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endothelial cells due to vascular leakage
and ensuing brain inflammation.
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SUMMARY

Claudin-5 (CLDNS5) is an endothelial tight junction protein essential for blood-brain barrier (BBB) forma-
tion. Abnormal CLDN5 expression is common in brain disease, and knockdown of Cldn5 at the BBB
has been proposed to facilitate drug delivery to the brain. To study the consequences of CLDN5 loss
in the mature brain, we induced mosaic endothelial-specific Cldn5 gene ablation in adult mice
(Cldn5"5°X%), These mice displayed increased BBB permeability to tracers up to 10 kDa in size from
6 days post induction (dpi) and ensuing lethality from 10 dpi. Single-cell RNA sequencing at 11 dpi
revealed profound transcriptomic differences in brain endothelial cells regardless of their Cldn5 status
in mosaic mice, suggesting major non-cell-autonomous responses. Reactive microglia and astrocytes
suggested rapid cellular responses to BBB leakage. Our study demonstrates a critical role for CLDN5
in the adult BBB and provides molecular insight into the consequences and risks associated with

CLDNS5 inhibition.

INTRODUCTION

The endothelial lining of the blood vasculature forms the primary
interface for molecular and cellular exchange between the blood
and tissue parenchyma. In the brain of most vertebrates,
including mammals, the vascular endothelium harbors an orga-
notypic specialization known as the blood-brain barrier (BBB),
essential to secure a constant milieu optimal for neuronal and
glial functions. This specialization encompasses tight endothelial
adhesion, low endothelial transcellular vesicular transport, and a
multitude of endothelial cell membrane-bound transporters that
promote influx of necessary nutrients and efflux of metabolic
waste products and prevent potentially neurotoxic substances
present in the blood from entering into the brain parenchyma.’?
Similar to the epithelial barriers present in many different organs,
the BBB depends on specialized intercellular junctions, including
tight junctions. In endothelial cells, tight junctions are located
close to the apical (luminal) membrane of endothelial cells.
Claudin-5 (CLDNS5) is the most abundant tight junction protein
in endothelial cells and is particularly highly expressed in central
nervous system (CNS) endothelial cells.® The CLDN5 protein is
encoded by a single exon in mice (two exons in humans) and
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consists of four transmembrane domains, two extracellular
loops (ECLs), a short intracellular loop, a short amino terminus,
and a longer carboxylic terminus.*® Classical claudins, such as
CLDNS5, hold conserved motifs at the ECLs that control paracel-
lular tightness via formation of cis and trans interactions.”™'° In
the cytoplasm, the carboxylic tail contains phosphorylation sites
controlling recycling and degradation of the protein and a PDZ
(post synaptic density protein [PSD95], Drosophila disc large tu-
mor suppressor [DLG1], and zonula occludens-1 protein [ZO1])
domain important for scaffold protein binding and subsequent
anchorage to the cytoskeleton.”''* In the brain, CLDN5 inter-
acts with the scaffold proteins ZO1 and z02.*'*1°

CLDNS5 is essential for the development of a functional BBB.
Constitutive deletion of the Cldn5 gene in mice was reported to
cause size-selective BBB permeability for molecules up to
742 Da in size and early postnatal death.'® In zebrafish, one of
the two cldn5 homologs, cldnba, is expressed in both the BBB
and in choroid plexus epithelial cells in the blood-cerebrospinal
fluid barrier (BCFB) and cldn5a—/— zebrafish showed increased
lethality and permeability across the BBB and or BCFB for
tracers up to 10 kDa in size.”” Changes in the expression of
the Cldn5 mRNA and protein have been reported in several brain
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diseases in humans, as well as in mouse models of neurovascu-
lar dysfunction. Cldn5 (mRNA and/or protein) expression is
reduced considerably in mice 2 days after acute ischemic stroke
in the stroke core region.'® Decrease in Cldn5 expression and
increased BBB permeability has also been reported in Unc5b
knockout (KO)'® and pericyte-deficient mouse models.”° In hu-
mans, early stages of multiple sclerosis (MS) exhibit BBB disrup-
tion with redistribution of junctional proteins, including CLDN5."
Decreased Cldn5 levels have also been reported in treatment-
resistant epilepsy patient brains®® and in individuals with schizo-
phrenia and depression.?*>° It is, however, unclear if Cldn5 dys-
regulation contributes causally to these pathologies or whether it
is a consequence without pathogenic importance. In spite of this
uncertainty, CLDN5-targeted BBB opening is actively investi-
gated for small-molecule drug delivery into brain.?® However, a
deeper understanding of the safety aspect of this type of on-de-
mand BBB opening is currently missing.

The goal of this study was to investigate the physiological
importance of CLDNS5 in the healthy adult brain and the potential
pathological consequences of its deletion from brain endothelial
cells. To achieve this, we induced endothelial-specific Cldn5 KO
in 3-month-old mice (Cldn5E%°), which resulted in mosaic loss
of CLDNS in brain endothelial cells, increased size-selective BBB
permeability to exogenous tracers from 6 days post induction
(dpi) and ensuing lethality from 10 dpi. The single-exon structure
of Cldn5 combined with its high expression in brain endothelial
cells allowed us to distinguish Cldn5-negative (Cldn5~) from
Cldn5-positive (Cldn5*) endothelial cells in mosaic Cldn5E°K®
mouse brains by single-cell RNA sequencing (scRNA-seq).
This revealed extensive but highly similar transcriptional
changes in Cldn5~ and Cldn5* cells in mosaic Cldn5E°K®
mice, suggesting profound non-cell-autonomous endothelial re-
sponses. In addition, Cldn5=°K® brains displayed ample signs of
endothelial and glial cell inflammation, suggesting that BBB
opening by tight junction disruption rapidly engages multiple
cell types of the CNS innate immune system with deleterious
consequences for brain function.
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RESULTS

Cldn5 deletion timeline and lethality in adult Cldn5'¢X°
mice

In order to delete Cldn5 in the endothelium of adult mice,
Cldn5F1/Flox mice (Figure S1A) were crossed with tamoxifen-
inducible Cdh5-Cre ERT2 (Cre) mice®’ to generate inducible
endothelial-specific Cldn5 KO mice (Cldn5"=°<®) of both sexes.
Tamoxifen-treated Cre-negative Cldn5™/F°* |ittermates were
used as controls (Ctrl) in all experiments. Both Cldn5E°%° and
Ctrl mice carried the reporter transgene Rosa265YF™/EYFP
(Rosa26-EYFP reporter)®® to aid the evaluation of Cre recombi-
nation efficiency.”® Two milligrams of tamoxifen was adminis-
tered on three consecutive days to 3-month-old mice, which
were subsequently analyzed at 3—-15 days after the first tamox-
ifen dose (dpi). A total of 87 Ctrl and 99 Cldn5%° mice were
generated for analysis. However, from 10 dpi, Cldn5°%° mice
began to die (Figure 1A), and 14% of Cldn5°%° mice were
found dead before the analysis, most of them at 12 or 13 dpi
(Figures 1A and 1B). In two litters, the Cldn5"=°%° mice displayed
particularly severe phenotypes. In one of the litters, consisting of
five Ctrl and five Cldn5°%° mice, behavior was observed twice
daily following tamoxifen administration. Among the Cldn5=CK®
mice, one suffered severe seizures at 11 dpi, a second was found
dead at 12 dpi, and the remaining three appeared distressed
and/or had balance issues commencing at 11-13 dpi. All five
tamoxifen-treated Ctrl mice behaved normally with no signs of
distress. The second litter was sacrificed for analysis at 15 dpi.
In all experiments, individual mice were sacrificed for tissue an-
alyses as soon as possible after onset of symptoms.

For immunofluorescence tissue analysis, mice were perfusion
fixed and their brains dissected and sectioned. In agreement
with the findings previously reported for constitutive Cldn5
KOs,'® we did not find any apparent differences between Ctrl
and Cldn5"=°K° mice analyzed at 11 dpi in the distribution of ad-
herens junction (CDH5, PECAM1) or tight junction proteins
(OCLN, Z0O1) other than CLDNS5 itself (Figures S1B and S1C).

Figure 1. Claudin-5 mosaic deletion and lethality in adult-induced Cldn5"=° mice
(A) Number of dead Cldn5™CK° mice before analyses at 3-15 days post induction (dpi).
(B) Number of analyzed mice from 10 to 15 dpi and proportion of dead and alive mice in each genotype is illustrated.

(C) Representative images of the immunostainings of adult mouse brain cortex at 11 dpi showing the tight junction protein CLDNS5, the adherens junction proteins
CDHS5, the reporter EYFP, and PECAM1. Scale bars, 50 um. (i) A stretch of the control endothelium with CLDN5* tight junctions. (i) A seamless (S) junction in the
control endothelium. (iii) A stretch of the Cldn5"=CK® endothelium with CLDN5* tight junctions and no EYFP expression. (iv) A stretch of the Cldn5=°K® endo-
thelium partly devoid of CLDNS5 tight junctions where EYFP* cells are next to EYFP~ cell. Red arrowheads show CLDN57/CDH5* junctions, while the orange
arrowhead shows a CLDN5*/CDH5™ junction in between wild-type and KO cells. (v) A stretch of the Cldn5"K° endothelium devoid of CLDN5 where two EYFP+
cells are next to each other. Cartoon illustrates the three alternating/mosaic cellular patterns of loss of CLDN5 and activation of EYFP in Cldn5"=CK® endothelium.
Asterisk () marks endothelial cell nucleus. S, seamless junction.

(D) %EYFP longitudinal recombination in the capillaries relative to PECAM1 length.

(E) %CLDNS5 longitudinal expression relative to PECAM1 length in the capillaries. For (D) and (E), the mice were analyzed at 11 dpi (four litters, Ctrl n = 12,
Cldn5E°K° n = 13), 14 dpi (n = 3), and severe litter (Ctrl n = 2, Cldn5E%° n = 3).

(F) Microvascular fragment isolation and gPCR analysis from fresh cerebrums. Two litters, 11 dpi (n = 4), 12 dpi (Ctrl n = 2, Cldn5=°%° n = 3), and 13 dpi (Ctrin =2,
Cldn5=°KO n = 3).

(G) Representative images from the cortex of Cldn5=CK° and Ctrl. PECAM1, endothelium; ERG, endothelial cell nuclei. Scale bars, 25 pm.

(H) Quantification of capillary length via PECAM1 staining.

() Quantification of ERG* endothelial cell numbers in capillaries per field.

(J) Quantification of endothelial cell numbers per 100 um of capillary length per field. For (H)-(J), the mice were analyzed at 11 dpi (two litters, n = 12) and severe
litter (Ctrl n = 2, Cldn5'=°%° n = 3). (D, E, and I) The data were not normally distributed so nonparametric Mann-Whitney U test was used to evaluate significance.
(F, H, and J) The significance of normally distributed data was evaluated using unpaired two-tailed t test with Welch'’s correction. Data are presented as geometric
mean with geometric SD, except for (D), where data are presented as mean + SD. **p < 0.01, ***p < 0.0001. See also Figure S1.
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Figure 2. Assessment of BBB integrity in adult-induced CIdn5°K® and Cldn5*'~mice

(A) Quantification of relative fluorescence of tracers at 8-14 dpi: 1-kDa A555-Cadaverine (A555Cad) (three litters, n = 8), 3 kDa (two litters, n = 5), 10-kDa TMR-
dextran (two litters, Ctrl n = 6, Cldn5"°K® n = 5) after 2-h circulation, and 70-kDa TMR-dextran (two litters, Ctrl n = 7, Cldn5=°K® n = 5) and Evans blue dye (EBD)
(Ctrl n = 4, Cldn5™CK° n = 5) after overnight circulation. Results are shown as fold change of the Ctrl average values.

(B) Representative images of the brains of mice after tracer administration and perfusion. Dotted yellow lines mark the outline of the brains. Scale bars, 2 mm.

(legend continued on next page)
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To assess Cldn5 gene deletion efficiency, immunostainings of
CLDNS5, CDH5, EYFP, and PECAM1 were performed on brain
sections from 11 dpi Ctrl and Cldn55°%° mice (Figure 1C).
In the cortex, all endothelial cells in Ctrl brains showed
CLDN5" stretches of cell contacts overlapping with the CDH5
expression pattern (Figure 1C). Occasional capillary stretches
that were PECAM1* and CLDN5 negative () were also CDH5™,
probably representing cells without auto-cellular junctions,
i.e., “seamless” tubes.’**! Cldn5E°KC endothelium displayed
three alternating/mosaic cellular patterns of loss of CLDN5
and activation of EYFP. First, CLDN5*/CDH5" junctions were
observed at contacts between neighboring EYFP™ (presumably
wild-type) cells similar to the situation in Ctrl mice (Figure 1C).
Second, CLDN5"°"/~/CDH5* junctions were observed at
contacts between EYFP* (presumably mutant) and EYFP™ (pre-
sumably wild-type) cells (Figure 1C). Third, CLDN5/CDH5" junc-
tions were observed between neighboring EYFP* (presumably
mutant) cells (Figure 1C).

To quantify the extent of Cldn5 deletion in the Cldn5ECKO
mice at 11-15 dpi, we used three approaches: (1) Rosa26-
EYFP reporter activation, which correlated well with CLDN5
loss at the cellular level in spite of being independent Cre-medi-
ated recombination events; (2) comparison between the longi-
tudinal labeling of CLDN5 and PECAM1 in capillaries; and (3)
the relative Cldn5 mRNA expression assessed by quantitative
(9)PCR in microvascular fragments (MVFs) isolated from cere-
brum (Figures 1D-1F, respectively). By approach (1), we found
~35% of the brain capillary length EYFP* in Cldn5ECK®
brain cortex (Figure 1D) and similar values were found also in
hippocampus and thalamus (Figures S1D and S1E). By
approach (2), we found that the CLDN5 longitudinal expression
over PECAM1 was reduced by ~33% in Cldn5EXC capillaries
compared to Ctrl (Figure 1E), irrespective of brain regions
(Figures S1D and S1F). Approach (3) revealed an average
36% reduction in Cldn5 mRNA compared to Ctrl (Figure 1F).
In conclusion, all three methods indicated a similar average
level of CLDN5 mosaic deletion in our experiment, approxi-
mately 35%.

The general vascular morphology in Cldn mouse cere-
bral cortex at 11-15 dpi (Figure 1G) was not significantly different
from Ctrl in terms of PECAM1* capillary length (Figures 1G and
1H), number of capillary endothelial cells (ERG") per field
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(Figures 1G and 1l), or number of capillary endothelial cells per
100 um of capillary vessel length (Figures 1G and 1J).

Size-selective BBB permeability timeline in adult
Cldn5™°X® prain

Complete loss of Cldn5 during development or transient downre-
gulation of Cldn5 in adult mice were both reported to cause
increased paracellular leakage of molecules from the blood to
the brain in a size-selective manner, with molecules up to
742 Da crossing the BBB.'®* To investigate BBB leakage char-
acteristics following adult-induced mosaic Cldn5 KO, we injected
different sizes of fluorescently labeled tracers (1, 3, 10, and
70 kDa) and Evans blue dye (EBD, size 69.96 kDa when bound
to albumin) (Table S1) into the tail vein at 8-14 dpi. The tracers
were left to circulate for 2-16 h (Table S1) before perfusion with
Hank’s Balanced Salt Solution (HBSS). Brains and kidneys were
homogenized and the relative fluorescence of extravasated
tracers was quantified. While tracers up to 10 kDa in size showed
significant leakage into the brain parenchyma of Cldn5° mice,
neither 70-kDa tetramethylrhodamine (TMR)-dextran nor albumin-
bound EBD were measurably increased (Figures 2A and 2B).
Tracer accumulation in the kidneys was similar in Cldn5ESK°
and Ctrl (Figures S2A and S2B), arguing against systemic changes
in vascular permeability. Immunostainings of brain vibratome sec-
tions from Cldn5°° mice injected with 1-kDa Alexa Fluor
555-Cadaverine (A555Cad) showed tracer uptake by NEUN* neu-
rons (Figure S2C), as previously reported for pericyte-deficient
mice with BBB impairment.**

Because seizures and death were observed from 10 dpi, we
were interested to know if Cldn5 deletion was progressive be-
tween the first tamoxifen injection (0 dpi) and symptom onset
(10 dpi). We therefore addressed the time course of tracer
leakage and CLDNS5 elimination following tamoxifen administra-
tion. We found that leakage of A555Cad increased specifically in
Cldn5°® prains from 6 dpi and onwards (Figure 2C), whereas
there was no significant difference in A555Cad accumulation in
kidneys between Ctrl and Cldn5E°K® at any studied time points
(Figure S2D). Using EYFP™ as surrogate for Cldn5 KO (approach
(1), see above), we found that ~11% of the cerebral cortex
capillary length was EYFP* in Cldn5=%® brains at 3 dpi, which
increased to ~30% at 6 dpi (Figure 2D). A similar time
course was observed for CLDN5 longitudinal expression over

(C) Quantification of relative fluorescence of 1-kDa A555Cad after 2-h circulation, presented as fold change over Ctrl. The quantifications were made at 3 dpi (two
litters, n = 6), 6 dpi (two litters, Ctrl n = 4, Cldn5¥°%° n = 5), 8 dpi (Ctrl n = 3, Cldn5*® n = 4), 12 dpi (n = 3), and 14 dpi (Ctrl n = 2, Cldn5=°K° n = 1). The
quantifications for 8, 12, and 14 dpi were taken from (A). The Ctrl datapoints from each dpi were merged into one bar.

(D) %EYFP longitudinal recombination in the capillaries relative to PECAM1 length at 3 and 6 dpi.

(E) %CLDNS5 longitudinal expression relative to PECAM1 length in the capillaries at 3 and 6 dpi.

(F) Quantification of relative fluorescence of 1-kDa A555Cad after 2-h circulation in adult Cldn5** and Cldn5*~ mouse brains. Results are shown as fold change
of the Cldn5*/* average values (two litters, n = 5).

(G) gPCR analysis of microvascular fragments isolated from Cldn5*"+ and Cldn5*'~ cerebrums. Cldn5 mRNA expression was normalized to Actb and Cdh5 (two
litters, Cldn5*"* n = 5, Cldn5*'~ n = 6).

(H) Western blot analysis of microvascular fragment isolated Cldn5** and Cldn5*/~ cerebrums. CLDN5 expression was normalized to ACTB and histone H3 (two
litters, Cldn5** n = 5, Cldn5*'~ n = 6).

(1) Representative images of the brain immunostainings of adult Cldn5*/* and Cldn5*'~ mice (n = 5) after 1-kDa A555Cad administration and perfusion. Scale bars,
25 pm. (A) For 3- and 10-kDa TMR-dextran, the data were not normally distributed so nonparametric Mann-Whitney U test was used to evaluate significance. In
(A; A555Cad, 70 kDa TMR-dextran, and EBD) and (F-H) the significance of normally distributed data was evaluated using unpaired two-tailed t test with Welch’s
correction. (C, D, and E) Data were normally distributed and significance of data was evaluated using Tukey’s multiple comparisons test. Data are presented as
geometric mean with geometric SD. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S2.
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PECAM1 in cerebral cortex (approach (2)), which was reduced
by ~4% at 3 dpi and by ~19% at 6 dpi (Figure 2E). Together,
these time-course experiments show that CLDN5 loss occurs
progressively following tamoxifen administration (0-2 dpi) and
causes a similarly progressive disruption of the BBB preceding
the onset of lethality.

Because leakage of tracers was observed in mice with at least
19% of mosaic Cldn5 loss (Figure 2E), we were keen to investi-
gate whether increased BBB permeability could be detected in
constitutive Cldn5 heterozygous (*'~) mice assumed to express
50% less Cldn5 mRNA. However, we found no detectable
leakage of A555Cad in Cldn5*'~ brains (Figures 2F-2I, and
S2E) and similar A555Cad fluorescence in Ctrl and Cldn5*'~ kid-
neys (Figures S2E and S2F). Quantitative PCR on cerebral MVFs
from Cldn5*'~ showed ~41% Cldn5 mRNA expression when
normalized to Actb and 50% when normalized to the endothe-
lium-specific genes Cdh5 and Kar (Figures 2G and S2G), con-
firming the expected reduction of Cldn5 mRNA expression. On
the other hand, CLDN5 protein analysis by both western blot
on isolated cerebral MVFs (Figures 2H, S2H, S2I, and S2J) and
immunostainings (Figure 2I) failed to reveal any significant reduc-
tion in CLDNS5 protein in Cldn5*'~ when compared to Cldn5*/*.
We furthermore did not observe any increased lethality in
Cldn5*/~ mice. These observations demonstrate that ablation
of both alleles of the Cldn5 gene is required for sufficient
CLDN5 protein loss to cause BBB impairment, neurological
symptoms, and death in Cldn5=°C mice. They also demon-
strate that complete Cldn5 gene ablation is deleterious even
when it occurs in a minority population of the brain endothelial
cells in the mosaic Cldn5=°K° mice.

scRNA-seq analysis reveals profound transcriptomic
changes in Cldn5°X® brain endothelial cells

Because immunofluorescence analyses failed to reveal endothe-
lial cell abnormalities other than mosaic loss of CLDN5 and junc-
tional disruption, we performed scRNA-seq to obtain unbiased
information about endothelial gene expression in the Cldn5=°K®
brain vasculature. Vascular cells were isolated from the cere-
brums of three Cldn5E°%° and three Ctrl mice 11 days after
tamoxifen induction and analyzed using the 10x Genomics plat-
form (Figures 3A and 3B). Twelve clusters of a total of 25,186
single-cell transcriptomes that passed quality control were
annotated based on cell-specific marker gene expression®**
(Figures S3A and S3B; Table S2). As previously reported,® a ma-
jority of the cells isolated using this approach were endothelial
cells. The two other major non-endothelial cell types were mural
cells (pericytes and vascular smooth muscle cells) and microglia.
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The endothelial cells formed two distinct islands in uniform mani-
fold approximation and projection (UMAP), a major island corre-
sponding to Cldn5-positive/Plvap-negative BBB endothelium (en-
compassing clusters 0, 1, 2, 4, 8, 9) and a second minor island
corresponding to Cldn5-negative/Plvap-positive endothelium
(cluster 6) (Figures S3A and S3B). In agreement with previous re-
ports on the scRNA-seq profile of fenestrated choroid plexus
endothelial cells,>* " the minor island, which was equally contrib-
uted by Ctrl and Cldn5°%° mice, was positive also for other
choroid plexus endothelial markers, including Esm1, Gpihbp1,
and Cd24a (Figure S3C). Immunostainings on two 11-dpi litters
(Ctrl n = 7, Cldn55°%° n = 8) confirmed that PLVAP-positive
endothelium was detected in the choroid plexus, whereas no
PLVAP-positive endothelial cells were detected in the brain paren-
chyma of mosaic Cldn5¥°%° BBB (Figure S3D). We therefore
conclude that the endothelial cells of the minor island derive
from choroid plexus and possibly circumventricular organs that
are also known to harbor fenestrated endothelial cells, but not
from Cldn5~ BBB endothelial cells in mosaic Cldn5=°K° mice.

Subclustering of the 20,911 endothelial cells present in the
major BBB endothelial island yielded eight cell clusters (Fig-
ure 3C; Table S3). These clusters were largely organized
into arterio-venous zonation pattern, as described previously®
(Figures 3C and 3D). Cells from three independent experiments
were represented at roughly similar proportions in most clusters,
demonstrating lack of batch effects (Figure 3E). Only the smallest
cluster (no. 7), which was composed of lower-quality cells with
high counts of immediate-early genes (IEGs), was preferentially
derived from one experiment (Figures 3E and S3E-S3G;
Table S3 cluster 7). Clusters 0 and 1, annotated as BBB capillary
endothelial cells, were mainly contributed by Ctrl mice, whereas
cluster 2 was mainly contributed by Cldn5=°K° mice (Figures 3C
and 3E). This reciprocity, combined with cluster 2 being the near-
est neighbor of the capillary clusters 0 and 1 in UMAP, suggest
that cluster 2 represents BBB capillary endothelial cells in
Cldn5°K® mice (Figures 3C and 3D). In contrast, the arteriolar,
venular, venous, and arterial clusters 3, 4, 5, and 6, respectively,
contained similar proportions of cells from Ctrl and Cldn5=°K®
mice, suggesting that the transcriptional change observed in
Cldn5EKC mice is limited to the capillaries.

Analyses of differentially expressed genes (DEGs) between the
clusters showed that cluster 2 displayed the largest number of
DEGs of all endothelial clusters (Figure 3F; Table S3). Gene
Ontology (GO) analysis of cluster 2-specifc upregulated DEGs
revealed GO terms associated with angiogenesis and actin
filament organization (Figure 3G; Table S4). These DEGs (173
in total) included several known markers of angiogenesis, such

Figure 3. scRNA-seq dataset obtained from brain microvascular fragments

(A) Tamoxifen regime for Cldn5 deletion and analyses.

(B) Schematic overview of the microvascular fragment isolation from the mouse cerebrums (three independent experiments).

(C) Uniform manifold approximation and projection (UMAP) of the 20,911 pure endothelial cells from the dataset clustered into eight clusters (0-7) as well as the
separate UMAPs showing only cells from Ctrl mice and cells from Cldn5'5°KC mice.

(D) UMAPs of arterio-venous marker expressions throughout the endothelial cell clusters. Bmx, a marker of arterioles; Mfsd2a and Ivns1abp, markers of cap-
illaries; and Nr2f2, a marker of venules. The choice of arterio-venous markers was based on Vanlandewijck et al.” (E) Percentage of endothelial cells from each

experiment and genotype in each endothelial cell cluster (0-7).

(F) Heatmap illustrating cluster 2 DEG expression across all endothelial cell clusters. Genes with PCT.1 values >0.5 (Table S3) are depicted on the heatmap.
(G) Gene Ontology (GO) analysis of cluster 2 top 20 up- and downregulated DEGs. See also Figure S3.
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as Apold1, Angpt2, Mcam, Fscn1, DIll4, Apin, Plxnd1, Cd93,
Adm, and Kit,*®° as well as markers of basement membrane
and extracellular matrix turnover, including Adamts1, Adamts9,
Col4a1, Col4a2, Nid1, Nid2, and Sparc. We recently identified
an endothelial tip cell transcriptome®’; however, only one of
the tip cell markers, Mcam, was upregulated in cluster 2. Lack
of morphologically discernable tip cells was also apparent from
the numerous PECAM1-stained Cldn5°K® brain sections that
were analyzed throughout this study. Thus, the upregulated
expression of an angiogenesis-related gene program in cluster
2 does not seem to reflect the formation of endothelial tip cells
and angiogenic sprouting. Of note, none of the adherens- or
tight-junction transcripts were significantly changed in cluster 2
(Figure S3H). Interestingly, among the significantly downregu-
lated DEGs in cluster 2 (79 in total), several BBB-specific
transporters (Slco1a4, Slc16a1, Tfrc, Abcb1a, and Slc38a5)
and cytokines, growth factors, their regulators, and targets
(Cxcl12, Tgfb2, Ptn, Ptorb, Kif2, and Kif4) were found (Figure 3F;
Table S3). These data show that induced brain endothelial Cldn5
deficiency leads to extensive transcriptional reprogramming of
the BBB capillary endothelial cells. We therefore asked whether
this response is directly and cell-autonomously coupled to the
loss of CLDNS5 by the endothelial cells or, alternatively, whether
it represents secondary and non-cell-autonomous changes trig-
gered by the BBB leakage and resulting changes in the local
brain parenchymal microenvironment.

Distinguishing cell-autonomous from non-cell-
autonomous changes in Cldn5°%° prain endothelium
We initially assumed that cluster 2 corresponded to Cldn5
mRNA-negative (Cldn5™) cells, but this assumption turned out
to be wrong, as follows. The combination of high Cldn5 expres-
sion in brain endothelial cells® and the fact that the entire Cldn5
gene is flanked by LoxP sites in the targeted locus (Figure S1A)
made it informative to assess presence (Cldn5*) or absence
(Cldn57) of Cldn5 mRNA sequence reads in single cells. Accord-
ingly, we found that 99.3% of all Ctrl single-cell endothelial tran-
scriptomes were Cldn5*. We speculate that the 0.7% Cldn5~
(Figure 4A) cells among the Ctrl BBB endothelial cells represent
rare stochastic technical dropouts since CLDN5 protein is uni-
formly expressed in BBB vasculature in Ctrl brains, supposedly
reflecting 100% Cldn5* cells (Figures 1C and S1D). In contrast,
Cldn5™°K° mice showed 84.6% Cldn5* and 15.4% Cldn5™ sin-
gle-cell transcriptomes. Although 15.4% was lower than ex-
pected from the average Cldn5 KO efficiency assessed by
qPCR (~35%), it fell within the observed range of variability
observed in all approaches used to study the degree of Cldn5
mosaicism (approaches 1-3, see above) (Figure 1F). To visualize
the raw data from this analysis, single cells were depicted as co-
lor-coded bars according to the genotype (Ctrl or Cldn5E%9)
and presence or absence of the Cldn5 mRNA counts (Cldn5*
or Cldn5): blue = Cldn5* in Ctrl; dark blue = Cldn5~ in Ctrl; or-
ange = Cldn5* in Cldn5°%°; red = Cldn5~ in Cldn5EX° (Fig-
ure 4B). The gene expression patterns of all genes across the
endothelial cell clusters are available gene by gene as bar plot
data at https://sicof.medh.ki.se/cldn5/EC.

Cldn5~ cells from Cldn5C were enriched in cluster 2 but
present in all clusters, including arteries, arterioles, venules,
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and veins (Figures 4A, 4B, and S4A). The presence of CLDN5
protein-negative cells in arterioles and venules was confirmed
on tissue sections (Figure S4B). Surprisingly, the majority of cells
(2,978 cells) in the Cldn5E°KC-dominated cluster 2 were Cldn5*
and only about 15% of them (555 cells) Cldn5~ (Figures 4A, 4B,
and S4A). These results show that lack of Cldn5 mRNA by the in-
dividual cells had little impact on their dispersal to cluster 2,
which instead depended on the microenvironment associated
with brain capillaries in Cldn5=°%° mice.

Intra-cluster comparison between Cldn5~ (red) and Cldn5*
cells (orange) from Cldn5E°K° mice showed negligible differ-
ences beyond Cldn5 (Table S5). A possible exception was
Cx3cl1, which showed higher counts in Cldn5™ cells compared
to Cldn5™ cells in clusters 0, 2, and 3 (Figure 4B). Within venous
cluster 5, a small but statistically significant downregulation of
clathrin interactor 1 (Clint1) was also revealed in Cldn5t=CK®
Cldn5™ cells (Figure 4B).

To further explore possible (lack of) cell-autonomous transcrip-
tional consequences of Cldn5 loss, we analyzed cultured bEnd.3
brain endothelial cells by RNA sequencing following treatment
with Cldn5-targeting small interfering RNA (siRNA) (siCldn5) or
non-targeting control siRNA (siCtrl) at different concentrations
and different treatment durations (Figure S4C). Comparison of all
tested conditions revealed that the samples treated with siCldn5
showed minor changes compared to siCtrl (Figures S4D-S4F).
Moreover, none of the few DEGs (Figures S4G and S4H) between
siCldn5 and siCtrl-treated cells (Table S6) were significantly
different in Cldn5~ cells in vivo in mosaic Cldn5=°K° mice (Fig-
ure S4l). In conclusion, both in vivo and in vitro data suggest that
loss of Cldn5 in brain endothelial cells does not have direct (cell-
autonomous) transcriptional changes in endothelial cells beyond
Cldn5 itself and, therefore, that the transcriptional activation/reac-
tionseenin cluster 2 reflects anindirect (i.e., non-cell-autonomous)
response of the endothelium to BBB leakage and ensuing changes
in the local microenvironment, possibly involving other cell types
than the endothelial cells.

The non-cell-autonomous effects of mosaic Cldn5 KO were
further illustrated by immunofluorescent staining of SLC16A1 in
brain tissue at 11 dpi (Figure 4C). Two litters with ~35% EYFP
expression were used for this analysis (Figure 4D). Overall,
SLC16AT1 staining was weaker in Cldn5=°K° brain in agreement
with Slc16a7 mRNA reduction in cluster 2 (Figures 4B; Table S3),
but it did not correlate with Cldn5 loss at the cellular level.
Instead, average SLC16A1 longitudinal capillary expression
was comparable between Cldn5E°%° and Ctrl (Figure 4E) and
~61% of the EYFP™ capillaries were SLC16A1™ in the Cldn5=°K®
cortex (Figure 4F). No correlation (r = —0.1617) was found be-
tween the percentages of SLC16A1 longitudinal expression
and EYFP recombination in the capillaries of Cldn5=°K° mouse
cortex (Figure 4G). Thus, the reduced expression of SLC16A1
is an example of a non-cell-autonomous change of Cldn5=°K°
brain endothelium in vivo.

Increased inflammation in the adult Cldn5E¢K°
brain

Since scRNA-seq revealed increased expression of Cx3cl/1, which
encodes a ligand for the immune-cell receptor CX3CR1,? in the
endothelial cell cluster 2 in Cldn5"=°K® brains (average log 2 fold

mouse
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Figure 4. Characterization of transcriptional changes in the endothelium of adult Cldn5=X°

(A) Schematic representation of Cldn5* and Cldn5~ cells in Ctrl and Cldn5=°%° mice. Pie charts illustrate the percentage of Cldn5* and Cldn5™ cells in each
genotype. UMAPs illustrate the Cldn5~ cell distribution throughout the endothelial cell clusters.

(B) Bar plots showing Pecam1, Cldn5, Cx3cl1, Clint1, and Slc16a1 counts in the endothelial cell clusters 0-7. Red arrows point to Cldn5~ cells. Black arrow in
Cx3cl1 bar plot marks Cx3cl1 upregulation in Cldn5~ cells in cluster 2. Black arrow in Clint1 bar plot marks Clint1 downregulation in Cldn5~ cells in cluster 5.
(C) Representative images from the cortex of Cldn5"=CK° and Ctrl of litter 1 analyzed at 11 dpi (n = 3). PECAM1*EYFP* vascular stretches with loss of SLC16A1
staining are marked with blue arrows. PECAM1*EYFP™ vascular stretches with loss of SLC16A1 staining are marked with red arrowheads. Scale bars, 25 pm.
(D) Quantification of %EYFP longitudinal recombination relative to PECAM1 in the mouse cortex of Cldn5"=CK° and Ctrl. Two litters, Ctrl n = 6, Cldn5=°%° n = 8.
(E) Quantification of %SLC16A1 longitudinal capillary expression relative to PECAM1 in the mouse cortex of Cldn5=°%° and Ctrl. Two litters, Ctrl n = 6, Cldn5"=CK°
n=38.

(F) Quantification of %EYFP™ capillaries with SLC16A1* longitudinal capillary expression in the cortex of Cldn55°K® mice (n = 8).

(G) Dot plot of the correlation of %SLC16A1 longitudinal expression with %EYFP longitudinal recombination in the cortex of Cldn5=°K° and Ctrl. Pearson
correlation coefficient (r) = —0.1617. (D) The data were not normally distributed so nonparametric Mann-Whitney U test was used to evaluate significance. (E) The
significance of normally distributed data was evaluated using unpaired two-tailed t test with Welch’s correction. Data are presented as geometric mean with
geometric SD. (D) ***p < 0.001. See also Figure S4.
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change (avg_log2FC) = 1.08; Figure 4B; Table S3 cluster 2), we
investigated glial and endothelial responses in the Cldn5=°K°
brain sections. IBA1 immunostainings revealed no apparent
change in microglia morphology at 6 dpi in cerebral cortex and
11 dpi in cerebral cortex, thalamus, and hippocampus, the time
points when the vascular leakage was already significant
(Figures 5A and S5A-S5C). However, there was clear microglial
reactivity in the Cldn5=°%° brain cerebral cortex, thalamus, and
hippocampus in the two litters displaying the most severe
symptoms (Figures 5B, S5B, and S5C). While IBA1* cells in Cirl
brains extended characteristic long, thin, and ramified processes
(Figures 5A, 5B, and S5A-S5C), the IBA1* cells found around the
capillaries in severe Cldn5E°° brains were enlarged and dis-
played shorter and thicker processes (Figures 5B, S5B, and
S5C). Quantification of IBA1* cells revealed no changes in micro-
glia numbers between Cldn5E° and Ctrl at any time points and
regions analyzed (Figures S5D-S5F). Gene signatures of reactive
microglia have been extensively characterized during recent years
(reviewed in Butovsky and Weiner*"). Immunostainings with one of
the reported reactive microglia markers, C-type lectin domain-
containing 7A (CLEC7A), revealed increased number of
CLEC7A*/IBA1* microglia with a clear reactive morphology and
high CLEC7A expression in the two severe litters (Figures 5B,
5C, S5B, S5C, S5G, and S5H). Some CLEC7AM" microglia
were also observed in an 11-dpi-litter cerebral cortex (Figure 5A)
and lower levels of CLEC7A was detectable in some microglia in
Cldn5E*C brains at 6 and 11 dpi, although this level of expression
was seen also in Ctrl brain microglia that displayed normal
morphology (Figures 5A, 5B, 5C, S5A-S5C, S5G, and S5H). Cells
with perivascular location were detected in cerebral cortex of all
analyzed brains, presumably representing perivascular macro-
phages (Figures 5A, 5B, and S5A-S5C).

In addition, glial fibrillary acidic protein (GFAP), a marker of
astrocyte reactivity, was seen throughout the cortex of
Cldn5=°KC severely affected brains, whereas astrocytes in the
cortex of Ctrl mice were GFAP positive only around bigger ves-
sels (Figure S5l). Moreover, extravasated CD45* leukocytes
were observed in the brain parenchyma of the severe Cldn5"=CKC
mice but not at earlier time points (Figure S5J).

The glial reactivity, immune-cell extravasation, and the fact
that angiogenesis was the top GO term in Cldn5=°K°-domi-
nating cluster 2 prompted us to further assess endothelial activa-
tion/inflammation at different time points (11, 14, and severe) us-
ing known markers. At 11 dpi, scRNA-seq did not reveal any
differences in ICAM1 expression between Cldn5E°%° and Ctrl
brains (Figure S5K). ICAM1 immunofluorescent staining of brain
sections at 11 dpi showed variable expression (Figures 5D and
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5E), which, however, became more pronounced and widespread
in the severe litter (Figures 5D and F). Although Angpt2 was up-
regulated in cluster 2 (avg_log2FC = 1.3260; Table S3 cluster 2),
ANGPT2 immunofluorescence was negative at 11 dpi (Ctrln =6,
Cldn5°KC n = 5) but massively upregulated in Cldn5"=° cap-
illaries in the most severely affected mice (Figure S5L). Collec-
tively, these results suggest that inflammatory responses in
both endothelial and glial cells contribute to the non-cell-auton-
omous changes of the Cldn5-deficient brain endothelium.

DISCUSSION

Here, we investigated the consequences of adult-induced
mosaic Cldn5 loss in the mouse brain. Within a few days after in-
duction of Cldn5 gene deletion, we observed CLDN5 protein
loss, increased BBB leakage, and widespread non-cell-autono-
mous changes in both endothelial and glial cells. The rapidly on-
setting neuroinflammatory condition culminated in seizures and
ensuing lethality from 10 dpi. These results demonstrate the crit-
ical importance of CLDNS in the adult BBB and the pathogenic
consequences of CLDN5 dysregulation, raising caution about
CLDNS5 targeting as a safe approach to improve drug delivery
to the brain.

Our model allowed us to study size selectivity of tight junctions
for paracellular molecular passage across the BBB. Previous
work on constitutive Cldn5 KOs reported leakage of tracers up
to 742 Da in size across the BBB while passage of larger mole-
cules remained restricted.'® In contrast, the BBB of adult-induc-
ible mosaic Cldn5°K® mice was permeable for tracers up to
10 kDa in size in agreement with findings in cldn5a—/— zebrafish
model.”” The difference in size restriction between the two
mouse models may have technical or biological reasons. Tech-
nical differences include tracer circulation times and detection.
While we let the tracers circulate for 2-16 h (depending on the
tracer size; see Table S1) Nitta et al."® let tracers circulate for
5 min. Also, Nitta et al.’® measured tracer extravasation by fluo-
rescence microscopy and we used a sensitive fluorescence
plate reader. Among biological explanations, it is possible that
inflammatory responses to primary BBB disruption may differ
in constitutive Cldn5 KO neonates (Nitta et al.'®) and adult-induc-
ible mosaic Cldn5=°K° mice. Specifically, the non-cell-autono-
mous inflammatory changes in both glial and endothelial cells
in Cldn5=°K° mice may trigger additional modes of BBB leakage
beyond what is cell-autonomously caused by disruption of endo-
thelial tight junctions. Conversely, it is possible that constitutive
Cldn5 KO may trigger compensatory mechanisms during embry-
onic development that limit or partially rescue BBB leakage

Figure 5. Characterization of microglial phenotypes and ICAM1 expression in adult Cldn

5'ECKO and Ctrl brains

(A and B) Representative images of CLEC7A and IBA1 microglia from the cortex of Cldn5™CK® ([a] field 1, [b] field 2) and Ctrl. Scale bars, 50 um. (A) At 11 dpi, two

litters, n = 6; (B) severe, two litters, Ctrl n = 5, Cldn5=° n = 7.
(C) Quantification of %CLEC7A*/IBA1* cells per field in the cerebral cortex.

(D) Quantification of %ICAM1 longitudinal capillary expression normalized to PECAM1 longitudinal expression in the capillary bed of the brain cortex. Three litters

analyzed 11 dpi (blue), 14 dpi (black), and severe (red), n = 8.

(E and F) Representative images from the cortex of Cldn5=°%° and Ctrl. (E) Ctrl n = 3, Cldn5°C n = 2; (F) Ctrl n = 2, Cldn5=°%° n = 3. Scale bars, 25 um. (C) At 6
dpi, the data were normally distributed and therefore the significance of the data was evaluated using unpaired two-tailed t test with Welch’s correction. In (C) (11
dpi and severe) and (D) (for the pooled dpi values), the data were not normally distributed so nonparametric Mann-Whitney U test was used to evaluate sig-
nificance. Data are presented as geometric mean with geometric SD. *p < 0.05, **p = 0.01. See also Figure S5.
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primarily caused by CLDNS5 loss.'® While in vivo models clearly
have limitations regarding their ability to directly assess the
size selectivity of tight junctions at the BBB, information about
BBB breakdown as a progressive event starting with tight junc-
tion impairment may be more relevant from a pathophysiological
perspective. Interestingly, it also opens the possibility to assess
whether/how non-cell-autonomous inflammatory responses in
endothelial cells and glial cells contribute to size selectivity and
other characteristics of the BBB.

The non-cell-autonomous  transcriptomic changes in
Cldn5™CX® brain capillary endothelial cells are likely secondary
to BBB disruption, leading either to responses directly in the endo-
thelial cells or triggering responses in other brain parenchymal
cells (microglia and astrocytes), which, in turn, affect the endothe-
lium. The latter scenario seems plausible based on several obser-
vations, including the astrocytic and microglial reaction, the pres-
ence of CD45" leukocytes in the brain parenchyma, and the
increased expression of endothelial ICAM1 in Cldn5E°K° brain
capillaries. BBB disruption has been observed in neurodegenera-
tive diseases such as MS,*? Alzheimer’s,*® and Parkinson’s dis-
ease,’* which showed glial inflammation at variable times during
the course of the diseases. The extravasation of blood-borne mol-
ecules and toxins into the brain parenchyma has indeed been pro-
posed to induce rapid reactions in microglia and astrocytes,*>*¢
which in turn could aggravate the BBB disruption via secretion of
growth factors such as vascular endothelial growth factor A
(VEGFA).*° Reactive glial cells could also cause neuronal damage
and hyperexcitability via various cytokines.’*? Microglial reac-
tion and neurodegeneration could also be caused by the infiltra-
tion of leukocytes when the BBB is disrupted.®® It is still unclear
from these correlations if an early disruption of the BBB observed
in brain diseases is causal to any aspect of the disease pathogen-
esis or whether it is a consequence without pathogenic relevance.
However, our present study illustrates how primary BBB opening
and ensuing reciprocal inflammatory engagement of multiple cell
types in the brain parenchyma may have deleterious conse-
quences for brain function. Specifically, our results suggest that
primary BBB leakage causes rapid induction of glial responses,
and that these or other resulting microenvironmental changes
trigger further responses in the endothelial cells, possibly even
with further negative effects on BBB function.

We found the Angpt2 upregulation in the endothelium of
Cldn5°KC prains interesting. ANGPT2 has been described
as an antagonist of the TIE2 receptor that disrupts the vascula-
ture and promotes inflammation.’*>® However, the effect of
ANGPT2 on the vasculature is not yet completely understood,
as it can have context-dependent agonistic activity, e.g., in the
absence of vascular endothelial protein tyrosine phosphatase
(VE-PTP) in the lymphatic vasculature.””°® ANGPT2 was found
to protect the BBB in Pdgfb™/™! mice, a pericyte-deficient
mouse model with developmental pericyte loss.?° Furthermore,
Angpt2~'~ mice display increased BBB permeability of fluores-
cent tracers and show a disrupted CLDN5 expression pattern.?°
The importance of the upregulation of Angpt2 in Cldn5=°K° mice
will remain a topic for further study.

Cldn5 has been attempted as a target to increase drug delivery
into the brain.®=®2 However, the risks associated with the open-
ing of paracellular junctions at the BBB have not been exten-
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sively analyzed. We found first signs of 1-kDa A555Cad leakage
already at ~6 days after induction of Cldn5 gene deletion, which
may reflect the dynamics of tamoxifen-induced gene deletion as
well as of CLDN5 protein decay. We also found that molecules
up to 10 kDa in molecular weight (MW) passed into the
brain. However, regardless of BBB size selectivity in the Cldn5
deficient state, it remains to be determined how drugs of
different physiochemical properties may pass through disrupted
paracellular tight junctions in brain endothelial cells. Previous
work with Pdgfb™?™! mice showed that small lipophilic pharma-
ceuticals that are substrates for efflux transporters such as
P-glycoprotein are blocked from passing the BBB under circum-
stances when passage of large hydrophilic molecules occurs.®®
In Pdgfb™V™! mice, the BBB leakage occurs both via disruption
of paracellular junctions and increased transcytosis. Whether
small lipophilic drugs are similarly blocked from entering through
disrupted tight junctions remains to be investigated. Regardless
of such considerations, our results raise caution concerning
CLDNS5 targeting for enhanced drug delivery to the brain. More
analyses are needed to assess whether safe levels of CLDN5
downregulation exist that provide a sufficient time window for
meaningful drug delivery across the BBB.

Limitations of the study

A major limitation in the interpretation of the time courses and
sequences of events in these experiments is that tracer quantifi-
cation and glial reactivity/endothelial inflammation had to be
analyzed in separate animals and litters for technical reasons.
The variability in the observed recombination efficiencies and
phenotypes, even within the same litter, complicates conclu-
sions about the exact time course and progression of events.
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Antibodies

ACTA2-Cy3 (1:100) Sigma Aldrich Cat. #C6198; RRID:AB_476856
ACTA2-Alexa Fluor 647 (1:100) Santa Cruz Cat. #Sc-32251; RRID:AB_262054

ACTB (1:500)

ANGPT2 (1:200)

CD45 (1:100)

CLDNS (IF 1:100, WB 1:500)
DECTIN1 (1:100)

ERG (1:200)

GFAP (1:100)

GFP (for EYFP) (1:300)

Histone H3 (1:1000)

IBA1 (1:100)

IBA1 (1:100)

ICAM1 (1:100)

NEUN (1:100)

OCLN (1:100)

PECAM1 (1:200)

PECAM1 (1:200)

SLC16A1 (1:100)

VE-Cadherin (1:200)

Z0O-1 (1:100)

Anti-goat DyLight 405 (1:600)
Anti-goat Alexa Fluor 488 (1:600)
Anti-goat Cy3 (1:600)

Anti-goat CF 633 (1:600)

Anti-goat Alexa Fluor 647 (1:600)
Anti-goat Alexa Fluor Plus 680 (1:600)
Anti-rat Alexa Fluor 488 (1:600)
Anti-rat Cy3 (1:600)

Anti-rat Alexa Fluor Plus 555 (1:600)
Anti-rat CF 633 (1:600)

Anti-rat Alexa Fluor 647 (1:600)
Anti-rat Alexa Fluor 680 (1:600)
Anti-rabbit Alexa Fluor 488 (1:600)
Anti-rabbit Alexa Fluor Plus 488 (1:600)
Anti-rabbit Cy3 (1:600)

Anti-rabbit CF 633 (1:600)
Anti-rabbit Alexa Fluor 647 (1:600)
Anti-rabbit IgG, HRP-linked (1:2500)
Anti-chicken Alexa Fluor 488 (1:600)
Anti-chicken Cy3 (1:600)

Anti-chicken Alexa Fluor 647 (1:600)
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Cell Signaling Technology
From Prof. Gou Young Koh
BD Biosciences
ThermoFischer Scientific
Invivogen

Abcam

Zymed labs

Abcam

Cell Signaling Technology
FUJIFILM Wako Shibayagi
Abcam

Abcam

Chemicon

ThermoFischer Scientific
R&D Systems

BD Biosciences

Acris

eBioscience
ThermoFischer Scientific
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Merck

Jackson ImmunoResearch
ThermoFischer Scientific
Jackson ImmunoResearch
Jackson ImmunoResearch
ThermoFischer Scientific
Merck

Jackson ImmunoResearch
ThermoFischer Scientific
Jackson ImmunoResearch
ThermoFischer Scientific
Jackson ImmunoResearch
Merck

Jackson ImmunoResearch
Cell Signaling Technology
Jackson ImmunoResearch
Jackson ImmunoResearch

Jackson ImmunoResearch

Cat. #4967L; RRID:AB_330288

N/A

Cat. #550539; RRID:AB_2174426

Cat. #34-1600; RRID:AB_2533157
Cat. #mabg-mdect; RRID:AB_2753143
Cat. #Ab92513; RRID:AB_2630401
Cat. #13-0300; RRID:AB_2532994
Cat. #ab13970; RRID:AB_300798

Cat. #4620; RRID:AB_1904005

Cat. #019-19741; RRID:AB_839504
Cat. #ab5076; RRID:AB_2224402

Cat. #ab25375; RRID:AB_470490

Cat. #Mab377; RRID:AB_2298772
Cat. #71-1500; RRID:AB_2533977
Cat. #AF3628; RRID:AB_2161028

Cat. #553370; RRID:AB_394816

Cat. #TA321556; RRID N/A

Cat. #14144181; RRID:AB_842768
Cat. #40-2300; RRID:AB_2533457
Cat. #705-475-147; RRID:AB_2340427
Cat. #705-546-147; RRID: AB_2340430
Cat. #705-165-003; RRID:AB_2340411
Cat. #SAB4600128; RRID N/A

Cat. #705-605-147; RRID:AB_2340437
Cat. #A32860; RRID:AB_2762841

Cat. #712-546-153; RRID:AB_2340686
Cat. #712-165-150; RRID:AB_2340666
Cat. #A48270; RRID:AB_2896336

Cat. #SAB4600133; RRID N/A

Cat. #712-605-153; RRID:AB_2340694
Cat. #712-625-153; RRID:AB_2340699
Cat. #711-546-152; RRID:AB_2340619
Cat. #A32790TR; RRID:AB_2866495
Cat. #711-166-152; RRID:AB_2313568
Cat. #SAB4600132; RRID N/A

Cat. #711-605-152; RRID:AB_2492288
Cat. #7074; RRID:AB_2099233

Cat. #703-545-155; RRID:AB_2340375

Cat. #703-165-155;
RRID:AB_2340363

Cat. #703-605-155; RRID:AB_2340379
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Anti-human Alexa Fluor 488 (1:600) Jackson ImmunoResearch Cat. #709-545-149; RRID:AB_2340566

Anti-human Cy3 (1:600)
Anti-human Alexa Fluor 647 (1:600)
Anti-human Alexa Fluor 647 (1:600)

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat. #709-165-149; RRID:AB_2340535
Cat. #709-605-098; RRID:AB_2340577
Cat. #709-605-149; RRID:AB_2340578

—

—

Chemicals, peptides, and recombinant proteins

Hoechst 33342

1 kDa Alexa Fluor 555 Cadaverine

3 kDa TMR-Dextran

10 kDa TMR-Dextran

70 kDa TMR-Dextran

Evans blue dye

Lipofectamine 2000

RIPA Lysis and Extraction Buffer
Normal donkey serum

Prolong Gold anti-fade reagent

Triton X-100

TrypLE

Collagenase type I

Collagenase IV

Sheep anti-rat magnetic Dynabeads®
Tamoxifen

cOmplete™ Protease Inhibitor Cocktail
DMEM GlutaMAX

Peanut oil

Thermo Fischer Scientific
Life Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Invitrogen

Thermo Fisher Scientific
Jackson ImmunoResearch
Thermo Fischer Scientific
Sigma-Aldrich

Gibco

Sigma-Aldrich

Gibco

Invitrogen

Sigma-Aldrich
Sigma-Aldrich

Gibco

Sigma-Aldrich

Cat. #H3570

Cat. #A30677
Cat. #D3308

Cat. #D1817

Cat. #D1818

Cat. #E2129

Cat. #11668027
Cat. #89901

Cat. #017-000-121
Cat. #P36930
Cat. #T8787

Cat. #A1217701
Cat. #C6885

Cat. #17104-019
Cat. #11035

Cat. #T5648

Cat. #4693116001
Cat. #31966021
Cat. #C8267

—

—

—

—

Critical commercial assays

Chromium Next GEM Single Cell 3' GEM,
Library &Gel Bead Kit v3.1 16 rxns
Chromium Next GEM Chip G Single Cell Kit,
48 rxns
iScript™ Reverse Transcription Supermix
Cytiva Amersham ™ ECL™ detection kit

Super Signal West Femto kit

10x Genomics

10x Genomics

Bio-Rad

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat. #1000121

Cat. #1000120

Cat. #1708840
Cat. #10308449
Cat. #34095

Deposited data

Raw sequencing reads and processed gene This paper GEO: GSE250382
expression counts
Online database This paper https://sicof.medh.ki.se/cldn5/EC
Experimental models: Cell lines
Mouse brain endothelial cells (bEnd.3) ATCC Cat. #CRL-2299, LOT #70030469
Experimental models: Organisms/strains
Mouse: Gt(ROSA)26Sor™!EYFFICos 4 Srinivas et al.”® The Jackson stock #006148
Laboratory
Mouse: Tg(Cdh5-CreERT2)1Rha Pitulescu et al.?” N/A
Mouse: Tg(Pgk1-Cre) mice Lallemand et al.®* N/A
Mouse: Cldn5-tm(Flox) This paper N/A
Oligonucleotides
non-targeting control siRNA: siCtrl Ambion Cat. #AM4636
Cldn5-targeting siRNA: siCldn5 Dharmacon Cat. #D-042358-04-0050

Cldn5-VIC
Cdh5-FAM

Thermo Fisher Scientific
Thermo Fisher Scientific

MmO00727012_s1
Mm00486938_m1
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Actb-FAM Thermo Fisher Scientific MmO00607939_s1
Kdr-FAM Thermo Fisher Scientific Mm01222421_m1
Gapdh-Cy5.5 Bio-Rad qMmuCEP0039581

Software and algorithms

Graph Pad Prism v 9
Imaged v 1.53c

lllustrator v 27.5
Photoshop v 25.1.0
ImagelLab v 5.2.1

Seurat v4.0.1 package for R

Cell Ranger v 7

clusterProfiler

GraphPad Software

Wayne Rasband (National
Institutes of Health)

Adobe
Adobe
Bio-Rad

Hao et al.®®

10X Genomics

Guangchuang et al.®®

https://www.graphpad.com
http://imagej-nih.gov/ij

https://www.adobe.com/products/illustrator.html
https://www.adobe.com/products/photoshop.html
https://www.biorad.

com/ense/product/image-labsoftware?

ID = KRE6P5E8Z

RRID:SCR_007322; https://satijalab.org/seurat/
articles/install.html

https://support.10xgenomic
s.com/single-cell-geneexpression/software/downl
oads/latest

RRID:SCR_016884; http://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

DEseq?2 Love et al.®” RRID:SCR_015687; https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

Other

Leica M205 FA Leica Microsystems https://www.leica-microsystems.com/

Leica TCS SP8 confocal Leica Microsystems https://www.leica-microsystems.com/

ChemiDoc™ MP gel imaging system

Synergy HT microplate reader

NextSeq2000
LUNA-FI™ cell counter
AO/PI cell viability kit

BioRad

BioTek
lllumina
Logos
Logos

https://www.bio-rad.com/en-se/product/chemidoc-
xrs-system?ID=NINJHRKG4

Cat. #20040559
Cat. #L.20001
Cat. #F23001

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Maarja
Andaloussi Mae (maarja.andaloussi_mae@igp.uu.se).

Materials availability
Mouse line generated in this study is available from the lead contact upon request.

Data and code availability
o Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession num-
ber is listed in the key resources table. Online searchable databases of annotated gene expression data are described in the key
resources table.
® This paper does not report original code.
® All data and additional information required to re-analyze the data reported in this paper are available from the lead contact
upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Experimental mice

Endothelial-specific tamoxifen-inducible Cldn5 knock-out mice (Cldn. were obtained crossing the endothelial specific
Cdh5(PAC)-CretR™2 mice®’” with Cldn51°* mice (Taconic, UPP0053 Cldn5). The conditional floxed Cldn5 allele was achieved

5iECKO)
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via homologous recombination in the Taconic Biosciences C57BL/6NTac embryonic stem cell line. The homologous recombinant
clones were selected via positive selection for puromycin resistance (PuroR) and negative selection of thymidine kinase. The PuroR
selection marker was flanked with flippase recognition target (FRT) sites and after selection PuroR was eliminated with Flippase (FIp)
in vivo. A schematic representation of the generation of the conditional floxed Cldn5 allele can be seen in Figure S1A. To evaluate Cre
recombination efficiency, the animals were crossed with Rosa265YFY P reporter mice (www.jax.org, stock #006148). All mice were
of mixed background: C57BL/6J (Jackson Laboratory), C57BL/6N (Charles River Laboratory) and 129X1/SvJ (Jackson Laboratory).
In all the experiments, Cre-negative Cldn5"°x |ittermate mice were referred to as Controls (Ctrl). In all analyzed mice, Cldn5 dele-
tion was achieved through oral gavage of 100 pL of a 20 mg/mL Tamoxifen (cat. #T5648, Sigma-Aldrich) solution in 90% peanut oil
(cat. #C8267, Sigma-Aldrich) and 10% ethanol for 3 consecutive days at around 3 months of age. Both male and female mice were
used for the analyses. The mice were sacrificed for analysis 3-15 days after first dose of Tamoxifen induction.

Constitutive Cldn5 heterozygous (Cldn5*/~) mice were obtained crossing the Pgk7-Cre mice®* with Cldn5"/* mice. Mice were
back-crossed at least 5 generations to C57BL/6J background.

All animal experiment protocols were approved by the Uppsala Ethical Committee on Animal Research (permit numbers C115/15,
C111515/16, 5.8.18-03029/2020) and were carried out in accordance with their guidelines. Experiments have been reported in
compliance with the ARRIVE 2.0 guidelines.®® All efforts were made to minimize animal suffering. Both male and female mice
were used in the experiments, and the studied phenotypes did not differ between sexes. No animals were excluded from the ana-
lyses. All quantifications were carried out with the investigator blinded to genotype.

METHOD DETAILS

Microvascular fragment isolation for quantitative PCR (qPCR), western blot and scRNAseq
11 days after first dose of tamoxifen induction, the following mice were anesthetized with 50 mg/mL Ketamin (Ketaminol, Intervet) and
20 mg/mL Xylasin (Rompun, Bayer) in Phosphate Buffered Saline (PBS, cat. #12-9423-5, Medicago) and sacrificed through cervical
dislocation: at 11-13 dpi for gPCR (11 dpi: Ctrl n = 4, Cldn5° n = 3, 12 dpi: Ctrl n = 2, Cldn5"°° n = 3 and 13 dpi: Ctrl n = 2,
Cldn5ECKC 1 = 3) and at 11 dpi for scRNAseq (Ctrl male n = 2, female n = 1, Cldn5E°%° male n = 2, female n = 1, 3 independent ex-
periments). For Western blot (n = 6, 2 independent experiments), the adult mice were anesthetized as stated above and sacrificed
through cervical dislocation.

For gPCR, the cerebrum was collected and split in two-halves and the microvascular fragments (MVF) were isolated from each half
as previously described.®®

For Western blot and scRNAseq, the cerebrums were collected and the MVFs were isolated as previously described®® with minor
modifications prior 10x Genomics scRNAseq. In brief, the brain halves were mechanically and enzymatically digested with Collage-
nase type Il (1 mg/mL, cat. #C6885, Sigma). On ice, the washed MVFs were isolated using sheep anti-rat magnetic Dynabeads
(50 pl/brain, cat. #11035, Invitrogen) bound to rat anti-mouse PECAM1 antibody (10 uL/brain, cat. #553370, BD Biosciences) and
a DynaMag 2 magnet (Invitrogen). The washed MVFs were then further dissociated with Collagenase IV (1 mg/mL, cat. #17104-
019, Gibco) and TrypLE (cat. #A1217701, Gibco) to remove the magnetic beads and obtain single cell solutions.

qPCR

The MVFs were lysed in RLT buffer and the RNA was extracted using the RNeasy micro prep kit according to the manufacturer’s
protocol (cat. #74034, Qiagen). iScript Reverse Transcription Supermix (cat. #1708840, Bio-Rad) was used to synthesize cDNA
and mRNA expression was quantified by TagMan assays from 24 ng of cDNA per mouse. The measured Cldn5 expression levels
were normalized to endogenous gene expression levels of Gapdh for each mouse. The specific probes used are listed in the key re-
sources table. Two litters of were used for this analysis at 11-13 dpi (11 dpi: Ctrl n = 4, Cldn5°K® n = 3, 12 dpi: Ctrl n = 2, Cldn5%°
n =3 and 13 dpi: Ctrl n = 2, Cldn5°%° n = 3).

Similarly, MVF from the cerebrum of adult Cldn5 heterozygous and homozygous littermate control mice were isolated. Cldn5
mRNA expression was quantified by TagMan assays from 24 ng of cDNA per mouse. The measured expression levels were normal-
ized to endogenous gene expression of Actb for each mouse as well as Cah5 and Kadr. Two litters were used for this analysis, Cldn5*"*
n=>5, Cldn5 n=6.

Western blot

The cells from MVFs were lysed with 100 L ice-cold RIPA Lysis and Extraction Buffer (cat. #89901, Thermo Fisher Scientific) sup-
plemented with 1X Roche cOmplete Protease Inhibitor Cocktail (cat. #4693116001, Sigma-Aldrich). The lysates were then frozen and
thawed for two times and incubated at 4°C for 2 h in a rotator.

The protein lysates were quantified using the Pierce BCA kit (cat. #23225, Thermo Fisher Scientific) and, equal amounts (0.7 ug) of
protein were loaded and electrophoresed using NUPAGE 4 to 12%, Bis-Tris, 1.0-1.5 mm, Mini Protein Gels (cat. #NP0323BOX,
Thermo Fisher Scientific). The proteins were then transferred using Trans-Blot Turbo transfer system (cat. #1704156, BioRad) at
1.3 A and 25 V for 7 min. The membrane was then blocked with 5% BSA in 20 mM Tris base, 135 mM NaCl, 0.1% Tween 20
(TBST) for 30 min at RT. The membrane was incubated with the primary antibody for 1.5 h at RT washed three times with TBST
and, the bound antibodies were detected using horseradish peroxide conjugated secondary antibodies incubated for 1 h at RT
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followed by washes with TBST for four times. After incubation with the substrate — Cytiva Amersham ECL detection kit (cat.
#10308449, Thermo Fisher Scientific) or Super Signal West Femto kit (cat. #34095, Thermo Fisher Scientific) - HRP-stained bands
were detected with the ChemiDoc gel imaging system (BioRad).

BBB permeability

The assessment of the BBB permeability was performed as previously described.*® Briefly, different molecular size fluorescent
tracers were administered intravenously into the tail vein. The information about the tracers, circulation times and number of mice
used are included in Table S1. After anesthesia, the mice were perfused with Hank’s Balanced Salt Solution (HBSS, cat.
#14025092, Life Technologies) for 3—4 min. One-half of the brain and one kidney were homogenized in 1% Triton X-100/PBS,
pH 7.2. The lysates were centrifuged at 16,900 g for 20 min and the relative fluorescence of the supernatant was measured on a Syn-
ergy HT microplate reader (BioTek) with the following filters: excitation 540/25 nm, emission 590/20 nm. The relative fluorescence of
Evans Blue Dye (EBD) was measured with the following filters: excitation 620/15 nm, emission 680/30 nm. To ensure the systemic
distribution of the tracers, kidneys were used as a control. The relative fluorescence units per tissue weight (RFU/g) was calculated
and the results are presented as the fold change of the Ctrl, which is set to 1. Also, whole brain and kidney fluorescent images were
taken with Leica M205 FA stereomicroscope.

Immunofluorescence stainings

After full anesthesia, the mice were perfused transcardially with HBSS and 4% buffered formaldehyde (formalin, cat. #2178, Histo-
lab). Brains were collected and post-fixed in 4% formalin for 4 h at 4°C and sliced into 75 pm-thick sagittal sections. The mice used for
OCLN and ZO1 stainings were perfused with HBSS and 1% formalin and the brains were collected and incubated in ice-cold 100%
methanol overnight at 4°C and sliced into 75 um-thick sections after gradual rehydration (75%, 50%, 25%, 0% methanol, each step
20 min at 4°C). All sections were incubated in permeabilization and blocking buffer (1% bovine serum albumin (BSA), 5% normal
donkey serum (cat. #017-000-121, Jackson ImmunoResearch) and 0.75% Triton X-100 (cat. #T8787, Sigma-Aldrich) in PBS) over-
night at 4°C. Primary antibodies (diluted in 0.5% BSA, 0.25% Triton X-100 in PBS) were incubated 48 h at 4°C, followed by an over-
night-secondary antibody incubation at 4°C. Nuclei was stained with Hoechst 33342 (cat. #H3570, Thermo Fischer Scientific). The
stained sections were mounted in Prolong Gold anti-fade reagent (cat. #P36930, Thermo Fischer Scientific). All images were taken
with a Leica TCS SP8 confocal microscope (Leica Microsystems), and are shown in the figures as maximum intensity projections of
z-stacks. Image analysis was done using Fiji (ImageJ), image brightness levels and sizing was adjusted using Adobe Photoshop
v25.1.0 and figures were built using Adobe lllustrator v27.5.

EYFP longitudinal recombination and CLDNS5 longitudinal expression analysis in cerebral cortex

To assess the percentage of EYFP recombination in the capillary endothelium of the mouse brain cortex, EYFP+ capillary length was
manually measured using Fiji as well as the total capillary length per field (PECAM1+ length). Vessels were considered capillaries if
they were smaller than approximately 6 um in diameter. The percentage of EYFP capillary recombination was then calculated as the
percentage of EYFP+ capillary length/PECAM1+ length. In a similar way, the CLDN5 longitudinal capillary expression in the endo-
thelium was calculated as the CLDN5+ capillary length per field and normalized by the total PECAM1+ capillary length per field.
For both measurements, ten fields per mouse brain cortex were analyzed. The mice were used at 11 dpi (four litters, Ctrl = 12,
Cldn5"°%® n = 13), 14 dpi (n = 3) and severe litter (15 dpi, Ctrl = 2, Cldn5=°K° n = 3).

Endothelial cell quantification in cerebral cortex

The capillary length was measured using the AnalyzeSkeleton plug-in in Fiji as previously reported.’® The total skeletal length was
measured for PECAM1+ staining per each field taken from the brain cortex. If any bigger vessels were included in the field they
were measured manually and excluded from the total skeletal length measurement per field. Vessels were considered capillaries
if they were smaller than approximately 6 um in diameter assessed by eye. The number of capillary endothelial cells per field (#capil-
lary EC/field) was counted from ERG staining. The number of ERG+ cells per 100 um of capillary length was also calculated
(100*(ERG+ cells’/PECAM1+ capillary length)). For each mouse brain cortex, ten fields were analyzed and the average per field is
shown in the results. Two litters were used at 11 dpi (Ctrl = 10, Cldn55°K® n = 9) and severe litter (15 dpi, Ctrl = 2, Cldn5T%° n = 3).

EYFP longitudinal recombination and CLDNS5 longitudinal expression analysis in cerebral cortex, hippocampus and
thalamus - Comparative experiment

To assess the percentage of EYFP recombination in the capillary endothelium of the mouse brain cortex, hippocampus and thal-
amus, EYFP+ capillary length was manually measured using Fiji as well as the total capillary length per field (PECAM1+ length). Ves-
sels were considered capillaries if they were smaller than approximately 6 um in diameter. The percentage of EYFP capillary recom-
bination was then calculated as the percentage of EYFP+ capillary length/PECAM1+ length. In a similar way, the CLDN5 longitudinal
capillary expression in the endothelium was calculated as the CLDN5+ capillary length per field and normalized by the total
PECAM1+ capillary length per field. For both measurements, ten fields per mouse brain cortex and hippocampus were analyzed,
while minimum 6 fields per thalamus were analyzed. One litter was used at 11 dpi, Ctrl n = 3, Cldn5°K° n = 3,
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MVF isolation and single-cell RNA sequencing using 10x genomics technology

The cells from MVFs from both halves were pooled and they were counted using a LUNA-FI (Logos) cell counter. Prior to sequencing,
5000 single cells per sample were captured in lipid droplets using Next Gem Single Cell 3’ Reagent kit v3.1. from 10x Genomics using
manufacturer’s instructions. The sequencing of full libraries was performed on the lllumina platform NextSeq2000 using the P3 re-
agent kit with a 100 cycles flow cell. The goal average read depth was 40000 reads/cell.

Bioinformatical analyses of single-cell RNA sequencing

The flow cell data were demultiplexed and aligned with the Cell Ranger pipeline (v6.1.2, 10x Genomics). After alignment, the
combined data were analyzed with the Seurat package® in R with minor modifications. After quality control, genes expressed in
less than 3 cells were considered absent, and cells with less than 500 total counts were filtered out of the dataset. Finally, libraries
with high relative content (=10%) of mitochondrial genes were removed.

The 2000 most variable genes were used to calculate principal components of variation. Dimension reduction plots were visualized
using the UMAP function (UMAP: uniform manifold approximation and projection).”’ The graph-based clustering approach with
K-nearest neighbor (KNN) graph from the Seurat pipeline was used for clustering using principal component analysis (PCA) reduction
in 30 dimensions at 0.8 resolution.

Cells belonging to clusters with high expression of typical endothelial cell markers (i.e., Pecam1, Cldn5, Podxl/ and Cdhb) were
separately reanalyzed, using PCA reduction in 30 dimensions at 0.4 resolution. Cells with Cldn5 counts equal to 0 and Pecam1 counts
over 0 were identified as cells with Cldn5™ transcriptomes. Differential expressed genes were calculated using the Wilcoxon rank-sum
test with average log2FC > 0.6 and p value adjusted <0.05 as parameters.

Data can be explored gene by gene on the online database: https://sicof.medh.ki.se/cldn5/EC/

Gene Ontology analyses

Gene ontology analysis was performed with the clusterProfiler R-software package.®® The enrichGO function was applied to identify
enriched GO terms belonging to the Biological Process subontology. Upregulated and downregulated DEGs of cluster 2 were
compared with the list of all genes from EC dataset as reference. Terms with an adjusted p value <0.05 (pvalueCutoff = 0.05,
pAdjustMethod = “BH’’ (BH = Benjamini-Hochberg)) were selected and to omit redundant terms, a cut-off 0.7 was used to simplify
the function.

SLC16A1 longitudinal expression quantification and EYFP correlation in cerebral cortex
The percentage of SLC16A1 longitudinal capillary expression in the cerebral cortex was calculated via immunostaining of SLC16A1,
ACTA2 and PECAM1. Additionally, EYFP was also stained to assess the correlation of SLC16A1 loss with EYFP recombination ef-
ficiency in the capillaries. Briefly, the ACTA2+ area was eliminated from the field to avoid considering arterioles (mostly SLC16A1-) in
our quantifications. If any bigger veins (>6 um in thickness, ACTA2- vessels) were present in the field, they were manually eliminated
from the field. The length of SLC16A1 and EYFP stainings were measured using the AnalyzeSkeleton plug-in in Fiji, while the length of
PECAM1 was measured manually in Fiji due to high background noise. From these initial measurements, the percentage of SLC16A1
longitudinal capillary expression was then quantified as 100“(SLC16A1+ length/PECAM1+ length). The EYFP recombination was
quantified as 100*(EYFP+ length/PECAM1+ length). From the binary images of SLC16A1+ capillaries and EYFP+ capillaries, the over-
lap between the two images was calculated using the Image Calculator tool in Fiji. The length of this overlap was considered as the
length of SLC16A1+ staining in EYFP+ capillaries, thus the percentage of SLC16A1+EYFP+ capillaries was calculated as
100%(SLC16A1 and EYFP overlap/EYFP+ length).

Potential correlation between %SLC16A1 longitudinal capillary expression and %EYFP recombination in the capillary was ad-
dressed computing two-tailed Pearson correlation coefficients with 95% confidence interval. For all measurements, ten fields per
mouse brain cortex were analyzed. Two litters were used at 11 dpi, Ctrl n = 6, Cldn5E°K° n = 8.

Cldn5 downregulation in bEnd.3 cell culture and RNAseq

To investigate potential cell-autonomous transcriptional changes of Cldn5 loss in vitro, 6 x 10* bEnd.3 cells 10% FBS DMEM
GlutaMAX (cat. #31966021, Gibco) were seeded in a 96 well plate. When cells were approximately 70% confluent, cells were trans-
fected with the siRNA (non-targeting control siRNA: siCtrl, cat. #AM4636, Ambion) or with Cldn5-targeting siRNA: siCldn5, cat. #D-
042358-04-0050, Dharmacon)) and Lipofectamine 2000 (cat. #11668027, Invitrogen) at different concentrations (0, 1, 10 or 40 pmol)
and different treatment durations (6, 12, 24 or 48 h). The bulk of each well was lysed and prepared for sequencing with the SmartSeqg2
technology and sequenced with the lllumina platform NextSeq2000 using the P3 reagent kit with a 100 cycles flow cell. The samples
were aligned to the mouse reference genome GRCm38 (mm10) using TopHat2’? with Bowtie2.”® The resulting read counts were
analyzed with a DEseq2 pipeline®” with minor modifications. Genes with cumulative counts less than 30 counts were considered
as background and were therefore removed. Differentially expressed genes were calculated with average log2FC > 0.6 and p value
adjusted <0.05 as parameters.
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ICAM1 longitudinal expression analysis in cerebral cortex

The ICAM1 longitudinal capillary expression in the brain cortex was manually measured using Fiji as the ICAM1+ capillary length per
field normalized by the PECAM1+ capillary length per field. Vessels were considered capillaries if they were smaller than approxi-
mately 6 um in diameter measured by eye. Ten fields per mouse brain cortex were analyzed. Three litters were used, one litter at
11 dpi (Ctrl n = 3, Cldn5EKC n = 2), one litter at 14 dpi (Ctrl n = 3, Cldn5"=° n = 3) and one severe litter (15 dpi, Ctrl n = 2, Cldn5ECK°
n = 3).

IBA1+ and CLEC7A + cell number quantification in cerebral cortex, thalamus and hippocampus

The total number of IBA1+ and CLEC7A + cell bodies per field was manually counted using Fiji and CLEC7A + cell numbers were
normalized to the total number of IBA1+ cells per field. For cerebral cortex, 10 fields per mouse brain cortex were analyzed - two
litters at 6 dpi (Ctrl n = 4, Cldn5"°K° n = 5), two litters at 11 dpi (Ctrl n = 6, Cldn5"=°K° n = 6), two severe litters, one with observed
seizures and one at 15 dpi (Ctrl n = 5, Cldn5"=°K® n = 7). For thalamus, 3 and for hippocampus, 4-6 pictures were analyzed, two litters
at 11 dpi (Ctrln = 7, Cldn5=°K® n = 6) and two severe litters, one with observed seizures and one at 15 dpi (Ctrl n = 5, Cldn5E°K° n = 7).
For all quantifications, a fold change for each litter was calculated as the ratio of each mouse in relation to the average of the Ctrl.

QUANTIFICATION AND STATISTICAL ANALYSIS

All of the statistical details of experiments can be found in the figure legends, including the statistical tests used and exact value of
analyzed mice (n). The data is shown as geometric mean + geometric SD. If zero values were present, the data is shown as mean +
SD. To study normality, Shapiro-Wilk and Kolmogorov-Smirnov test were used. Normally-distributed two-group comparisons were
tested for significance using the two-tailed, unpaired student’s t-test. Not normally distributed two-group comparisons were tested
for significance with the non-parametric Mann Whitney U test. p < 0.05 was considered statistically significant for all tests. Normally
distributed multiple comparisons were tested for significance using the Tukey’s multiple comparisons ANOVA test with alpha = 0.05.
The group size was determined according to practical circumstances and no prior power calculations were performed. All the images
included in the figures of this manuscript were selected because they were the most representative examples of each of the
phenotypes.
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