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Abstract

Objective:

Hereditary hemorrhagic telangiectasia (HHT) is a vascular genetic disorder caused by
endothelial cell dysfunction and characterized by telangiectasias and arteriovenous
malformations (AVMs). HHT results primarily from loss-of-function mutations affecting
components of the BMP9-ALK1-ENG-SMAD signaling cascade, a pathway essential for
endothelial quiescence and vascular homeostasis, and currently lacks a cure. Here, we
investigated whether nitazoxanide, an orally bioavailable drug with extensive clinical use,
can modulate endothelial signaling relevant to HHT.

Approach and Results:

Nitazoxanide treatment activated SMAD1/5/8 signaling and increased expression of the
downstream target ID1 in endothelial cells, while concurrently inhibiting mTOR signaling,
indicating a dual modulatory effect on pathways implicated in HHT pathogenesis. In vivo,
nitazoxanide activated SMAD signaling in BMP9/10-immunoblocked mice and
significantly reduced AVM formation and hypervascularization. Importantly, nitazoxanide
restored SMAD1/5/8 activation and ID1 expression in patient-derived blood outgrowth
endothelial cells harboring loss-of-function mutations in ALK1 or SMAD4, which exhibit
impaired BMP signaling.

Conclusion:

These findings identify nitazoxanide as a pharmacological modulator capable of activating
BMP-SMAD signaling while restraining mTOR activity, thereby overcoming key signaling
defects in HHT endothelial cells. Collectively, our results highlight nitazoxanide as a
promising therapeutic candidate to target endothelial dysfunction in HHT.
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Introduction

Hereditary hemorrhagic telangiectasia (HHT or Rendu-Osler-Weber syndrome) is an
autosomal dominant vascular disease with a prevalence of approximately 1 in 5000
individuals [1]. HHT is characterized by hemorrhagic vascular anomalies in various
tissues and organs, manifested as arteriovenous malformations (AVMs). AVMs are direct
shunts between arteries and veins lacking an intervening capillary plexus. They become
enlarged, tangled, and fragile vessels that depending on their location, can lead to life-
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threatening complications, including severe epistaxis and internal bleeding, along with
secondary complications such as anemia, cerebral abscesses, hepatic issues, pulmonary
complications, and cardiac failure [2].

Most HHT patients have loss-of-function mutations in the gene ENG (encoding endoglin)
or ACVRL1 (encoding activin receptor-like kinase 1, ALK1), defining the two main
subtypes: HHT1 (OMIM #187300) and HHT2 (OMIM #600376), respectively [3,4].
Additionally, mutations in SMAD4 (encoding SMAD4) and GDF2 (encoding BMP9) lead
to rare forms of the disease called juvenile polyposis/HHT combined syndrome (OMIM
#175050) and HHT-like vascular anomaly syndrome (OMIM #615506) [5,6,7]. BMP9,
ALK1, endoglin, and SMAD4 functionally interact within the same signaling pathway,
comprising the transforming growth factor 3 (TGF-) superfamily [8,9]. ALK1, a BMP type
| receptor, forms a receptor complex with a BMP type Il receptor (e.g., BMPR2) and the
co-receptor endoglin. Mutations in BMPR2 can cause familial pulmonary arterial
hypertension (PAH), which is observed in some patients with HHT2 [10]. This receptor
complex, abundantly expressed in endothelial cells (ECs), is specifically activated by the
circulating ligands BMP9 and BMP10 [11-14]. Upon activation, ALK1 receptor
phosphorylates the signal transducers SMAD1, SMAD5, and SMADS, leading to the
formation of SMAD1/5/8-SMAD4 complexes that translocate to the nucleus to regulate
specific gene expression programs [15-17].

Loss-of-function mutations in ENG and ACVRL1 hinder Smad1/5/8 signaling by BMP9
[18-20], which contributes to the vascular anomalies associated with HHT, such as
vascular hyperproliferation and AVMs [21-24]. While the precise cellular processes
underlying AVM development in HHT - characterized by direct shunts between arteries
and veins - remain poorly understood, evidence indicates that HHT arises from abnormal
reactivation of angiogenesis [25,26]. Through angiogenesis, ECs engage distinct
transcriptional programs that drive changes in morphology, proliferation, migration, and
sprout assembly to form new vascular structures [27]. This process is initiated by vascular
endothelial growth factor (VEGF) signaling through VEGF receptor 2 (VEGFR2) in a
subset of ECs, leading to the disruption of endothelial quiescence and the reprogramming
of cellular homeostasis. These changes alter intercellular signaling dynamics and
promote the initiation of new vessel sprouts. Within this context, ALK1 signaling integrates
with VEGF-driven pathways to fine-tune endothelial responses, reinforce transcriptional
programs that maintain cellular specialization, and ensure balanced vessel growth.
Through these regulatory functions, ALK1 acts as a critical regulator of vascular
development and homeostasis [24,27].

Mechanistic studies show that ACVRL1 silencing enhances VEGFR2 phosphorylation
and signaling [28], while ENG silencing alters VEGFR2 trafficking [29], both contributing
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to excessive pathway activation. Transcriptomic analyses further demonstrate that ALK1
negatively regulates VEGFR2 expression [30, 31], and in vivo studies reveal that genetic
or pharmacological inhibition of VEGFR2 reduces hypervascularization and AVMs in HHT
models [28, 29]. Additionally, and more recently, overactivation of the PISK/AKT/mTOR
pathway has been identified as a key driver of vascular pathology in HHT. In ALK1- and
endoglin-deficient models, ECs show increased phosphorylation of ribosomal protein S6,
a hallmark of mTOR activation, and blocking PI3K or AKT reduces AVM formation
[28,29,31]. We found that sirolimus potently inhibits mTOR signaling while also activating
SMAD1/5/8 via ALK2, thereby correcting two major defects in HHT ECs. In mouse
models, sirolimus treatment normalized mTOR activity, reduced AVM burden, and
improved vascular pathology at clinically relevant doses [32]. These findings identify
mTOR as a central pathogenic node in HHT and support mTOR inhibition as a promising
therapeutic approach.

In recent years, multiple pharmacological strategies have been explored for HHT
treatment. These include, among others, inhibitors of VEGF (bevacizumab), PI3K
(pictilisib), the receptor tyrosine kinase targeting VEGFR2 (pazopanib), and CDK4/6
(palbociclib and ribociclib), and activators of SMAD1/5/8 (tacrolimus and sirolimus), alone
or in combination. Several of these agents have shown beneficial effects in preclinical
models, particularly reducing the number of AVMs [33-36]. More importantly, clinical trials
of some of them have demonstrated therapeutic benefit, especially in reducing HHT-
associated epistaxis [37-42]. As trials develop, knowledge allows us to make
considerations and tweak approaches to improve the drug's efficacy, effects, adequacy
to its personalized usage considering health condition, treatment incompatibilities and
known adverse events, and lastly to increase the drug tool kits for HHT therapeutics.

In this study, we investigated whether the FDA-approved drug nitazoxanide, a drug that
we identified as a possible activator of endothelial SMAD1/5/8 signaling [31], could
potently activate the signaling pathway to prevent vascular anomalies and pathology in
HHT. We found that nitazoxanide is a potent SMAD1/5/8 signaling activator, producing
effects comparable to tacrolimus and sirolimus in ECs. Additionally, nitazoxanide restored
SMAD1/5/8 signaling through ALK1 activation and prevented vascular anomalies and
HHT pathology in the BMP9/BMP10-immunoblocked (BMP9/10ib) mouse model.
Furthermore, nitazoxanide activated SMAD1/5/8 signaling in blood outgrowth endothelial
cells (BOECs) derived from patients with HHT2 and HHT/JPS, supporting its therapeutic
potential in HHT.

Materials and Methods

Reagents and antibodies
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Recombinant human BMP9 (#3209-BP) and VEGF (#293-VE) were obtained from R&D
Systems. Nitazoxanide (#24609) was from AstaTech, Tacrolimus (#10007965) from
Cayman Chemicals and Sirolimus (#J62473) from Thermo Fisher Scientific. For Western
blots, antibody directed against pSMAD1/5/8 (#13820), anti-SMAD1 (#6944), anti-AKT
(#9272), anti-pS473-AKT (#4060), anti-pS6 (#2211), anti-S6 (#2217), anti-ID3 (#9837),
anti-pp38 (#4511) and anti-p38 (#8690) were obtained from Cell Signaling Technology;
anti-ID1 antibody (#BCH-1/195-14) from BioCheck; anti-B-actin antibody (#A5441) and
anti-ALK2 antibody (#155981) from Abcam; anti-ALK1 antibody (#PAS5-14921) from
Invitrogen. Goat anti-rabbit IgG secondary antibody, HRP-conjugate (#A0545) and rabbit
anti-mouse IgG secondary antibody, HRP-conjugate (#A9044) were obtained from Sigma
Aldrich. For protein concentration, Pierce BCA Protein Assay Kit (#23225) was obtained
from Thermo Fisher Scientific. For protein extraction, cOmplete™, EDTA-free protease
inhibitor cocktail tablets (COEDTAF-RO) was obtained from Roche and zirconium oxide
beads (ZrOB0S) from Next Advance. Bovine serum albumin (BSA; BSA-1U) was obtained
from Capricorn Scientific. For immunoblocking of BMP9 and BMP10 in mice, anti-BMP9
(#MAB3209) and anti-BMP10 (#MAB2926) were obtained from R&D Systems. For flow
cytometry, CD45-APCCy7 antibody (#103115) and Zombie Aqua fixable viability kit
(#423101) were obtained from BioLegend, pSMAD1/8-PE antibody (#562509) was
obtained from BD Biosciences, and eBioscience™ FOXP3/Transcription Factor staining
buffer set (#00552300) was from Invitrogen. Alexa Fluor 546-conjugated goat anti-rabbit
(#A11035), Alexa Fluor 488 goat anti-rabbit (#A11034), Alexa Fluor 488 goat-anti rat
(#A11006), TO-PRO3 (#S33025) and isolectin GS-IB4 conjugated to Alexa Fluor 488
(#21411) were obtained from Invitrogen, DAPI (#D9542) from Sigma Aldrich, and anti-
CD31 (#550274) from BD Biosciences. ProLong Gold antifade reagent (#P36930) was
obtained from Invitrogen. For tissue embedding and cryopreservation, Tissue-Tek®
O.C.T. Compound (4583) was obtained from Sakura Finetek. Stealth siRNAs targeting
ACVRL1 and ACVR1, and a negative control, were obtained from Invitrogen.
Lipofectamine  RNAIMAX Transfection Reagent (#13778-075) was obtained from
Invitrogen. LDN193189 (#6053) was obtained from Tocris Bioscience. gqPCR primers
targeting ACVRL1 and ACVR1, and Oligo-dT primers were purchased from Integrated
DNA Technologies (IDT). FastStart Universal SYBR Green Master (#04913914001) was
obtained from Roche and SuperScript Il Reverse Transcriptase (#18064014) was
obtained from Thermo Fisher Scientific.

Cells

HUVECs were obtained from Lonza and were cultured in EC growth medium (R&D
Systems) supplemented with penicillin and streptomycin. C2C12 cells were obtained from
ATCC and were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FBS, penicillin and streptomycin. Blood outgrowth endothelial
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cells (BOECs) were isolated from blood draws obtained from HHT patients. Cells were
isolated as described before [43].

Cell treatments

HUVECs treated or not for 24 hours in complete medium (conditioned for 2 days), with 1
MM Tacrolimus, 1 uM Sirolimus, 1 uM Nitazoxanide or 10 ng/mL BMP9 were stimulated
or not for 5 min with 25 ng/mL VEGF. C2C12 and HUVECs were treated or not for 24
hours in complete medium (conditioned for 2 days), with different concentrations of the
drug (0.03, 0.1, 0.3, 1 uM). BOECs from six HHT patients were treated or not for 24 hours
with 1 yM nitazoxanide.

Flow cytometry

Flow cytometry was performed to evaluate the effect of 0.3 and 1 uM nitazoxanide in
C2C12 cells and to characterize the generated BOECs, using CD45 as a hematopoietic
(negative) marker. C2C12 cells were treated with nitazoxanide as previously described
and stained with Zombie Aqua (1:500) for viability and anti-pSMAD1/8-PE antibody
(1:50). Samples were acquired using a Cytek Aurora spectral flow cytometer. Cells were
first identified based on morphology (SSC-A vs FSC-A), followed by singlet discrimination
(FSC-A vs FSC-H), and gating of live cells (Zombie—). The percentage of live cells was
determined, and within this population, the percentage of pSMAD1/8-positive cells was
analyzed. Positivity for pSMAD1/8 was defined using fluorescence minus one (FMO)
controls for each condition. BOECs were stained with Zombie Aqua (1:500), and anti-
CD45 antibody (1:200). Data acquisition was performed using an Attune NxT cytometer.
Cells were first identified based on morphology (SSC-A vs FSC-A), followed by singlets
selection (FSC-A vs FSC-H), and gating of live cells (Zombie—). Within the live cell
population, BOECs were defined as CD45-negative cells, confirming the successful
isolation and expansion of this population during cell culture. Data analysis was
performed using FlowJo v10.8.

Small interfering RNA

Pharmacological inhibition was performed using the pan-ALK inhibitor LDN193189 in
HUVECs. Cells were cultured for two days in complete medium and treated or not for 24
hours with 120 nM LDN193189 and 1 yM Nitazoxanide. RNA interference (RNAi) was
performed in HUVECSs using Stealth RNAi siRNAs targeting ACVRL1 (20 nM) and ACVR1
(20 nM), or using a stealth negative control (20 nM), and by following the manufacturer’s
recommended protocols (Invitrogen). The effectiveness of the specific siRNAs was
confirmed 48 hours later by qPCR and Western blot. The silenced cells were treated for
24 hours with 1 yM Nitazoxanide, and pSMAD1/5/8 and ID1 levels were determined by
Western blot.
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RT-qPCR

Two days after siRNA treatment, cells were harvested and total RNA was extracted using
the TRIzol-chloroform method. RNA concentration and purity were assessed using a
NanoDrop spectrophotometer (Thermo Fisher Scientific). Complementary DNA (cDNA)
was synthesized from 2 ug of total RNA using 100 U of oligo(dT) primers and SuperScript
Il Reverse Transcriptase, according to the manufacturer’s instructions (Invitrogen).
Quantitative PCR (gPCR) was performed using primers targeting ACVRL1, ACVR1 and
B2M (housekeeping) [44]. Amplification was carried out in a QuantStudio 3 system
(Applied Biosystems). Relative changes in gene expression were determined by the AACt
method.

Immunoblocking of BMP9 and BMP10, nitazoxanide treatments and retinal vasculature
analyses in mice

C57BL/6 mouse pups were administered anti-BMP9 (12.5 mg/kg) and anti-BMP10 (25
mg/kg) antibodies via intraperitoneal (i.p.) injection on postnatal days 3 (P3) and 4 (P4).
On P3, P4 and P5, pups were injected i.p. with nitazoxanide (10 and 20 mg/kg) or vehicle
(DMSO). Pups were euthanized on P6 by CO2 asphyxiation and eyes, liver and lungs
were collected. Eyes were fixed in 4% PFA for 30 minutes on ice and retinas were
dissected, cut four times to allow them to be laid flat and fixed with methanol for 20
minutes on ice. After removing methanol, retinas were rinsed in PBS for 10 minutes on a
shaker at RT and incubated in blocking solution (0.3% Triton, 0.2% BSA, 10% normal
goat serum in PBS) for 1 hour at RT. For staining, retinas were incubated overnight at
4°C with isolectin GS-1B4 conjugated to Alexa Fluor 488 (1:100, 0.3% Triton in PBS) and
pSMAD1/5/8 (1:1000, 0.3% Triton in PBS). Retinas were washed four times with 0.3%
Triton in PBS. When only isolectin GS-1B4 was used, retinas were washed again with PBS
for 10 minutes and then mounted onto slides using ProLong Gold antifade reagent. For
pSMAD1/5/8 immunofluorescence, retinas were incubated with goat anti-rabbit IgG
conjugated to Alexa Fluor 546 (1:1000, 0.3% Triton in PBS) for 2 hours at RT. Retinas
were then washed three times with 0.3% Triton in PBS and once with PBS for 10 minutes
before mounting. Retinas were imaged on an Olympus 1X81 epifluorescence microscope
at 4x, 10x and 20x magnifications and on a Zeiss LSM800 confocal microscope at 63x
magnification. Quantifications were performed using Imaged v1.54k software. Images
were acquired in three different locations of the vasculature: the plexus (between a vein
and an artery) using a 10x lens, and the front of the extending arterial and venous
vasculature using a 20x lens. The area occupied by the vasculature in a region of interest
of 100x100 ym? was measured in these three locations. For the analysis of the number
and diameter of AVMs, and the diameter, whole retinas were imaged with a 4x lens.

Western blot
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After the experiments described above, cells were washed with PBS. C2C12 and
HUVECs were collected in a 1x loading buffer. BOECs were collected with RIPA buffer
containing 5 mM sodium fluoride, 50 mM B-glycerophosphate and 1x cOmplete, EDTA-
free protease inhibitor cocktail (Roche), quantified using BCA method and prepared for
western blot analysis with 3x loading buffer. Tissues (lung and liver) were homogenized
in RIPA buffer supplemented with 5mM sodium fluoride, 50 mM -glycerophosphate and
1x cOmplete, EDTA-free protease inhibitor cocktail (500 pL of RIPA per 50 mg of frozen
tissue). A small spoon full of zirconium oxide beads was added, and homogenization was
performed using a Bullet Blender for 3 minutes at speed 10. Lysates were centrifuged at
12,000 x g for 10 minutes at 4°C. The supernatants were collected, and protein
concentration was determined using the BCA assay. Samples were separated by SDS-
PAGE and transferred onto nitrocellulose membranes. Membranes were then probed with
primary and secondary antibodies. A standard ECL detection procedure was then used.
Protein expression was quantified by densitometry using ImageJ v1.54k software, and
relative expression was calculated as the ratio of the signal of the protein of interest to
actin or the corresponding total protein.

Immunocytochemistry and immunohistochemistry

C2C12 cells were plated onto 0.5% gelatin-coated coverslips (10 mm) and cultured in
complete EC growth medium for two days. Cells were treated or not for 24 hours with
different concentrations of the drug (0.03, 0.1, 0.3 and 1 yM), washed with PBS, fixed in
4% PFA for 20 minutes, and then permeabilized in 0.3% Triton x-100 in PBS (PBS-T).
After blocking with 10% normal goat serum in PBS-T for 1 hour at room temperature, cells
were incubated overnight at 4°C with rabbit anti-pSMAD1/5/8 antibody (1:1000), diluted
in PBS-T. Cells were then washed and incubated for 2 hours at room temperature with
Alexa Fluor 546-conjugated goat anti-rabbit secondary antibody, along with DAPI, all
diluted in PBS-T. Cells were mounted on ProLong Gold antifade reagent and imaged
under the microscope. For tissue imaging, lungs and liver were fixed in 4% PFA overnight
at 4°C, washed once with PBS, and transferred to PBS containing 15% sucrose for
overnight incubation at 4°C. The solution was then replaced with PBS containing 30%
sucrose before immersing the tissues in OCT compound and freezing for cryosectioning.
Sections (10-12 ym) were mounted on slides and permeabilized with 0.3% Triton in PBS
for two consecutive 10-minute incubations at RT. After permeabilization, the sections
were blocked for 1 hour at RT in 0.3% Triton, 0.2% BSA, 5% normal goat serum in PBS.
Antibodies against pPSMAD1/5/8 (1:1000) and pS6 (1:1000) were then applied in 0.3%
Triton in PBS for lungs and liver sections, respectively, and the slides were incubated for
48 hours at 4°C in a humidified chamber without agitation. The sections were washed
three times for 10 minutes in 0.3% Triton in PBS, followed by a 2-hour incubation at RT
with goat anti-rabbit 1IgG conjugated to Alexa Fluor 546 (1:1000) and DAPI (1:1000)
prepared in 0.3% Triton in PBS. Stained sections were washed three times for 10 minutes
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in 0.3% Triton in PBS and twice for 5 minutes in PBS, and then mounted using ProLong
Gold antifade reagent. In both cases, imaging was performed using a Zeiss LSM800
confocal microscope at 63x magnification.

Statistical Analysis

For all datasets, normality was assessed using the D’Agostino—Pearson omnibus test or
the Shapiro—Wilk test, as appropriate. Homogeneity of variances (homoscedasticity) was
evaluated using the Brown—Forsythe test for multiple-group comparisons and the F test
for two-group comparisons. For multiple-group comparisons, when data fulfilled both
normality and homoscedasticity assumptions, a one-way ANOVA followed by Tukey’s
multiple-comparisons test was performed. When data were normally distributed but did
not meet the assumption of equal variances, Welch’s ANOVA followed by Dunnett’'s T3
multiple-comparisons test was used. When normality was not achieved, a nonparametric
Kruskal-Wallis test followed by Dunn’s multiple-comparisons test was applied. For two-
group comparisons, when data fulfilled both normality and homoscedasticity
assumptions, a Student’s t-test was used. When data were normally distributed, but
variances were unequal, a t-test with Welch’s correction was applied. When data were
not normally distributed, a Mann—Whitney test was performed. For two-way experimental
designs, data were analyzed using two-way ANOVA followed by Tukey’'s multiple-
comparisons test when parametric assumptions were met. Homoscedasticity for these
analyses was assessed using Levene’s test. When normality or homoscedasticity were
not achieved, data were log-transformed to satisfy these assumptions before analysis. In
the case of experiments with BOECs, paired statistical analyses were applied. When data
fulfilled normality assumptions, a paired Student's t-test was used. When normality was
not achieved, a Wilcoxon matched-pairs signed-rank test was performed instead. P
values less than 0.05 were considered statistically significant. Analyses were done using
GraphPad Prism, except for normality and homoscedasticity tests associated with two-
way ANOVA, which were conducted in RStudio.

Study approval

Study subjects (HHT2 and HHT/JPS patients carrying a mutation in SMAD4) provided
voluntary and written informed consent using a form approved by Centro Hospitalario
Pereira Rossell Institutional and Hospital Italiano de Buenos Aires Review Board (IRB).
Study subject BOECs were isolated and cultured using a protocol approved by both
Institutions’ IRB. Clinical trial number: not applicable. All animal procedures were
performed in accordance with protocols (009-24) approved by the Institut Pasteur de
Montevideo Institutional Animal Care and Use Committees.

Results
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Nitazoxanide is a potent SMAD1/5/8 signaling activator.

In previous work, we identified immunosuppressants tacrolimus and sirolimus as potent
activators of SMAD1/5/8 signaling [31,32], a key downstream effector of the BMP9-ALK1-
SMAD signaling cascade. Consistent with this, clinical reports have shown that both drugs
can reduce severe epistaxis and gastrointestinal bleeding in patients with HHT [45-49].
However, given their immunosuppressive nature and the need for lifelong treatment in
HHT, we took a step forward in developing a safer long-term therapeutic drug that
restores the BMP9-ALK1-SMAD cascade while avoiding chronic immunosuppression and
expanding patient eligibility. To this end, we focused on nitazoxanide, another promising
candidate previously identified through screening the NIH clinical collections for activators
of BMP9-specific SMAD1/5/8 signaling [31]. We first compared the effect of nitazoxanide
to tacrolimus and sirolimus on SMAD1/5/8 signaling. HUVECs were cultured in complete
medium containing the serum's exogenous trophic factors, conditioned for two days, and
then treated with each drug at 1 uyM for 24 hours. Western blot analysis showed that
nitazoxanide efficiently increased SMAD1/5/8 phosphorylation and induced ID1 (inhibitor
of differentiation 1) expression at the protein level, with an efficacy comparable to
tacrolimus and sirolimus (Fig. 1). Relative to untreated controls, both pSMAD1/5/8 and
ID1 levels were significantly elevated. These results suggest that nitazoxanide is a potent
trigger of the BMP9-ALK1-SMAD signaling cascade in endothelial cells.

To further characterize the effect of nitazoxanide on SMAD1/5/8 signaling, dose-response
experiments were performed in both C2C12 cells (Fig. 2a) and HUVECs (Fig. 2b). Cells
were cultured in complete medium, conditioned for two days, and then treated with
increasing concentrations of nitazoxanide (0.03, 0.1, 0.3 and 1 yM) for 24 hours. Western
blot analysis revealed that nitazoxanide increased SMAD1/5/8 phosphorylation in a dose-
dependent manner and also increased ID1 protein expression levels (Fig. 2a-d). In
addition, confocal microscopy of cells stained for pSMAD1/5/8 and DAPI for nuclear
staining clearly showed an increase in nuclear pPSMAD1/5/8 fluorescence (Fig. 2e-f). Flow
cytometry analysis of C2C12 cells treated with 0.3 and 1 uM of nitazoxanide further
supported these findings, consistently confirming that nitazoxanide increases
pSMAD1/5/8 levels. Both concentrations increased pSMAD1/8 levels, with a higher
percentage of phosphorylation at 1 uM (Suppl. Fig. 1a-b), consistent with Western blot
results (Fig. 2a-d). Additionally, no changes in cell viability were detected (Suppl. Fig. 1c-
d). Together, these data identify nitazoxanide as a potent activator of SMAD1/5/8
signaling.

Nitazoxanide rescues SMAD 1/5/8 signaling by activating ALK1.
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To elucidate the mechanism by which nitazoxanide activates the BMP9-ALK1-SMAD
signaling cascade, we combined pharmacological inhibition with genetic silencing
approaches in HUVECs (Fig. 3 and Suppl. Fig. 2). Cells were cultured for two days and
then treated for 24 hours with the pan-ALK inhibitor LDN193189 (120 nM) and/or 1 uM
nitazoxanide. Under ALK inhibition, nitazoxanide failed to increase ID1 expression or
SMAD1/5/8 phosphorylation (Fig. 3a-b), indicating that its effect depends on ALKS’
activation.

To distinguish between the involvement of specific ALK receptors, our silencing approach
targeted ACVRL1 (which encodes ALK1), ACVR1 (which encodes ALK2) and a negative
control to assess non-specific effects in HUVECs. Knockdown efficiency for both genes
was analyzed at protein (Fig. 3c-f) and mRNA levels (Suppl. Fig. 2), confirming that
siRNAs significantly reduced their intended targets’ expression. These silenced cells were
then treated for 24 hours with 1 uM nitazoxanide to determine whether the drug rescues
BMP9 signaling differentially in ALK1- or ALK2-silenced cells as observed in control cells.
Subsequently, western blot analysis revealed that pPSMAD1/5/8 and ID1 expression were
not induced in ALK1-silenced cells (Fig. 3c-d), whereas a clear increase in both markers
was observed in ALKZ2-silenced cells (Fig. 3e-f). These results demonstrate that
nitazoxanide activates the BMP9-ALK1-SMAD signaling cascade through the ALK1
receptor.

Nitazoxanide prevents vein dilation, hypervascularization and AVM formation in the
retina of BMP9/BMP10-immunoblocked mice.

To gain insight into the therapeutic potential of nitazoxanide in vivo, we used the neonatal
BMP9/10ib model. This model reproduces key features of HHT in the retinal vasculature,
including venous dilation, excessive vascular branching, and AVM formation [31, 32].
Before efficacy studies, dose-finding experiments were performed to identify the highest
nitazoxanide regimen and dose that did not alter normal retinal vascular development
(Suppl. Fig. 3a-d) but that generated a slight reduction in the vascular density in wild type
(CTRL) mice. Notably, we found that the highest tested concentrations (20 mg/kg/day)
significantly reduced the vascular density of all analyzed areas, vascular plexus (Suppl.
Fig. 3e-h), and front of veins (Suppl. Fig. 3i-1) and arteries (Suppl. Fig. 3m-p). We also
used this dose-finding experiment (Fig. 4a) to evaluate pS6 and pSMAD1/5/8 expression
levels in liver and lungs, respectively. With this approach, we defined that nitazoxanide
significantly decreased pS6 levels in the liver (Fig. 4b-c), and increased pSMAD1/5/8
levels and ID1 expression in the lungs of wild type (CTRL) mice (Fig. 4d-e). Based on
these results, BMP9/10-immunoblocked pups were treated preventively by daily i.p.
injection with nitazoxanide (20 mg/kg/day) from P3 to PS5 (Fig. 4f). Mice were then
analyzed at P6, a time point at which vascular abnormalities, including vessel dilation,
hypervascularization, and AVMs, can be identified and quantified. Nitazoxanide treatment
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markedly attenuated these abnormalities induced by BMP9/10 immunoblocking (Fig. 4g-
w). Nitazoxanide significantly reduced both the number and size of AVMs (Fig. 4j-k, I-n).
In addition, nitazoxanide significantly decreased venous dilation (Fig. 40). Quantitative
analyses revealed that nitazoxanide decreased the BMP9/10 immunoblocked-dependent
increase in density of the vascular plexus (Fig.4 g-i, p-r and v) and the front of artery (Fig.4
g-i, s-u and w), reflecting the prevention of vascular abnormalities in the BMP9/10ib
retinas. Together, these data demonstrate that nitazoxanide protects against HHT-like
retinal vascular pathology in vivo. The drug effectively restrained hypervascularization
and venous dilation, and reduced AVM formation, supporting its potential as a candidate
for further preclinical evaluation in the context of HHT.

Nitazoxanide restores endothelial SMAD1/5/8 signaling in the BMP9/BMP10-
immunoblocked mice

In light of the potential of nitazoxanide to simultaneously inhibit mTOR overactivation and
restore SMAD1/5/8 signaling in an HHT mouse model, we examined its impact on
SMAD1/5/8 signaling. For this, we took advantage of our dose-finding experiment in wild
(CTRL) mice (Fig. 4d-e) and evaluated pSMAD1/5/8 and ID1 expression in the lungs of
BMP9/BMP10-immunoblocked mice. The analysis of lung tissue revealed that BMP9/10
immunoblocking strongly reduced pSMAD1/5/8 and ID1 expression, both of which were
restored by nitazoxanide treatment (Fig. 5a-b). Additionally, immunohistochemical (IHC)
analysis confirmed increased nuclear pSMAD1/5/8 signal in CD31-positive ECs from
nitazoxanide-treated lungs compared with PBS-treated controls (Fig. 5c-g). These data
demonstrate that nitazoxanide restores endothelial SMAD1/5/8 signaling in the mouse
lungs in vivo.

Nitazoxanide inhibits mTOR in HUVECs and prevents mTOR overactivation in vivo in
BMP9/BMP10-immunoblocked mice.

As previously demonstrated, mTOR signaling and phosphorylation of its downstream
effector ribosomal protein S6 (S6) are increased in VEGF-stimulated ECs, and are even
more pronounced in ECs within AVMs in ALK14EC mouse retinas and in BMP9/10ib mice
[28,32]. In all cases, these effects are completely inhibited by sirolimus, a well-known
mTOR inhibitor [32].

Given that nitazoxanide has been reported to inhibit mTOR signaling in other cell types
[50], we investigated whether a similar effect occurs in ECs. To this end, we compared
the effects of nitazoxanide with those of sirolimus and tacrolimus (which does not inhibit
mTOR) on mTOR pathway activity by assessing phosphorylation of S6. HUVECs were
cultured in complete medium, conditioned for 2 days, and treated with nitazoxanide,
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sirolimus, or tacrolimus (1 puM) for 24 hours. Western blot analysis revealed that
nitazoxanide moderately but consistently reduced S6 phosphorylation (Fig. 6a-b).

Then, we sought to determine whether nitazoxanide is still effective in the reduction of
mTOR signaling under in vitro conditions more relevant to angiogenesis, by performing
brief VEGF stimulation in primary ECs. We found that in vehicle-pretreated (CTRL)
HUVECs, VEGF stimulation robustly increased AKT and mTOR signaling, evidenced by
an increase in AKT and S6 phosphorylation, whereas the BMP9-ALK1-SMAD signaling
cascade remained completely blocked (Fig. 6¢-d). Both pPSMAD1/5/8 and ID1 levels were
significantly reduced (Fig. 6¢-d). On the other hand, pretreatment with BMP9 for 24 hours
generated no change in AKT and mTOR signaling effect upon VEGF stimulation, while
strongly activating BMP9-ALK1-SMAD signaling cascade (Fig. 6c-d). Surprisingly,
nitazoxanide treatment of HUVEC for 24 hours before VEGF stimulation resulted in
moderate but consistent inhibition of mTOR signaling shown by a reduction in S6
phosphorylation (Fig. 6¢-d). The effect of nitazoxanide was mTOR-specific, because the
drug did not affect VEGF-mediated AKT and p38 phosphorylation (Fig. 6¢).

We next evaluated mTOR signaling in vivo. In a previous work, we reported a robust
increase in MTOR signaling by assessing the level of S6 phosphorylation in whole-liver
homogenates isolated from BMP9/10ib mice [32]. Our dose-finding experiments
demonstrated that nitazoxanide (20 mg/kg/day) significantly reduced S6 phosphorylation
in the liver of wild-type mice (Fig. 4b-c), confirming effective pathway modulation in vivo.
Importantly, nitazoxanide treatment blocked S6 phosphorylation and normalized the
signaling in the BMP9/10ib mouse livers (Fig. 6e-f). IHC analysis further revealed marked
pS6 immunoreactivity in ECs of BMP9/10ib livers, which was significantly reduced
following nitazoxanide treatment of the mice (Fig. 6g-h). Collectively, these data confirm
that nitazoxanide could efficiently block endothelial mTOR dysregulation in vivo.

Nitazoxanide activates SMAD1/5/8 signaling in endothelial cells derived from HHT
patients

Finally, we evaluated the effect of nitazoxanide in a clinically relevant human model, using
blood outgrowth endothelial cells (BOECs) derived from HHT patients. Cells from six
patients, including individuals with ALK1 (HHT2) or SMAD4 (HHT/JPS) mutations, were
treated with nitazoxanide (1 pM) for 24 hours. Under basal conditions, patient-derived
BOECs exhibited reduced pSMAD1/5/8 and ID1 levels compared with healthy controls
(Suppl. Fig. 4), confirming the BMP9-ALK1-SMAD signaling cascade defect.
Nitazoxanide treatment significantly increased SMAD1/5/8 phosphorylation and ID1
expression in all patient samples (Fig. 7a-b), despite the presence of disease-causing
mutations. These results demonstrate that nitazoxanide can activate the BMP9-ALK1-
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SMAD signaling in ECs derived from HHT patients, supporting its potential to restore
pathway activity in a clinically relevant context.

Discussion

Although HHT remains a severely debilitating disorder associated with life-threatening
complications, the past decade has witnessed significant advances in therapeutic
strategies targeting angiogenic cues and dysregulated intracellular pathways,
substantially expanding our understanding of disease mechanisms and improving clinical
management [52,53]. A growing body of preclinical research has generated diverse
pharmacological and biologic candidates with clear translational potential for evaluation
in clinical trials [52,53].

Among these candidates, tacrolimus has progressed along the translational pipeline,
demonstrating activation of endothelial pSMAD1/5/8 signaling and amelioration of
vascular pathology in experimental models of HHT [31] and PAH [53], as well as in
patients [45-48]. Its structural analog, sirolimus (rapamycin), subsequently emerged as a
more potent inhibitor of AVM development in HHT mouse models [32]. Notably, sirolimus
was shown to exert dual modulatory activity in primary endothelial cells—including HHT
patient-derived cells—and in vivo, simultaneously enhancing pSMAD1/5/8 signaling while
suppressing mTOR activity [32]. Here, we identify nitazoxanide as a novel pharmacologic
activator of endothelial SMAD1/5/8 signaling. Nitazoxanide restores the BMP9/10-ALK1-
SMAD signaling cascade in cultured ECs, prevents vascular pathology in an HHT mouse
model, and rescues signaling defects in HHT patient-derived BOECs. Importantly,
nitazoxanide also exhibits a dual modulatory profile in primary ECs, concomitantly
activating pSMAD1/5/8 signaling while inhibiting mTOR activity, thereby mirroring to some
extent the mechanistic framework previously described for sirolimus.

Our data highlights that the mechanism by which nitazoxanide activates pSMAD1/5/8
signaling differs from that described for tacrolimus and sirolimus. Previous studies
proposed that tacrolimus stimulates pSMAD1/5/8 signaling in ECs through the activation
of the kinase domains of ALK1, ALK2 and ALK3, whereas sirolimus selectively stimulates
ALK2 [31,32], in both cases by displacing the inhibitory protein FKBP12 from the kinase
domain [53]. Here, we demonstrated that nitazoxanide activates endothelial pPSMAD1/5/8
signaling through selective activation of ALK1. Although the precise mechanism
underlying this effect—particularly whether nitazoxanide promotes dissociation of FKBP12
from the ALK1 kinase domain—remains to be elucidated, our findings would indicate that
nitazoxanide could activate pSMAD1/5/8 signaling by stimulating the wild-type ALK1
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allele in ECs in the HHT haploinsufficient context. This action may therefore compensate
for ALK1 loss-of-function, restoring the BMP9/10-ALK1-SMAD signaling cascade.

Our investigation further revealed that nitazoxanide administration in the BMP9/10ib mice
triggered a reduction in retinal hypervascularization and in the diameter of veins, and
more importantly, elicited a reduction in AVMs number and diameter. Strikingly,
nitazoxanide fully recovered the activation of pPSMAD1/5/8 signaling in retinal EC of the
BMP9/10ib model. Consistent with these findings, nitazoxanide also recovered
pSMAD1/5/8 activation in the lungs and potently increased the levels of ID1 protein.
Immunohistochemical analysis further indicated that this increase in pSMAD1/5/8
signaling was largely restricted to ECs within the lung vasculature, supporting an
endothelial-specific restoration of this BMP signaling in vivo.

Current evidence indicates that the PISK/AKT signaling pathway and several of its
downstream effectors are overactivated in ECs and contribute to the development of
AVMs in HHT mouse models [28,32]. Pharmacological inhibition of this signaling axis
using PI3K/AKT inhibitors, as well as inhibition of the downstream effector mTOR with
sirolimus, has been shown to normalize endothelial signaling in vitro and significantly
reduce AVM formation in experimental models [28,32], supporting the contribution of
PISBK-AKT-mTOR dysregulation to HHT vascular pathology.

In this context, our results show that nitazoxanide does not affect PI3K/AKT activation but
moderately inhibits mTOR signaling in ECs. Importantly, although loss-of-function
mutations in genes encoding components of the BMP pathway—including BMP9, ALK1,
ENG, and SMAD4-are necessary to cause HHT, they are not sufficient to drive AVMs
formation on their own [54]. This observation underlies the “second-hit” or “multiple-hits”
triggering hypothesis, whereby additional pro-angiogenic stimuli are required for AVM
development [27,55]. Among these, VEGF is recognized as a key regulator of
angiogenesis and an important trigger of pathological vascular remodeling in HHT.
Therefore, we investigated whether nitazoxanide modulates VEGF-dependent signaling
pathways. Our data indicate that nitazoxanide exerts a clear inhibitory effect on mTOR
signaling downstream of VEGF stimulation. In addition, we here show that, in the
BMP9/10ib mouse liver, there is an increase in endothelial mTOR signaling evident by
pS6 overactivation that is fully prevented by nitazoxanide treatments, along with an
almost complete reduction of AVMs in our model. Altogether, these data suggest that
nitazoxanide’s capacity to dampen this pro-angiogenic pathway may contribute to the
reduction of vascular abnormalities observed in our experimental model.
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Furthermore, evaluation of nitazoxanide in patient-derived blood outgrowth endothelial
cells (BOECs) provided indirect evidence supporting its potential therapeutic relevance in
HHT. These cells exhibited a markedly impaired BMP9-ALK1-ENG-SMAD signaling
cascade, reflected by reduced levels of pPSMAD1/5/8 and ID1 protein, consistent with the
ALK1 or SMAD4 loss-of-function carried by these patients. This observation is in
agreement with previous reports showing that, although ALK1 heterozygosity in these
ECs does not significantly alter the global transcriptomic profile or acute SMAD1/5
response to BMP9 stimulation, these ALK1-mutated ECs display an approximately 50%
reduction in ALK1 protein levels at the cell surface compared to control cells in basal
condition (56). Strikingly, here nitazoxanide treatment restored pSMAD1/5/8 activation
and increased ID1 protein levels in these BOECs, despite the underlying ALK1 or SMAD4
loss-of-function, indicating that nitazoxanide can at least partially restore the BMP9-ALK1-
ENG-SMAD signaling cascade in HHT ECs.

Finally, it is important to mention that nitazoxanide is an orally bioavailable drug with
extensive postmarketing experience, having been administered to more than 75 million
adults and children worldwide [57]. Initially developed as an antiparasitic agent, it is
currently used to treat several infectious diseases and exhibits broad-spectrum
antimicrobial activity against parasites, bacteria, and certain viruses [58]. Beyond its
antimicrobial effects, accumulating evidence indicates that nitazoxanide modulates
multiple cellular pathways in different cell types and could exert beneficial effects across
a range of pathological conditions [59,60]. In this work, our conclusion is that nitazoxanide
is a potent activator of SMAD1/5/8 signaling in cells and a mouse model of HHT, including
ECs derived from HHT patients. We thus propose that nitazoxanide has therapeutic
potential in HHT.
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Figure Legends

Figure 1. Nitazoxanide activates the BMP9-ALK1-SMAD signaling pathway with efficacy
comparable to that of the immunosuppressants tacrolimus and sirolimus. HUVECs were
treated or not (NT) for 24 hours in complete medium (conditioned for 2 days) with 1 yM
tacrolimus, 1uM sirolimus or 1 uM nitazoxanide. (a) Cell extracts were analyzed by
Western blot using antibodies directed against the indicated proteins. (b) Densitometric
analyses and quantification of pSMAD1/5/8, ID1 and ID3 relative levels in n=3
independent experiments. Data represent mean + SEM; **p<0.01, ***p<0.001,
****p<0.0001, one-way ANOVA followed by Tukey’s multiple-comparisons test.

Figure 2. Nitazoxanide is a potent SMAD1/5/8 signaling activator. (a) C2C12 cells and (b)
HUVECs were treated or not (NT) for 24 hours in complete medium (conditioned for 2
days) with nitazoxanide at the indicated concentrations. Cell extracts were analyzed by
Western blot using antibodies directed against the indicated proteins. (c-d) Densitometric
analyses and quantification of pPSMAD1/5/8 and ID1 relative levels in n=3 independent
experiments. Data represent mean + SEM; *p<0.05, **p<0.01, ****p<0.0001, one-way
ANOVA followed by Tukey’s multiple-comparisons test (c, ID1; d, pPSMAD1/5/8); Kruskal-
Wallis followed by Dunn’s multiple-comparisons test (b, pPSMAD1/5/8) and one-way
ANOVA followed by Dunnett’'s T3 multiple-comparisons test (d, ID1). (e) Representative
immunofluorescence (IF) confocal images of C2C12 cells treated for 24 hours with
nitazoxanide at the indicated concentrations. Cells were labeled with DAPI (blue) and
pSMAD1/5/8 (green). Scale bars, 25 pm. (f) Nuclear pSMAD1/5/8 fluorescence intensity
quantification. ***p<0.001, ****p<0.0001, one-way ANOVA followed by Dunnett's T3
multiple-comparisons.

Figure 3. Nitazoxanide activates SMAD1/5/8 via ALK1. Effect of ALK1 and ALK2 silencing
on nitazoxanide-induced activation of the BMP9-ALK1-SMAD signaling pathway in
HUVECs. (a) HUVECs were treated for 24 hours with 1 yM nitazoxanide in the absence
or presence of LDN193189 (LDN, 120 nM). Cell extracts were analyzed by Western blot
using antibodies directed against the indicated proteins. (b) Densitometric analyses and
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quantification of pPSMAD1/5/8 and ID1 relative levels in n=3 independent experiments.
Data represent mean + SEM. ****p<0.0001, one-way ANOVA followed by Tukey’s
multiple-comparisons test. (c,e) HUVECs were transfected with 20 nM Stealth siRNAs
targeting (c) ACVRL1 (ALK1) and (e) ACVR1 (ALK2), or a Stealth RNAi negative control
(20 nM), followed by treatment with 1 uM nitazoxanide overnight. Phosphorylation of
SMAD1/5/8 and ID1 expression levels were assessed by Western blot. (d,f) Densitometric
analyses and quantification of (d) ALK1, (f) ALK2, and (d,f) pPSMAD1/5/8 and ID1 relative
levels in n=3 independent experiments. Data represent mean + SEM. ****p<0.0001,
unpaired two-tailed Student’s t-test (d, ALK1; f, ALK2) and two-way ANOVA followed by
Tukey’s multiple-comparisons test (pSMAD1/5/8 and ID1).

Figure 4. Nitazoxanide exerts dose-dependent effects on the liver and lung of wild type
mice and prevents vein dilation, hypervascularization, and AVMs in the BMP9/10ib
mouse retina. (a) Experimental strategy of nitazoxanide dose-finding approach in wild
type (CTRL) mice. Pups were injected i.p. from P3 to P5 with 10 mg/kg/d or 20 mg/kg/d
nitazoxanide. Arrowheads indicate the timepoints of injections and analyses. Pups were
euthanized on P6 for analysis. (b, d) Western blot analysis of (b) liver or (d) lung tissue
homogenates from P6 pups injected at P3, P4, and P5 with PBS and nitazoxanide (10
mg/kg/d or 20 mg/kg/d), using antibodies against the indicated proteins. (c, e)
Densitometric analyses and quantification of (c) pS6, (e) pPSMAD1/5/8 and ID1 relative
protein levels. Data represent mean + SEM (n = 4 mice per group (b)and n =8, 7, 8 mice
(d) for CTRL, NTZ 10 mg/kg/d and NTZ 20 mg/kg/d, respectively). *p<0.05, **p<0.01,
****p<0.0001, Kruskal-Wallis followed by Dunn’s multiple-comparisons test (c; e,
pSMAD1/5/8) and one-way ANOVA followed by Tukey’s multiple-comparisons (e, ID1).
(f) Experimental strategy of nitazoxanide treatment of BMP9/10ib mice. Pups were
injected i.p. from P3 to P5 with 20 mg/kg/d nitazoxanide and on P3 and P4 with anti-
BMP9 (12.5 mg/kg) and anti-BMP10 (25 mg/kg) antibodies. Arrowheads indicate the
timepoints of injections and analyses. Pups were euthanized on P6 for analysis. (g-i)
Representative fluorescence microscopy images of P6 retinas stained with isolectin B4,
from pups injected at P3, P4, and P5 with PBS (CTRL; g), BMP9/10 blocking antibodies
(h), or BMP9/10 blocking antibodies together with nitazoxanide (20 mg/kg/d; i). a, artery;
v, vein. Scale bars, 500 pym. (j) AVM number and (k) AVM diameter in the retinal
vasculature of pups treated as in (f). Data represent mean + SEM (n = 5 mice per group).
*p<0.05, **p<0.01, Mann-Whitney test. (I-n) Higher magnification of the region around the
optic nerve showing AVMs (white arrow). Scale bars, 250 ym. (o) Retinal vein diameter
of pups treated as in (f). Data represent mean + SEM. *p<0.05, **p<0.01, one-way
ANOVA followed by Tukey’s multiple-comparisons test. (p-u) Images showing retinal
vasculature at the (p-r) plexus between artery and vein or (s-u) arterial vascular front of
pups treated as in (f). Scale bars, (p-r) 200 pm or (s-u) 100 um . (v, w) Quantification of
vascular density at the (v) plexus and (w) arterial vascular front under control (PBS),
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BMP9/10 antibody (HHT), and BMP9/10 antibody plus nitazoxanide treatment. Data
represent mean + SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, (v) one-way
ANOVA followed by Tukey’s multiple-comparisons test and (w) one-way ANOVA followed
by Dunnett’s T3 multiple-comparisons.

Figure 5. Nitazoxanide rescues SMAD1/5/8 signaling in the BMP9/10ib mice. (a) Western
blot analysis of lung tissue homogenates from P6 pups injected at P3, P4, and P5 with
PBS, BMP9/10 blocking antibodies, or BMP9/10 blocking antibodies plus nitazoxanide
(20 mg/kg/d), using antibodies against the indicated proteins. (b) Densitometric analyses
and quantification of pPSMAD1/5/8 and ID1 relative levels. Data represent mean £ SEM (n
= 5 mice per group). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA
followed by Tukey’s multiple-comparisons test. (c-f) Representative lungs sections from
pups treated with BMP9/10 blocking antibodies (top) or BMP9/10 blocking antibodies plus
nitazoxanide (bottom), stained with (d) anti-CD31 (green), (e) anti-pSMAD1/5/8
(magenta) and (f) DAPI (blue). Scale bars, 15 ym. Merged images are shown on the left
(c). Scale bars, 20 ym. (g) Quantification of nuclear pSMAD1/5/8 intensity within
endothelial cells. Data represent mean £ SEM (n = 5 mice per group). **p<0.01, unpaired
two-tailed Student’s t-test.

Figure 6. Nitazoxanide inhibits mTOR’s VEGF-mediated activation in endothelial cells and
prevents mTOR overactivation in BMP9/10ib mice. (a-b) HUVECs were treated or not
(NT) for 24 hours in complete medium (conditioned for 2 days) with 1 uM tacrolimus, 1uM
sirolimus or 1 yM nitazoxanide. (a) Cell extracts were analyzed by Western blot using
antibodies directed against the indicated proteins. (b) Densitometric analyses and
quantification of pS6 relative levels in n=3 independent experiments. Data represent
mean * SEM. ***p<0.001, ****p<0.0001, one-way ANOVA followed by Tukey’s multiple-
comparisons test. (c-d) HUVECs treated or not (CTRL) for 24 h with tacrolimus (1 pM),
sirolimus (1 pM), nitazoxanide (1 uM) or BMP9 (10 ng/ml), were stimulated for 5 min with
VEGF (25 ng/ml). (c) Cell extracts were analyzed by Western blot using antibodies
directed against the indicated proteins. (d) Densitometric analyses and quantification of
pS6, pSMAD1/5/8 and ID1 relative levels in n=3 independent experiments. Data
represent mean + SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA
followed by Tukey’s multiple-comparisons test. For pSMAD1/5/8, data were log-
transformed before analysis to meet normality and homoscedasticity test assumptions.
(e) Western blot analysis of liver tissue homogenates from P6 pups injected at P3, P4,
and P5 with PBS, BMP9/10 blocking antibodies, or BMP9/10 blocking antibodies plus
nitazoxanide (20 mg/kg/d), using antibodies against the indicated proteins. (f)
Densitometric analyses and quantification of pS6 relative levels. Data represent mean +
SEM (n = 5 mice per group). **p<0.01, ***p<0.001, one-way ANOVA followed by Tukey’s
multiple-comparisons test. (g) Representative liver sections from pups treated with
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BMP9/10 blocking antibodies (top panels) or BMP9/10 blocking antibodies plus
nitazoxanide (bottom panels), stained with anti-CD31 (green), anti-pS6 (magenta) and
DAPI (blue). Scale bars, 10 um. Merged images are shown on the left. Scale bars, 15
um. (h) Quantification of pS6 intensity within endothelial cells. Data represent mean +
SEM (n = 5 mice per group). ****p<0.0001, unpaired two-tailed Student’s t-test.

Figure 7. Nitazoxanide activates the BMP9-ALK1-SMAD signaling pathway in HHT
patients-derived BOECs. (a) BOECs from six HHT patients—two HHT2 (ALK1-mutant; #1
and #2) and four HHT/JPS (SMAD4-mutant; #3-6)—were treated or not (NT) for 24 h with
1 MM nitazoxanide. Protein extracts were analyzed by Western blot using antibodies
against the indicated proteins. (b) Densitometric analyses and quantification of
pSMAD1/5/8 and ID1 relative levels. Data represent mean £+ SEM. **p<0.01, ***p<0.001,
paired two-tailed Student’s t-test.

Supplementary Figure 1. Nitazoxanide activates SMAD1/5/8 without affecting cell
viability. (a-b) Flow cytometry analysis of pPSMAD1/5/8 in C2C12 cells treated or not (NT)
for 24 h in complete medium (conditioned for 2 days) with different concentrations of
nitazoxanide (0.3 and 1 uyM), in n=3 independent experiments. (a) Gating strategy used
for the analysis. Cells were identified based on side scatter channel area (SSC-A) and
forward scatter channel area (FSC-A), singlets were selected and dead cells were
excluded using the Zombie viability marker. pPSMAD1/8 positivity was determined using
FMO (Fluorescence Minus One) controls in each condition and fluorescence intensity
was analyzed. (b) Percentage of pPSMAD1/8 positive cells. Data represent mean + SEM.
**p<0.01, one-way ANOVA followed by Tukey’s multiple-comparisons test. (c) Gating
strategy for the analysis of viability of C2C12 cells treated as in (a-b). (d) Percentage of
live (Zombie”) C2C12 cells, one-way ANOVA followed by Tukey’s multiple-comparisons
test.

Supplementary Figure 2. Histogram showing (a) ACVRL1 (ALK1) and (b) ACVR1 (ALK2)
expression (222¢Y) in HUVECs treated with CTRL or ACVRL7- and ACVR1-targeting
siRNA. Data represent mean + SEM. *p<0.05, **p<0.01, unpaired two-tailed Student’s t-
test (a) and unpaired two-tailed Student’s t-test with Welch'’s correction (b).

Supplementary Figure 3. Dose-dependent effects of nitazoxanide on retinal vascular
development of wild type mice. (a) Experimental strategy. Pups were injected i.p. from P3
to P5 with 10 mg/kg/d or 20 mg/kg/d nitazoxanide. Arrowheads indicate the timepoints of
injections and analyses. Pups were euthanized on P6 for analysis. (b-d) Representative
fluorescence microscopy images of P6 retinas stained with isolectin B4, from pups
injected at P3, P4, and P5 with (b) PBS, (c) nitazoxanide 10 mg/kg/d, (d) or 20 mg/kg/d.
Scale bars, 300 um. (f-h, j-I, n-p) Representative images of the retinal vasculature
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showing (f-h) the plexus between artery and vein, (j-1) the venous vascular front, and (n-
p) the arterial vascular front in pups treated as in (b-d). Scale bars, 200 ym (f-h) 100 ym
(-1, n-p). (e, i, m) Quantification of vascular density in the plexus (e), venous (i), and
arterial (m) vascular fronts in pups treated as in (b-d). Data represent mean £ SEM (n =
4, 3, 3 mice for CTRL, NTZ 10 mg/kg/d and NTZ 20 mg/kg/d, respectively). *p<0.05,
**p<0.01, one-way ANOVA followed by Tukey’s multiple-comparisons test (e, m) and one-
way ANOVA followed by Dunnett's T3 multiple-comparisons (i).

Supplementary Figure 4. Patients derived BOECs show defects in the BMP9-ALK1-
SMAD signaling cascade. (a-b) Western blot analysis of BOECs from three healthy
donors and from six HHT patients: two HHT2 patients carrying mutations in ALK1 (a) and
four HHT/JPS patients carrying mutations in SMAD4 (b). (c) Densitometric analyses and
quantification of pPSMAD1/5/8 and ID1 relative protein levels. Data represent mean +
SEM. ***p<0.001, ****p<0.0001. Statistical analyses used: unpaired two-tailed Student’s
t-test.
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