties for both experimental and computational methods to 
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study protein-peptide interactions, not to speak about their poten-
tial translatability to the clinics. While computational techniques 
can be crucial to understanding the atomic details of the binding 
process, they are usually limited to peptides not exceeding 15 resi-
dues (42–47), with at least one remarkable and very recent excep-
tion (48). As for the experimental side, shorter sequences are 
beneficial in terms of synthesis, solubility, conformational stability, 
and translatability (49).

In this work, we investigate a group of peptidomimetics designed 
in house and extracted from either C5C2 or cCPE, characterized 
by a short chain length (<20 amino acids). Our study is based on 
a multidisciplinary approach, integrating computational methods 
and in vitro BBB models. Leveraging this workflow to screen a set of 
designed peptides, we identified an original 14-mer peptide [named 
f1-C5C2, sequence ESVLALNAEVQAAR, corresponding to the 
mCLDN5 fragment comprising the residues 68 to 81 and including 
the previously reported S74N substitution (11)] that exhibits affin-
ity for CLDN5. This peptide, assayed in two-dimensional (2D) mu-
rine in vitro models of the BBB, transiently and reversibly increases 
the paracellular permeability at relatively low concentrations and 
short incubation times. The multidisciplinary workflow described 
here can provide hints to design selective enhancers of drug/
molecule delivery across biological barriers and CLDN-based para-
cellular complexes.

RESULTS
Design of short CLDN5-binding peptides
To predict whether the mCLDN5 peptidomimetics could compete 
with the interactions that stabilize the paracellular TJ scaffold, we vi-
sualized CLDN5 assemblies using structural models. Although there 
is no experimental structure available for CLDN-based TJ complexes, 
several models have been proposed (26). Here, we used two CLDN5 
multi-pore architectures, one based on the template previously pub-
lished for the homolog mCLDN15 (26) (Fig. 1, A to C) and the other 
on the back-to-back interaction interface introduced for CLDN5 
(Fig. 1, D to F) (23). Consistent with our previous work (25, 32), these 
models were built using the human CLDN5 (hCLDN5) protomer. 
However, we emphasize that the sequence identity between the human 
(UNIPROT: O00501) and the murine (UNIPROT: O54942) CLDN5 
sequences is ~92%, as shown by the sequence alignment performed 
with Clustal Omega (50, 51) and reported in fig. S1A. For this rea-
son, the multi-pore configurations assembled using either hCLDN5 
or mCLDN5 should not differ in this context.

Short peptides that could potentially bind CLDN5 were identified 
starting from sequences previously used to target this protein [C5C2 
(11) and cCPE (12)]. These peptides, composed of more than 30 ami-
no acids, were fragmented into shorter chains, with a maximal length 
of 16 residues. For the cCPE-derived ones, the domains responsible 
for the association with CLDN5 were considered (12). In both human 
and murine architectures, the sequence of the first selected peptide, 
f1-C5C2, coincides with the region of the CLDN5 ECL1 domain re-
sponsible for the formation of both hydrophobic cis- and trans-
interactions with adjacent and facing CLDN subunits, respectively 
(Fig. 1, B and E). Specifically, the f1-C5C2 fragment represents the 
extracellular helix domain of CLDN5 protomers and includes the resi-
due V70 (corresponding to M68 in mCLDN15) that stabilizes the 
so-called cis-linear interface (26) with the hydrophobic residues F147, 
Y148, and L160 (F146, F147, and L158 in mCLDN15) belonging to 

the adjacent monomer (Fig. 1, C and F). Furthermore, this segment 
participates in multiple trans-interactions involving the apolar contact 
between L71 of one monomer’s ECL1, P153, and V154 on the facing 
monomer’s ECL2 (fig. S1, B and C). The second C5C2-based fragment, 
f2-C5C2, differs from f1-C5C2 for the absence of the glutamate and the 
serine at the N terminus, hence affecting its solubility in water.

cCPE-derived peptides were defined leveraging a model of the 
hCLDN5-cCPE complex. To assemble this system, a homology-based 
hCLDN5 protomer was aligned with the hCLDN4 crystal structure, 
which was solved bound to the bacterial toxin [Protein Data Bank 
(PDB) ID: 5B2G (39)]. In addition, because CLDN5 is not a biologi-
cal target for cCPE, the ligand was modified as suggested previously 
(12). In the resulting hCLDN5-cCPE model (Fig. 1G), three frag-
ments (f1-cCPE, f2-cCPE, and f3-cCPE, Fig. 1, H and I) with a length 
between 11 and 16 residues were selected from the binding interface. 
Thereafter, single-point mutations were introduced in the f1-C5C2, 
f1-cCPE, f2-cCPE, and f3-cCPE sequences to improve their solubility 
in water, generating the peptide data bank reported in table S1.

In silico and experimental assessment of peptide solubility
To predict the solubility of the peptide data bank that encompasses 
both cCPE and C5C2-derived fragments, we performed all-atom 
molecular dynamics (MD) simulations of multiple copies of each 
species in water and a KCl/CaCl2 ionic bath mimicking the ionic 
strength of the Dulbecco’s modified Eagle’s medium (DMEM) used 
in cell cultures. To properly classify each peptide, we designed a ma-
chine learning approach (fig. S2) based on three solubility descrip-
tors calculated along the simulations: the number of peptides’ 
aggregates, the size of the largest aggregate, and the number of their 
contacts with water molecules (see section S1). The method was 
trained on an external dataset of peptides of known solubility and 
allowed us to classify all our sequences into two neatly distinct fam-
ilies (see tables S1 and S2 for test and train sets, respectively, and fig. 
S3A). We discuss here the results of the representative subgroup of 
peptides f1-C5C2 and f3-cCPE–mut1, assigned to the soluble group, 
and f2-C5C2, included among the insoluble ones (fig. S3B). The 
presence of both soluble (f1-C5C2 and f3-cCPE-mut1) and insolu-
ble (f2-C5C2) molecules allowed us to assess the accuracy of the 
solubility prediction.

The starting and final configurations from MD simulations of each 
of the three peptides are shown in Fig. 2 (A and B, D and E, and G and 
H), while additional intermediate states along the trajectories are re-
ported in fig. S4. During the last 10 ns of the simulation, we observed 
that the soluble f1-C5C2 and f3-cCPE–mut1 peptides form only a few 
aggregates with an average size of up to ~7 and ~10 subunits, respec-
tively (~30 and ~37% of the number of initial copies for f1-C5C2 and 
f3-cCPE–mut1, respectively). In addition, these peptides were appro-
priately dispersed in the solvent, as demonstrated by the presence of 
~11 different aggregates at the end of the simulation for both systems 
(table S1). As for the extent of solvation, f1-C5C2 and f3-cCPE–mut1 
maintained more than 75% contact with water molecules after 100 ns 
of MD simulation. On the contrary, f2-C5C2 formed a cluster of 12 
subunits, about 45% of the total copies, and only four large aggregates 
were found at the end of the simulation, suggesting a marked propen-
sity of the peptides to interact with each other rather than being indi-
vidually solvated. At the end of the simulation, the number of contacts 
with water molecules for f2-C5C2 was ~65% of the initial value. This 
suggests that the surface exposed to the solvent for the system 
assembled with f2-C5C2 is largely lower than those of f1-C5C2 
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and f3-cCPE–mut1. In conclusion, the simulations performed in a 
DMEM-like ion/water solution predict a peptide solubility order 
f2-C5C2 < f1-C5C2 < f3-cCPE–mut1. The solubility of the three 
sequences was then assessed experimentally by liquid chromatogra-
phy–mass spectrometry (LC-MS; Fig. 2, C, F, and I). Starting from a 
stock solution in H2O/acetonitrile (ACN) 1:1 (as detailed in Materials 

and Methods), each peptide sample was diluted in either Milli-Q wa-
ter or DMEM until a concentration of 25 μM to assess the effect of 
ionic strength and pH used in the in vitro testing on the solubility. 
Only for f3-cCPE–mut1 the target concentration was recovered. f1-
C5C2 was found in a lower concentration (about 15 μM, 60% of tar-
get concentration), but no significant solubility differences between 

Fig. 1. Selection of CLDN5- and cCPE-based peptides from structural models. (A) Triple pore arrangement formed by multiple hCLDN5 monomers based on the 
mCLDN15 template (26). Individual monomers are distinguished by color. (B) The same structure as (A), with the f1-C5C2 fragment and the ECL2 segments shown in or-
ange and blue, respectively. (C) Close-up view of the V70, F147, Y148, and L160 residues forming the cis-linear interface. The ECL2 of the monomer belonging to the op-
posite hCLDN5 strand is also shown. (D) Triple pore arrangement formed by multiple hCLDN5 monomers based on the CLDN-CLDN interface described in (23). Individual 
monomers are distinguished by color. (E) The same structure as in (D), with the f1-C5C2 fragment and the ECL2 segments shown in orange and blue, respec-
tively. (F) Close-up view of the V70, F147, Y148, and L160 residues forming the cis-linear interface. The ECL2 of the monomer belonging to the opposite hCLDN5 strand is 
also shown. (G) hCLDN5-cCPE complex model generated with the modified version of the toxin (12) and aligned to the hCLDN4-cCPE crystal structure (PDB ID:5B2G). 
(H) The same structure as in (G), in which the binding interfaces between hCLDN5 and cCPE are highlighted. (I) Close-up view of the hCLDN5-cCPE contact domain, in 
which the cCPE fragments f1-cCPE, f2-cCPE, and f3-cCPE are colored in purple, blue, and green, respectively.
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water and DMEM were observed. On the opposite, f2-C5C2, already 
found in a lower concentration in water, showed a significantly re-
duced value in DMEM (about 5 μM, 20% of initial target concentra-
tion), and was defined as insoluble. Hence, the solubility order in 
DMEM fully matches the computational predictions in the DMEM-
mimicking solution.

Standard MD simulations assess the stability of 
mCLDN5-peptide complexes
After the solubility assessment, we proceeded with studying the 
binding of f1-C5C2 and f3-cCPE–mut1 to mCLDN5. We first mod-
eled the peptide-protein complexes by performing molecular dock-
ing calculations where the flexibility of the peptides was taken into 

account using an iterative procedure to scan all torsion angles 
(52–54). Then, the resulting docked conformations were sub-
jected to 200 ns of standard, all-atom MD simulations, restrict-
ing the volume accessible to the peptide within the cylindrical 
domain shown in fig. S5. The trajectories can be visualized in 
the movie S1.

For mCLDN5–f1-C5C2, we observed that the complex main-
tains a bound state, although with a remarkable rearrangement of 
the peptide, which moves toward the mCLDN5 ECL1 domain (Fig. 
3A). On the contrary, the mCLDN5–f3-cCPE–mut complex disso-
ciates over the same timescale (Fig. 3B), with the peptide diffusing 
toward the solvent. Hence, these preliminary simulations already 
suggest a different affinity of the two peptides for mCLDN5.

Fig. 2. Computational and experimental assessment of the peptide water solubility. (A, D, and G). Simulation boxes containing 27 identical peptides arranged in a 3D 
grid, solvated with water, and a mixed KCl/CaCl2 ionic bath for f1-C5C2 (A), f2-C5C2 (D), and f3-cCPE–mut1 (G). The volume of each box fits the size of the specific peptide. 
(B, E, and H) Peptide configurations at the beginning (gray squares) and at the end (orange squares) of the MD simulations for f1-C5C2 (B), f2-C5C2 (E), and f3-cCPE–mut1 
(H). The number of aggregates formed at the final step is indicated. (C, F, and I) Experimentally determined peptide solubility measured by LC-MS for f1-C5C2 (C), f2-C5C2 
(F), and f3-cCPE–mut1 (I). For LC-MS experiments, stock solutions were diluted in H2O and culture medium (DMEM) to a final target concentration of 25 μM (working con-
centration in vitro). The graphs report the absolute concentration experimentally measured by LC-MS analysis. Data are presented as means ± SEM (n = 3 independent 
experiments with n = 5 technical replicates). ###P < 0.001 one-tailed Student’s t test versus target concentration; ***P < 0.001 two-tailed Student’s t test DMEM versus H2O.
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Fig. 3. Standard MD simulations of mCLDN5-peptide complexes. (A and B) Initial and final snapshots of the simulated trajectories of mCLDN5–f1-C5C2 (A) and 
mCLDN5–f3-cCPE–mut1 (B) complexes surrounded by the membrane bilayer (gray solid surface), water molecules (cyan points), and KCl ionic bath (blue and yellow 
transparent Van der Waals spheres for K+ and Cl−, respectively). mCLDN5 is shown with a pink cartoon representation. The f1-C5C2 and f3-cCPE–mut1 peptides are indi-
cated as blue and green unfolded coils, respectively. (C) Number of HBs and SBs formed between the peptide and the mCLDN5 ECL domain for f1-C5C2 and f3-cCPE–
mut1. (D) HBs with a persistence time > 20% of the total simulated time for f1-C5C2 are shown as blue bars. No HBs with a persistence >20% of the total simulated time 
were found for f3-cCPE–mut1. (E) Backbone RMSD of the peptide and the mCLDN5 ECL domain. (F) Contact number between the mCLDN5 ECL and the peptide during 
the MD simulation.
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For both systems, we calculated the time evolution of the num-
ber of hydrogen bonds (HBs) and salt bridges (SBs) between protein 
and peptides, the HB persistence time, the root mean square devia-
tion (RMSD) of the peptide, the RMSD of the mCLDN5 ECL do-
main, and the contact number between the protein and the peptide. 
The changes in the number of HBs/SBs in the mCLDN5–f1-C5C2 
and mCLDN5–f3-cCPE–mut1 complexes (Fig. 3, C and D) quantify 
the different interactions of the two ligands with mCLDN5: While 
f1-C5C2 formed various HB with a persistence time >20% (Fig. 3D) 
involving residues S69, V70, L71, and V154 of mCLDN5 (fig. S6), no 
persistent interactions were found for f3-cCPE–mut1. The RMSD 
values of the mCLDN5 ECL domain remained stable during the MD 
simulations of both systems (green and cyan plots; Fig. 3E), while 
the RMSDs of the peptide backbone were subjected to remarkable 
modifications. At about ~20 ns, f1-C5C2 switched to a novel stable 
configuration with an RMSD of ~5 Å (red plot; Fig. 3E), while the 
f3-cCPE–mut1 conformation was greatly changing, with the RMSD 
reaching up to ~9 Å (purple plot; Fig. 3E), as a result of the increas-
ing exposure to the solvent. Last, the number of contacts between 
the protein and f1-C5C2 rose up to ~1100, while the same quantity 
was negligible in the case of the second system (Fig. 3F).

FE calculations reveal the binding mechanism between 
f1-C5C2 and mCLDN5
We used the temperature-accelerated MD (TAMD) approach (55, 56) 
to study the unbinding of the two peptides with good solubility in 
DMEM, namely f1-C5C2 and f3-cCPE–mut1 from mCLDN5, using 
the distance between the centers of mass (COMs) of the mCLDN5 
ECL domain and of the peptide as a collective variable (CV). The free 
energy (FE) profiles of each protein-peptide complex are shown in 
Fig. 4A. The curve for f1-C5C2 is characterized by a minimum of 
~−6 kcal/mol at the COM-COM distance of ~10.3 Å. Beyond this 
distance, the FE increases until it reaches a plateau around 17.0 Å, 
stabilizing at the value of 0 kcal/mol, corresponding to the peptide in 
the bulk solvent. Using the FE profile of the complex and the formal-
ism described in section S10, we estimate an equilibrium dissociation 
constant (Kd) between mCLDN5 and f1-C5C2 of 57.9 μM. On the 
contrary, the f3-cCPE–mut1 FE profile shows a high-energy barrier 
with a maximum value of ~9 kcal/mol at the smallest COM-COM 
distance sampled (8 Å). As the distance increases, the FE gradually 
decreases up to a distance of ~17 Å, where it reaches the value of 
0 kcal/mol that is maintained with minimal fluctuations up to the 
COM-COM distance of 30.0 Å. Together, these results confirm the 
binding of f1-C5C2 to mCLDN5 and the repulsive interaction of 
the cCPE-derived peptide with the same protein. As a validation test, 
we repeated the FE calculations using the extended-system adaptive 
biasing force (eABF) method (57) and obtained very similar results 
(see section S2 and fig. S7). A comparative analysis of the convergence 
rates of the two approaches is reported in fig. S8.

The enhanced simulations allowed us to improve the sampling of 
the mCLDN5–f1-C5C2 poses with respect to molecular docking 
and standard MD simulations (whose resulting conformations are 
shown in Fig. 4 (B and C, respectively). From an RMSD-based clus-
tering of the TAMD runs, we obtained six representative structures 
(Fig. 4, D to I) that we analyzed for residue-residue interactions be-
tween mCLDN5 and the peptide (table S3). Most of the contacts 
involve residues E68, S69, V70, and L71 of ECL1, and T151, P153, 
V154, and Y158 of ECL2, which belong to the protein-protein con-
tact interfaces stabilizing the hCLDN5 triple-pore models (see Fig. 1 

and fig. S1). The same analysis was performed on the eABF trajecto-
ries, obtaining very similar interaction networks, as shown in fig. S7 
(D to I).

In particular, it can be observed that the first three representative 
structures obtained from TAMD (Fig. 4, D to F) and eABF (fig. S7, D 
to F) simulations closely resemble the conformation of f1-C5C2 at the 
end of the standard MD simulation. The analysis of the interactions 
reported in table S3 indicates that the peptide establishes interactions 
with both mCLDN5 ECL1 and ECL2 domains. The SB between the 
f1-C5C2 E9 carboxylic side chain and the CLDN5 K48 amine group 
is conserved among the aforementioned structures and characterized 
by similar distances (~2.6 Å). Moreover, the HBs established by the 
f1-C5C2 A12 and R14 backbones with the mCLDN5 S69 and V70 
backbones are preserved in all structures. These latter contacts are 
also present in the standard MD trajectories (fig. S6) for 40 to 50% of 
the total simulation time. Concerning the ECL2, we observe the pres-
ence of the HB interaction formed by the CLDN5 V154 and the f1-
C5C2 A5 backbones and that formed between the mCLDN5 Y158 
hydroxyl side chain and the f1-C5C2 E9 carboxylic group. V70 is cru-
cial for the stabilization of the cis-linear interactions in the CLDN5 
multimeric strands, whereas V154 participates in the formation of 
trans-interactions in the hCLDN5 multi-pore models (fig. S1, B and 
C). Last, this analysis reveals that the residues E1 and S2 (according to 
the f1-C5C2 numbering) form either few (E1) or zero (S2) contacts 
with mCLDN5, implying that they are important for the peptide’s 
solubilization but not for its binding to mCLDN5.

The f1-C5C2 peptide binds CLDN5 with micromolar affinity
The binding affinity of f1-C5C2 and f3-cCPE-mut1 for mCLDN5 
was estimated using microscale thermophoresis (MST) (58,  59), 
which allows calculating the Kd of a binding reaction by measuring 
variations in protein fluorescence intensity caused by a ligand (pep-
tide) binding through a laser-induced microscopic temperature gra-
dient. To obtain fluorescently labeled mCLDN5 while maintaining 
the structural integrity of the transmembrane complex, we trans-
fected human embryonic kidney (HEK) 293T cells that do not ex-
press CLDN5 endogenously (60) with a turbo green fluorescent 
protein (tGFP)–tagged mCLDN5 construct (Fig. 5A). We then used 
cell lysates for the following MST measurements (see fig. S9). On 
average, green fluorescent protein (GFP, and, therefore, mCLDN5) 
represented 1 of 250 of the total protein content, as estimated by the 
fluorescence titration shown in fig. S10.

To determine the Kd of peptide binding, HEK-293T lysates 
containing GFP-mCLDN5 (1 μM) were incubated in MST capil-
laries with increasing concentrations of soluble f1-C5C2 and 
f3-cCPE–mut1 peptides. From the analysis shown in Fig. 5B, the 
resulting Kd of f1-C5C2 was ~68 μM, in excellent agreement 
with the value estimated from TAMD simulations (~58 μM), 
while experiments with f3-cCPE–mut1 and control did not display 
measurable binding affinity. These results fully confirmed the dif-
ferent peptides’ selectivity for mCLDN5 proteins obtained from 
the FE calculations.

The f1-C5C2 peptide opens the paracellular spaces in brain 
endothelial cells
We then moved to investigate the functional effects of the selected pep-
tides on an in vitro murine 2D Transwell model of BBB. The model 
was validated by monitoring the trans-endothelial electrical resistance 
(TEER) of the cell layer and the expression of mCLDN5, as shown in 
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our previous work (61) and in fig. S11. All experiments were performed 
when the TEER values reached a plateau, indicating the correct forma-
tion of the TJs and the integrity of the endothelial barrier. The selected 
peptides, at the working concentration of 25 μM, did not produce a sig-
nificant change in cell viability, as assessed using a live/dead assay (fig. 
S12), although some morphological change in the presence of f1-C5C2 
could be observed. We then monitored the changes in TEER values 
upon continuous incubation (c.i.) with 25 μM of either soluble peptides 
f1-C5C2 or f3-cCPE–mut1 up to 72 hours (Fig. 6, A to C). We observed 
an immediate and progressive TEER decrease for cells incubated with 

f1-C5C2, becoming highly significant after 8 hours of treatment. The de-
crease in TEER values (around 40% of the baseline) can be considered a 
proxy for the partial opening of paracellular spaces. On the contrary, 
TEER values remained constant when f3-cCPE–mut1 was used, in line 
with the results obtained for FE calculation and binding affinity. The 
working concentration was established from the preliminary solubility 
assessment by LC-MS (see Fig. 2) and is among the lowest concentra-
tions used for CLDN5-derived synthetic peptides (11, 14), although a 
lower concentration was reported for a recombinant GST-cCPE fusion 
protein (12).

Fig. 4. mCLDN5-peptide unbinding FE calculations using TAMD. (A) FE profiles for f1-C5C2 (magenta) and f3-cCPE-mut1 (green) are computed with respect to the 
mCLDN5-peptide COM-COM distance with the TAMD algorithm. FE values and errors are indicated as the means and SD from three 150-ns-long replicates. Representative 
structures of the CLDN5-peptide complex are shown and colored in magenta and green for f1-C5C2 and f3-cCPE–mut1, respectively. (B to I) Representative mCLDN5–f1-
C5C2 binding configurations provided by docking, standard MD, and clustering of TAMD trajectories. Amino acids involved in the interactions are shown as sticks and 
listed in table S3.
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As a complementary assay, we assessed the capability of fluores-
cein isothiocyanate-labeled dextran of different sizes (4 kDa for FD4, 
40 kDa for FD40, and 70 kDa for FD70) to translocate across the bar-
rier (Fig. 6, D to F). Notably, FD4 is a well-known hydrophilic marker 
for paracellular transport (62, 63). We incubated each molecule in the 
presence of either f1-C5C2 or f3-cCPE–mut1 (25 μM) and monitored 

their translocation rate (see more details in Materials and Methods) 
at various time points from 2 to 72 hours of incubation.

Data were expressed in percent of the maximum permeability that 
was determined in the absence of cells (empty Transwells), where the 
molecules were freely and equally distributed in the apical and baso-
lateral compartments across the semipermeable membrane down 

Fig. 5. Assessment of the mCLDN5-peptide binding affinity. (A) Representative confocal imaging of HEK-293T cells transfected with a tGFP-tagged mCLDN5 construct 
and subjected to immunocytochemistry with mCLDN5 antibodies. Nuclei are in cyan, GFP in yellow, and mCLDN5 in pink. Scale bars, 20 μm. (B) MST binding curves and 
extracted Kd for f1-C5C2 (red symbols) and f3-cCPE–mut1 (green symbols) peptides, together with a negative control sample (black symbols, recombinant tGFP spotted 
in the cell lysate in the absence of transfected mCLDN5). The extracted Kd value for f1-C5C2 was 68.26 μM.

Fig. 6. Effect of the continuous exposure to selected peptides on the in vitro BBB properties. (A) Schematic representation of TEER experiments and 4/40/70 kDa 
fluorescein isothiocyanate–dextran transport studies. (B and C) TEER values (expressed as percentages of baseline values) for bEnd.3 cell layers continuously exposed to 
f1-C5C2 [(B) pink] and f3-cCPE–mut1 [(C) green] up to 72 hours. The vehicle was used as a control condition (black). (D to F) Normalized translocation rate for FD4 (D), FD40 
(E), and FD70 (F) across bEnd.3 cell layers exposed to f1-C5C2 (pink), f3-cCPE–mut1 (green), or vehicle (black). Working concentrations for both peptides were 25 μM. The 
translocation rate (expressed as a percentage of the translocation across a Transwell membrane in the absence of cells) was calculated from the ratio between the dextran 
mass in the basolateral side at the single time point and that in the apical side at t = 0. Data are means ± SEM (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
two-way repeated measures analysis of variance (ANOVA)/Tukey’s tests versus control.
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their concentration gradient. The progressive increase in the FD4 
translocation through the cell barrier over time compared to control 
conditions indicates the presence of transcellular transport of the low-
est molecular mass fluorescent tracer (Fig. 6D). The effect was de-
creased but still observable for FD40, while FD70 was not significantly 
transported in the presence of the BBB opening peptide (Fig. 6, E and 
F). f1-C5C2 showed a significant increase in the kinetics of transport 
of FD4 starting from 8 hours of incubation (Fig. 6, E and F), in good 
agreement with the observed decrease in TEER in the same time win-
dow. For FD40, the effect started to be significant after 24 hours of 
peptide exposure (Fig. 6E). This indicates that the opening of the para-
cellular spaces by the f1-C5C2 peptide exhibits size selectivity that rep-
resents a crucial aspect of avoiding an indiscriminate translocation of 
any species (including pathogens) to the brain during the paracellular 
opening window. When the f3-cCPE–mut1 peptide was used (green 
curve; Fig. 6, E and F), the transport behavior of all fluorescent dex-
trans did not differ from the control conditions.

To assess the efficacy of f1-C5C2 in a more physiologically rel-
evant system, we set up a multicellular in vitro BBB model com-
posed of a layer of pericytes and bEnd.3 cells on the opposite sides 
of a Transwell membrane (fig. S13A). As expected, in this model, 
TEER values significantly increased with respect to the bEnd.3 
monoculture (fig. S13B), paralleled by CLDN5 overexpression by 
the endothelial cells (fig. S13C). Also in this configuration, the in-
cubation with 25 μM f1-C5C2 led to a significant decrease in 
TEER values after about 10 hours, although the effect was less pro-
nounced than that observed on the bEnd.3 monoculture likely due 
to the increased tightness of the barrier (fig. S13D). No effect was 
observed on the pericytes monoculture that is not expressing 
CLDN5 (fig. S13E).

The decreased TEER values by the f1-C5C2 peptide are 
associated with internalization of CLDN5
mCLDN5 expression is linked to that of other TJ proteins, and all 
have a strict relation with the submembranous actin cytoskeleton 
(64–66). Thus, we quantified the total expression of mCLDN5, Oc-
cludin (OCLN), and Zonula occludens 1 (ZO1) through immunob-
lotting upon exposure to 10 and 25 μM of f1-C5C2 for 24 hours, i.e., 
the temporal window in which TEER values showed the maximum 
decrease (Fig. 7, A to D). Both transmembrane proteins (mCLDN5 
and OCLN) and the cytoplasmic scaffolding protein ZO-1 were sig-
nificantly down-regulated after 24 hours of exposure to 25 μM of the 
f1-C5C2 peptide, while actin remained unaltered. We then carried 
out immunofluorescence experiments to follow the subcellular traf-
ficking of immunostained mCLDN5 over time upon exposure to the 
f1-C5C2 peptide (Fig. 7E). Quantitative confocal imaging analysis, 
reported in Fig. 7F (see fig. S14 for more details), showed that the cy-
toplasmic/membrane ratio of mCLDN5 in bEnd.3 cells increased sig-
nificantly already after 6 to 8 hours of incubation with the f1-C5C2 
peptide, indicating a marked internalization of the protein, consis-
tent with the decrease in TEER values shown in Fig. 6A. This result 
was fully confirmed by surface biotinylation experiments in live 
bEnd.3 cells treated with either vehicle or the f1-C5C2 peptide for 
24 hours, which showed that the biotinylated mCLDN5 fraction ex-
posed on the plasma membrane was significantly decreased in favor 
of its cytosolic fraction that was correspondingly increased, in the ab-
sence of changes in the cytosolic and plasma membrane markers 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Na+/K+-
ATPase-1, respectively (Fig. 7G).

Shorter exposure to the f1-C5C2 peptide is followed by a full 
recovery of the barrier integrity
The curve reported in Fig. 6B shows a tendency of the TEER values 
to return to control conditions after ≈40 hours of c.i. with the f1-
C5C2 peptide. However, the recovery of the barrier was not com-
plete at longer time points (up to 72  hours), in line with other 
peptidomimetics attempts found in the literature (11, 37). Thus, we 
investigated whether a shorter “pulse” incubation (p.i., 8 hours) with 
the f1-C5C2 peptide, still effective in dropping TEER values, could 
allow a full recovery of TEER values and TJ integrity (Fig. 8A).

When the peptide was removed after reaching the barrier paracel-
lular opening (8 hours), TEER values progressively rose and recov-
ered the control values at 48 hours, while they were still significantly 
lower than the control for c.i. with the peptide (Fig. 8B). When we 
analyzed TJ proteins by immunoblotting at 48 hours, we found no 
significant changes in the total expression of mCLDN5, OCLN, and 
ZO1 for either continuous or pulsed exposure to the peptide (Fig. 8, C 
to E), indicating that the decrease in TJ protein expression observed at 
earlier times (24 hours, see Fig. 7, A to D) was recovered by bEnd.3 
cells. However, quantification of cytoplasmic/membrane distribution 
of CLDN5 demonstrated that, while the c.i. with f1-C5C2 was still 
associated with a significantly larger internalization of CLDN5, the 
short pulsed exposure did not affect the membrane association of 
CLDN5 (Fig. 8C), consistent with the full recovery of barrier integrity.

DISCUSSION
The treatment of many neurological pathologies and the develop-
ment of novel drugs against central nervous system–related disor-
ders are still hampered by the limited delivery across the BBB. In 
this context, many strategies are under investigation to improve the 
passage of small molecules across the BBB, by enhancing either the 
transcellular or the paracellular pathways. The investigation of pos-
sible TJ-modulating strategies to enable small molecular weight 
drugs or nutrients to cross the BBB through the paracellular route is 
gaining increasing interest for its translational application in a vari-
ety of genetic or pathological brain conditions. Within BBB TJs, 
CLDN5 proteins are essential in sealing the paracellular space be-
tween two adjacent cells, and they could act as receptors to bind TJ 
modulators to enhance BBB permeability in a safe and reversible 
manner. TJ modulators hold clear advantages compared, for in-
stance, to absorption enhancers (e.g., sodium caprate, chitosan, or 
alkylglycerols) (67, 68) as they can specifically and directly interact 
with the structural components of the TJs. Direct TJ modulators are 
mainly classified into two types: RNA interference agents and bind-
ing molecules (binders), which include derivatives of the nontoxic 
cCPE (12, 36, 37), peptidomimetics based on the mCLDN5 ECL1 
domain (11, 37), and, in some cases, antibodies (69, 70). Peptide-
based TJ modulators offer the opportunity of a widespread [oppo-
site to localized approaches such as focused ultrasound–mediated 
BBB opening (71)] and transient action [given their short half-life in 
biological environments (72)], and also allow for flexible engineer-
ing. Compared to RNA interference, the peptidomimetic approach 
acts extracellularly, it does not directly interfere with the translation 
of CLDN5, and the dose-response might be more controllable.

In this work, we exploited this opportunity by setting up a syner-
gistic in silico–in vitro platform, allowing for screening CLDN5-
binding peptides presenting suitable solubility in biological media 
and efficient protein binding. We identified a short peptide of 14 



Trevisani et al., Sci. Adv. 11, eadq2616 (2025)     10 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A rt  i c l e

10 of 18

Fig. 7. Expression and translocation of TJ proteins upon exposure of bEnd.3 cells to the f1-C5C2 peptide. (A to D) Top, representative Western blots stained with 
CLDN5 [(A) 23 kDa], OCLN [(B) 55 kDa], ZO1 [(C) 220 kDa], actin [(D) 42 kDa], and calnexin (100 kDa) for bEnd.3 cells after 24 hours of exposure to either vehicle (Ctrl) or 
f1-C5C2 (10 and 25 μM). Bottom, quantification of protein expression normalized over the respective controls. Data are means ± SEM (n = 4), *P < 0.05, **P < 0.01, one-
way ANOVA/Dunnett’s test. (E) Representative confocal images for CLDN5 immunostaining at various time points (2, 4, 6, and 8 hours) for bEnd.3 cells treated with vehicle 
(Ctrl) or exposed to 10 and 25 μM f1-C5C2. The boxed areas are shown under each image at higher magnification. Scale bars, 25 μm. (F) Quantitative image analysis CLDN5 
subcellular distribution. The ratios between cytoplasmic and plasma membrane CLDN5 fluorescence intensity values at various time points (2, 4, 6, and 8 hours) were 
calculated per cell and normalized over the ratios of the respective controls. Data are means ± SEM (n = 3 independent experiments in triplicates; five fields per replicate). 
*P < 0.05, **P < 0.01, ordinary one-way ANOVA/Dunnett’s test. (G) Surface biotinylation of bEnd.3 cells after 24 hours of exposure to either vehicle (Ctrl) or f1-C5C2 
(25 μM). Left, representative blots stained with antibodies to CLDN5 (18 kDa), the intracellular housekeeping protein GAPDH (36 kDa), and the plasma membrane–associated 
Na+/K+-ATPase 1 (NaK1, 130 kDa). Right, quantification of CLDN5 intracellular (cytosolic)/extracellular (membrane) expression normalized over the respective controls. 
Data are means ± SEM (n = 3), *P < 0.05, unpaired Student’s t test.



Trevisani et al., Sci. Adv. 11, eadq2616 (2025)     10 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A rt  i c l e

11 of 18

amino acids, here called f1-C5C2, and demonstrated that it is a 
valuable CLDN5-derived candidate for transient BBB permeabili-
zation. The reduced size of the peptide constitutes a big advantage 
in terms of solubility and effective concentration to be used. Our 
data have shown that the peptide associates with the CLDN5 extra-
cellular domain (11, 14, 73), recapitulating, for instance, the bind-
ing of cCPE derivatives to mCLDN5 (12) and to other crystallized 
CLDNs (39–41, 74).

Given the very short half-life of endogenous CLDN5 in endo-
thelial cells (<90 min) (75), the role of the peptides would be to 
prevent the recruitment of additional CLDN5 monomers to the para-
cellular complex, thereby increasing paracellular delivery across the 
BBB. Previous reports are consistent with our observation that, 
following the tetramer complex opening, the mCLDN5-peptide 

complexes can be endocytosed by brain endothelial cells (76–78). 
This mechanism would alter the distribution of mCLDN5 proteins at 
the membrane (cell-cell contact), thereby further impairing the inte
grity of TJ strands. This is a very important aspect that deserves further 
investigation in future works. While mislocalization of OCLN might 
initiate caspase activation (79), it has also been shown that down-
regulation of total mCLDN5 expression by binding peptides might 
have beneficial effects in other pathological contexts, as previously 
reported for alcohol-fed rats (80). CLDN5 knockout strategies in 
mice, associated with increased paracellular transport of small mole-
cules (800 to 1000 Da), showed no TJ breakdown or edema forma-
tion. Rather, after traumatic brain injury, CLDN5 knockout was 
associated with reduced focal cerebral edema and improved cognitive 
functions (81–83). Understanding the precise implication of TJ 

Fig. 8. Reversible opening of BBB upon pulsed exposure of bEnd.3 cells to the f1-C5C2 peptide. (A) Schematic of the experimental procedure for c.i. or p.i. exposure 
to the f1-C5C2 peptide. (B) TEER values (expressed in percent of baseline values) for bEnd.3 cell layers upon c.i. with f1-C5C2 (f1-C5C2c.i., pink) or 8 hour-pulsed incubation 
(f1-C5C2p.i., violet). Data are means ± SEM (n = 3), **P < 0.01, ***P < 0.001, ****P < 0.0001, two-way repeated measures ANOVA/Tukey’s tests versus control conditions 
(vehicle). (C to E) Top, representative Western blots stained with CLDN5 [(C) 23 kDa], OCLN [(D) 55 kDa], ZO1 [(E) 220 kDa] observed at t = 48 hours for bEnd.3 cells treated 
with vehicle (Ctrl) or exposed to either p.i. or c.i. with the f1-C5C2 peptide (25 μM), as described in (A). GAPDH (36 kDa) was used as a loading control. Bottom, quantifica-
tion of protein expression normalized over the respective controls. Data are means ± SEM (n = 3). (F) Left, representative confocal images of CLDN5 immunostaining at 
t = 48 hours for bEnd.3 cells treated with vehicle (Ctrl) or exposed to 25 μM of either f1-C5C2c.i. or f1-C5C2p.i.. The boxed areas are reported under each image at higher 
magnification. Scale bars, 25 μm. Right, quantitative analysis of CLDN5 subcellular distribution. The ratios between cytoplasmic and plasma membrane CLDN5 fluores-
cence intensity values were calculated per cell and normalized over the ratios of the respective controls. Data are means ± SEM (n = 3 independent experiments in tripli-
cates; five fields per replicate). *P < 0.05, **P < 0.01, one-way ANOVA/Dunnett’s tests versus control.
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dysregulation will be of pivotal importance to finely control this BBB 
opening tools.

In conclusion, we have shown the capability of a short C5C2-
derived peptide to target and bind CLDN5 complexes with high 
specificity, inducing a lowering of TEER values and a transient and 
fully reversible increase in paracellular permeability to small mole-
cules at low concentrations and short incubation times. We also set 
up a robust in silico/experimental workflow for the design and vali-
dation of competitive peptides to open CLDN5 multimeric assem-
blies that can be widely applied to any TJ protein. To convert these 
findings into feasible clinical applications, additional efforts are 
needed to fully understand and control the mechanism of action 
and the reversibility of the process. Despite a long way to go, we be-
lieve that our work sets a solid basis for the development of this 
promising field.

MATERIALS AND METHODS
Design of the peptide dataset
Starting from structural models of the mCLDN5-cCPE and multi-
pore hCLDN5 complexes, we generated shorter fragments of either 
the bacterial toxin cCPE or the peptidomimetic C5C2 (11) by re-
moving the segments not directly interacting with CLDN5. We ob-
tained three peptides from cCPE (f1-cCPE, f2-cCPE, and f3-cCPE) 
and two from C5C2 (f1-C5C2 and f2-C5C2). Then, we introduced 
single-point mutations in the resulting sequences to enhance their 
hydrophilicity, generating the peptides data bank shown in table S1. 
A detailed description of the procedure adopted to design each 
oligomer is provided in section S3, whereas the generation of 
hCLDN5 triple-pore models, based on the strategy used in our pre-
vious works (25, 27, 28, 31, 32), is illustrated in section S4.

Peptide structure prediction, equilibration, and 
computational assessment of water solubility
After de novo modeling and preliminary relaxation, each peptide 
was solvated and equilibrated for 100 ns by standard MD simula-
tions in the NPT ensemble at T = 303.15 K and P = 1 bar maintained 
by a Langevin thermostat and Nosé-Hoover Langevin barostat 
(84, 85). Simulations were performed with the CHARMM36m force 
field (86) and the NAMD 3.0 program (87). More details on the pro-
cedure are reported in section S5.

To predict the propensity of the peptides listed in table S1 to ei-
ther form aggregates or remain adequately dispersed when im-
mersed in water, we devised a computational strategy based on the 
introduction of descriptors for molecular aggregates formed in the 
simulations, as described in prior work (88). The full protocol is 
sketched in fig. S2 and discussed in section S6.

MD simulations of the mCLDN5-peptide complexes
Because of the absence of an experimental template, the mCLDN5 
monomeric structure was generated by homology modeling using 
either the mCLDN15 [PDB ID: 4P79 (38)] or the hCLDN4 (PDB 
ID: 5B2G) crystal structures as templates. After the refinement of 
the model via all-atom MD simulations (see section S7), the equili-
brated configuration of the protein was used as a receptor to pro-
duce an initial pose for the mCLDN5-peptide complexes with 
f1-C5C2 and f3-cCPE-mut1 using molecular docking calculations. 
Since the number of dihedral angles in our ligands is larger than that 
allowed in the docking program, we used an iterative procedure 

based on the optimization of poses for adjacent peptide segments. 
Details are reported in section S8. Selected models for the mCLDN5-
f1-C5C2 and the mCLDN5-f3-cCPE-mut1 systems were then em-
bedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
lipid bilayer, solvated with water and a 0.15 M KCl ionic bath. After 
a preliminary equilibration of 30 ns, 200 ns of MD simulations were 
performed with NAMD 3.0 (87) and the CHARMM36m force field 
(89) in the NPT ensemble at T = 310 K and P = 1 bar maintained by 
a Langevin thermostat and the Nosé-Hoover Langevin piston pres-
sure control (84, 85). During production, the protein was restrained 
from lateral movement, and the peptide rearrangement was con-
fined in a cylindrical region to prevent lateral diffusion, as shown in 
fig. S5. The two MD trajectories were analyzed with VMD 1.9.3 (90) 
for structural descriptors and can be visualized in the movie S1. Ad-
ditional details of the standard MD simulations and the analysis are 
provided in section S9.

CLDN-peptides unbinding MD simulations
Enhanced sampling approaches can largely increase the efficiency of 
MD simulations, in particular for highly flexible systems such as 
protein-peptide complexes (53, 54, 91–94). Several techniques can be 
used to speed up the conformational sampling of the peptide and ac-
celerate its escape from the energy minimum in the binding site, rare-
ly seen in standard MD simulations (93). Some of the options include 
applying a higher temperature to selected degrees of freedom (55, 95), 
using constant (96) or adaptive (95) biasing potentials, or canceling 
the mean force acting on the CVs (97, 98). Here, FE profiles for pep-
tide unbinding from mCLDN5 were calculated using TAMD simula-
tions (55, 56), taking as CV the distance between the COMs of the 
peptides and the mCLDN5’s ECL, mapped in a range from 8 to 
30 Å. The lateral diffusion of the peptide was limited by a cylindrical 
restraint, as done already in standard MD simulations (fig. S2). The use 
of spatial restraints was recommended in previous works (91, 99–103) 
to ensure a faster convergence of the calculations, and their effect 
must be taken into account when computing the Kd (see below). 
While TAMD is an efficient method to enhance sampling (95, 104), 
other techniques have been developed to obtain the FE from a TAMD 
trajectory by integrating the mean forces acting on each CV (i.e., mi-
nus the derivative of the FE), such as the single-sweep (105, 106) and 
the on-the-fly parametrization methods (107, 108). Here, TAMD was 
performed using the Colvars module (109) via the extended Lagrangian 
dynamics feature for the CV (110), and the FE was computed 
from the mean forces collected along the runs (57). More details on 
the approach and its implementation are reported in section S10. To 
validate the FE profiles obtained from TAMD, we calculated them 
also using the extended-system eABF approach (57,  97). Last, the 
mCLDN5-f1-C5C2 FE curve from TAMD was used to predict the Kd. 
Further information on eABF and the calculation of Kd are provided 
in section S10.

Clustering structures
Representative structures of the mCLDN5-peptide complex obtained 
from TAMD simulations were selected by filtering the configurations 
showing a distance between the peptide and the mCLDN5 extracellular 
COMs corresponding to the FE minimum ± 0.5 Å. The resulting struc-
tures were grouped in clusters based on the RMSD of the peptides, cal-
culated with respect to the final configuration resulting from the 
standard MD simulation. In each cluster, a threshold of 2.5 Å was cho-
sen, thus generating six ensembles ranging from 0 to 15 Å. The center of 
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each cluster was selected as a representative structure of the sampling 
performed during the TAMD simulations. The same clustering proce-
dure was performed for the eABF structures, although they were not 
used for further investigations.

Peptide synthesis and MS analysis of peptide solubility
All peptides were custom-synthesized by Proteogenix. A 7.5 mM 
stock solution in H2O/ACN 1:1 was prepared and kept at −20°C. For 
experiments with cells, dilutions from the stock were prepared in 
fresh cell culture medium and sonicated for 5 min in an ultrasonic 
bath. H2O/ACN 1:1 at the same dilution was used as a control.

f1-C5C2, f2-C5C2, f3-cCPE-mut1 peptides were dissolved in Milli-
Q water for the preparation of 1 mM stock solution for each peptide. For 
an external calibration, eight standard solutions for each peptide were 
prepared in H2O/ACN 1:1 (10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 
1 μM, 10 μM, and 30 μM). For these calibrators, a 100% solubility was as-
sumed and used as a reference. Each peptide sample was then diluted in 
either Milli-Q water or DMEM to reach a concentration of 25 μM and 
left for 1 hour at 37°C before LC-MS analysis. All data were acquired on 
a Waters ACQUITY Single Quadrupole Detector, coupled with a Waters 
Acquity UPLC system. Peptides were loaded on Acquity UPLC BEH 
C18 column (2.1 mm by 50 mm, 1.7-μm particle size). Ionization was 
conducted by positive electrospray ionization mode; the capillary volt-
age was set to 2.5 kV and the cone voltage to 35 V. Selected ion recording 
of two masses ([M + 3H]3+ = 606.1; [M + 2H]2+ = 908.5) for 
f3-cCPE-mut1, one ([M + 2H]2+ = 756.3) for f1-C5C2 and one 
([M + 2H]2+ = 648.3) for f2-C5C2, was used as mass detection for the 
specific peptide. The calculation of the final concentration in each sam-
ple was performed by extrapolating it from the calibration curve using 
TargetLynx software (Waters).

Cell culture and transfection procedures
Immortalized mouse brain endothelial cells (bEnd.3) were pur-
chased from American Type Culture Collection (ATCC CRL2299). 
The cells were cultured in DMEM supplemented with 10% fetal bo-
vine serum (FBS), 1% penicillin-streptomycin, and 1% glutamine. 
The cells were grown in T75 culture flasks and maintained in 5% 
CO2, 90% humidified atmosphere at 37°C. The cell culture medium 
was replaced every 2 days, and the cells were maintained between 
passages 25 and 30. For the monolayer, the cells were seeded onto 
collagen-coated upper Transwell membranes (150 μg/ml; 12-mm Ø 
inserts, pore size 0.4 μm, growth area 1.12 cm2; Transwell 3460 
Corning Costar) or onto 18-mm Ø glass coverslips at the density of 
40 × 103 cells per well. The cell culture medium was replaced twice 
a week. All reagents were purchased from Thermo Fisher Scientific, 
unless specified. HEK cells line 293 expressing the large T antigen of 
simian virus 40 (SV40) (HEK 293T) were purchased from ICLC 
(HTL04001). The cells were cultured in DMEM supplemented with 
10% FBS, 1% penicillin-streptomycin, and 1% glutamine. For trans-
fection, the cells were plated on poly-d-lysine (10 μg/ml)–coated 
petri dishes 24 hours before the experiment. HEK293T cells were 
seeded in T75 flask and transfected at 80%. To prepare lipoplexes, 
100 μl of Lipofectamine 2000 in DMEM was added with 40 μg of 
pDNA (mCLDN5 tGFP-tagged, Origene #MG202442) and incu-
bated for 20 min at room temperature (RT). The transfection com-
plexes were added to cells and incubated for 6 hours at 37°C. The 
medium was then replaced by fresh medium, and the cells were in-
cubated for an additional 24 hours before lysis and binding studies. 

The total protein amount of cell lysate was evaluated by measuring 
absorbance at 280 nm using a NanoDrop 2000 (Thermo Fisher Sci-
entific). The total GFP amount was estimated through a calibration 
curve obtained by measuring the fluorescence intensity of the re-
combinant tGFP protein (Pontellina plumata, catalog no.: TP700079, 
Origene) at increasing concentrations with a Tecan SPARK (Tecan, 
Switzerland) multimode microplate reader.

Cell lysate preparation
Among various lysis methods explored to maintain the highest GFP 
fluorescent signal, flash freeze-thawing in liquid nitrogen was se-
lected as it performed similarly to radioimmunoprecipitation assay 
(RIPA) lysis (see GFP emission spectra in fig. S12) but allowing us to 
keep cells in phosphate-buffered saline (PBS), thus avoiding buffer 
exchange before MST analysis. The total protein concentration in 
the lysates was determined spectrophotometrically, and the GFP 
content was estimated through a fluorescence calibration curve of 
the recombinant tGFP (fig. S13). To exclude the presence of nonspe-
cific binding due to GFP, nontransfected HEK-293T cell lysates with 
a comparable concentration of spiked recombinant tGFP were used 
as control.

Microscale thermophoresis
HEK293T cells transfected with mCLDN5-GFP were washed in 
PBS, detached with trypsin, and centrifuged (5 min, 200g). Pellets 
were resuspended in PBS and lysed through flash freeze-thawing in 
liquid nitrogen. Cell suspensions were then repeatedly passed 
through a 25-G needle (five times), followed by five times through 
a 27-G needle, and finally centrifuged (10 min, 2800g, 4°C). To 
evaluate mCLDN5 binding, the peptides (ligand), diluted in PBS/
Tween-20 (0.1%), were added in defined amounts as titration series 
(15 serial 1:2 dilutions starting from 400 μM) to cell lysates contain-
ing mCLDN5-GFP (target, 1 μM). The samples were then loaded 
into Premium capillaries (Monolith Series, #MO-K025, NanoTemper), 
and the fluorescence signal was measured with a Monolith NT.115, 
NanoTemper (Nano-BLUE laser, power 20 to 30%). Binding was 
characterized by the Kd and the analysis was performed using the 
MO.Affinity Analysis software (NanoTemper), using the Kd fit 
model that describes a molecular interaction with a 1:1 stoichiom-
etry according to the law of mass action. In the case of a binding 
event, the fraction bound is defined by the binding affinity Kd 
and the concentration of the target molecule and depends on the 
ligand concentration

being fc the fraction bound at a given ligand concentration c, and cT 
the final concentration of the target (constant). Assuming that 
cT < < Kd, the Kd is typically identical to the inflection point (half 
maximal effective concentration) of the Fnorm, which is calculated by 
dividing fluorescence values from the temperature-related intensity 
change trace after the laser is turned on (hot region) by values that 
are obtained before the laser is turned on (the initial fluorescence or 
cold region). However, in our case, the ligand induces a change in 
initial fluorescence, and this influence on the Fnorm is accounted for 
in the DI.Screening Analysis software. The Kd was also recalculated 

fc =
c + c

T
+ Kd −

√

(

c+c
T
+Kd

)2
+ 4 c c

T

2 c
T
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by fitting the curves by nonlinear regression (one site–specific bind-
ing) on GraphPad PRISM 10, finding comparable results.

Cell viability
bEnd.3 cells were treated with selected peptides (25 μM) for 24 hours. 
After washing, the cells were incubated for 5 min with Hoechst33342 
(1 μM) for nuclear visualization, calcein-AM (1 μM) for cell viability, 
and propidium iodide (1 μM) for cell death quantification. Cell viabil-
ity was quantified by using a Nikon Eclipse-80i upright epifluores-
cence microscope at 10× magnification. About 10 fields were randomly 
selected for each independent culture (n = 2). Image analysis was per-
formed using the Cell Profiler software (Broad Institute).

Cocultures on Transwell membrane
On day one, the apical side of Transwell inserts (12 mm Ø inserts, 
pore size 0.4 μm, growth area 1.12 cm2; Transwell 3460 Corning Co-
star) was coated with collagen (150 μg/ml), while the basolateral side 
with poly-l-lysine (10 μg/ml; 1 hour, 37°C, 5% CO2 for both coating 
conditions). Mouse brain vascular pericytes from CD57BL/6 were 
prestained with CellTracker Green CMFDA Dye (Invitrogen, #C2925) 
and subsequently seeded onto the previously coated basolateral side 
of flipped Transwell membranes with a drop at a density of 60 × 104 
cells per well. The plates were returned to the incubator for 2 hours to 
let the cells adhere. Then, the inserts were reverted, any excess medi-
um was removed, and both apical and basolateral compartments were 
filled with pericyte medium. Two days later, the pericytes medium on 
the apical side was removed and the bEnd.3 cells were seeded on the 
apical side at the density of 80 × 104 cells per well in supplemented 
DMEM, while the pericyte medium in the basolateral compartment 
was renewed. TEER measurements were used to evaluate correct bar-
rier formation. When the barrier reached stable plateau TEER values, 
CLDN5 immunostaining, Western blot, and incubation with f1-C5C2 
peptide were performed. Larger inserts (24 mm Ø, pore size 0.4 μm, 
growth area 4.67 cm2; Transwell 3450 Corning Costar) were used for 
Western blotting analysis, following the procedure described above, 
to ensure that a suitable number of cells and bEnd.3 cell monolayer 
was used as a control for CLDN5 expression. For exposure to f1-
C5C2, the pericyte monoculture was used as a control.

Immunofluorescence
bEnd.3 or HEK293T monolayers, grown and treated either on glass 
coverslips or on plastic black 96-well culture plates (μ-Plate 96 Well 
Square, Ibidi, 89626), were fixed in 4% paraformaldehyde in PBS for 
15 min at RT. The cells were permeabilized with 0.1% Triton X-100 for 
5 min, blocked with 2% bovine serum albumin (BSA) for 30 min at 
RT, and incubated with the primary antibody (rabbit polyclonal anti-
CLDN5, Invitrogen, #PA599415, 1:500) in the same blocking solution 
for 3 hours. After several PBS washes, the cells were incubated for 
1 hour with the appropriate secondary antibodies (Molecular Probes, 
Thermo Fisher Scientific) diluted 1:500 in the blocking buffer solu-
tion. Last, the cells were incubated for 5 min with Hoechst (1 μM, 
#3342, Sigma-Aldrich) for nuclear visualization and mounted with 
Vectashield antifade mounting medium (#H-1000-10, Vector Labora-
tories) on microscope slides. After CLDN5 immunostaining, the im-
ages were acquired using a laser-scanning confocal microscope (SP8, 
Leica microsystem GmbH, Wetzlar, German) at 63× magnification. 
For each set of experiments, all images were acquired using identical 
exposure settings. Five fields and an equal number of z-stacks for each 
sample were considered. Maximal projection images were then 

analyzed on CellProfiler, using a custom-made pipeline able to distin-
guish intracellular and extracellular CLDN5 based on intensity and 
morphology.

TEER measurements and transport studies
The cells were grown until reaching a plateau in the TEER values of 
about 10 to 15 ohm·cm2. At this point, the apical fraction was re-
placed with a solution of 25 μM peptides or vehicle. The peptide was 
left for all the time of the experiment in the case of c.i., or removed 
after 8  hours by replacing the culture medium in the case of p.i. 
TEER values were monitored every hour for 72 hours using a Cell-
Zscope+ instrument (NanoAnalytics, Münster, Germany).

Transport studies were performed by measuring the 4/40/70 kDa 
fluorescein isothiocyanate–dextran (FD4, #46944, FD40, FD70, 
Merk) translocated mass at 2, 8, 24, 48, and 72 hours. Before each ex-
periment, the Transwell apical medium was replaced with FD4/40/70 
(40 μg/ml) in the presence of either 25 μM f1-C5C2 or f3-cCPE-mut1. 
The basolateral compartment was filled with 1.5 ml of fresh medium. 
At the indicated time points, 100 μl of aliquots were sampled from the 
basolateral chamber into a 96-wells plate and immediately replaced by 
100 μl of fresh cell medium to maintain the total volume. Fluorescence 
measurements were conducted using a Tecan SPARK (Tecan, Switzerland) 
multimode microplate reader using the 485-nm fluorescein isothiocya-
nate channel for excitation and reading the fluorescence emission at 
535 nm. Serial dilutions of FD4/40/70 in the range of 0 to 300 μg/ml in 
cell medium were prepared to obtain a calibration curve. Linear regres-
sion was applied to define the correlation between fluorescence inten-
sity and FD4/40/70 mass concentration and used to determine the total 
mass of FD4/40/70 in the basolateral chamber. The regression coeffi-
cients obtained from the linear curve fits were generally 0.98 to 0.99 
(n = 3 wells, from three independent culture preparations). The trans-
location rate was calculated from the ratio between the translocated 
dextran mass at the single time point and the mass of dextran in the 
apical side at t = 0 and normalized as the percentage of the transport 
across a Transwell membrane in the absence of cells.

Western blotting of TJ proteins
bEND.3 cells were grown on six-well plates until reaching conflu-
ence and then treated with various concentrations and for various 
incubation times with the f1-C5C2 peptide. One or 2 days after the 
beginning of the peptide incubation, the cells were washed three 
times in cold PBS. bEnd.3 cells were lysed by adding RIPA buffer 
[50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1% Igepal, 0.1% SDS, and 
0.5% sodium deoxycholate] supplemented with protease inhibitors 
(complete EDTA-free protease inhibitors, Roche Diagnostic, Monza, 
Italy) and phosphatases inhibitors (serine/threonine phospha-
tase inhibitor and tyrosine phosphatase inhibitor, Sigma-Aldrich) 
and by scraping them off. Cell lysates were sonicated for 10 s 
(Branson SLPe; 25% amplitude) and centrifuged (4°C, 19,000g, 15 min). 
Supernatants were collected, and the total amount of proteins was 
calculated by the BCA Protein Assay kit (Thermo Fisher Scientific) 
using a BSA standard curve. The samples were denatured for 5 min 
at 95°C and separated by SDS–polyacrylamide gel electrophoresis 
(SDS-PAGE; 5% and 8 to 12% acrylamide in the stacking and run-
ning gels, respectively). After the run, the samples were transferred 
onto a nitrocellulose membrane (Amersham Protran, Cytiva) 
for 90 min at 100 V at 4°C. The membranes were blocked with 5% 
milk solution in tris-buffered saline containing 0.05% Tween-20 
(0.05% TBS-T) for 1 hour at RT and then incubated overnight 
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with antibodies against: ZO-1 (rabbit polyclonal antibody, Invitro-
gen, #61-7300), OCLN (mouse monoclonal antibody, Invitrogen, 
#33-1500, 1:1000), CLDN5 (rabbit polyclonal, Invitrogen, #PA599415, 
1:500), and the housekeeping protein calnexin (rabbit polyclonal 
antibody, Enzo Life Sciences, ADI-SPA-860, 1:1000). After three 
washes with 0.05% TBS-T, the membranes were incubated with 
horseradish peroxidase–conjugated secondary antibodies (Abcam, 
1:10000) for 1 hour at RT and developed using the ECL Prime Western 
Blotting System (Amersham Protran, Cytiva). The chemilumines-
cent signals were revealed using the iBright FL1500 Imaging System 
(Thermo Fisher Scientific, A44241), and band intensities were ana-
lyzed with iBright Analysis Software.

Surface biotinylation
bEND.3 cells cultured on three-well plates until confluence were either 
treated with either vehicle or the f1-C5C2 peptide (25 μM) for 24 hours. 
Then, the cells were washed in cold PBS and incubated for 30 min with 
EZ-Link Sulfo-NHS-LC-biotin (1 mg/ml; Thermo Fisher Scientific, 
21335) in cold PBS (pH 8). Biotinylated cells were washed twice in 50 mM 
tris-HCl (pH 8) and twice in cold PBS (pH 8) to eliminate unbound bio-
tin and then lysed in RIPA buffer. A portion of the lysate supernatants 
was kept for the total (input) sample, while the remaining volume was 
added with 100 μl of NeutrAvidin-conjugated agarose beads (Thermo 
Fisher Scientific, 29201) and incubated for 3 hours at 4°C with constant 
rotation. After centrifugation, intracellular proteins were collected from 
the supernatants, while pellets were washed twice in RIPA buffer and 
twice in PBS before eluting the extracellularly labeled membrane pro-
teins. Input, cytosolic and extracellular fractions were separated by SDS-
PAGE, transferred to nitrocellulose membranes (Amersham Protran, 
Cytiva) as described above. The membranes were then incubated over-
night with antibodies against CLDN5 (rabbit polyclonal, Invitrogen, 
#PA599415, 1:500) and the housekeeping cytosolic protein GAPDH 
(rabbit polyclonal, Abcam 9485, 1:5000) and the plasma membrane pro-
tein NaK1 (mouse monoclonal, Millipore, 05-369, 1:2000). Membranes 
were developed using the ECL Prime Western Blotting System 
(Amersham Protran, Cytiva) and analyzed as described above.

Statistical analysis
Statistical analysis was carried out using Prism v9 (GraphPad Software). 
Data are expressed as means ± SEM for a number of independent ex-
periments (n) with superimposition of the individual experimental 
points. Normal distribution was assessed using the D’Agostino–Pearson 
normality test. To compare two normally distributed sample groups, the 
one- or two-tailed Student’s t test was used. To compare more than two 
normally distributed sample groups, two-way repeated measures analy-
sis of variance (ANOVA) followed by Tukey’s multiple comparisons test 
was used. To compare more than two nonnormally distributed sample 
groups, one-way Friedman’s ANOVA followed by Dunn’s multiple com-
parison test was used.
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