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Abstract

Spontaneous bleeds are a leading cause of death in the pediatric
JAG1-related liver disease Alagille syndrome (ALGS). We asked
whether there are sex differences in bleeding events in patients,
whether Jag1V¥/N" mice display bleeds or vascular defects, and
whether discovered vascular pathology can be confirmed in
patients non-invasively. We performed a systematic review of
patients with ALGS and vascular events following PRISMA guideli-
nes, in the context of patient sex, and found significantly more
girls than boys reported with spontaneous intracranial hemor-
rhage. We investigated vascular development, homeostasis, and
bleeding in Jag1V¥"™?" mice, using retina as a model. Jag1Vr/Ndr
mice displayed sporadic brain bleeds, a thin skull, tortuous blood
vessels, sparse arterial smooth muscle cell coverage in multiple
organs, which could be aggravated by hypertension, and sex-specific
venous defects. Importantly, we demonstrated that retinographs
from patients display similar characteristics with significantly
increased vascular tortuosity. In conclusion, there are clinically impor-
tant sex differences in vascular disease in ALGS, and retinography
allows non-invasive vascular analysis in patients. Finally, Jag1™/Ner
mice represent a new model for vascular compromise in ALGS.
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Introduction

Alagille syndrome (ALGS) is a pediatric disorder characterized by liver
and heart defects, vertebral abnormalities, distinctive facial features,
and posterior embryotoxon (Alagille et al, 1975; Emerick et al, 1999).
However, up to 25% of deaths in these patients are attributed to
intracranial hemorrhage (Emerick et al, 1999; Quiros-Tejeira et al,
1999; Kamath et al, 2004). Vascular defects in ALGS represent a signif-
icant burden of the disease (Hoffenberg et al, 1995; Emerick et al,
1999; Lykavieris et al, 2003; Kamath et al, 2004) and lead to
transplant-associated complications (Kamath et al, 2004). It is cur-
rently not well understood why some patients experience spontaneous
bleeds. No animal model has been reported for ALGS bleeding, and
risk factors for bleeding have not been systematically addressed. Fur-
thermore, vascular disease is currently assessed in patients using com-
puted tomography (CT) or magnetic resonance imaging which
necessitates exposure to radiation and can require sedation, making
analysis in pediatric patients medically and ethically challenging.
Alagille syndrome is caused by mutations in the Notch ligand
JAGGED] or the receptor NOTCH2 (Li et al, 1997; Oda et al, 1997;
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McDaniell et al, 2006). Notch signaling is a major regulator of blood
vessel development, with key roles in blood vessel formation and
maturation (Benedito et al, 2009; Phng & Gerhardt, 2009; Henshall
et al, 2015). Notch mutations are the cause of at least two congenital
diseases with vascular involvement: Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leukoencephalopathy
(CADASIL, mutations in NOTCH3; Joutel et al, 1996) and Adams
Oliver syndrome (mutations in NOTCH1, DLL4 or RBPJk, for review
see Masek & Andersson (2017)). It has been suggested that ALGS
should also be considered a vascular disorder (Crosnier et al, 2000;
Lykavieris et al, 2003; Kamath et al, 2004; Masek & Andersson,
2017). The association of Notch mutations with congenital vascular
disorders underscores the need for appropriate animal models of
Notch-related vascular disease, in which to test potential therapies.
The recently reported JagI¥/N4" mouse model for ALGS recapitu-
lates cholestatic liver disease in postnatal pups (Andersson et al,
2018) with spontaneous liver regeneration in adults (Hankeova
et al, 2021), as well as cardiac phenotypes and ocular anomalies
(Andersson et al, 2018). This mouse model could thus provide an
important tool for preclinical studies.

There are many possible bleeding risk factors, that could modify
risk in patients with ALGS, but these have not yet been systemati-
cally addressed in patients nor in mouse models. Chronic cholestatic
liver disease is associated with coagulopathy (Tiede et al, 2022),
although patients have explicitly been reported with bleeds in the
absence of coagulopathy (O’Connell et al, 2012; Fiorda-Diaz et al,
2017). Bone integrity, and skull in particular, is also compromised
in some patients with ALGS (Hoffenberg et al, 1995; Volz et al,
2015), which could increase the risk of intracranial bleeds. Further-
more, although no sex differences have been reported in ALGS,
female sex is a risk factor for prevalence of intracranial aneurysms,
aneurysm growth, and subarachnoid hemorrhage (Fuentes et al,
2022). Finally, high blood pressure increases the risk of aneurysmal
subarachnoid hemorrhage (Vlak et al, 2013), but it is not known
whether blood pressure is affected in ALGS, nor how this may interact
with potential vascular defects. There are thus multiple relevant risk
factors for bleeding risk that should be investigated in patients and/or
animal models to understand the etiology of bleeding in patients.

Using a systematic review following the PRISMA guidelines, we
found that spontaneous intracranial bleeds are significantly more
often reported in girls than boys with ALG. Our analysis of the ALGS
mouse model (JagI¥¥/N4r mice) showed reduced postnatal survival
and sporadic spontaneous bleeding, in the brain and in other
organs. Risk factor analysis revealed no evidence of coagulopathy in
the cholestatic JagIN¥/N9" mice. Instead, JagI™N¥/N%" mice had thin-
ner skulls and vascular defects, with the latter being significantly
exacerbated by hypertension. Interestingly, female sex specifically
aggravated a reduction in veins and increase in venous tortuosity in
JagINa/NAT mijce. JagIN¥/N4 mice thus represent the first reported
model for translational research for bleeding in ALGS. Vascular tor-
tuosity, discovered in the ALGS mouse model, was significantly
increased in retinographs from pediatric patients with ALGS, provid-
ing a new method for non-invasive assessment of vascular health in
ALGS. In sum, drawing on patient and animal data, this study pro-
vides evidence for multiple risk factors modulating vascular health
in ALGS, including hypertension, frail bones, and sex, and demon-
strates that retinography could be further investigated as a clinical
tool for monitoring patient vascular health.

2 of 23 EMBO Molecular Medicine 14: e15809 | 2022

Simona Hankeova et al

Results

Patients with Alagille syndrome exhibit sporadic spontaneous
and provoked hemorrhages, with sex differences

Sex is not thought to impact the prevalence of vascular defects or
intracranial bleeds in ALGS (Kamath et al, 2004; Emerick et al,
2005; Carpenter et al, 2018). However, sex-based differences in car-
diovascular disease, stroke, and intracranial bleeds in the general
population have been reported (Appelros & Asberg, 2020; Zuurbier
et al, 2022). To test if sex has an impact on vascular abnormalities
in patients with ALGS we performed a systematic review, adhering
to the PRISMA guidelines (Page et al, 2021), and assessed the full
text of 771 publications. We identified 107 reports with 172 patients
with ALGS, sex data available, and vascular structural defects or
vascular events (Fig 1A; Appendix Fig S1 and Appendix Table S1,
for search terms and strategy see Appendix Supplementary Meth-
ods). There were no sex differences in the most frequently reported
structural abnormalities: stenoses, collateral vessels/occlusions or
aneurysms (Appendix Fig S1A) nor in the most frequently reported
functional events: overall bleeding events, surgery-related vascular
complications or ischemic events (Appendix Fig S1B).

Because intracranial bleeding causes more deaths than liver dis-
ease in ALGS (Emerick et al, 1999), we analyzed these events in
greater detail (Table 1). Intracranial bleeds were the consequence of
minor head trauma often associated with a paper-thin skull, coagu-
lopathy induced by liver cholestasis, or were spontaneous (Fig 1B
and Table 1). Patients with minor head trauma or coagulopathy
exhibited intracranial bleeding at a young age, on average 5.9 years
for males and 8.3 years for females, and there were no sex differ-
ences in trauma- or coagulopathy-associated intracranial bleeds
(Table 1). In contrast, there were significantly more spontaneous
brain hemorrhages in females than males (10 vs. 1, Fig 1B and
Table 1, two-sided binominal exact test P = 0.0117). Spontaneous
brain hemorrhages often resulted from a ruptured aneurysm and
occurred in older patients, specifically at 13 years for the one male
and on average 16.5 years in the 10 females (age range: 4-30 years).

In sum, this analysis systematically aggregates all available
bleeding and vascular data for patients with ALGS and shows that
female sex is associated with spontaneous brain hemorrhage, often
caused by a ruptured aneurysm (Fig 1B and Table 1).

Cholestatic Jag1"V“"Ne" mice exhibit normal coagulation
but a thinner skull and sporadic spontaneous and
provoked hemorrhages

JNAr/NAr 1 ouse model for ALGS liver

To investigate whether the Jag
disease also presents risk factors for bleeding, we analyzed parame-
ters associated with bleeding events in cholestasis in general or in
ALGS specifically, including coagulopathy and bone frailty. Forty-
six JagI™N@/Ndr pups were monitored from postnatal day 0 (P0) to
P10. Fourteen JagIN¥/N4" pups died (30.4%), most of which were
cannibalized by the mother, but one displayed an obvious brain
bleed (also reported further below; Fig 2A). At P10, surviving
JagIN¥/Nar pups were jaundiced and total bilirubin was significantly
increased, as previously reported (Andersson et al, 2018; Fig 2B).
Despite cholestasis, coagulation activity was normal with wild type
levels of Thrombin-Antithrombin complexes in blood plasma
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Figure 1. Patients with Alagille syndrome exhibit sporadic spontaneous and provoked hemorrhages, with sex differences.

A Systematic review search strategy following PRISMA guidelines. For detailed flow chart see Appendix Supplementary Methods. ALGS, Alagille syndrome;

PAS, pulmonary artery stenosis.

B Schematic depicting intracranial bleeds (n = 24, Binominal test in 9 males vs 15 females, ns, P = 0.2295). They were reported as a consequence of either minor head
trauma or coagulopathy, or they were spontaneous (pie charts denote reported patient numbers). Pie chart depicting the number of spontaneous intracranial bleeds
(male n =1, females n = 10, Binominal test *P = 0.0117). For details of intracranial bleeds and references, see Table 1.

Source data are available online for this figure.

(Fig 2C), fibrinogen in serum (Fig 2D), international normalized
ratio (INR) in complete blood (Fig 2E), and tail bleeding time
(Fig 2F). Analysis of P30 JagI™¥/Nar skulls using micro CT (uCT)
revealed bony protrusions at the intersection of the parietal, tempo-
ral, and occipital bones in JagINd’/ Ndr mice (Fig EV1A, blue arrows),
and thinner cranial bones in JaglNd’/ Ndr mice than in wild type mice
which often consisted of a single layer of compact bone (Figs 2G-I
and EV1B-E). Jag1™¥/N4" pups are strikingly smaller than wild type
animals (Andersson et al, 2018) and, accordingly, the JagINdr/Ndr
adult skull lengths were shorter (Fig EVIF, ~ 94% of the wild type
skull lengths for both males and females). However, the volume of
the JagI™¥/N" cranial bone full thickness (Fig 2H, ~ 78.4% of wild
type volume for males and 82.8% for females) and the compact
bone (Fig 21, ~ 77.9% of wild type volume for males and 81.5% for
females) were both disproportionately and significantly lower than
wild type skull volumes. We segmented out the temporal bone,
which was reported as frail in patients with ALGS (Hoffenberg et al,
1995; Petaros et al, 2015), and the temporal bone volume was also
significantly decreased in Jag1™¥¥/N" mice (Fig EV1G and H).

To test vascular permeability and integrity we used tracers and
resin injections (Hankeova et al, 2021). We used the Evans blue
assay as a high molecular weight tracer (67 kDa when bound to
serum albumin) and fluorescent tracers for low molecular weight
tracers (1 kDa cadaverin and 3 kDa dextran) to assess permeability
of different molecular sizes. There were no differences in vessel per-
meability, as assessed by Evans blue in adult JagI™N¥/N4" kidneys,

© 2022 The Authors

hearts, or livers (Fig EV2A-C). To address if blood vessel barrier
function is selectively affected for smaller sized molecules, we
injected P30 mice with a mix of 3 kDa Dextran-FITC and 1 kDa
Cadaverin-555. Despite adjusting injected volumes to the weight of
each animal, the fluorescence signal was significantly higher in
plasma of JagI™¥/N4r mice (Fig EV2D and E), which could reflect
autofluorescence of bilirubin itself in the cholestatic mice (Chen,
1973). Fluorescence signal was also significantly increased in the
kidneys of Jag1™¥/N4" mice, which similarly could reflect either per-
meability of the small fluorescent tracers or of fluorescent bilirubin
in cholestatic mice (Fig EV2F and G). In resin injection experiments,
a synthetic resin is injected into blood vessels, which can provoke
blood vessel rupture due to injection pressure. Extravasated resin
reports the occurrence of vessel rupture as well as the volume. Two
of six JagIN¥/Nd" Jivers (both from females) had 40x more resin out-
side of the portal vein than the average of control animals (leaks
pseudo-colored red, Fig 2J and K) in these provoked blood vessel
ruptures.

To investigate spontaneous vascular accidents in the nervous
system, we next examined the brain and retina. We did not detect
any changes in the blood-brain barrier permeability of Jag1™Ne/Ndr
mice (Figs 2L and EV2H and I). Eighty-three JagI¥/Ne" pups were
monitored daily from birth until P10 (including the 46 described
above in Fig 2A) and macroscopically obvious brain hemorrhages
occurred in two JagI¥¥/N4" pups (2.41%) but were not observed in
Jagl™* or Jagl™MNe" mice (Figs 2M and EV2J, blue arrowheads

EMBO Molecular Medicine 14: 158092022 3 of 23
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Table 1. Overview of patients with Alagille syndrome reported with vascular abnormality.

Simona Hankeova et al

Patient
# (asin
Fig1l
Age Provoked Source
Sex (years) IC event Coagulation and bilirubin data or Sporadic Ref data)
Males Neonatal Subdural hematoma after birth trauma. NR Minor Emerick 107
trauma et al (2005)
61 days Intracranial hemorrhage. Recovered. Vitamin K deficiency (cholestatic Coagulopathy ~ Matsuura 131
coagulopathy) et al (2013)
22 months  Epidural hematoma, and parenchymal Normal coagulation factors Minor Kazi 124
and intraventricular bleeds, after falling trauma et al (2018)
from a chair.
2 Epidural hematoma after minor NR Minor Hoffenberg 120
accidental head trauma. Fatal. trauma et al (1995)
23 Large epidural hematoma due to minor NR Minor Hoffenberg 121
head trauma. Paper-thin cranial bones. trauma et al (1995)
6 Intracranial bleed after liver transplant. Mild disseminated intravascular Coagulopathy Emerick 108
Fatal. coagulation et al (1999,
2005)
12 Hematoma at age 12 with right parietal NR Probably Quiros- 139
fracture but no history of trauma. Stroke minor Tejeira
at age 18. trauma et al (1999)
13 Subarachnoid hemorrhage. NR Spontaneous Santamaria 152
et al (2016)
23 First event: ruptured basilar tip At second event: 16.1 s Prothrombin Coagulopathy ~ Cowan 106
aneurysm. 40.6 s partial thrompboplastin total et al (2004)
Second event unclear: red blood cells in bilirubin 8.6 mg/d|
cerebrospinal fluid. Aneurysm of posterior
communicating artery present but no
evidence of rupture.
Aneurysm clipped and patient recovered.
Females 10 weeks Subdural hematoma, posterior fossa and Raised prothrombin time. Raised Coagulopathy  Vorstman 69
around tentorium. activated partial prothrombin time. et al (2003)
Thrombin and fibrinogen normal.
Conjugated hyperbilirubinemia
5 months Intracerebral hemorrhage. Hemoglobin 5.9 g/dl. Prothrombin time Coagulopathy  Agrawal 7
Fatal. 20 s (control of 15), Total bilirubin et al (2015)
Multiple large, thin-walled vessels at 8.8 mg/dl, direct 5.2 mg/dI
autopsy.
22 months Evidence of old intracerebral hemorrhage NR for time of hemorrhage Spontaneous Rachmel 49
on CT scan. et al (1989)
2 Intracerebral hemorrhage. Normal coagulation values Spontaneous Hoffenberg 34
Fatal. et al (1995)
Multiple large, thin-walled vessels at
autopsy.
4 Epidural hematoma after fall. NR Minor Petaros 46
Fatal. trauma et al (2015)
At autopsy: thinning of arterial walls with
apoptotic muscle cell layer and thin
cranial bones, esp temporal bones.
4 MCA territory stroke and right frontal NR Spontaneous Baird 11
stroke after cardiac procedure. et al (2015)
Moyamoya syndrome.
EDAS (encephaloduroarteriosynangiosis)
for revascularization.
Fatal left thalamic hemorrhage 2 years
after EDAS.
9 Subarachnoid hemorrhage after minor NR Minor Emerick 20
head trauma. trauma et al (2005)
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Patient
# (asin
Fig 1
Age Provoked Source
Sex (years) IC event Coagulation and bilirubin data or Sporadic Ref data)
17 Subarachnoid hemorrhage from superior “Laboratory testing was insignificant Spontaneous O’Connell 44
cerebellar artery aneurysm. other than urea of 8.2 and deranged et al (2012)
Aneurysms coiled and patient recovered. liver function tests (...)"
17 First event: intracranial epidural “Laboratory tests were unremarkable” Spontaneous Fiorda-Diaz 28
hematoma. et al (2017)
Second event: Subarachnoid hemorrhage
from communicating artery aneurysm.
Recovered.
20 Intracranial hemorrhage due to ruptured NR Spontaneous Emerick 21
middle cerebral artery aneurysm. Fatal. et al (2005)
21 Catastrophic subarachnoid hemorrhage NR Spontaneous Tumialan 65
and intraparenchymal hematoma. et al (2006)
Possible basilar artery aneurysm rupture.
Fatal.
25 Subarachnoid hemorrhage from large NR. Autopsy Spontaneous Doberentz 18
saccular ruptured terminal basilar artery et al (2015)
aneurysm. Fatal.
28 Cerebral and ocular hemorrhage. INR 3.18 Coagulopathy Frongillo 30
Urgent orthotopic liver transplant, Hemoglobin 5.9 g/dI et al (2015)
recovered. Platelets 90,000/mm?
Total bilirubin 63 mg/d|
28 Subarachnoid hemorrhage from Total bilirubin 1.3 mg/d| Spontaneous Gaba 31
vertebrobasilar junction aneurysm. Stent Alkaline phosphatase 444 units/| et al (2008)
exclusion of aneurysm, patient recovered. [normal 40-125 units/|]
30 Subarachnoid hemorrhage due to a NR Spontaneous Schlosser 59

ruptured 8-mm aneurysm of the right
supraclinoid internal carotid artery.
Right parietal subdural hematoma.
Surgical clipping of aneurysm, patient
recovered.

et al (2004)

Summary of patients identified in Systematic Review, with ALGS and intracranial bleeding, including type of bleed, cause or associated insult, and sex data. These

data are the basis of Fig 1B. IC, intracranial; NR, not reported.

indicate bleeds in head region, sex n.d.). Surviving JagI™¥/N4" pups

sporadically displayed retinal hemorrhage (Fig 2N, sex n.d.) or
leaky retinal arterioles (Fig 20, sex n.d.).

In summary, our data show that at least 2-3% of Jag
mice exhibit spontaneous lethal central nervous system bleeds
within 10 days of birth. JagI™/N4" mice recapitulate spontaneous
and rare bleeds in different organs, in the absence of coagulation
defects. As described in some patients with ALGS and intracranial
hemorrhage (Hoffenberg et al, 1995; Petaros et al, 2015, Table 1),
thinner intracranial bones in JagI™¥/N4" mice may also contribute to
nervous system bleeds.

INdr/Ndr

Jag1"¥/Ndr mice display vascular guidance defects, with fewer

and more tortuous blood vessels

Abnormal blood vessel growth or patterning can cause changes in
blood flow leading to vessel occlusion (Qiao et al, 2019), changes in
shear stress (Secomb, 2016) and changes to the vessel wall resulting
in blood vessel tortuosity/dolichoectasia associated with vascular
lesions and stroke (Han, 2012). To analyze the impact of abnormal
JAG1 signaling on blood vessel growth and patterning we

© 2022 The Authors

investigated retinal vessels from P5 until adulthood. Jagi™Né/Ndr

mice displayed abnormal vascular development phenocopying the
Jagl endothelial cell (EC) knockout (Benedito et al, 2009). Retinal
angiogenesis takes place postnatally during the first 3 weeks
after birth (Stahl et al, 2010; Fig EV3A). During these stages, the
JagINa/NAT yascylature displayed delayed outgrowth (Fig EV3B and
C) with abnormal tip cell morphology (Fig EV3D-F). Primary vascu-
lar plexus remodeling was defective during the first 15 postnatal
days in JagIM/N4" mice (Fig EV3G-M). The delay in vascular
growth and remodeling was accompanied by decreased EC prolifera-
tion (Fig EV3N) and DLL4 upregulation in the vascular front
(Fig EV30 and P).

Next, we quantified the occurrence of arteriovenous crossings,
which are pathological in mouse retina (Martin et al, 2020), and
found an average of two arteriole/venule crossings per Jagl™Ne/Ndr
retina in both males and females (Fig 3A and B). JagI™¥/N" males
and females had significantly fewer arterioles (Fig 3C) compared to
same sex Jagl“™ mice and JagI™ /N4 females had fewer venules
compared to both JagI™/Ne" males and Jagl“™®* females (Fig 3D,
Two-way ANOVA shows a significant interaction between sex and
genotype, Fig 3 Source Data). Arterial tortuosity was increased in

EMBO Molecular Medicine 14: 1580912022 5 of 23
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lNdr/Ndr INdr/Ndr

three of six Jag mice at P30 and in one of six Jag
mice at 1 year (Fig 3E) independent of sex (Fig 3F) but the overall
differences were not statistically significant. In contrast, venous tor-
tuosity was significantly increased in Jag1™¢/Ndr
pared to Jagl™* mice (Fig 3G). Genotype and sex showed a
significant interaction and impact on venous tortuosity, with the
greatest increase in female JagI™/N" mice (Fig 3H, Two-way
ANOVA shows a significant interaction between sex and genotype,
Fig 3 Source Data). We further analyzed the tortuosity and branch-
ing of the middle cerebral artery (MCA; Fig 3I), which has been
reported to be affected in patients with ALGS (Emerick et al, 1999;
Woolfenden et al, 1999; Rocha et al, 2012). MCA tortuosity and
branching were abnormal in two of six JagI™™/N mice

mice at P30 com-

Simona Hankeova et al

(Movies EV1 and EV2), but the differences were not statistically sig-
nificant at the population level (Fig 3J-L). Together, our data
demonstrate patterning defects in major arterioles and venules of
JagINar/Ndr mice, with sex-specific differences in the numbers of
venules and venous tortuosity.

Jag1V¥/Ner mice display sparse arteriole vascular smooth muscle
cell coverage that is exacerbated upon hypertension

Blood vessels are composed of two principal cell types: ECs and
mural cells, which include VSMCs and pericytes. The foremost
Notch-related vascular disorder, CADASIL, is characterized by poor
arterial VSMC coverage of arteries (Joutel et al, 1996). We therefore
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Figure 2. Cholestatic]agl"”"”‘" mice exhibit normal coagulation but a thinner skull and sporadic spontaneous and provoked hemorrhages.

A

O MmO w

Pup survival analysis between PO and P10, by sex. Each dot represents the absolute percent of remaining animals per group (Jagl<™® n =211, malejaglNd’/Nd’

n = 26, female Jag1"?’Ne" n = 20, log-rank test, ****P < 0.0001).

P10 plasma total bilirubin levels (n = 6 per group, unpaired t-test, **P = 0.0091).

P10 plasma thrombin antithrombin levels (n = 6 per group, unpaired t-test, ns, P = 0.2788).

P10 serum fibrinogen levels (n = 6 per group, unpaired t-test, ns, P = 0.7585).

P10 whole blood prothrombin time (INR; n = 6 per group, unpaired t-test, ns, P> 0.9999).

P10 tail bleeding time (n = 6 per group, unpaired t-test, ns, P = 0.8916).

LCT of P30 skulls. (G) Color map depicting wall thickness. Scale bar 3.5 mm. (H) Skull full thickness volume (n = 5-6 per group, two-way ANOVA. Interaction

P =0.7595; Sex P = 0.1164, Genotype **P = 0.0012. $iddk’s multiple comparisons test: Male Jag1"* vs Jag1""/N" *p = 0.0227; Female Jag1"" vs Jag1""™ " *p = 0.034),
() Compact bone total volume (n = 5-6 per group, two-way ANOVA. Interaction P = 0.8631; Sex P = 0.0901, Genotype **P = 0.0014. Siddk’s multiple comparisons test:
Male Jag1™* vs Jag1N¥Nér *p = 0,0305; Female Jag1™* vs Jagi"¥Nér *p = 0.0307).

(J)) Provoked vascular accidents induced by portal vein resin injection, with (K) resin leakage quantification outside of blood vessels (red) in adult mice (n = 6 per

EMBO Molecular Medicine

group, unpaired t-test, ns, P = 0.1088). Scale bar 1 mm.

Hemorrhagic P3 Jag1™®/N%" brain (n = 2/83 Jag1"®"™*" mice, sex n.d.).
Hemorrhagic P15 JagI™®/N" retina. Scale bar 20 pm. Sex n.d.

ozzr—

Red blood cells (green outside P10 Jag1™®"Ne" retinal arteriole. Scale bar 10 pm.

Adult brain Evans blue assay (Jagl<™" n = 7, JagIN¥"Ne" n = 8, unpaired t-test, ns, P = 0.3807).

Data information: Bar graphs depict mean values + standard deviation, each dot represents one biological replicate. Circles represent females, squares represent males.
For details/results of statistical analyses, please see source data. uCT, micro computed tomography; n.d., not determined; OD, optical density; TAT, thrombin

antithrombin; P(X), postnatal day X.
Source data are available online for this figure.

investigated VSMCs and pericytes (a cell required for blood-brain/
retina barrier integrity; Armulik et al, 2010) in JagI™¥¥/Ne" mice. In
adult JagI™¥/N4" retinas, CD13+ pericyte coverage was similar to
that in Jagl“™®" retinas for both male and female mice (Fig EV4A
and B). We therefore focused on VSMC development and homeosta-
sis. At P10, a-smooth muscle actin positive («SMA+) VSMC mor-
phology in JagI™¥/Nar retinas was less mature with some cell bodies
oriented parallel to the blood vessel axis rather than perpendicular
(Fig 4A top panel, yellow arrows, magnified in inset). At P15,
JagINr/NdT ySMC arteriole coverage was incomplete and parallel-
oriented VSMCs were still present (Fig 4B yellow arrows, boxed
region). At P30, JaglNdr/Ndr arteriolar VSMCs exhibited a more
mature morphology with mostly perpendicular VSMCs, but with
sparse coverage and occasional parallel orientation (Fig 4C yellow
arrows). Adult JagI™/N" mice (at 3-6 months) displayed sparse
VSMC arteriole coverage, stenoses, and sporadically larger gaps
(Fig 4D, stenosis green arrowheads). By 1 year of age, some
JagIN¥/NIr - arteriolar VSMCs degenerated, resulting in oSMA-
negative areas (Fig 4E white arrowheads, F, and G). aSMA-negative
gaps increased in frequency with age in JagI™¥/N4" mice, with 50%
of mice displaying gaps at 1 year of age (Fig 4F), and the number of
gaps per retina also increasing with age (Fig 4G). aSMA-negative
areas were sometimes associated with aneurysms in JaglN4”/Ndr
arterioles (Fig 4E white arrows). Transmission electron microscopy
of retinal blood vessels confirmed sparse and thin VSMCs in
JagIN¥/NAr arterioles, which were not in contact with neighboring
VSMCs (Fig 4H blue arrowheads, VSMCs pseudo-colored magenta
and ECs green). JagI1™¥/Ne" coronary artery VSMCs displayed simi-
lar gaps (Fig EV4C, white arrowheads), indicating that this VSMC
defect is not specific to the nervous system.

VSMCs are diverse and can perform both contractile and
synthetic functions (Rensen et al, 2007). To determine whether
JagIN4/Ndr ySM(Cs differ in the expression of contractile (aSMA,
SM22, MYHI11) and synthetic (VIM, COLI) markers, we evaluated
their expression in VSMCs and in the aSMA-negative gaps. Arterial
aSMA and SM22 were increased in JagZNdr/ NdT mice, while levels of
VIM were unaffected (Fig EV4D and E). The contractile VSMC

© 2022 The Authors

markers in JagI™¥/N4" mice were downregulated 80-90% in gaps
between aSMA+ VSMC, while COLI was decreased by 67% and VIM
was decreased by 30% (Fig EV4D, F, and G). Furthermore, the
changes in JagI™M¥/Ndr YSMC coverage led to reactivity in the
parenchyma as evidenced by an increase in astrocyte density sur-
rounding JagI™¥/Ne" arterioles (Fig EV4H and J), and the presence
of numerous reactive bundles (Fig EV4H, white arrowheads). The
astrocytes surrounding venules were similar in JagI“™™* and
JagIN4/Ndr retinas (Fig EV4I and K). Finally, we tested whether
Jag1?PsV* mice, an alternative model for ALGS (Thakurdas et al,
2016) displayed similar phenotypes. Analysis of JagI“P“*mice
revealed, like JaglNdr /Ndr mice, a reduction in the number of major
arterioles and venules (Appendix Fig S2A and B) and increased
number of arteriovenous crossings (Appendix Fig S2C and D). Inter-
estingly, unlike JagI™¥/™" mice, at 1 year of age they did not dis-
play severe sparse VSMC coverage, nor a significant difference in
aSMA fluorescence intensity coverage of arterioles, nor a statisti-
cally significant increase in GFAP+ reactive astrocyte coverage
(Appendix Fig S2E-G). JagI™¥/N?" mice thus exhibit a more severe
phenotype than JagI“”** mice.

We next investigated whether apoptosis contributes to the gener-
ation of aSMA-negative regions in 1-year-old JagI™/Nd" mice
(Fig 41 and J) since VSMC apoptosis is increased in Notch3 mutant
mice (Henshall et al, 2015). At this stage, the number of first-
generation branch points was normal in JagI™/N4" arterioles
(Fig EV4L). Surprisingly, JagI™V¥/Ne" arterioles displayed fewer
cCasp3+ ECs at branching points (Fig EV4M) but significantly more
cCasp3+ along the arteriole length, often associated with aSMA-
negative areas (Fig 4J, note the aneurysm formation in the aSMA-
negative area). To determine whether the sparse retinal VSMC cov-
erage was representative of brain vasculature we imaged MCA
VSMC coverage in P10 mice. The JagI™/N¥" arterial VSMC showed
fewer VSMCs per area (Fig 4K and L), confirming that a paucity of
VSMCs is present both in neural retina and in brain.

Next, we examined whether high blood pressure, a major risk
factor for subarachnoid hemorrhage (O’Donnell et al, 2010; Han,
2012), affected vascular health in JaglNdr/Nd’ mice. We treated
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Figure 3. Jag1"¥’/N" mice display vascular guidance defects, with fewer and more tortuous blood vessels.

A, B (A) Radial arrangement of arterioles (magenta) and venules (green) from the optic nerve. Blue arrows label arteriovenous crossings. Magnification of crossing
shows compression/narrowing of the underlying vein. Scale bar left and middle panels 50 um, and right panel 20 pum. (B) Arteriovenous crossings number per
retina (n = 6 per group, two-way ANOVA with Tukey’s multiple comparisons test. Interaction P = 0.7074, Sex P > 0.9999, Genotype ****P < 0.0001, Tukey’s multiple
comparisons test: MaleyjagI™" vs. Male;Jag1@/Ner *p = 0.0201; Femalejag™" vs. FemalejagIM¥"N" **p = 0.0061).

C,D (C) Number of major arterioles (n = 6 per group, two-way ANOVA with Tukey’s multiple comparisons test. Interaction P = 0.4353, Sex P = 0.1995, Genotype
****Pp < 0.0001, Tukey’s multiple comparisons test: Male:jagl*/+ VS. MalezjaglN"'/Nd’ *P = 0.0146; Female:jagl”+ VS, Female:jaglNd'/Nd' **p =0.0011) and (D) venules
(n =6 per group, two-way ANOVA with Tukey’s multiple comparisons test. Interaction P = 0.044, Sex P = 0.044, Genotype ****P < 0.0001, Tukey’s multiple compar-
isons test: Male: JagIM¥™N" vs. FemalejagIN¥™N" *p = 0,0302; Femalejag™" vs. FemalejagIN¥"N" +**p = 0,0002).

E, F (E) Arterial tortuosity at P30 and 1 year, irrespective of sex (n = 6 per group, two-way ANOVA, not significant). (F) Arterial tortuosity in male and female mice, irre-
spective of age (n = 5-7, two-way ANOVA, not significant).

G, H (G) Venous tortuosity at P30 and 1 year, irrespective of sex (n = 6-8 per group, two-way ANOVA with Tukey’s multiple comparisons test. Interaction P = 0.1166, Age

P = 0.0787, Genotype **P = 0.0013. Tukey’s multiple comparisons test: P30;ag1*" vs. P30;Jag1N@’Nér *xp = 0.004; P30;Jag1™®/Nr vs. 1 year:Jagi™*/Nér p = 0.0802;

1 yearjagl'* vs. 1 year;ag1M®"Ne" p = 0.5066). (H) Venous tortuosity in male and female mice, irrespective of age (n = 5-7, two-way ANOVA with Tukey’s multiple
comparisons test. Interaction *P = 0.0223, Sex **P = 0.007, Genotype ***P < 0.0001. Tukey’s multiple comparisons test: Malejagl*’* Vs, MaIe:jaglNd’/Nd' P=0.3247,
MaleJag1NNr vs, FemaleJag1NdNer *xp = 00031, Femaleyagl*’* vs. Femalejag1N@Ne" *+xp = 0,0001).

I-L  (I) Schematic of middle cerebral artery (MCA) in mouse brain (Image from Biorender). (J) Tortuosity of MCA, as assessed by number of diversions per length (n = 6,
t-test ns). (K) Visualization of MCA with alpha smooth muscle cell actin (xSMA) showed stereotype vasculature in 6 of6}agl+/+ animals, but 2 ofsjaglNd’/Nd’
animals showed highly divergent MCA architecture (blue arrows). Scale bar 500 um. (L) Distances between arterial branches in MCA at P10 (unpaired t-test, not
significant).

Data information: Bar graphs depict mean values + standard deviation, each dot represents one biological replicate. Circles represent females, squares represent males.

For details/results of statistical analyses, please see source data. A, arteriole; AV, arteriovenous; aSMA, alpha smooth muscle actin; F, female; M, male; P(X), postnatal day
X; V, venule.

Source data are available online for this figure.

ZNdr/Ndr

mice with Angiotensin II (AnglIl), a VSMC vasoconstric- 140 mmHg (Mills et al, 2016; Fig 40, dotted line). Due to low
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tor, for 2 weeks (experimental set up Fig 4M). The baseline mean
blood pressure was significantly lower in JagI¥¥/Ne" mice (Fig 4N).
Hypertension is reported as systolic blood pressure above

8 of 23 EMBO Molecular Medicine 14: e15809 | 2022

Jag1N¥/Nar plood pressure, we considered mice that responded with
>20% increase in the systolic blood pressure as hypertensive
(Fig 40). To evaluate whether hypertension affected blood vessel
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permeability in JagI™¥/N4" mice, we injected the mice with Evans
blue. The amount of Evans blue extracted from internal organs and
brain was similar in Angll-treated JagI“™* and JagI™®/™" mice
(Figs 4P and EV4N). However, macroscopic evaluation of the brain
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revealed that one of five Angll-treated JagI™/N4" mice (a male) dis-
played Evans blue leakage outside of the intracranial vessels
(Fig 4Q). Finally, we examined whether hypertension affected
VSMCs. Arteriolar VSMCs in Angll-treated adult JagI™¥/N" retinas
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Figure 4. jagl”"'/""’ mice display sparse arteriole vascular smooth muscle cell coverage that is exacerbated upon hypertension.

aSMA coverage of (A) P10, (B) P15, (C) P30, (D) 3-6-month-old and (E) 1-year-old retinal arterioles. Brackets in A, B denote perpendicular VSMCs around arteriole.

A-E
Yellow arrows in A, B, C. indicate VSMCs with an orientation parallel to the blood vessel. Green arrowheads in D denote stenosis. White arrowheads in E label
aSMA-negative gaps and white arrows an aneurysm. Cropped images were placed on black background for esthetic purposes. Scale bars 10 pm.

F,G (F) Incidence of o SMA negative gaps on arteries by age (Two-way ANOVA with Sidak’s multiple comparisons test). (G) Number of oo SMA negative gaps per retina
and mouse by age (Two-way ANOVA with Siddk’s multiple comparisons test. Dots represent biological replicates/individual retinas/mice. Two-way ANOVA not
significant. Sidak’s multiple comparisons test: 1 year Jagl™" vs. 1 year JagIN“/N" *p = 0,0189).

H Transmission electron microscopy of retinal arterioles. VSMCs color-coded in magenta, EC in green. Scale bar 5 um, boxed region 1 pm. Blue arrowheads denote
the edges of VSMCs.

I,] () One-year-old retinal arteriolar cCasp3+ apoptotic cells. Scale bar 10 um. (J) cCasp3+ cells per field (n = 6 per group, unpaired t-test, *P = 0.0109).

K, L (K) Left panel aSMA coverage of MCA of P10 mice. Scale bar 20 um. Right panel magnification of area where number of nuclei was counted. Nuclei were color-
coded blue. Scale bar 10 um. (L) MCA vascular smooth muscle cell nuclei quantification (n = 6 per group, unpaired t-test, *P = 0.0421).

M-S (M) Experimental set up for Angll treatment. (N) Blood pressure (BP) before treatment in male and female Jag1“™" and Jag1“*""%" mice. Each dot represents one

animal/one biological replicate. (Two-way ANOVA Interaction P = 0.9407, Sex P = 0.4957, Genotype *P = 0.0207. Sidék's multiple comparisons test not significant).
(0) Blood pressure increase in Jag1<™" and Jag1¥*"N%" mice treated with vehicle or Angll for 2 weeks (jag1"* ctrl n = 4, Jag1"* Angll n = 4, Jag1"¥"™Ner ctrl n =5,
Jag1N¥NdT Angl| n = 5, two-way ANOVA, with Sidak’s multiple comparisons). (P) Detection of Evans blue leakage in brain in Jagl<™®" and Jag1""™™" mice with or
without Angll treatment. (Jag1"* ctrl n = 4, Jag1™"" Angll n = 4, JagI™®"N" ctrl n =5, Jag1V¥"Ne Angll n = 5, two-way ANOVA, with Sidak's multiple comparison.
Interaction P = 0.9687, Treatment **P = 0.007, Genotype P = 0.5058). (Q) OnejaglN"’/N‘” mouse (male) displayed a macroscopic EB leakage, upon Angll treatment.
(R) Retinal arteriolar aSMA coverage in vehicle or Angli-treated mice. Green arrowheads denote stenosis, blue arrowheads label aSMA-negative gap. Scale bar

10 um. (S) aSMA-negative gaps in arterioles per retina (Jagl”" ctrl n = 4, Jag1** Angll n = 4, JagI"¥"™™%" ctrl n = 3-5, Jag1™*/N" Angll n = 5, two-way ANOVA, with
Sidak's multiple comparison. Interaction P = 0.1054, treatment P = 0.0815; Genotype P = 0.0747. Sak’s multiple comparisons test: Angll-treated Jag1** vs.
Angli-treated JagIN"N" *p = 0,0315).

Data information: Angll, Angiotensinll; aSMA, alpha smooth muscle actin; BP, blood pressure; cCasp3, cleaved caspase 3; EB, Evans blue; MCA, middle cerebral artery; OD,

Simona Hankeova et al

optical density, P(X), postnatal day X; VSMC, vascular smooth muscle cell. Bar graphs depict mean values + standard deviation, each dot represents one biological
replicate. Circles represent females, squares represent males. For details/results of statistical analyses, please see source data.

Source data are available online for this figure.

were absent in large patches (Fig 4R, blue arrowheads), resulting in
a significant increase in aSMA-negative gaps at this relatively young
age (Fig 4S). In summary, our data show that VSMC homeostasis is
compromised in JagIN¥/N4" mice, leading to gaps in VSMC cover-
age, which are exacerbated by aging and/or upon hypertension.
Hypertension was associated with intracranial vessel leakage in one
of five Jag1™¥/Ndr mice.

Capillary homeostasis is compromised and retinal ganglion cells
break down in Jag1V¥/N" retinas

Blood vessel homeostasis is crucial for the integrity of the blood-
brain/retina barrier, and tissue health, and could be a factor con-
tributing to bleeding in ALGS. We studied all three retinal vascular
plexuses in P30, 3—6 month (adult) and 12-month-old mice (Figs 5A
and E, and EV5A). While the superficial capillary plexus (SCP) was
equally branched in both JagI®™" and Jag1N¥/N" retinas across
stages (Figs 5A, B, E, and F, and EV5A and B), the P30 and adult
JagINr/NdT intermediate capillary plexus (ICP) was less vascularized
(Fig 5C and G) with significantly fewer branching points (Fig 5D and
H), and the phenotype was more severe in adult mice than at P30
(e.g., at P30 the JagI™/Nar ICP length is 74% of wild type, while at
3-6 months it is 66% of wild type). In 1-year-old mice the ICP was
equally branched and vascularized (Fig EV5C and D) in Jagl“™*
and JagIN¥/Ndr retinas. The vascularization of the P30 JagINd/Ndr
retina was similar to adult JagI®™®, while the vascularization of
adult JagI™¥/Ne" retina was similar to the 1-year-old Jagl“™ " retina
with diminished branching and vascular density in ICP, suggesting
accelerated aging in JagIM/N4" retina. In order to determine
whether the differences in ICP density were a result of capillary
regression, we stained for Collagen IV (COLIV; Fig 5I) and measured
the lengths of empty COLIV sleeves. Empty COLIV sleeves per area
were increased in the ICP of two female JagI™¥/Ne" mice (Fig 5J).

10 of 23 EMBO Molecular Medicine 14: e15809 | 2022

We further quantified the number of vertical sprouts between SCP
and ICP and ICP and the deep capillary plexus (DCP) in adult
(Fig 5K and L) and 1-year-old (Fig 5K and M) mice. There were sig-
nificantly fewer ICP-DCP vertical sprouts adult JagI™¥/Ne" retina
(Fig 5L). In contrast, the number of vertical sprouts was similar
between animals in 1-year-old mice (Fig 5M). Nevertheless, vascular
defects were aggravated in 1-year-old JagI1N¥/N4 retina as evidenced
by a discontinuous ICP (Fig 5K, bottom panel, white arrowheads).

We next asked whether vascular defects in retina had an impact
on neural tissue, since optic disc drusen has been reported in
patients with ALGS (Hingorani et al, 1999; Narula et al, 2006). Reti-
nal ganglion cells (RGCs; Sanes & Masland, 2015) transmit signals
from photoreceptors to the brain via the optic nerve. Approximately
90% of patients with ALGS display optic nerve anomalies (El-Koofy
et al, 2011). RGCs are sensitive to hypoxia (Kergoat et al, 2006), and
can therefore be affected by the vascular defects identified here. To
evaluate if the changes in retinal vasculature had neurological con-
sequences, we investigated neurofilament-positive (NF+) RGC
axons. The RGC axons appeared healthy in JagI™¥/N4" retinas at
P10 (Fig 5N and P). However, at P40 the RGC axons in Jag1Né/Ndr
mice were reduced in number (Fig 50) and covered 40% less area
(Fig 5P). In sum, the JagI™¥/N" adult vasculature aged prematurely,
marked by retracting retinal capillaries resulting in a reduced and
discontinuous vascular network. The onset of vascular degeneration
was associated with RGC degradation in Jag1¥¥/Ne" mice.

Non-invasive retinography reveals significant vascular defects in
patients with Alagille syndrome

Abnormal retinal vasculature has been noted in patients with
ALGS (Hingorani et al, 1999; Kim & Fulton, 2007; Fahnehjelm
et al, 2011), but it has not been systematically analyzed nor com-
pared to animal models, or patients with CADASIL. Since Notch3

© 2022 The Authors
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knockout mice (Henshall et al, 2015), and mice bearing CADASIL
loss-of-function—NOTCH3%***® (Machuca-Parra et al, 2017) or a
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display sparse VSMCs or gaps similar to that identified in
JagINa/NdT mice (Fig 4A-E), and mice bearing CADASIL-mutant

similarly exhibit VSMC thinning (Arboleda-
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Figure 5. Capillary homeostasis is compromised, and retinal ganglion cells break down injagl"""""’ retinas.

A-D

n =6 per group, unpaired t-test, **P = 0.0057).
E-H

A) P30 retina, three CD31+ capillary layers pseudo-colored for superficial, intermediate and deep layers. Scale bar 50 um. (B) P30 SCP branching point number
n = 6-8 per group, unpaired t-test, ns, P = 0.5346). (C) P30 ICP vascular length (n = 6 per group, unpaired t-test, *P = 0.0124). (D) P30 ICP branching point number

E) 3-6-month-old retina, three pseudo-colored CD31+ capillary layers. Scale bar 50 um. (F) Adult SCP branching point number (n = 6 per group, unpaired t-test,

ns, P = 0.5365). (G) Adult ICP vascular length (n = 6-7 per group, unpaired t-test, **P = 0.0078). (H) Adult ICP branching point number (n = 6-7 per group, unpaired

t-test, **P = 0.001).

I, (I) ICP COLIV and CD31 (arrowhead labels COLIV+ CD31- capillary). Scale bar 50 pum. (J) Empty COLIV sleeve length in ICP per field (n = 6 per group, unpaired t-test,

ns, P = 0.1583).

K—M  (K) Retinal capillary plexuses in 3-6-month-old (top panels) and 1-year-old mice (bottom panels). White arrowheads label discontinuous ICP. Blue arrowhead labels
SCP, green ICP, and magenta DCP. (L-M) Vertical sprout number between SCP (S) and ICP (1) and ICP (1) and DCP (D) in (L) adult (n = 6 per group, two-way ANOVA,
genotype ***P = 0.0004, Sidék’s multiple comparisons test S-I ns, P = 0.0592, (I-D) ****P < 0.0001) and (M) 1-year-old mice (n = 8 per group, two-way ANOVA,
genotype ns, P = 0.4507, Sidak's multiple comparisons test S-I ns, P = 0.9483, (I-D) ns, P = 0.6046).

N-P  (N) P10 and (O) P40 neurofilament (NF) and CD31 staining. Scale bar 50 pm. (P) % area positive for NF in P10 and P40 mice (n = 6 per group, two-way ANOVA:
Interaction ***P = 0.0001; Age *P = 0.0428; Genotype ***P = 0.0004. Sidék's multiple comparisons test: P10 Jag1”* vs. P10 JagI"¥"Ne" p = 0.9246; P40 Jagl™" vs.

P4Q JagINdrINdr *xx+p < 0,0001).

Data information: COLIV, collagen IV; D or DCP, deep capillary plexus; | or ICP, intermediate capillary plexus; NF, neurofilament; S or SCP, superficial capillary plexus;
P(X), postnatal day X. Bar graphs depict mean values + standard deviation, each dot represents one biological replicate. Circles represent females, squares represent

males. For details/results of statistical analyses, please see source data.
Source data are available online for this figure.

Velasquez et al, 2011), we considered it of interest to include
CADASIL patients in this analysis.

We first analyzed retinal vasculature in a previously reported
cohort of CADASIL patients (Alten et al, 2014; Nelis et al, 2018).
There were no significant differences in the numbers of arteriove-
nous crossings (Fig 6A and B), major arterioles or venules (Fig 6C
and D) nor in arterial or venous tortuosity (Fig 6E and F) in patients
with CADASIL compared to age-matched control patients. Venous
tortuosity was mildly increased in some patients with CADASIL, but
the degree of tortuosity did not correlate with Fazekas score (a mea-
sure of white matter T2 hyperintense lesions, Appendix Fig S3A).
While arterial tortuosity does not change with age in healthy
humans (Appendix Fig S3B), venous tortuosity correlated with age
in healthy humans (Appendix Fig S3C), but not in patients with
CADASIL.

We analyzed retinal fundus photographs from pediatric patients
with ALGS, biliary atresia (BA, as cholestatic controls), and age-
matched healthy control patients (Fahnehjelm et al, 1999, 2011;
Fig 6A). Similar to the JagI¥¥/Ne" mice (Fig 3A and B), arteriove-
nous crossings were significantly increased in patients with ALGS
compared to the control group (Fig 6G). The number of major arteri-
oles and venules were significantly lower in patients with ALGS
compared to controls, but similar to patients with BA (Fig 6H and I).
Arteriole tortuosity was significantly increased in patients with
ALGS compared to controls (Fig 6J), and venule tortuosity was sig-
nificantly increased in patients with ALGS compared to both
patients with BA and healthy controls (Fig 6K). As expected in this
small cohort, no patients in this group experienced intracranial
bleeds (Table EV1).

Altogether, our data demonstrate that patients with ALGS have
vascular abnormalities that can be visualized and quantified non-
invasively. Specifically, patients with ALGS have more arteriove-
nous crossings, fewer major arterioles and venules, and increased
vascular tortuosity. Increased venous tortuosity is highly penetrant
in patients with ALGS (identified in five of six patients). Impor-
tantly, JagIN¥/N4" mice predicted these phenotypes with fewer
major blood vessels, more arteriovenous crossings, and increased
vascular tortuosity.
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Discussion

In this study, we investigated risk factors that contribute to bleeds
in patients with ALGS. Using a systematic review and Jag1™¢/Ndr
mice, we identified female sex, hypertension, reduced skull thick-
ness, premature vascular aging, and increased venous tortuosity as
risk factors negatively impacting JAG1-deficient vasculature. We
show that JagI™¥/N4" mice are a faithful model recapitulating vascu-
lar disease in patients with ALGS. Of clinical relevance, vascular
anomalies identified in mice can be detected non-invasively in
patients using retinography.

Our systematic review is the first report that methodically maps sex
differences in ALGS vascular disease. We identified that spontaneous
intracranial bleeding was reported more often in female than male
patients. The majority of bleeds were subarachnoid hemorrhages
(SAH) which, in the general population, are more common in men
between ages 25 and 45, and in women between ages 55 and 85 (de
Rooij et al, 2007). The greater risk of SAH in women over 55 has been
attributed to hormonal differences after menopause, but hormone
replacement therapy has yielded mixed results (Mhurchu et al, 2001;
Qureshi et al, 2016). The patients summarized in the systematic
review with SAH included one 13-year-old male and 10 females
between 9 and 30 years old. Patients with ALGS may also present with
hormonal differences which are as yet poorly characterized: puberty is
delayed in some patients with ALGS, and some are non-responsive to
growth hormone (Alagille et al, 1987; Bucuvalas et al, 1993). Whether
sex differences in vascular pathology are a result of hormonal differ-
ences, and whether hormones are associated with the risk of SAH in
this pediatric population, is thus worth further investigation.

This study shows that JagI™/N" mice exhibit a spectrum of vas-
cular phenotypes that differ both in frequency (highly penetrant,
sex-dependent, and sporadic) and severity. An example of a highly
penetrant vascular phenotype is the aberrant arteriovenous cross-
ings which present in 11 of 12 JagI¥¥/N" mice (Fig 3B). Female
JagIN4/Ndr mice displayed more statistically significant vascular
defects, including a greater reduction in veins and increased venous
tortuosity (Fig 3D and H). But interestingly, we more often detected
a high number of aSMA gaps (Fig 4G, J, and S) and apoptotic

© 2022 The Authors
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Figure 6. Non-invasive retinography reveals significant vascular defects in patients with Alagille syndrome.

A Representative retinographs from a healthy adult, patient with CADASIL, healthy pediatric individual, patient with ALGS, and patient with BA. Boxed regions and
black arrowheads magnify arteriovenous crossing.

B-F (B) Arteriovenous crossings per retina (n = 14 per group, unpaired t-test, ns, P = 0.3854). (C) Major arterioles (n = 14 per group, unpaired t-test, ns, P = 0.2902) and
(D) venules (n = 14 per group, unpaired t-test, ns, P = 0.1536). (E) Arterial (n = 14 per group, unpaired t-test, ns, P = 0.0759) and (F) venous tortuosity (n = 14 per
group, unpaired t-test, ns, P = 0.1050).

G-K (G) Arteriovenous crossings per retina (CTRL n =5, ALGS n = 3, BA n = 4, one-way ANOVA, ns, P = 0.0608, Sidak’s multiple comparisons ALGS vs. CTRL *P = 0.0492,
ALGS vs. BA ns, P = 0.0999). (H) Major arterioles (CTRL n =5, ALGS n =5, BA n = 4, one-way ANOVA, **P = 0.0026, Sidék’s multiple comparisons ALGS vs. CTRL
**p = 0,0039, ALGS vs. BA ns, P = 0.9799) and (1) venules (CTRL n =5, ALGS n =5, BA n = 4, one-way ANOVA, ***P = 0.0008, Sidak’s multiple comparisons ALGS vs.
CTRL **P = 0.0011, ALGS vs. BA ns, P> 0.9999). () Arterial (CTRL n =5, ALGS n =5, BA n = 4, one-way ANOVA, *P = 0.0486, S{dak’s multiple comparisons ALGS vs.
CTRL *P = 0.0392, ALGS vs. BA ns, P = 0.1204) and (K) venous tortuosity (CTRL n =5, ALGS n =5, BA n = 4, one-way ANOVA, **P = 0,009, Sidak’s multiple comparisons
ALGS vs. CTRL **P = 0.0076, ALGS vs. BA *P = 0.0327).

Data information: Bar graphs depict mean values + standard deviation, each dot represents one biological replicate. Circles represent females, squares represent males.
For details/results of statistical analyses, please see source data. A, arteriole; ALGS, Alagille syndrome; AV, arteriovenous; BA, biliary atresia; CADASIL, cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CTRL, control; V, venule.

Source data are available online for this figure.

VSMCs in males. To facilitate an overview, all sex data are summa-
rized in Appendix Table S2. Sporadic events included two
JagIN¥/NAr famale mice with large provoked bleeds in liver (Fig 2J
and K) and one macroscopic brain bleed in Angll-treated Jag1™e/N¢"
male (Fig 4G). Analyzing vascular events is also complicated by the
fact that the mice with the gravest vascular defects are likely to die

© 2022 The Authors

earlier, and mice surviving to 1 year of age may be enriched for the
healthiest Jag1™@/Ne" mice. There are thus both statistically signifi-
cant highly penetrant and sex-specific differences in Jagl-abrogated
vasculature, as well as sporadic events in both sexes. Which pheno-
type, or phenotype severity, correlates with bleeding events would
be important to test in future studies.
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Vascular health was compromised by hypertension in Jag1™4/Ndr

mice. Two weeks of hypertension in JagI™/N4" mice caused rapid
degeneration of VSMCs, forming aSMA-negative gaps in the VSMC
layer (Fig 4R and S). Hypertension, a well-established risk factor for
subarachnoid hemorrhage (Ruigrok et al, 2001), is most prevalent
in men in early adulthood, but is more common in women from
middle age (Wang et al, 2022). However, JagI™/™" mice had lower
blood pressure than controls, irrespective of sex. This could be due
to the cardiac defects present in JagI™¥/N4" mice which include
atrial and ventricular septation defects (Andersson et al, 2018).
Hypertension was reported in several patients with ALGS, often
related to renal artery stenosis (Berard et al, 1998; Emerick et al,
2005; Santamaria et al, 2016) and associated with visceral artery
aneurysm (Sanada et al, 2019). Hypertension could thus be a risk
factor for patients with ALGS. Future studies should, therefore, aim
to systematically determine whether VSMC compromise in patients
with ALGS interacts with elevated blood pressure.

Notch signaling is crucial for arterial specification during
embryogenesis and arterial VSMC maintenance throughout life
(High et al, 2008; Henshall et al, 2015). The VSMC paucity and
apoptotic VSMCs in the JagIN¥/N9" mice are similar to that seen in
Notch3 mutant mice and CADASIL (Joutel et al, 1996; Henshall
et al, 2015; Machuca-Parra et al, 2017). Although multiple conse-
quences of NOTCH3 mutations have been described in CADASIL
(most often toxic gain of function; Xiromerisiou et al, 2020), it has
also been proposed that reduced NOTCH3 signaling can contribute
to the VSMC phenotype in CADASIL (and indeed, a CADASIL-like
patient was reported with homozygous NOTCH3 loss of function
and paucity of VSMCs but no granular osmiophilic material (GOMs);
Pippucci et al, 2015). Whether the CADASIL-like VSMC pathology in
JagIN¥/NAr mice entails a risk for CADASIL-like vascular dementia
in patients with ALGS is an important future avenue of research. No
GOM, a hallmark of CADASIL, was seen in the JaglNdr/ Ndr mice.
The retinal vascular abnormalities detected in ALGS retinographs
were not present in CADASIL, suggesting vascular tortuosity (identi-
fied in both ALGS and the mouse model) is specific to ALGS. ALGS
thus mimics some aspects of CADASIL, such as VSMC paucity, but
also exhibits unique vascular tortuosity. In JagI™¥/N4" mice, VSMC
paucity was present in cardiac and neural arterioles in retina and
brain (Figs 4C-1, K, and L, and EV4C). Weak VSMC coverage has
been reported in a ruptured intracranial aneurysm in a patient with
ALGS (Doberentz et al, 2015), and our data further corroborate that
VSMC pathology may be of concern in ALGS. Further investigation
of the similarities and differences between Jagl and Notch3 compro-
mised mice should help elucidate which phenotypes are regulated
by Jagl-Notch3 mechanisms and could be amendable to similar
therapeutic approaches.

Retinal vessel tortuosity, observed both in patients with ALGS
and Jag1™N4/Nar mice, is an indicator of vessel wall dysfunction (Rim
et al, 2020) and is associated with ischemic stroke (Ong et al, 2013;
Hughes et al, 2016). Furthermore, retinal vascular changes are cor-
related with cerebral small vessel disease (Kwa et al, 2002) and with
other abnormal vessels in the body (Kim & Fulton, 2007). Although
we focused on bleeding events in this report, it is worth noting that
ischemic events have also been reported in patients with ALGS
(Appendix Fig S1B and Appendix Table S1). Hence non-invasive
retinal vascular imaging could serve as a screening method to inves-
tigate vascular compromise in patients with ALGS. Retinographs
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from patients with BA and ALGS displayed reduction in the number
of veins, while venous tortuosity was specific to patients with ALGS,
indicating that this is not related to cholestasis. Retinal tortuosity in
patients with ALGS could, therefore, be further investigated as a cor-
relate for neurovascular dolichoectasia (Carpenter et al, 2018) or
with tortuous vessels in lung (Dieulafoy lesions; Sheth et al, 2018;
Lentz et al, 2016), which are linked to pulmonary hemorrhage. The
inclusion of patients with other cholestatic disorders in this type of
study will be important to determine which symptoms are related to
cholestasis, and which are specific to ALGS.

Aging is a major risk factor contributing to the development of
cardiovascular disease and is partly attributed to vessel wall
changes leading to EC dysfunction (Seals et al, 2011) and loss of
contractile VSMCs (Reagan et al, 2018). Retinal vascular health was
severely affected in adult JagI™¥/N4" mice as shown by decreased
vascular density, sparse VSMC coverage, and degeneration of retinal
ganglion cells. Reduced retinal vessel branching is also present in
patients with ALGS (Hingorani et al, 1999) with fewer major arteri-
oles and venules at the optic disc border. Premature vascular aging
in patients with ALGS could also explain early-onset vascular bleed-
ing. In the general population, ruptured intracranial aneurysms
occur between 56 and 58 years of age (Wang et al, 2018), whereas
the age range for intracranial hemorrhage in patients with ALGS
was 2 months to 30 years of age (Table 1). In sum, aging is a well-
established risk factor for many diseases and potentially accelerated
vascular aging could be considered in long-term care of patients
with ALGS.

There are several limitations to this report. One is the low num-
ber of patients, a major challenge in the study of rare disease,
included in the systematic review (172 patients with ALGS and sex
data, but only 10 females and 1 male with sporadic intracranial
bleeding) and in the retinograph analysis (ALGS n = 6). Another
limitation of the study is that we were unable to identify the exact
origin and cause of spontaneous central nervous system bleedings
or to test whether retinal vasculopathy correlates with bleeding
events, in the limited numbers of mice with bleeds and tissue suit-
able for analysis. Of note, JagI™¥/N4" mice that died between birth
and P10 were often cannibalized by the mother and thus not possi-
ble to analyze for bleeding events or vasculopathy. Experiments
aimed at specifically collecting large cohorts of mice with and with-
out bleeds at matched stages would thus allow for testing correla-
tions. Furthermore, future well-powered large-scale studies in
humans, for example, via the Global Alagille Alliance (Vandriel
et al, 2022; https://www.galastudy.com/), could assess whether
sporadic intracranial bleeds are indeed over-represented among
adult females with ALGS; and test whether patient retinography can
serve as a biomarker for vascular health in patients.

Materials and Methods
Statistical analysis

Statistical analyses of differences between Jagl ™ * and Jag1N4/Ndr
or Jagl“"*"* animals was evaluated using two-sided unequal vari-
ance t-test or Mann—Whitney test. When more than two conditions
were compared, a one-way ANOVA was used, and when two group-
ing variables were being analyzed (e.g., genotype and another
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variable), a two-way ANOVA combined with multiple comparisons
test was used, as appropriate and as described in figure legends and
Source data. Pearson correlation was used for correlation analysis.
For analysis of the systematic review, two-sided binominal exact
test was used to test whether the observed proportions of male and
female patients, reported with given vascular or bleeding events,
was significantly different from the expected proportions (1:1).
P-value was considered statistically significant if P <0.05
(*P < 0.05, **P < 0.01, ***P < 0.0001). Specific P-values are listed
in figure legends and Source data. Sample size was calculated using
the Resource equation method.

Study approval

Animal experiments were performed in accordance with local rules
and regulations and were approved by Stockholms Norra Djur-
forsoksetiska namnd (Stockholm animal research ethics board,
ethics approval numbers: N50/14, N61/16, N5253/19, N2987/20,
N14960/20). All procedures conform to the guidelines from Direc-
tive 2010/63/EU of the European Parliament. Jagl“P®" mouse
experiments were performed in accordance with local rules and reg-
ulations and were approved by Charles River Laboratories institu-
tional animal care and use committee (IACUC). All actions conform
to the federal regulations for care of laboratory animals.

Data collection from pediatric patients and analysis was per-
formed under the 335/00, and 2019-00202 ethical permits approved
by Regional ethics review board in Stockholm. The patients
included in this study and/or their guardians gave written informed
consent, and were previously reported in part (Fahnehjelm et al,
1999, 2011). The medical history from patients with ALGS or BA,
whose retina fundus photographs were analyzed here, follows the
decision 2017/1394-31 by the Regional ethics review board in Stock-
holm. Permission was given to retrospectively collect data from
charts of patients with chronic cholestatic disease without additional
consent from patients. All investigation conforms to the principles
outlined in the WMA Declaration of Helsinki and the Department of
Health and Human Services Belmont Report.

The data collection and analysis from patients with CADASIL
and adult control patients were approved by the IRB of the
Arztekammer Westfalen-Lippe and University of Miinster (2015-
402-f-S). All subjects gave written informed consent.

Mouse maintenance and breeding

The Nodder mice (JagI™™%" colony C3H background EM strain
#13207, wild type C57bl6 JAX strain #000664) were maintained in a
mixed C3H/C57bl6 genetic background as reported previously
(Andersson et al, 2018). Nodder mice were genotyped for the Ndr
allele and sex by Transnetyx® (USA). Mice were housed in cages
with enrichment and maintained on a standard day-night (12 h)
cycle, with ad libitum access to food (standard chow SDS RM3 or
SDS CRM, Special Diet Services) and water. Experiments generally
include mice of both male and female sex. Experiments in which the
results suggested sex differences were expanded with additional mice
of each sex to determine whether sex differences were present. Jagl™/"
and Jag1™¥/* mice display wild type vasculature, and JagI™¥"/* mice
have not displayed spontaneous bleeds, and are thus both used as
controls (Jag1“™®"). The use of each genotype is specified in each
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section below. For organ collection, mice between PO — P10 were sac-
rificed by decapitation and mice > P10 by CO, inhalation.

The Jagl“P/* mice (JAX strain #010616) on C57bl6/129S1 back-
ground were backcrossed to C57bl6 genetic background. SNP analy-
sis confirmed 99.7% C57bl6 background. Jagl?P*¥* mice were
genotyped for both alleles by Charles River Laboratories. Mice were
group housed in cages, maintained on 14:10 light cycle, with ad libi-
tum access to food (standard chow 5L79, specifically formulated by
Lab Diet for Charles River) and water.

Patient samples

Color photographs of the ocular fundi of patients with ALGS, BA
and their age-matched controls were obtained after pupil dilatation
using fundus cameras Canon EOS-1 Kodak Professional DCS 520C
(Canon, Rochester, New York, USA) or Canon CRDG non-mydriatic
retinal camera (Canon, Tokyo, Japan). Only correctly focused pho-
tographs were used for the analysis. Seven healthy pediatric control
patients (median age 8 years, range 7-8 years; 1 male, 6 females),
six patients with ALGS (median age 7.5 years, range 2-11 years;
1 male, 5 females), four patients with BA (median age 10.5 years,
range 8-16 years; 1 male, 3 females) were included. Color fundus
photography of patients with CADASIL and their aged-matched con-
trols was performed using Visucam (Carl Zeiss Meditech, Germany).
Data from these patients have been published in part in previous
studies (Alten et al, 2014; Nelis et al, 2018). Fourteen healthy adult
control patients (median age 48 years old, range 23-61 years; 5
males, 9 females) and 14 patients with CADASIL (median age
51 year, range 27-59 years; 6 males, 8 females) were included.

Blinding and randomization statement

The experimenter was not blinded when selecting and sacrificing
animals for an experiment. No randomization procedure was
used to allocate animals into groups. The experimenter was blinded
when processing samples for analysis, during data acquisition and
data analysis.

Immunofluorescence staining of retina

Eyes were fixed with 3.8% Formaldehyde solution (Sigma-Aldrich,
cat. #F1635) overnight and whole retinas were dissected out,
blocked and permeabilized in phosphate-buffered saline (PBS) con-
taining 1% Bovine serum albumin (Sigma-Aldrich, cat. # A2153)
with 0.3% TritonX-100 (Sigma-Aldrich, cat. #T8787). Primary and
secondary antibodies were diluted in blocking solution. PBS: block-
ing solution (1:1) was used as a washing buffer. Each step was per-
formed at 4°C, overnight. Retinas were flat-mounted in Vectashield
(cat. no. H-1000, Vector Laboratories). Primary antibodies used: rat
anti-mouse CD31 (RRID: AB_394816, cat. #553370, BD Biosciences,
1:100), rabbit anti-ERG (RRID: AB_2630401, cat. #ab92513, Abcam,
1:200), goat anti-DLL4 (RRID: AB_354770, cat. #AF1389, RnD
systems, dilution 1:2,000), goat anti-CD13 (RRID: AB_2227288,
cat. #AF2335, RnD Systems, 1:200), goat anti-Jaggedl (RRID:
AB_260348, cat. #J4127, Sigma-Aldrich, 1:500), mouse anti-human
a-smooth muscle actin (Cy3 conjugated, RRID: AB_476856, cat.
#C6198, Sigma Aldrich, 1:500; FITC conjugated, RRID: AB_476977,
cat. #F3777, Sigma Aldrich, 1:500), rabbit anti-Myosin heavy chain
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11 (RRID: AB_2147146, cat. #ab53219, Abcam, 1:200), goat anti-
Collagen 1 (RRID: AB_2753206, cat. #1310-01, Southern Biotech,
1:200), mouse anti-vimentin (RRID: AB_628437, cat. #sc6360, Santa
Cruz, 1:200), rabbit anti-Transgelin (RRID: AB_443021, cat.
#ab14106, Abcam, 1:200), rabbit anti-HISTONE H3 (phospho S10;
RRID: AB_304763, cat. #ab5176, Abcam, 1:500), mouse anti-GFAP
(Cy3 conjugated, RRID: AB_11213580, cat. # MAB3402C3, Millipore,
1:500), rabbit anti-Cleaved CASPASE3 (RRID: AB_2341188, cat.
#9661 (D175), Cell Signaling, 1:700), rabbit anti-COLLAGEN type IV
(RRID: AB_2276457, cat. # AB756P, Millipore, 1:500), mouse anti-
Neurofilament (RRID: AB_528399, cat. #RT97, DSHB, 1:200) nuclei
were labeled with DAPI (cat. #D9542, Sigma Aldrich, 1:1,000).
Images were captured using LSM 510 META, LSM 880, LSM980
(Carl Zeiss AG) microscopes and processed in Image J (NIH), and/
or Adobe image suite software (Adobe Inc). Any image modifica-
tions were applied identically to images being compared.

Vascular outgrowth analysis

The distance from the optic nerve to the periphery of a retina was
measured in ImageJ (NIH) using the straight line tool. Distance was
measured on tile-scanned images (10x or 20x objective) of whole
retina starting from the optic nerve. Six measurements, regularly
radially spaced at approximately 60-degree intervals, were per-
formed per retina from 6 Jagl** and 6 JagI™N¥/N" animals at P5.

Tip cells and filopodia analysis

Tip cells were defined as CD31"ERG" cells with extended filopodia
at the vascular front. The number of tips per tip cell was quantified
as the number of tips with filopodia bundles (single membrane pro-
trusions coming out of a tip cell) extending in a single direction,
divided by the number of tip cells. Filopodia was defined as single
hair-like membrane protrusions extending from a tip cell. All quan-
tifications were counted manually in Image J, in 40x images, 4
images per animal, in 6 JagI*/* and 6 JagIN¥/N4" mice at PS.

Quantification of vascular density, branching point, and number
of ERG+ endothelial cells

The number of branching points per field (40x objective) was manu-
ally quantified in the middle of the outgrowing vascular plexus (at
PS, P10, P15 halfway between an arteriole and venule). The quan-
tification of branching points was performed in 3-6 images per
animal, in 6 Jag!™" and 6 JagI™¥/N4" mice at P5 and P15, 4 Jagl™’",
2 JagI™¥’* and 6 Jag1N¥/Ne" mice at P10. In each 40x field the num-
ber of ERG" nuclei were manually quantified in 3-5 images per ani-
mal, in 6 Jagl™* and 6 JagI™¥/Ne" mice at P5 and P15, 4 Jagl™’",
2 JagIN¥7*, and 6 JagIN¥/Ne" mice at P10. In the same field, the
CD31+ vascular length was manually measured using the segmented
line tool in ImageJ. The number of ERG+ endothelial cells was
divided by vascular length.

Phosphorylated Histone3 proliferation analysis

Whole retina tile-scans (objective 10x) were taken from 4 Jagl” *
and 4 Jag1™M¥/Nr mice at P5. Phospho-Histone H3+ (PH3+) CD31+
cells were manually counted in a field within a 45° wedge originating
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at the optic nerve, in zones of radius 100 pm, in 12 zones altogether.
The average number of PH3+ CD31+ per zone was normalized to the
zone area (um?) and multiplied by 100 (per 100 pum? area).

Cleaved Caspase 3

The number of cleaved caspase3 (cl. CASP3)-positive cells was
quantified manually along arterioles in aged mice (> 1 year old) in
7-13 stacks per mouse, in 5 Jagl™*, 1 JagIN/* and 6 Jag1Ne/Ndr
mice. The arterioles were imaged in confocal z-stacks and inspected
for cl. CASP3+ cells throughout the stacks. The number of first-
generation arteriole branching points per image (field), the number
of cl. CASP3+ cells at a branching point and the number of cl.
CASP3+ outside of a branching point were manually quantified.

Arterial and venous segregation

In murine retinas, the number of major arterioles and venules origi-
nating at the optic nerve, and the number of arteriovenous cross-
ings, were quantified in whole mount retinas stained for CD31 and
aSMA. 6 male and 6 female Jagl™* and 6 male and 6 female
JagINa/NAr adults and 6 Jagl™" and 6 Jagl“P*V" 1-year-old mice
were included for quantification of arterioles and venules. Arteriole/
arteriole and arteriole/venule crossings were counted and grouped
together. No venule/venule crossings were observed. Altogether 6
male and 6 female JagI™* mice and 6 male and 6 female Jag1N¢/N"
mice were included for quantification of aberrant crossings in adult
mice (3—6 months).

In human retinas, the number of major arterioles and venules
were quantified at the border of the optic nerve head from fundus
photographs in which the optic nerve head was the center of the
image. The venules were recognized by their darker color. The num-
ber of arteriovenous crossings was counted. No distinction was
made between arteriovenous crossing and nicking. Patients with
ALGS n = 3, BA n = 4, pediatric control n = 6, CADASIL n = 14,
adult control n = 14.

iDISCO+ immunostaining of mouse brain

iDISCO+ immunostaining and clearing of mouse brain samples were
performed as described earlier (Renier et al, 2016). Briefly, mice
were anesthetized with an overdose of isoflurane and intracardially
perfused with PBS (pH 7.4; Ambion). Brains were postfixed in modi-
fied Zamboni fixative (4% paraformaldehyde and 0.2% picric acid,
diluted in phosphate buffer, pH 7.4) at 4°C for 72 h and stored in
PBS, containing 0.1% sodium azide, pending analysis. After being
washed in PBS three times and dehydrated in rinsing methanol/wa-
ter series (20%—40%—-60%-80%—-100%—-100%), 1 h each, the sam-
ples were bleached with 5% hydrogen peroxide in 100% methanol
overnight at 4°C. They were then rehydrated in downgrading series
of methanol/water (80%—60%—-40%—-20%-PBS), incubated in per-
meabilization solution (0.2% Triton X-100/20% dimethyl sulfoxide
(DMS0)/0.3 M glycine in 0.01 M PBS + 0.02% sodium azide) for
3 days and then in blocking solution (0.2%Triton X-100/10%
DMS0O/6% normal donkey serum in 0.01 M PBS + 0.02% sodium
azide) for 2 days, both at 37°C. The samples were incubated with
primary antibodies for alpha smooth muscle actin (¢SMA; Cy3 con-
jugated, cat. #C6198, Sigma Aldrich, 1:500) and glucose transporter
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1 (GLUT1; cat. #2956779, Millipore, 1:500) for 5 days at 37°C [anti-
body diluent: 0.2% Tween-20/heparin (10 mg/ml)/5% DMSO/3 %
normal donkey serum in PBS + 0.02% sodium azide]. After over-
night washing, the brains were incubated in secondary antibodies
(Donkey anti-Rabbit IgG — Alexa Fluor 647; cat. #A31571, Thermo
Fisher, 1:500) for 6 days at 37°C [diluent: 0.2% Tween-20/heparin
(10 mg/ml)/3% normal donkey serum in PBS + 0.02% sodium
azide]. Finally, the brains were cleared after dehydration in rinsing
methanol/water series (see above), by incubation in 66% dichloro-
methane/33 % methanol for 3 h and twice in 100% dichloromethane
for 30 min. The cleared brains were transferred to 100% dibenzyl
ether for long-term storage.

Light sheet fluorescence microscopy and 3D
image reconstruction

Cleared brains were imaged with a light sheet microscope (Ultrami-
croscope II, Lavision Biotec, Bielefeld, Germany) and the ImSpector
347 software. All images were acquired using a 2x objective lens
with additional 0.63x zoom body, an NA of 0.6 (XLPLN10XSVMP,
Olympus), and a sCMOS camera (Hamamatsu ORCA-Flash4.0).
Excitation laser lines of 561 and 647 nm were used. The light-sheet
microscopy images were recorded with an xy resolution of 3.78 pm
and a z-step size of 3.4 pm.

The serials of 16-bit uncompressed tif images were converted to
an IMS file using the Imaris File Converter (Bitplane, UK), and the
3D vision of acquisitions was reconstructed using Imaris 9.9.0 soft-
ware (Bitplane, UK). Quantifications and measurements such as dis-
tance between main branching points were obtained using semi-
automatic filament tracing (autopath) on original images in Imaris.
For visualization of the MCA, surfaces were applied to remove sig-
nal outside of the MCA and snapshot images (1,200 dpi) were taken
from the actual light sheet scans (Imaris).

Vessel tortuosity

Retinal blood vessel tortuosity was quantified by manually tracing
the curved length of major arterioles and venules from the optic
nerve toward the periphery in murine whole retina (20x objective)
or human retina fundus photographs, in Adobe Illustrator or
ImageJ. In murine retinas, only the main branches were traced for
analysis. In human retinas, only branches that extended to the
periphery (edge of the image) were included for analysis. The chord
length was measured as a straight line connecting the start point to
the end point of a vessel. Tortuosity was calculated by dividing the
curved length by the chord length and expressed as a percentage
increase over 100% (100% = straight). The analysis was performed
on whole retinas from one eye from 6 Jagl™* and 8 (6 for arterioles)
JagINr/Ndr p30 mice, 6 Jagl™* and 6 JagI™N¥/N4" 1-year-old mice
and all the patients included in the study (both eyes).

MCA tortuosity was quantified by the number of MCA diversion
points, normalized to its length. The length of the main MCA vessel
was obtained by creating a filament with the semi-automatic
autopath function in Imaris on the original images. Diversions of the
expected path of the curved vessel were identified as diversions
from the expected continuous path of a vessel, and manually
counted. The analysis was performed in 6 Jagl™* and 6 Jag1Ne/Ndr
P10 mice.
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Vertical sprouting analysis

To address the overall number of sprouts connecting SCP to ICP,
and DCP to ICP, a single image from a z-stack halfway between SCP
to ICP and DCP to ICP was analyzed. A sprout in this image appears
as a single dot. One to three Z-stack images (40x objective) taken in
the middle of a retina between arteriole and venule was analyzed
per animal. Only samples in which CD31 antibody penetrated to all
three vascular layers were included in the analysis. 6 Jagl™" and 6
JagINar/NAT 4qylt mice (3-6 months) and 9 Jagl™* and 8 Jag1Nr/Ndr
aged animals (1 year) were included.

Superficial and intermediate capillary plexus integrity

The number of SCP and ICP branching points and ICP vascular
length was quantified in z-projected images (ImageJ) of the SCP or
ICP (40x objective) taken in the middle of the retina between an
arteriole and a venule. Only samples in which CD31 antibody pene-
trated to all three vascular layers were included in the analysis.
Three to four images from 6 Jagl™" and 6 JagIN¥/Ne" p30, 4 images
from 6 Jagl™* and 7 JagI™¥/Ne" adult animals, and two to five
images from 6 Jagl'’"
lyzed. In the same field, the CD31+ vascular length was measured
by segmented line tool in ImageJ. In the intermediate capillary
plexus in 6 Jagl™" and 6 JagIN¥/N4" adult animals (3-6 months),
the length of empty CollagenlV sleeves was measured using the seg-
mented line tool in ImageJ.

6 JaglNd/Ndr 1_year-old animals were ana-

Neurofilament quantification

Neurofilament coverage was quantified in ImageJ and calculated as
% of area covered by neurofilaments of the total area (100%). Neu-
rofilament area was measured using the following script in ImageJ:

run(“Measure”);

run(“8-bit”);

run(“Median...”, “radius = 2”);
setAutoThreshold(“Mean dark”);
//run(“Threshold. ..”);
//setThreshold (6, 255);
setOption(“BlackBackground”, false);
run(“Convert to Mask”);
run(“Watershed”);

run(“Analyze Particles...”);

Total area was measured with “Measure”.

Only samples in which red blood cell autofluorescence did not
significantly interfere with fluorescent intensity quantification were
included in the analysis. The measurement was performed on 3 to 6
images from 6 Jagl™" and 6 JagI™¥/N" P10 and 2 to 4 images from
6 Jagl™* and 6 JagI™¥/N4" P40 animals.

Fluorescence intensity

For GFAP and aSMA intensities, the blood vessel of interest was
outlined using the lasso tool. The intensity was assessed by the his-
togram function for individual channels in Adobe Photoshop. GFAP
intensity was quantified in adults from 3 images from 4 Jagl™* and
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4 JagIN4/Ndr mice. GFAP and aSMA intensities were quantified in 5

to 6 images from 6 Jagl™" and Jagl?P*¥* 1-year-old mice.
For synthetic VSMC analysis, aSMA, SM22, MYH11, VIM, COLI
intensities were quantified in ImageJ following this script:

run(“Duplicate. ..”,
duplicate channels=1");

run(“Median. ..”, “radius = 5”);

setAutoThreshold(“Huang dark”);

//run(“Threshold...”);

setOption(“BlackBackground”, false);

run(“Convert to Mask”);

run(“Watershed”);

//run(“Threshold...”);

run(“Analyze Particles. ..”, “size=200-Infinity pixel add”);

roiManager(“Show All with labels”);

roiManager(“Show All”);

run(“Set Measurements...”, “area mean display redirect=None
decimal=3");

close();

setSlice(2);

roiManager (“Measure”);

setSlice(3);

roiManager(“Measure”);

setSlice(1);

roiManager (“Measure”);

“title=MAX_1977-1wtp5vegfr340x1-1.1sm

The region of interest for each channel was based on aSMA+ cells.
The aSMA- areas were manually outlined and the fluorescence intensity
was measured for all channels. The fluorescent intensity of aSMA- areas
for each channel was normalized to the average intensity of «SMA+
cells (100% intensity) per image. Only samples in which red blood cells
autofluorescence did not significantly interfered with fluorescent inten-
sity quantification were included in the analysis. The quantification was
performed in 4 images from 5 JagI™/Nd (4SMA, SM22, VIM) and
6 Jagl Ndr/Ndr (4SMA, MYH11, COLI) 3-month-old to 1-year-old mice.

ASMA coverage

The number of gaps in «SMA retinal arteriole coverage was quanti-
fied manually. An aSMA gap was considered a gap between two
VSMCs that was greater than one cell width (~ > 10 um). The total
number of gaps per retina (from one eye) was counted. The number
of gaps was quantified in 6 Jagl™*and 6 JagIN"/N" mice at P30 and
1-year-old and 3 Jagl™" and 3 JagI™¥/N4" 3_6-month-old mice.

In Angiotensin II experiment, the number of gaps was quantified
in 4 Jagl™*, 3 JagI™N¥/Nr 4 Jagl™/* treated with Angiotensin II and
5 JagIN4/Ndr mice treated with Angiotensin II.

The MCA oSMA coverage was assessed in 6 Jagl™”" and 6
JagIN¥/Ndr p10 mice by counting the aSMA nuclei. An aSMA
nucleus was determined by lack of aSMA staining in the nucleus
region. The number of aSMA nuclei was counted in three 100-pixel
long regions per one MCA image per animal.

Image processing

Capillary plexus visualization was accomplished by splitting z-stack
images into 3 equally sized z-stacks per animal, color coding each
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plexus and merging the 3 images. Due to different sizes of Jagl™"

and Jag1™M¥/Nar retinas, stack sizes were different among animals.
Some images (Figs 3N and 4A, and 6E; Appendix Fig S3A) were fur-
ther processed in ImageJ by median filter (radius = 1). Retina whole
vasculature side images were further processed in Volocity in which
high opacity and noise reduction filters were included. To remove
unspecific signal (always the pair of CTRL-NDR) some images were
processed in ImageJ by median filter (radius 0.5-2), see Source data
for comparison.

Liver resin casting

Adult liver portal vein vasculature was injected with synthetic resin
MICROFIL® and scanned with micro computed tomography as pre-
viously described (Hankeova et al, 2021).

Micro-CT liver rupture analysis

Following the micro-CT measurements, the reconstructed data was
imported and analyzed in VG Studio MAX software (Volume Graph-
ics GmbH, https://www.volumegraphics.com). The Microfil-filled
structures were separated from the background by global threshold-
ing creating a main region of interest (ROI), then the areas of Micro-
fil leaked from ruptured vessels were manually selected into
separate ROIs. The volume of each ROI of leaked Microfil was calcu-
lated by the software. The analysis was performed in 4 Jagl™",
2 Jagl™N4" and 6 JagIN4/Nr samples (analyses of portal vein and
biliary architecture, but not vascular leakage data, for 3 JagI™" and
3 JagIN¥/NAr samples of these casts were previously published in
Hankeova et al (2021)).

Skull micro-CT

Micro-CT analysis was performed on 23 P30 skulls, 12 Jagl™" and
11 Jagi™¥/N4" mice using a GE Phoenix v|tome|x L 240 (GE Sensing
& Inspection Technologies GmbH, Germany) micro-CT scanner. The
system is equipped with a 180 kV/15 W maximum power nanofo-
cus X-ray tube and a flat panel detector with 4,000 x 4,000 pixel
count and a pixel size of 100 x 100 pm. Acquisition parameters:
voltage 80 kV, current 210 pA, integration time of 500 ms and
12.5 um voxel size.

Skull thickness, length, and volume analysis

The skull thickness and volume analyses were conducted in VG Stu-
dio MAX 3.4 (Volume Graphics GmbH, Germany). A sample was
registered within the coordinate system, and the skull surface was
determined. Mandibula, all teeth, and remaining vertebrae were seg-
mented out to maintain only skull. The length of the skull was mea-
sured from the occipital bone to the nasal bone from a dorsal view.
The volume was calculated by multiplying the number of voxels
determined from the skull surface by the volume of one voxel. The
skull thickness was measured by utilizing a ray, searching for the
opposite surface for each point on the skull surface. The length of
the ray between surfaces expresses the actual skull thickness, and
rays’ lengths are depicted as a color-coded thickness map on each
skull. The thickness of the skulls was measured in two different
ways, first the full thickness of the skull and second taking into
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account the trabeculation of the spongy bone. The spongy bone seg-
mentation was conducted using a custom-written MATLAB pipeline
(deposited in GitHub, R2017a, The MathWorks Inc, Natick, MA).
The extracted spongy bone was fused with the extracted compact
bone to create a full-thickness bone, which was consequently ana-
lyzed in the same way in the VG studio. Subsequently, the right
temporal bone was manually segmented, with emphasis on the
removal of overlapping surrounding bones. Temporal bone thick-
ness was measured by the identical methodology as the whole skull.
The analysis was performed in 6 Jagl'/* females, 6 Jagl"/* males,
6 JagINa/Ndr famales and 5 JagIN¥/Ne" males.

Vessel permeability assay

Mice (3-6 months old) were injected with 200 ul 0.5% Evans blue
(cat. #E2153, Sigma-Aldrich) via the tail vein. The dye was
allowed to circulate for 17 h. Mice were anesthetized by CO,
inhalation. Mice were either transcardially perfused with Hanks
buffered salt solution (HBSS), at a perfusion rate of 5 ml/min for
3 min, or organs were immediately collected. Internal organs were
dissected out, weighed, and placed in matched volumes of For-
mamide solution (cat. # 15515-026, Invitrogen) for 17 h at 56°C.
Formamide solution containing Evans blue extracted from the
organs was measured for absorbance at 610 nm in a VersaMax™
microplate reader (Molecular Devices Versa Max microplate
reader). The amount of Evans blue measured was divided by the
organ weight, and data were normalized to control conditions for
either perfused or unperfused conditions, as appropriate. Brain
vasculature was inspected under the stereomicroscope Stemi 305
(Carl Zeiss Microscopy) and photographed with a camera (Can-
non, PowerShot S$3 1S). The analysis is based on 5 Jagl™*,
2 Jagl™Nar and 8 Jag1™e/NAr mice.

P30 mice were injected via tail vein with 100 pl PBS (Jagl'/*,
n = 3 males and n = 3 females) or with a tracer cocktail of
Dextran-3 kDa-FITC (10 pg/g body weight, D3306, Invitrogen) and
Cadaverin-1 kDa-555 (6 pg/g body weight, A30677, Invitrogen),
(Jagl™* n = 6 males and n = 6 females; JagI™/N¥ n = 6 males
and n = 6 females). After 4 h of circulation, mice were anes-
thetized, and blood was collected by intracardiac puncture fol-
lowed by perfusion with PBS for 3 min. Kidneys and brains were
collected in PBS and in situ detection of fluorophore-conjugated
tracers was done by imaging using Stereomicroscope Stemi 305
(Carl Zeiss Microscopy) equipped with a LabCam adaptor (iDu
Optics) and iPhoneX.

Kidneys and brain were weighed and homogenized (Precellys24,
Bertin technologies) in 300 pl of 1% Triton-PBS. The lysates were
then centrifuged at 13,000 rpm at 4°C for 30 min and once more for
15 min. Plasma (100 pl, diluted %, with PBS), retrieved using
lithium-heparin tubes (Sarstedt, 20.1345) and supernatants (100 pl,
undiluted) were used to quantify relative fluorescence values
normalized to organ weights (POLARstar Omega plate reader,
Labvision).

Whole organ hemorrhage analysis and imaging
Freshly dissected brains and retinas were inspected for the presence

of hemorrhages under a stereomicroscope Stemi 305 (Carl Zeiss
Microscopy). Whole organs or tissue images were taken with a
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stereomicroscope Stemi 305 (Carl Zeiss Microscopy) combined with
Canon camera (Cannon, PowerShot S3 IS or Iphone6). The back-
ground around the tissue (brain, retina) was covered by a solid
black color in Adobe Photoshop for esthetic purposes.

Survival analysis

Newborn pups were observed, and live/deceased mice were
counted daily during the first 10 days after birth. The pups were
biopsied, tattooed, and genotyped. 211 Jagl™* and 46 Jag1™¢/Ndr
were included in the analysis, 14 JagI™¥/N4" pups died during the
first 10 days.

Electron microscopy

Animals were anesthetized by CO, inhalation and transcardially per-
fused with HBSS and electron microscopy fixative (2% formalde-
hyde, 2.5% glutaraldehyde and 0.02% sodium azide in 0.05 M
sodium cacodylate buffer, pH 7.2) as previously described (Henshall
et al, 2015). For retina and heart analysis 6 Jagl™* and 6 Jag1N¢/Ndr
mice were used. Images were further processed in Adobe Photoshop
to pseudocolor cell types.

Quantitative real time qPCR

RNA was isolated from 6 Jagl™" and 6 JagI™¥¥/Ndr ps pups. mRNA
was extracted using the RNeasy Mini Kit (QIAGEN, cat. #74104),
including on-column DNase I digestion (QIAGEN, cat. #79254).
Complementary DNA was synthesized from 1 pg total RNA using
the Thermo Scientific™ Maxima™ First Strand ¢cDNA Synthesis Kit
for RT-qPCR (Thermo Scientific, cat. #K1641) according to the man-
ufacturer instructions. Quantitative real-time PCR (qPCR) was per-
formed as described (Jin et al, 2008). Primers used for qPCR are
listed below. mRNA levels are normalized to the average house-
keeping RNA levels of 18 S and B-actin.

Product
length
Gene Forward primer Reverse primer (bp)
18 S gtggagcgatttgtctggtt cgctgagccagtcagtgtag 200
B-actin gacaggatgcagaaggagat ttgctgatccacatctgetg 146
Dll4 tttgcccagactccatectcacag ttccccccatcteccttattgg 356

Blood pressure measurements

Blood pressure was measured using the CODA® High Throughput
(Kent Scientific) tail cuff system. The animals were awake, on a
heating pad, and in a restraining device, during the experiment. The
animals were accustomed to the tail cuff for 5 min before data
recording. Tail blood pressure was assessed between 32 and 34°C.
The systolic, diastolic, and mean blood pressure were recorded. The
mean baseline blood pressure was calculated as an average from 5
recordings on 5 days. In the Angiotensin II experiment, the mean
blood pressure is the average of nine recordings. The increase in
blood pressure was calculated by comparing the average mean
blood pressure before Angiotensin II treatment (100%) and during
2 weeks of Angiotensin II treatment.
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Angiotensin Il treatment

Adult mice (3-7.5 months) were treated with Angiotensin II (cat.
#A6402, Sigma-Aldrich) for 2 weeks. Angiotensin II was delivered
via osmotic mini pumps (Alzet®, 2002 model) with an infusion rate
of 0.025 pg/g/h. The animals were anesthetized by Isoflurane
inhalation (~ 2%) and IP injected with 200 pl Rimadyl (0.5 mg/ml)
prior to the surgery to relieve pain. The osmotic mini pumps were
implanted subcutaneously, and the incision was sealed with surgical
glue. Animals in the experiment were weighed daily and the blood
pressure was measured to verify the effect of Angiotensin II treat-
ment. 2 of 11 JagI™" mice, and 1 of 8 JagI™¥/N4" mice demonstrated
a strong reaction to Angiotensin II treatment (weight loss > 20% and
piloerection) and had to be sacrificed. 5 Jagl™* and 2 Jag1™ar/Ndr
mice had weak or no response to Angiotensin II (no blood pressure
increase) and were therefore excluded from the analysis. Animals
were given extra “porridge” during the treatment to avoid dehydra-
tion. Control animals were implanted with mini-pumps loaded with
Dulbecco’s phosphate buffer saline (DPBS), in total 4 Jagl™" and 5
Jag1NAT/Nar mice,

Plasma and serum collection

Blood from P10 mice was collected from the trunk after decapita-
tion. To obtain blood plasma the blood was mixed with 10 pl of
Heparin (LEO Pharma) and kept cold throughout handling. To
obtain serum the blood was collected in a tube and allowed to coag-
ulate at room temperature. Afterwards, the blood-Heparin mix was
centrifuged at 3,000 g for 15 min at 4°C (plasma) or blood was cen-
trifuged at 3,000 g for 15 min at room temperature (serum). Plasma
or serum was carefully removed from the top layer, placed in a new
tube, and frozen (—20°C short term (max 2 weeks), —80°C long-

term storage). Blood plasma was collected from 6 Jagl** and
6 JagIN¥/Ndr mice and serum were collected from 6 Jagl™" and
6 JagIN¥/Nar mice.

Coagulation assays

Thrombin—Antithrombin (TAT) complexes were measured in blood
plasma by ELISA using a commercial kit (cat. #ab137994, Abcam).
The assay was performed according to manufacturer’s instructions.
The chromogen substrate was incubated for 20 min and the absor-
bance was read at 450 nm using VersaMax™ microplate reader.
The TAT ELISA was performed on P10 plasma (6 Jagl™' and
6 JagIN4/Nd" mice). Fibrinogen was measured in P10 serum (6 Jagl™
* and 6 JagI™/N mice) using a commercial kit (cat. #ab213478,
Abcam), according to manufacturer’s instructions. The chromogen
substrate was incubated for 15 min and the absorbance was read at
450 nm using VersaMax™ microplate reader. INR was measured
in a drop of fresh whole blood (6 JagI™* and 6 JagI™N¥/N4" mice at
P10) with a commercially available point of care coagumeter
(CoaguChek® XS, Roche). Tail bleeding time was assessed in
6 Jagl™* and 6 JagI™¥/Nr mice at P10 in anesthetized (Isoflurane
inhalation) pups by severing the tip of the tail (2 mm from the tip)
and gently wiping the tail on a tissue paper without squeezing the
tail. The time was recorded from the moment the tail was cut. The
tail was wiped every 20 s to observe the bleeding. The bleeding was
considered stopped when no bleeding reappeared after 1 min.
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The paper explained

Problem

Vascular abnormalities, especially intracranial bleeds, are a major
cause of death in patients with Alagille syndrome. Coagulopathy is
associated with cholestatic liver diseases, but is not present in all
patients with Alagille syndrome who experience intracranial bleeding.
Hence, risk factors contributing to vascular anomalies and bleeding
events remain largely unknown. Furthermore, there is no reported
suitable animal model to investigate the vascular bleeds in Alagille
syndrome, that is representative of Alagille syndrome heterogeneity
and multisystem presentation.

Results

We performed a systematic review studying patients with Alagille syn-
drome and vascular anomalies, which revealed that girls were
reported 10 times more often with spontaneous intracranial bleeds
than boys. We further established that the jagl"’"’/"’d' mouse model
recapitulates sporadic brain hemorrhages and female mutant mice
showed strongly affected veins compared to males. Finally, we show
that vascular defects discovered in the JagI™" " mouse model can
also be identified in patients with Alagille syndrome non-invasively, in
patient retinographs. We identified female sex, hypertension, and
aging as risk factors further aggravating vascular disease in Alagille
syndrome.

Impact

Our data provide the first evidence of sexual dimorphism in patients
with Alagille syndrome. Our findings suggest that young girls with
Alagille syndrome should be monitored with higher frequency for the
presence of an aneurysm. Furthermore, hypertensive patients with
Alagille syndrome may be at increased risk of developing vascular dis-
ease associated with vascular smooth muscle cells loss. Importantly,
the Jag1"¥N" mouse model could serve as a tool for testing potential
therapies for patients with Alagille syndrome. Finally, retinography
should be further investigated as a tool for non-invasive vascular
investigation in this pediatric population.

Liver enzyme analysis

Liver enzymes (including total bilirubin) were analyzed from blood
plasma of 6 Jagl™* and 6 JagI™¥/N4" mice P10 mice diluted six fold
with DPBS, using mammalian liver profile (Abaxis, PN 500-1040)
and VetScan2 system (Abaxis Inc).

Systematic review

The systematic review was performed according to the PRISMA
guidelines. For details on search strategies and PRISMA checklist,
please see the Appendix Supplementary Methods.

Data availability
https://github.com/jakublaznovsky/Spongy-bone-segmentation.
Expanded View for this article is available online.
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