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Abstract

Hemophilia A (HA) is a recessive X-linked bleeding disorder that occurs in 1:5000 male live
births and is due to the lack or reduced activity of coagulation factor VIII (FVIII).

Based on its residual activity, three degrees of HA severity can be recognized, and
spontaneous bleeding episodes can occur more frequently in severe HA patients. These
bleedings primarily consist of hemarthroses and spontaneous intracranial hemorrhage that
occur without a clear cause. Currently, there is no definitive cure, and the therapeutic
treatment involves the frequent administration of FVIII in the form of recombinant or plasma-
derived protein to avoid bleeding episodes. However, standard therapies are ineffective in
preventing recurrent joint and intracranial bleedings. It is well established that FVIII is mainly
secreted by endothelial cells (ECs), but little is known about the genetic and proteomic
profiles between healthy and HA ECs. Therefore, we aimed to explore the extra-coagulative
role of FVIII in endothelial stability and identify significant differences in HA and healthy ECs.
In in vitro experiments we demonstrated a reduced functionality of two HA ECs models
[(PSCs-derived-ECs (iECs) and blood outgrowth endothelial cells (BOECs)] compared to
healthy ones in terms of tubule formation, migration, and permeability. The transduction of
HA ECs with a LV carrying the B deleted-domain (BDD) form of coagulation FVIII under the
control of an endothelial promoter, VE-cadherin (LV-VEC.FVIII) partially restored the
impaired capabilities of these cells. Based on in vitro results, we investigated if the impaired
endothelial functionality could also occur in vivo demonstrating an increased vascular
permeability in a mouse model of HA compared to wild type.

Transcriptomic analysis on healthy, HA and LV-VEC.FVIII HA ECs allowed us to identify
gene expression changes between healthy and HA ECs. The genes downregulated in HA
ECs are implicated in ECM organization, focal adhesion, and angiogenesis pathways
supporting the differences observed in endothelial functionality of HA versus healthy cells.
By in vitro experiments, we demonstrated that recombinant FVIII treatment increased the
ability of HA ECs to form tubule network and to migrate. Conversely, we detected an
enhancement on vessel density and diameter of newly formed vessels in in vivo experiments
reinforcing the hypothesized role of FVIII in maintaining ECs stability and functionality.

In conclusion, information from the possible extra-coagulative role of FVIII can be crucial to
understand the key molecular targets missing in HA patients at the cellular level impairing
EC functionality. This information can lead to new therapeutic approaches resulting in a

safer and more efficient treatment of HA.



Sommario

L’emofilia A (HA) & una malattia recessiva legata al cromosoma X che si presenta con una
incidenza di 1:5000 nati vivi. Il fenotipo emorragico tipico dei pazienti emofilici & causato da
un’assente o ridotta attivita del fattore FVIII della coagulazione (FVIII). In base all’attivita
residua del FVIII si possono distinguere tre forme di HA. | pazienti affetti dalla forma grave
sono soggetti a frequenti emorragie che possono presentarsi come emartrosi o emorragie
intracraniche spontanee. Ad oggi non esiste una cura definitiva e il regime terapeutico
prevede il trattamento con FVIII ricombinante o emoderivato. Tuttavia, la terapia
convenzionale non & in grado di prevenire del tutto gli eventi emorragici. E noto che il FVIII
e principalmente prodotto dalle cellule endoteliali (CE), ma non & stata mai investigata la
differenza nel profilo trascrittomico tra le CE emofiliche e sane. Pertanto, lo scopo di questa
tesi € quello di studiare i possibili ruoli extra-coagulativi del FVIII nel mantenimento della
stabilita endoteliale e identificare le differenze rilevanti tra CE emofiliche e sane. Mediante
studi in vitro condotti su due modelli endoteliali (CE derivate da iPSC e CE circolanti del
sangue) abbiamo dimostrato che le CE emofiliche presentano una ridotta funzionalita
endoteliale, rispetto a quelle sane, in termini di capacita di formare tubuli, di migrare e nella
permeabilita. La trasduzione delle CE HA, con un vettore lentivirale che esprime il FVIII la
privo del dominio B sotto il controllo del promotore endoteliale Ve-caderina (LV-VEC.FVIII),
ha permesso il parziale recupero delle capacita funzionali di queste cellule. Inoltre, abbiamo
dimostrato in un modello murino emofilico, un aumento della permeabilita vascolare rispetto
ai corrispettivi topi “wild type”. L’analisi del profilo trascrittomico di cellule sane, HA e HA
trasdotte ci ha permesso di identificare variazioni di espressione genica tra le cellule sane
e HA. | geni “downregolati” nelle CE HA sono implicati nellorganizzazione della matrice
extracellulare, nelle adesioni focali e meccanismi coinvolti nel’angiogenesi. Per avvalorare
il ruolo extra-coagulativo del FVIII, le cellule HA sono state trattate in coltura con il FVIII
ricombinante (rFVIII), dimostrando un aumento della capacita di formare i tubuli e di migrare.
Allo stesso modo, dati ottenuti dai topi iniettati con una matrice extracellulare di natura
organica arricchita di rFVIIl hanno rinforzato l'ipotesi che il FVIII abbia un ruolo nella stabilita
e funzionalita endoteliale.

In conclusione, lo studio sulle funzioni extra coagulative del FVIII potrebbe diventare
fondamentale per identificare i bersagli molecolari mancanti nelle cellule HA responsabili
della disfunzione endoteliale. Questi dati potrebbero essere cruciali per identificare nuovi

approcci terapeutici volti a migliorare lo stile di vita dei pazienti emofilici.



Introduction
1. Hemophilia A and coagulation factor Vi

Hemophilia includes a group of inherited hemorrhagic disorders that alter the body's normal
hemostasis. There are two forms of hemophilia, the first is hemophilia A (HA) resulting from
the deficiency or insufficiency of functional coagulation factor VIII (FVIII) in the blood and
the second is hemophilia B when a functional FIX is mutated. HA is the most common
coagulopathy occurring in 1:5000 male live births (lorio et al., 2019).

FVIII gene (F8) is located on the X chromosome and when mutated, causes the X-linked
disease of HA which may be inherited or arise from spontaneous mutations in carrier
mothers. The reduction or lack of plasma FVIII causes prolonged and excessive bleeding,
either spontaneously or secondary to mild trauma, of clinical severity proportional to the
degree of FVIII reduction. Based on the residual FVIII activity, three forms of HA can be
distinguished: severe form, characterized by levels of FVIII below 1%, moderate form, in
which FVIII levels range from 1 to 5%, and mild form showing 5 to 40% of FVIII activity
(Bolton-Maggs and Pasi, 2003).

F8 is located on the long arm of the X chromosome (Xq28) and exhibit a peculiar structure:
it extends for 186 kb with 24 short exons (69-262 bp) and 2 long exons, exon 14 (3106 bp)
and exon 26 (958 bp). The resulting mRNA is around 9 kb and the coding sequence is 7053
bp long. F8 introns have a long span ranging from 14 to 32 kb, but intron 22 is the largest
with 32 kb of extension. Several mutations in F8 have been described causing HA.

The most frequent mutation, affecting almost 50% of patients with the severe form, is the
inversion of the first 22 exons of F8 caused by intrachromosomal recombination between
the intron 22 (int22h1) with two homologous sequences that span 500 kb from the gene
(int22h3 and int22h3) (White et al., 2001). Other mutations causing the severe form are
small deletions or insertions, missense and non-sense mutations that taken together occur
in 45% of severe HA patients. Less frequent mutations are large deletions, splice site
mutations and intron 1 inversion (Oldenburg and Pavlova, 2006). In contrast, missense
mutations are mainly associated with moderate and mild form (Graw et al., 2005).

To date, 3756 unique F8 variants are listed in the CDC Hemophilia A Mutation Project
(CHAMP) (Payne et al. 2020) (Table 1).



No. of % of

Variant Type Variants Variants
Missense 1745 46,5%
Nonsense 416 11,1%
Frameshift 908 24.2%
Splice site change 320 8,5%
Large Structural Change 210 5,6%
Small Structural Change 86 2,3%
Synonymous 39 1,0%
Promoter 14 0,4%
3'UTR 13 0,3%
5'UTR 5 0,1%
Total 3756

Table 1. Frequency of F8 Variant. F8 mutation listed in CHAMP database representing worldwide HA
patients. https://www.cdc.gov/ncbddd/hemophilia/champs.html

Alongside the molecular diagnostic, the analysis of F8 mutations is useful to further
characterize the gene defect and the risk of inhibitor development, one of the major concerns
of HA current treatment that reduce the residual activity of FVIIl, making the treatment
ineffective (Franchini and Mannucci, 2014). It was reported that patients with severe HA and
mutations predicting a null allele developed inhibitors more frequently (22% to 67%) than
patients with missense mutations (5%) (Margaglione et al., 2008).

F8 encodes for a mature protein of 2332 amino acids (263 KDa) containing 19 amino acids
(aa) signal oligopeptide at the N-terminal (Vehar et al., 1984). A singularity of F8 is the
presence of two additional genes known as F8A and F8B genes in its intron 22 (IVS22), but
so far, F8A and F8B functions are not known (Rossetti et al., 2011). FVIIl is synthesized as
an inactive single chain and it is organized in 6 domains: A1, A2, B, A3, C1, C2 (Fig. 1). In
the blood, after cleavage by furin protease, this protein is divided into two chains: a heavy
chain of 200 kDa (A1-A2-B) and a light chain of 80 kDa (A3-C1-C2).
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Figure 1: Domain structure and processing of FVIIl. VIl is synthesized as an inactive single chain
organized in 6 domain structure: A1-A2-B-A3-C1-C2. a1, a2 and a3 are acidic amino acid rich regions between
the major structural domains and contain sulfated tyrosine residues. After cleavage at the C-terminal region
of B domain, FVIII consists in a heterodimer formed by the heavy chain and the light chain linked by a divalent
metal ion between the A1 and A3 domains. aPC, activated protein C; FVIII, factor VIII; FVllla, activated factor

VIII (Pipe 2009)

Three acidic subdomains, identified as a1-a3 — A1(a1)-A2(a2)-B—(a3)A3—-C1-C2, localize
at the boundaries of A domains and play a fundamental role in the interaction between FVIII
and other proteins.These regions contain the thrombin binding sites (Arg372, Arg740,
Arg1689) crucial for FVIII activation (Fang et al., 2007). Mutations in these subdomains
reduce the level of FVIII activation by thrombin (Donath, 1996; Kjalke et al., 1995).

The B-domain encoded by a single long exon is partially removed from the mature protein.
The B-domain contains 25 potential N-glycosylation sites, 16—19 of which are occupied and



exhibit a significant level of microheterogeneity. Ser743 in the N-terminal region of B domain
is connected with Glu1638 in the C-terminal of B domain forming a SQ specific site
comprising 14 aa (SFSQNPPVLKRHQR) situated between domains A2 and A3. The
presence of this site allows intracellular cleavage of the 170 kDa single chain and formation
of the 80—90 kDa active complex. It is correlated with the presence of aa in positions —1 and
—4 (relative to the Glu1649 site) in SQ enabling proteolytic cleavage by furin protease. FVIII
is inactive or minimally active as a cofactor in blood coagulation process. Its activation as a
cofactor occurs only after proteolytic cleavage in the SQ site (Ngo et al., 2008; Thompson,
2003). The function of the B-domain, comprising 40% of FVIII mass, is not fully understood.
This domain does not affect FVIII activity in the process of blood coagulation. B-domain-
deleted natural or recombinant FVIII (rFVIII) heterodimers show comparable or even higher
activity. The central B-domain is the largest of all the domains and is highly glycosylated
(Berntorp, 1997; Pittman et al., 1993).

In vivo, coagulation FVIII activation is induced by FXa and involves the introduction of
proteolytic breakdowns at several points. Activation results from cleavage of the heavy chain
in: Arg372 (A1 — A2 domain linkage) and Arg740 (A2 — B domain linkage) aa sites and
cleavage of the light chain in amino acid site Arg1689 (B— A3 domain linkage). The active
form of coagulation FVIII, FVllla is a trimer consisting of A1 (aa 1-372) and A2 (aa 373—
740) noncovalently bound, and domains A3 — C1-C2 (aa 1690-2332). The B-domain does
not comprise the FVllla form. The function of FVllla in the coagulation cascade is to
accelerate FX activation in the presence of FIXa, phospholipids and calcium ions (Bhopale
and Nanda, 2003; Eaton et al., 1986; Fay, 2004) (Fig. 2).

Following thrombin-induced FVIII activation, FVIlla binds to the phospholipid surface (PS)
and starts to impact on FIXa, in a complex that activates factor X (FX) which, converging in
the common pathway of the coagulation cascade, allows to the conversion of fibrinogen to
fibrin and the consequent clot formation. The active form of FVIII, indeed, accelerates FX
activation about 1075 times (Eaton et al., 1986). In physiological conditions, circulating FVIII
is present in the blood plasma at a concentration of 0.1-0.2 pg/ml (Adamson, 1994). FVIII n
plasma is complexed with a chaperone, the von Willebrand factor (VWF), which is 50-folds

in excess compared to the FVIII.
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Figure 2. Initiation, amplification, and propagation of coagulation. Upon vessel wall injury and/or
activation of endothelial cells, tissue factor (TF) is exposed to blood and binds to FVII or FVlla, promoting FVII
activation or enhancing its catalytic activity. The TF—FVIla (extrinsic tenase) complex activates small amounts
of FIX and FX. FXa associates with FVa to form the prothrombinase complex, which cleaves Fll to generate
a small amount of thrombin. This initiation phase is followed by the amplification phase, in which thrombin
activates cell-surface bound FV and FVIII and platelet-bound FXI. FIXa binds to FVIlla on negatively charged
surfaces, activating FX (intrinsic tenase), and initiating a burst of thrombin generation—the propagation phase.
a, activated; F, factor; (Madhusudhan 2015)

VWEF, which is secreted by vascular endothelial cells, stabilizes FVIII in the blood stream
and increase the half-life of FVIII by reducing the clearance and avoiding the inactivation by
activated protein C (APC) (Nogami et al., 2002). Furthermore, VWF prevents the nonspecific
binding of FVIII to the membranes of vascular endothelial cells and platelets. In vitro
experiments demonstrated how VWF helps the association of FVIII chains and the
preservation of procoagulant activity in the conditioned medium of cells producing FVIII
(Wise et al., 1991). Inactivation of FVIlla can occur spontaneously or be induced by two
specific inactivators: APC and FXa. APC cleaves FVllla at positions R562 and R336,
disrupting the region of interaction between FVIII and FIX and destabilizing the interaction
between the A1 and A2 domains (Cramer and Gale, 2011). FXa promotes the inactivation
of FVIlla more rapidly in vivo than APC and the mechanism involves the cleavage at
positions R336 and K36, resulting in the destabilization of A1 domain and the unbound of
A2 domain (Nogami et al., 2003).
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2. Current treatment and beyond

To date, for HA there is not a definitive cure, and the therapeutic practice consists in a
replacement therapy of rFVIII delivered by intravenous injections, as needed to treat acute
hemorrhages, or according to prophylactic regimens to prevent bleeds (Collins et al., 2009).
The primary aim of regular long-term prophylaxis is to avoid frequent joint bleeds, prevent
chronic arthropathy and reduce mortality. Despite the great outcomes achieved with
replacement therapy, some unmet medical needs need to be addressed, such as the
reduction of the intravenous injection frequency, and the increase of the short half-life of
native FVIII (8-12 h). Moreover, long-term follow up data from large cohorts of patients
treated over decades with regular prophylaxis showed that minimal concentrations of FVIII
are sufficient to prevent bleedings even though the development of joint damage was not
completely abolished but only delayed in time (Srivastava et al., 2020). New generation of
standard rFVIIl was obtained by refinements of the recombinant protein by optimizing
relevant post-translational modifications like glycosylation that can improve the stability of
the mature FVIII protein (Lissitchkov et al., 2017) or the introduction of a covalent link
between the FVIII heavy and light chains that preserves the FVIII molecule from premature
degradation and confers a higher binding affinity for VWF (Mahlangu et al., 2016). These
modifications have been shown to provide effective prophylaxis with two or less injections
per week in approximately 30% of patients (Lentz et al., 2018; Mahlangu et al., 2016; Saxena
et al., 2016). Over the years new bioengineered molecules were developed with at least 1:4
times extended plasma half-life (EPHL) (Mahlangu et al., 2018) and improved
pharmacokinetics properties given by the fusion of rFVIIl with the Fc portion of
immunoglobulin (Mahlangu et al., 2014) or with the conjugation of polyethylene glycol
(PEGylation) (Konkle et al., 2015). However, EPHL products are still regulated by the
interaction with VWF (approximately 15 h half-life), thus limiting half-life extension of FVIII
with techniques available today (Graf, 2018). The introduction of EPHL has provided further
improved prophylaxis effectiveness in bleeding control, prevention and better adherence to
the treatment and the reduction of the weekly number of injections to a once-per-week
dosage (Giangrande et al., 2017; Reding et al., 2017). The replacement therapy, even if
improved the patient’s quality of life, does not represent a definitive cure and several issues
are still to be solved. Intravenous route of administration is a substantial burden especially
for young or infant patients and possible complications, such as infection or thrombosis,
could occur. Nevertheless, the main complication is the development of neutralizing

antibodies (inhibitors) to FVIII that is common in 20-40% of patients with the severe form.
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This worsens the clinical aspect making the treatment ineffective, reducing the residual
activity of the endogenous FVIII and exposing patients to an increased risk of morbidity and
mortality (Van Den Berg et al., 2019; Dimichele, 2002). Therefore, alongside clotting factors
concentrates advancements, another class of drugs called non-replacement therapy is
emerging to overcome the difficulties of intravenous delivery and to improve the
effectiveness of therapies in all patients, regardless of the presence or absence of inhibitors
(Oldenburg et al., 2017; Pasi et al., 2017; Shapiro et al., 2018). New non-replacement agents
do not contain FVIII protein, thus the therapy does not cause a specific immune response
against FVIII and is not neutralized by pre-existing inhibitory anti-FVIII. A key feature of these
new non-replacement therapies, besides a subcutaneous method of delivery and similar
effectiveness in patients both with and without inhibitors, is a substantially longer duration
of action that leads to a more stable steady state hemostatic effect. The first one to be
approved for prophylaxis in patients with and without inhibitors, is a humanized bispecific
monoclonal antibody (emicizumab) that bridges activated FIX and FX, mimicking the co-
factorial function of activated FVIII (Kitazawa et al., 2012). Emicizumab can be administered
once every 7, 14, or 28 days, with comparable efficacy across different ages and
bodyweights (Oldenburg et al., 2017; Pipe et al., 2019b). Other compounds that have been
developed are hemostatic rebalancing agents, but efficacy and safety are currently under
investigation (Zhao et al., 2021). These agents target the natural inhibitors of the coagulation
cascade: antithrombin, tissue factor pathway inhibitor (TFPI), and activated protein C
(Cardinal et al., 2018; Gu et al., 2017; Sehgal et al., 2015). Nevertheless, pharmacokinetic
and pharmacodynamic studies carried out on patients treated with emicizumab,
antithrombin and anti-TFPI antibodies, showed that the level of hemostatic correction is
comparable to that of patients with mild hemophilia (as measured by thrombin generation
assays). Bleeding events can still occur after trauma requiring the use of additional
hemostatic agents, according to the patients’ inhibitor status (Ebbert et al., 2020;
Santagostino et al., 2019; Zimowski et al., 2019). Finally, the non-replacement therapy is
not based on a recombinant FVIII protein and due to the possible biological roles for FVIII
beyond its procoagulant function, the long-term bone and joint health can be affected
(Lenting et al., 2017; Samuelson Bannow et al., 2019).Altogether, treatment optimization
has been the main objective over the last decade for HA patient’s healthcare, but several
concerns remain. Thus, further therapeutic approaches are still required, and cell and gene

therapy strategies have been developed with the aim of finding a definitive cure for HA.
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3. Gene therapy for hemophilia A

Gene and cell therapy could represent an optimal therapeutic approach for monogenic
disease. Gene therapy is a form of molecular medicine that have been developed since the
1980s and it is still evolving: the main purpose is to introduce genetic material into the target
cells, tissues or organs in a safe and efficient way, with the goal to obtain a therapeutic
effect, or to slow down the patient disease progression. The challenge of gene therapy is to
develop one or more systems capable of achieving an efficient gene transfer in selected
tissues without causing pathological consequences to the patient. The genetic material
should be delivered by a vector capable of overcoming the biological barriers between cells
and surrounding environment, efficiently target the suitable cell type for the pathology and
allow a regulated long-lasting gene expression without life-threatening side effects for the
patient. Gene therapy can be applied: i) in vivo, by direct injection of a vector expressing the
gene of interest, either systemically or directly into the damaged tissue; ii) ex vivo, using
vectors to genetically manipulate the patient's autologous cells and then transplant the
corrected cells back into the patient himself (Verma and Weitzman, 2005).

Vectors for gene therapy are commonly divided in viral and non-viral, the choice of which

may depend on the specific application (Fig.3).
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Figure 3. Gene therapy approaches. Schematic illustration of gene therapy approaches showing viral, non-
viral and genome editing methods.
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Many viral and non-viral vectors can be used as potential delivery vehicles for gene therapy.
Examples of non-viral gene delivery are naked/plasmid DNA, lipofection and nanoparticles.
To date, viral vectors are the most used in clinics because of the efficiency and safety of the
gene transfer. Vectors derived from an extensive engineering of several classes of virus
satisfy the biosafety requirement and carry the gene of interest. Viral-based delivery systems
simply exploit the natural ability of viruses to deliver genes into the host cell genome,
excluding their replication and pathogenic assets. This can be achieved by spatially
separating viral cis-acting sequences and trans-acting regulatory genes into different
plasmids during vector production. Additional safety measures aimed to prevent
homologous recombination between common sequences that could reconstitute the
parental viral genome (Verma and Weitzman, 2005). Several viral vectors have been
designed and includes integrating and non-integrating vectors, with either DNA or RNA
genome. The adenoviral associated vectors (AAVs) have been reported as the non-
integrating vectors largely used in the clinics whereas among the integrating vectors
retroviral and lentiviral vectors (LV) are the most frequently used.

Hemophilia A represents an ideal target for gene therapy since restoring FVIII from severe
to moderate levels is sufficient to ameliorate the bleeding phenotypes of patients with a
general improvement of quality of life. The goal of gene therapy for HA is to develop gene
therapy products as single-dose treatments that may provide long-term expression of the
deficient FVIII coagulation factor at steady-state levels and a sustained duration of action.
This would liberate patients from the need for regular intravenous infusions. Thus, both AAV
and LV gene therapy strategies for HA have been conducted over the years to accomplish

a safe transgene expression without the development of inhibitors.

3.1 AAV-based gene therapy strategies for hemophilia A

AAVs are small, non-enveloped icosahedral viruses (25 nm) that belong to the Parvovirus
family. It has been described that they can rarely integrate into the host genome, mostly at
sites of actively transcribed genes or double strand breaks (Deyle and Russell, 2009). AAVs
are capable of infecting both mitotic and post-mitotic cells but as they are episomal they are
more suitable for gene replacement therapy in non-dividing cell therapies. Potential
limitations associated to the use of AAV are represented by the widespread pre-existing
immunity against the most common serotypes (Mingozzi and High, 2013) and by a limited
capacity in terms of transgene size as it can contain small DNA inserts up to a maximum of

4.5kb (Grieger and Samulski, 2012).
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However, the immune responses to AAVs remain a major obstacle, especially for in vivo
applications. Indeed, it has been demonstrated that patients that exhibited cellular and
humoral immunity toward vector antigens lose the transgene expression. Therefore, testing
for innate immunity is becoming more widespread and is used as an exclusion criterion for
clinical trial eligibility (Mingozzi and High, 2013; Rabinowitz et al., 2019).

Advances in hemophilia gene therapy was first achieved in a clinical trial for hemophilia B
(Nathwani et al., 2011) using AAV8 capsid protein to deliver FIX into patients (Nathwani et
al., 2014) increasing the quality of patients' life and encouraging new efforts to improve this
approach as an alternative approach to replacement therapy. Despite the relevant results
obtained for hemophilia B, gene therapy for HA progress slower due to several factors. The
smaller size of the FIX coding sequence (1.4 kb) compared with the FVIII coding sequence
(7 kb) has allowed researchers to more easily identify suitable vectors to transfer the FIX
cDNA into potential target cells, making the overall progress of gene therapy more rapid for
hemophilia B. Moreover, using a comparable vector delivery, transduced cells express 100-
fold less FVIII level than FIX (Lynch et al., 1993). Finally, FVIIl is naturally 5-6-fold more
immunogenic than FIX, making the transgene mediated immune response a big concern.
Nevertheless, the AAV-FIX clinical trials by Nathwani et al. have detected an anti-AAV
capsid immune response at high vector doses (Nathwani et al., 2014). This limit is very
challenging for FVIII gene therapy because the necessary dose to achieve therapeutic levels
of FVIII are higher than for FIX (High, 2012). To overcome some of these issues, FVIII
molecule has been extensively modified by deleting the B-domain, that is not relevant in
clotting function, and by codon optimization of the sequence. These modifications allowed
the size reduction of FVIII cDNA closing the gap with the small capacity of the AAV cassette.
Despite sustained FVIII levels have been reached using AAV vectors in HA animal models
(Finn et al., 2010; Mclntosh et al., 2013; Nguyen et al., 2019), the doses needed to reach
therapeutic correction were significantly higher than the maximum doses of AAV-FIX
administered to patients in clinical trials.

Over the years, several approaches for HA gene therapy using different AAV capsid were
attempted, and recent clinical trials are listed in Table 2.
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N° of

TR .
Type of vector Transgene patients FVIIl activity % Trial status Sponsor References
IAAVS BDD-FVIII 134 13-20 Active, not recruitin Biomarin Rosen 2020; Pasi 2020; Rangarajan 2017
(NCT03370913) : 9 : » nangaraj
rAAVhu37 - .
(NCT03588299) BDD-FVIII 30 5-17 Recruiting Bayer Pipe 2019
AAVE BDD-FVIII 12 NR Not yet recruitin ASC Therapeutics N/A
(NCT04676048) y 9 pe
rAAV2/6 - ) . .
(NCT04370054) BDD-FVIII 63 7-169 Recruiting Pfizer Leavitt 2020; Konkle 2019
rAAV-LKO03 " . o
(NCT03003533) BDD-FVIII 30 13-30 Recruiting Spark Therapeutics Ran 2020; High 2018
rAAV2/8 FVIII-V3 18 6-76 Recruiting UcCL Nathwani 2018

(NCT03001830)

Table 2. Recent Clinical Trials for Hemophilia A Gene Therapy. All recent clinical trials for hemophilia A
rely on systemic administration of AAV vector. Data were collected from clinicaltrials.gov as of April 2021.
(High et al., 2018; Konkle et al., 2019; Leavitt, 2020; Nathwani et al., 2018; Pasi et al., 2020; Pipe et al.,
2019a; Ran et al., 2020; Rangarajan et al., 2017; Rosen et al., 2020)

A crucial point for these studies will be achieved in longer follow-ups to show if FVIII
concentrations will be stabilized or if the decline will be progressive with the complete loss
of expression. To date, young patients are still excluded because of many practical
restrictions and safety concerns. Of relevance, the episomal state of the transgene after
AAV transduction cannot ensure stable transgene expression in a growing liver because of
the dilution effect from cellular division. Since AAV are common non-pathogenic viruses that
infect humans beginning in childhood, pre-existing antibodies are frequently present in the
general population. Furthermore, patients with inhibitors are now excluded from this
therapeutic approach. Therefore, lentiviral vectors (LVs) could represent a viable approach

able to overcome some AAV limitations in gene therapy for HA.

3.2 Lentiviral vector-based gene therapy strategies for hemophilia A

Lentiviruses are single-stranded viruses of the Retroviridae family, characterized by the
ability to retrotranscribe their RNA genome into a cDNA copy, which is then stably integrated
into the host cell genome. The integration ability of these viruses has rendered these vectors
the preferable choice in gene therapy when aiming at permanent gene transfer even if they
tend to integrate more randomly into the genome (Biffi et al., 2011). LVs dispose of an active
transport mechanism of translocation of the genomic material into the nucleus regardless of
the cell cycle status. Thus, they can transduce both non-dividing and dividing cells

guaranteeing stable and persistent transgene expression in vitro and in vivo, opening the
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possibility for the treatment of a broad range of genetic disorders. The lack of viral proteins
and the accommodation of expression cassettes of up to 10 Kb are additional advantages.
Human immunodeficiency virus type 1 (HIV-1)-based vectors are the most extensively
studied and used LV so far (Naldini, 2019). To build safe vectors, the lentivirus genome was
modified over the years by segregating the cis-acting sequences and trans-acting genes in
different plasmid constructs. Based on the evolution of the packaging constructs used for
vector production LVs are classified into “generations”. Third-generation vectors are the
most advanced version utilized to produce LV, with enhanced safety achieved by splitting
sequences and genes necessary for viral production into four different plasmids. Moreover,
the use of cell- and tissue-specific internal promoters selectively targets the vector
expression to the desired tissue allowing prolonged gene expression. Ubiquitous promoters
allow a strong transgene expression, even though they happen to be inactivated over the
time impairing the sustained transgene expression. Hepatocyte-specific promoters have
been widely used to obtain prolonged expression in the liver and mitigated immune
responses (Follenzi et al., 2004). Inducible promoters are also a valid option, as they provide
an additional regulatory element that can be induced under specific conditions in selected
tissues (Vigna et al., 2005). Moreover, another degree of cell targeting is represented by the
post-transcriptional regulation based on micro RNAs (miRNAs). For gene transfer purpose,
the insertion of complementary sequences to a specific miRNA (miRNA target sequence,
mirT) to the 3' of the expression cassette, offers the possibility to reduce selectively the
transgene synthesis in the cell types in which that selected miRNA is expressed (Brown et
al., 2006).

However, innate or adaptive immune response can occur against the transgene once is
expressed by antigen presenting cells (Annoni et al., 2007). Therefore, the use of cell
specific promoter to de-targeted transgene expression in antigen presenting cells allowed
the sustained expression of therapeutic gene in the selected cells, by reducing immune
response.

Despite no clinical trial is ongoing with other viral vectors except for AAVs, LVs were
employed for the treatment of HA in preclinical models allowing stable multi-year transgene
expression in the liver of mice and dogs (VandenDriessche et al., 1999; Xu et al., 2005).
Transplantation of LV-transduced hematopoietic stem cells (HSCs) in conditioned recipient
mice resulted in a successful phenotypic correction of HA mice and, in addition, in
immunological tolerance induction to the transgene. One of the attractive features of LV-

transduction of HSCs is that by using megakaryocytic specific promoters, FVIII expression
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can be directed to platelets resulting in hemostatic correction, as it was demonstrated in
mouse, rats and dog models of HA (Du et al., 2013; Shi et al., 2007, 2020). After vascular
damage, FVIII was released with platelets degranulation only in the site of injury, providing
a locally inducible treatment to maintain hemostasis for HA. Notably, phenotypic correction
was achieved also in HA mice presenting high-titer inhibitory (Kuether et al., 2012). This
strategy could be an innovative treatment for HA patients with pre-existing inhibitors.
However, preconditioning of bone marrow is not without risky side effects and risk/benefits
ratio need to be carefully assessed for this type of gene therapy for HA. A similar approach
was explored by direct intraosseous delivery of LV in HA mice in which bone marrow cells
and HSCs were transduced in situ bypassing the conditioning treatment (Wang et al., 2015).
Liver, and especially, hepatocytes have been considered the perfect target for HA gene
therapy due to their limited transgene mediated immune response. However, FVIII inhibitors
development is still a current drawback for the success of HA gene therapy, thus, additional
suitable cell types were evaluated.

The specifically targeted FVIII expression in organs or cell types with immuno-tolerant
properties could overcome inhibitor development. Liver sinusoidal endothelia cells (LSECs)
represent an optimal candidate since their ability to induce tolerance against antigen
presented by themselves (Knolle and Wohlleber, 2016). Besides FVIII production in specific
cell type, immune response can be reduced by narrowing transgene expression in APCs.
This was obtained by using the microRNA target sites miRT142-3p that provided a sustained
FVIII expression in mice without antibodies formation (Matsui et al., 2011).

FVIII is largely secreted by ECs, particularly by LSECs, and to a lesser extent by
hematopoietic cells in both humans and mice (Follenzi et al., 2008; Fomin et al., 2013;
Shahani et al., 2014; Zanolini et al.,, 2015). To increase the target specificity of FVIII
expression, in the study of our group, miRTs were included (i.e., miRT142.3p, miRT-126,
and miRT-122) to silence expression in hematopoietic cells, endothelial cells, and
hepatocytes, respectively. FVIII expression was thereby restricted to endothelial or myeloid
cells using LVs containing endothelial-specific (LV.VEC) or myeloid-specific (LV.CD11b)
promoters. Remarkably, transcriptional targeting for ECs by using VEC promoter in
presence/absence of miRT122-142 allowed long-term therapeutic levels of FVIII expression
in HA mice and induced the production of regulatory T cells (Tregs) that inhibited the immune
response (Merlin et al., 2017).

Recently, our group targeted FVIII expression in naturally FVIII-producing cells by

generating a LV containing the BDD-FVIII transgene under the control of the F8 promoter
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(pF8). Tail vein injection of this LV in HA mice resulted in sustained production of therapeutic
levels of FVIII that were higher compared to the ones obtained by targeting specifically ECs
with VEC promoter. pF8 demonstrated to be active in an organ-dependent manner allowing
transgene expression in hepatic endothelial cells as well as in splenic hematopoietic cells.
Moreover, no inhibitors were observed, and stable tolerance was reached via a mechanism
involving Treg induction, even following FVIII challenges (Merlin et al., 2019).

The idea of pF8-driven transgene expression to correct the bleeding phenotype in HA was
pursued in another work of our group. Firstly, from an in silico analysis of pF8 sequence, it
was predicted the role of the most represented endothelial-specific transcription factor
binding sites (TFBSs) that may have a role on F8 transcriptional regulation. Identifying the
transcription factors (TF) required for maximal promoter activity in ECs, may offer an
important step forward in the development of gene therapeutic approaches for HA. In vitro
luciferase assays demonstrated the central role of Ets family of TFs in the modulation of pF8
activity. According to the position of Ets1/2 TFBSs, the length of the native pF8 sequence
was reduced gradually until the minimal portion of pF8 required to efficiently drive FVIII
expression in vivo was found. FVIII gene transfer in HA mice, indeed, confirmed the power
of the length-reduced promoters to drive long-term and stable FVIII expression without
inhibitors development. It should be noted that therapeutic levels of FVIII activity were
detectable in all treated mice at similar levels to those observed in mice delivered with the
native pF8 (Fama et al., 2020). Besides comprehending the underlying mechanism of F8
transcription, such optimization of the minimal pF8 size opens the possibility to explore new
perspectives with respect to the current obstacles associated with the achievement of an

efficient FVIII gene delivery.
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4. Cell and gene therapy: endothelial cells as optimal cell source

Despite its advantages, “pure” gene therapy approaches face some challenges in HA
treatment. A combined approach of gene and cell therapy deserves further consideration to
determine if an effective and safe cell-based treatment can be developed. Cell therapy
consists in the infusion or transplantation of cells in a patient from external sources to
achieve the treatment of a specific disease. For genetic disease, cell therapy approaches
also called ex vivo gene therapy, involve the gene transfer of the correcting gene into the
cells to be transplanted representing an alternative strategy to pure gene therapy.

This approach is most frequently applied to hematopoietic stem cells, which is becoming a
powerful and versatile strategy to treat a growing number of human diseases. Albeit great
outcomes of cell therapy were achieved, some concern about immune rejection of donor
cells remain. To overcome potential immune response of transplanted allogeneic cells,
technologies such as hydrogels encapsulation and medical devices were developed.
Implantable devices, for example, can provide a vascularized encapsulated environment for
therapeutic cells to produce and release missing proteins into the bloodstream while
providing immune protection (NCT03513939).

To design a cell-based therapy approach it is fundamental to identify the best cell sources
to treat the disease. Expression of FVIII, the missing factor in HA, is tissue-specific and
although FVIII mRNA is detected in several human and mouse organs such as liver, spleen,
lymph nodes, kidney (Hollestelle et al., 2001; Wion et al., 1985) and hematopoietic cells
(Follenzi et al., 2012; Zanolini et al., 2015), transplantation studies in HA animal models and
patients demonstrated that liver is the primary source of FVIII (Bontempo et al., 1987) and
among liver cells, liver sinusoidal endothelial cells (LSECs) are the main sources of FVIII.
In 2005, it was demonstrated that the presence of ECs in several liver-cell combinations was
essential for the correction of clotting dysfunction of transplanted HA mice (Kumaran et al.,
2005). Afterward, Follenzi et al. transplanted purified mature LSECs into the portal vein of
HA mice and demonstrated the engraftment in the liver and the therapeutic correction of HA
reaching above 10% FVIIlI activity of normal plasma levels (Follenzi et al., 2008).
Additionally, successful transplantation of human LSECs isolated from adult liver in HA mice
was also reported (Filali et al., 2013; Fomin et al., 2013; Zanolini et al., 2015). Therefore,
LSECs were recognized as the main source of FVIIl in the liver, bringing them to the forefront
in the design of alternative therapeutic approach for HA, such as gene and cell therapy. In
the context of cellular therapy for HA, potential sources of transplantable cells could be

represented by LSECs or immature endothelial progenitors. However, cell therapy with adult
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LSECs is limited by access to living donor tissue or cadaverous livers. Thus, other stem cell
and progenitor populations were evaluated for their potential for in vivo FVIII production
either by acting as carrier cells for ectopic FVIII expression or differentiation into LSECs after
transplantation. Even though LSECs and stem cells derived from various adult and fetal
sources may play a great role in the therapy of HA, there are potential limitations that may
hinder their clinical utility such as: i) lack of availability of a suitable donor tissue; ii) low yield
of LSECs from liver homogenates, iii) limited expansion potential of stem cells or LSECs
due to loss of functional or proliferative capacity in vitro. The extent of these potential
limitations is not fully known and requires further studies. Nonetheless, to provide good
quality and an appropriate number of cells to treat HA, investigation into alternative LSECs
sources is prudent.

In addition to LSECs, other cell sources competent for FVIII production can be identified in
bone marrow-derived stem cells, blood-outgrowth endothelial cells (BOECs), endothelial
progenitor cells derived from the differentiation of induced pluripotent stem cells (iPSCs) and

embryonic stem cells (ESCs). (Fig. 4)
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Figure 4. Gene and cell therapy for hemophilia A. Schematic representation of ex vivo gene therapy
approaches to genetically correct HA patient’s cells. PBMCs, fibroblasts or urinary epithelial cells can be
reprogrammed into iPSCs. Alternatively, primary cells such as HSCs or BOECs can be used for subsequent
F8 gene correction using lentiviral vector or gene-editing techniques to obtain differentiated cells expressing
the functional form of FVIII. HA, hemophilia A; PBMC, peripheral blood mononuclear cells; iPSCs, induced
pluripotent stem cells; HSCs, hematopoietic stem cells; BOEC, blood outgrowth endothelial cells; TALEN
Transcription activator-like effector nucleases; CRISPR/Cas; clustered regularly interspaced short palindromic
repeat
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4.1 iPSC-derived endothelial cells

In 2006 a major scientific milestone was achieved when iPSCs were discovered (Takahashi
et al., 2006). The finding of generating embryonic-like stem cell starting from somatic cells
has revolutionized the fields of disease modelling, drug discovery and cell therapy
development. In contrast to human ESCs, human iPSCs are easier to obtain and do not
generate ethical controversy. Since then, due to their extensive potential for self-renewal,
growth, and pluripotency, the establishment of iPSC allowed the generation of differentiated
cells belonging to all three primary germ layers and, thus, including endothelial cells (ECs).
Since FVIII is primarily expressed and post-translationally modified in ECs, iPSC
differentiation approach ensures a consistent and potentially unlimited source of ECs for in
vitro studies and regenerative medicine.

ECs are cells of mesoderm origin that line the inner layers of the blood and lymphatic
vessels. Alongside the vessel barrier role, ECs are actively involved in the immune
response, inflammation, and transportation processes (Bierhansl et al., 2017).

According to their function and location, ECs can be morphologically characterized as
continuous, fenestrated, or sinusoidal (Aird, 2012). For example, liver sinusoids display a
discontinuous endothelium that allow the exchange of solutes and macromolecules, while
the endothelium of large vessels display tight junctions that serve as a barrier (Dela Paz and
D’Amore, 2009). Subtypes of ECs can be distinguished also by their origin whether it be
arterial, venous, or lymphatic, with their size determining whether they are macrovascular
or microvascular ECs. Despite subtypes of ECs can be identified by unique markers, some
common markers are shared among all ECs, such as CD31, vWF, CD144, and VEGFR2
(Ribatti et al., 2020).

Primary ECs can be isolated from endothelial biopsies, but they are difficult to retrieve and
have a limited proliferation potential (Hewett, 2016). For this purpose, iPSCs are an
attractive source for generating ECs, especially if the potential to generate patient-specific
cells is considered, thus reducing the risk of immune rejection by offering an autologous
source of cells in the perspective of transplantation.

Several methods have been developed to differentiate iPSCs into ECs, but general vessel
specificity of iPSCs-derived ECs is difficult to obtain and, therefore, more specific protocols
were investigated (Zhang et al., 2014). Despite many ECs differentiation protocols are now
available, only one group has achieved the differentiation of iPSC into LSECs. Koui et al.
obtained LSEC progenitors by exhibiting a mature endothelial morphology and expressing

specific markers, such as FLK1, F8, STAB2, and LYVE1 (Koui et al., 2017). Recently, the
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same protocol for LSEC differentiation was confirmed by Danoy et al., who further
characterized the generated cells with additional specific markers, including CD144 and
STAB1, and a new set of genes overlapping the gene expression profile of primary human
LSECs (Danoy et al., 2020).

The use of cell therapy in the treatment of HA in the past few year consisted mainly in the
transplantation of healthy cells to repair or replace the coagulation factor deficiency (Follenzi
et al., 2012; Kumaran et al., 2005; Ohashi et al., 2005; Zanolini et al., 2015). These
procedures were led mainly with adult stem cells and, more recently, with progenitor cells
partially differentiated from iPSCs, but the mechanisms by which transplanted cells engraft,
proliferate and function remain unknown. Xu and colleagues (Xu et al., 2009), evaluated the
therapeutic application of iPSCs using iPSC-derived endothelial cells for treatment of a
preclinical mouse model of HA. Following transplantation of these cells into the HA mice
liver, the levels of plasma FVIII in treated mice increased to 8%-12% and HA mice survived.
Moreover, they examined the liver distribution of GFP-labeled transplanted cells and
demonstrated that these cells appeared to reconstitute structurally the sinusoidal endothelial
compartment in the liver.

Several studies aimed to develop HA iPSCs models. Jia et al. established human HA models
using hepatocytes-like cells differentiated from integration-free-iPSCs, but obtained cells
failed to secrete FVIII (Jia et al., 2014). Subsequently, other strategies were investigated to
generate a FVIlI-deficient model cell line avoiding the use hemophilic patient samples.

At the beginning of the genome-editing era, an HA model cell line was developed using a
transcription activator-like effector nuclease (TALEN) pair to invert a chromosomal segment
that spans the portion of the FVIII gene in human healthy iPSCs (Park et al., 2014). This
study demonstrated that TALEN could be used not only to model HA, but also to correct
genetic defects. Other genetic engineering tools such as PiggyBac transposon were used
to recapitulate (Matsui et al., 2014) or to revert (Neumeyer et al., 2019) FVIII mutations in
HA-IPSC patients, that after differentiation in ECs were able to restore FVIII levels in a
mouse model of HA. After the discovery of an “easy-to-use” gene editing platform, as
clusters of the regulatory interspaced palindromic repeats (CRISPR)-Cas9 system, several
works have been published since then (Park et al., 2015, 2019; Sung et al., 2020).

Our group published in 2018 a preclinical study in which iPSCs were obtained from 4 HA
severe patients, besides healthy donors. Our approach took advantage of peripheral blood
sampling as the safest and easiest procedure for hemophilic patients, if compared with skin

biopsies. Among the cells of peripheral blood, we identified CD34+ cells as the optimal cell
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source for reprogramming, by obtaining bona fide iPSCs after 20 days. The differentiation
protocol into ECs was improved by adding a mesoderm transition step driven by the
presence of BMP4, before definitive endothelial differentiation. The resulting cells were able
to form functional and stable microvascular ECs that manifest an endothelial gene
expression pattern specific for blood endothelial cells. Moreover, in contrast to HA-ECs,
healthy-ECs were able to long-term secrete FVIII. For HA cell therapy HA-iPSCs were
corrected by gene transfer using a LV carrying the functional BDD-FVIII under the control of
the endothelial-specific VEC (cadherin 5) promoter. The use of VEC promoter limited the
FVIII expression only in the iPSC-derived differentiated cells that were effectively ECs. HA-
ECs, indeed, were able to express and secrete FVIII after genetic correction, demonstrating
the transcriptional activation of the endothelial-specific promoter in vitro and in vivo. Upon
injection through the portal vein into a conditioned mouse model of HA, the FVIII-expressing
HA-iIPSC-derived ECs were able to engraft and repopulate the liver parenchyma by forming
new vessel network. Of greater importance, the transplantation rescued the hemophilic
phenotype of the mice by restoring therapeutic levels of FVIII activity up to 12 weeks (Fig.
5) (Olgasi et al., 2018).
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Figure 5. Patient-specific iPSC-derived endothelial cells provide long-term phenotypic correction of
hemophilia A. Upon blood collection of HA patients, CD34+ cells were isolated from MNC and reprogrammed
with a LV carrying miRNAs 302/367 cluster and OSK. Obtained bona fide HA-iPSCs were gene corrected by
using a LV carrying the BDD-FVIII under the control of VEC promoter and differentiated in ECs. Transplantation
of HA-iPSC-derived-ECs in monocrotaline-conditioned NGS HA mice engrafted and repopulated liver vessel
network and most importantly corrected long-term the bleeding phenotype of HA mice (Olgasi 2018). MNC,
mononuclear cells; OSK; OCT4 SOX2 KLF4; iPSC, induced pluripotent stem cells.
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These studies provide the proof of concept for the potential to develop cell therapy strategies
based on iPSCs technology correcting the bleeding phenotype of the disease. Indeed, the
possibility to differentiate patient-derived iPSCs into ECs and correct them by gene transfer

could represent an unlimited source of transplantable FVIII producing cells to treat HA.

4.2 Blood outgrowth endothelial cells (BOECs)

BOECs are a sub-population of human endothelial cells, found within the peripheral blood.
The first group to report the presence of circulating cells which could differentiate into cells
with the phenotypic characteristics of vascular endothelium was described by Lin et al. (Lin
2000). The concept of endothelial cells that could be isolated from blood is not new, but the
origin of those cells was controversial until Hebbel shed light to the miscalling of these cells,
identifying the subset of blood ECs as depicted in Fig. 6 (Hebbel, 2017).
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Figure 6. Blood endothelial cell types, origins, and culture. Circulating endothelial cells (CEC) are
detached from the vessel wall endothelium as the result of injury and/or disease. Blood outgrowth endothelial
cells (BOEC) have all the characteristics of mature endothelial cells. They seem to be progeny of endothelial
colony—forming cells (ECFC), a marrow-derived progenitor that resides both in blood and within in situ
endothelium. The other relevant cell appearing from appropriate culture of blood mononuclear cells was
labeled “EPC” (intended for endothelial progenitor cells). These were later shown to be of hematopoietic
stem cell (HSC) origin. (Hebbel 2017)

25



Circulating endothelial cells (CECs) are the result of vessel wall endothelium detachment
due to injuries or pathological conditions. CEC have a very limited proliferative ability but
may be useful for reporting the status of the endothelium (Solovey et al., 1997). In contrast,
cultures of peripheral blood mononuclear cells produce an outgrowth of cells that can be
divided in endothelial or non-endothelial classes, depending on specific culture method. The
cells formerly referred as endothelial progenitor cells (EPCs) (Asahara et al., 1997) are of
hematopoietic origin, characterized by limited growth potential and inability to produce
mature endothelial cells (Medina et al., 2010; Yoder et al., 2007), even though in certain
conditions could provide nutritive support for endothelial cell expansion. Conversely,
BOECs, are fully differentiated endothelial cells in every aspect: morphology, phenotype,
organelle content, response to stimuli, observable behaviors, and gene expression pattern.
The origin of BOECs, that are obtained by in vitro culture, is to be intended from a progeny
of circulating, marrow-derived, transplantable cells that are supposed endothelial progenitor
cells also called endothelial colony—forming cells (ECFCs) (Lin et al., 2000). Supposedly,
ECFCs reside in the vessel wall endothelium at higher numbers than found circulating in
blood, even though they can be found in the early stage of the same cultures from which
BOEC ultimately emerge (Yoder et al., 2007).

Despite their still debated origin, BOECs have attracted significant attention due to the
potential for translational studies, gene therapy and vascular regeneration, especially when
cells are required from a specific donor such as in autologous cell therapy.

BOEC:s find their applications in bioengineering when they have been used in the advance
of bioartificial vascular networks, valve coatings, and nano matrix materials for wound
healing. In cell biology, BOEC cultures allow the study of the effect of a specific protein on
endothelial biology and as a matter of fact they have been injected as bait and later
recaptured to identify the roles of specific signaling molecules during vasculogenesis
(Rohban et al., 2013).

BOECs also have been used for experimental gene therapy. For example, autologous
BOECs have been successfully used for gene therapy in animal models of HA (Lin et al.,
2002; Matsui et al., 2007; Ozelo et al., 2014).

The first experiment reported by Lin et al. demonstrated the feasibility of using BOECs as a
delivery system for the administration of FVIII. After expansion, BOECs were transfected
with a nonviral plasmid vector carrying the BDD form of FVIII and then tail-vein injected in
NOD/SCID mice. Results of the study indicate that BOECs expanded in vivo after

administration and sustained therapeutic levels of FVIII up to 5 months. Moreover, it was
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revealed that BOECs accumulated only in bone marrow and spleen and that these cells
retained endothelial phenotype and transgene expression (Lin et al., 2002).

BOECs isolated from canine and murine blood were transduced with a LV containing the
canine BDD-FVIII (cFVIII) transgene and then subcutaneously implanted in Matrigel plugs
in immunodeficient and immunocompetent mice. In both mouse models, therapeutic levels
of cFVIII persisted up to 27 weeks after implantation. Loss of cFVIIlI expression was then
observed due to a gradual loss of BOEC viability (Matsui et al., 2007).

cFVllI-transduced BOECs have also been grown into monolayer sheets and then
transplanted subcutaneously resulting in a partial correction of the bleeding phenotype in
HA mice (Tatsumi et al., 2013).

Subsequently, cFVIlI-overexpressing autologous BOECs were implanted in the omentum of
a canine model of HA. These implanted cells formed new vessels in the omentum thereby
secreting into circulation therapeutic levels of cFVIIl up to 1 year after the transplantation
(Ozelo et al., 2014).

To improve transplanted cells engraftment, Gao et al. proposed a co-transplantation study.
Cord blood isolated BOECs were transduced with a LV carrying the BDD-FVIII and were
intramuscularly injected in combination with placenta-derived mesenchymal stromal cells
(PMSCs) in neonatal and adult immunodeficient mice. Longer engraftment was achieved in
the co-transplanted mice in which the engrafted BOECs expressed FVIII, maintained
endothelial phenotype, and generated functional vasculature. Overall, when co-
transplantation of BOECs and PMSCs was proven in HA mice, a significantly attenuation of
the bleeding symptoms of the mice was observed (Gao et al., 2019).

Our group successfully isolated BOECs from healthy donors and HA patients with no
differences in terms of number of colonies achieved. After in vitro expansion both BOECs
from healthy donors and HA patients showed the classical endothelial cobblestone-like
morphology and the conventional endothelial markers such as CD31, KDR, Tie-2, VEC,
VWEF, while the hematopoietic phenotype was excluded due to CD34 and CD45 absence.
For FVIII correction, isolated cells were transduced with a LV carrying the BDD form of FVIII
driven by the VE-cadherin promoter (LV-VEC.hBDD-FVIIl). The ability to secrete FVIII was
first evaluated in vitro, and subsequently upon BOECs injection in association with
microcarrier beads in NSG-HA mice. Transduced healthy and HA BOECs were able to
partially restore FVIII activity, which reached 10% at 4 weeks post injection and persisted
above 5% for up to 10 weeks. Moreover, BOECs were subjected to large-scale expansion

under GMP-compliant conditions without any changes in terms of morphology, functionality,
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and ability to secrete FVIII. As a proof-of-concept study, BOECs were encapsulated into an
implantable, scalable, pre-vascularized device already in phase lll clinical trial for type |
diabetes. The device, called Cell Pouch™, when implanted in HA mice, allowed survival of
BOECs and subsequent FVIII secretion that was able to reach therapeutic level of plasma
FVIII up to 13 weeks (Olgasi et al. under revision; manuscript attached in the appendix).
Further investigation will be needed to assess the long-term survival of the encapsulated
BOECs. Cell Pouch™ is currently used in a clinical trial for diabetes type | in which insulin
producing Islets of Langerhans are encapsulated in the device (NCT03513939). The Cell
Pouch™ is designed as a scaffold made of non-degradable polymers, formed into small
cylindrical chambers which, when placed in the subcutaneous site, becomes incorporated
with tissue and microvessels. After the tissue incorporation, the plugs are removed, leaving
fully formed tissue chambers with central void spaces for the transplantation of therapeutic
cells, including islets. The scalable design of Cell Pouch™ allow several re-implantation of
therapeutic cells on demand.

To date, our study was the first therapeutic approach that combines the GMP production of
autologous human BOECs with the use of a safe ex-vivo approach based on an implantable
pre-vascularized device.

Finally, despite BOECs cannot be successfully isolated from peripheral blood from all
individuals due to low number of circulating ECFC in the blood, ECFC/BOECSs represent a
powerful tool to study molecular endothelial dysfunction in disease, giving access to ECs
from patients and healthy controls in a non-invasive way. On the other hand, the number of
preclinical studies involving BOECs are growing, with the potential to be applied in clinical

studies.
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5. Clinical manifestations of hemophilic patients: is it only a bleeding
disorder?

HA is a disabling condition associated with chronic pain, joint impairment, and reduced
quality of life starting at an early age. General bleeding is considered the hallmark of HA
occurring in any body district, but the most affected sites are joints and muscles. The extent
of clinical manifestations of HA patients depends on the severity of the FVIII deficiency.
The onset of the disease occurs at early age in severe HA patients, meanwhile bleeding
occurs only in response to injury/trauma or surgery in patients with mild and moderate HA
(Franchini et al., 2010). The major manifestations include abnormal bleeding in association
with surgical procedures, excessive bruising, or hematomas with activities considered
normal for age. In the absence of an informative family history, moderate and particularly
mild HA may go undetected up to prepuberal age. Patients with severe HA commonly
experience spontaneous bleeding episodes, therefore, the disease can be fatal in early
infancy without treatment (Hay et al., 2021).

The factors that initiate hemorrhage are not known, and the onset of hemorrhage often is a
random event, occurring either spontaneously or after minimal injury. Approximately 80
percent of hemorrhage occurs into joints, at the level of knees, elbows, and ankles (Gooding
et al., 2021). However, other pathological conditions seem to be correlated with FVIII
deficiency, as cartilage degeneration, bone remodeling, renal and cardiovascular diseases

and intracranial hemorrhages.

5.1 Hemarthroses development

Due to recurrent joint bleeding, one of the main and common long-term complications in the
management of the hemophilic patients is the development of hemophilic arthropathy (Lobet
et al., 2014; Luck et al.; Simpson and Valentino, 2012).

Spontaneous hemarthroses are quite characteristic of severe HA as to be considered a
diagnostic factor. Even if the vascular proliferation is not usually a feature of the normal joint,
inflammatory conditions, such as recurrent bleeding, stimulates angiogenesis leading to
reorganization of articular blood vessels and hypertrophic synovia (Knobe and Berntorp,
2011; Valentino, 2010).

Primary prophylaxis, which is initiated prior to orimmediately following the first hemarthrosis,
is used to prevent joint destruction or to halt its progression. In the absence of primary

prophylaxis patients will develop a first hemarthrosis, typically manifesting between the ages
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of 1 and 5 years (Lobet et al., 2014). Repeated hemarthrosis is responsible for arthropathy
in adulthood and, if left untreated, severe HA patients may present more than 30
hemarthroses/year (Stephensen et al., 2009).

The pathological mechanism underlying the development of hemophilic arthropathy is not
yet fully understood. The mechanism is multifactorial, involving cartilage degradation and
inflammation of the synovial membrane due to the toxic effects related to blood effusions
(Acharya et al., 2011). Vascular development and angiogenesis are an essential component
of blood-induced joint disease. Just as angiogenesis is required for tumor growth, it also
appears to be necessary for synovial expansion. Synovial joints are susceptible to
spontaneous bleeds because the synovium is well-vascularized. In case of repeated
extravasations or ongoing bleeding, the amount of blood exceeds the synovial removal
capacity. Neovascularization causes the synovial membrane to thicken and develop friable
fronds and villous projections. A network of capillaries forms under the hypertrophied
synovium in response to joint irritation and increase blood flow to remove blood breakdown
products. Iron, one of the hemoglobin degradation products of red blood cells, accumulates
in the tissue as well as hemosiderin deposits, which trigger synovial inflammation
(Calcaterra et al., 2020).

It was demonstrated that high levels of inflammatory cytokines are present in hemosideritic
synovium than in normal tissue (Roosendaal and Lafeber, 2003). Moreover, in a murine HA
model it was observed the activation of nuclear factor kappa B (NF-kB)-associated signaling
pathways when joint bleeding was induced (Sen et al., 2013). Pro-inflammatory cytokines
like interleukin (IL)-1, IL-6, interferon-gamma (IFN gamma) and tumor necrosis factor-alpha
(TNFa) were found upregulated as observed in other manifestations such as cartilage
degeneration in osteoarthritis and rheumatoid arthritis (Schuerwegh et al., 2003). The
presence of iron transforms the thin synovial membrane into a hypertrophic and hyperplasic
membrane characterized by the proliferation and the persistence of inflammatory cells. The
inflammation site requires higher level of oxygen stimulating the release of growth factors
like VEGF, that in turn promotes neoangiogenesis, both locally and systemically (Acharya
et al., 2011). Chronic inflammation triggers the release of tissue-destructive enzymes and

cytokines that contribute to progressive joint damage (DUNN, 2011) (Fig. 7).
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Figure 7. Pathobiology of hemophilic arthropathy. Erythrocytes in the joint space are processed by
synoviocytes (S) and tissue macrophages (M), that store iron released from erythrocytes as hemosiderin. The
expression of the oncoproteins C-MYC and MDM2 in response to iron results in synovial hypertrophy. Synovial
hypertrophy creates a hypoxic environment causing arise in hypoxia-inducible factor (HIF)-1a and HIF-2aq,
which induce increased expression of the pro-angiogenic mediators vascular endothelial growth factor-A
(VEGF-A) and stromal-cell derived factoria (SDF-1a), as well as pro-matrixmetalloproteinases (pro-MMP).
VEGF-A stimulates synovial neoangiogenesis and plasmin-mediated conversion to MMPs results in
glycosaminoglycan release from the cartilage matrix, and cartilage and subchondral bone destruction.
Synoviocytes and tissue macrophages also release pro-inflammatory mediators, such as tumor necrosis factor
alpha (TNF-a), interferon-y, interleukin (IL)-1B, IL-6, and monocyte chemoattractant protein-1(MCP-1) fueling
these processes. Secreted IL-1B induces increased production of hydrogen peroxide (H202) in the
chondrocytes, which upon reaction with iron (Fe2p) forms cytotoxic hydroxylradicals (OH-) and prompts
chondrocyte apoptosis. Neoangiogenesis and vascular remodeling are assumed to maintain a vicious cycle
of re-bleeding that results in progressive hemophilic arthropathy, characterized by synovial hypertrophy,
cartilage and bone destruction, and joint deformities (Wyseure 2016).

As a result of hemarthroses escalated in synovitis, target joints become more susceptible to
mechanical damage and because of the vascular remodeling, more vulnerable to further
bleeding (Bhat et al., 2015). A target joint is clinically defined as a joint in which 3 or more
spontaneous bleeds occur within a consecutive 6-month period. About 25% of patients with
severe hemophilia will experience recurrent bleeding and develop single or multiple target
joints that are often painful and affect their quality of life (Klamroth et al., 2011). Over the
years, periodic hemarthroses lead to chronic synovitis and ultimately the synovium becomes
fibrotic. Clinical deformity of the joints can be difficult to treat and if canonic treatment options
are not successful, surgery may be required to replace the damaged joint (Lobet et al.,
2014).
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5.2 Cartilage degeneration and bone remodeling

Cartilage consists of chondrocytes and matrix, mainly containing collagen type Il and
proteoglycan (aggrecan) which are required for the tensile strength and resilience of the
cartilage tissue. As a result of joint bleeding, cartilage degeneration occurs both from
synovial dependent and independent mechanisms. At first, hemophilic synovitis leads to the
transformation of the cartilage in an invasive and destructive layer, called pannus, that is
placed over the cartilage surface (Hoots, 2006). Characteristic of the pannus tissue is the
presence of proliferative fibroblast-like mesenchymal cells, macrophage infiltration and other
inflammatory cells that drive the degradation of the cartilage matrix by releasing
collagenolytic enzymes, synovial derived pro-inflammatory cytokines, plasmin, and matrix
metalloproteinases (MMPs) (Nieuwenhuizen et al., 2013). Secondly, the presence of blood
exerts a direct harmful effect on cartilage. Exposure of blood on chondrocytes inhibits their
ability to produce proteoglycans and other extracellular matrix proteins, by unbalancing the
matrix turnover. Moreover, oxidative stress induced by pro-inflammatory cytokines lead to
chondrocyte apoptosis, facilitating the tissue destruction (Hooiveld et al., 2003).

In parallel with synovitis and cartilage degeneration, also the underlying bone of target joint
becomes impaired. Bone remodeling results from an unbalanced equilibrium of bone
resorption and bone formation leading to a reduction of bone mineral density (BMD) and
osteoporosis (Katsarou et al., 2010; Kovacs, 2008). A decreased BMD has been observed
both in children and adult with HA (Barnes et al., 2004; Paschou et al.,, 2014). As a
consequence, the risk of bone fracture is higher compared with the general population,
especially for HA patients affected by the severe form (Gay et al., 2015). The reason behind
this fracture risk is not completely understood but it could be addressed to impaired joints or
to decreased BMD. Certainly, the sedentary lifestyle and hemarthroses contribute to poor
bone health.

Apart from the association of hemophilia and BMD, animal models have provided evidence
for a specific role of FVIII in bone remodeling. Bone remodeling is controlled by bone
formation and resorption, primarily induced by osteoblasts and osteoclasts, respectively.
The mechanism behind hemarthrosis bone turnover is supposed to result from changes in
the RANK-L//RANK/OPG pathway that result in the stimulation of osteoclastogenesis and in
an enhanced disruption of bone tissue (Shahi et al., 2017). In HA patients presenting severe
arthropathy, the synovial tissue shows an increased expression of RANK and RANK-L with
a stimulation of the osteoclastic differentiation and thus bone resorption (Baud’huin et al.,

2009).
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5.3 Cardiovascular disease

The link between hemophilia and cardiovascular disease (CVD) has been investigated in
several studies. Technically, because of the bleeding phenotype of HA patients, a reduced
risk of thrombotic events might be expected. A systematic review including almost 15000
HA patients found no significant reduction in arterial thrombosis-related mortality compared
to the general population (Kamphuisen and Ten Cate, 2014). Despite the role of FVIIl is not
clear in the formation of atherosclerotic plaques, thrombin generation is likely to play a key
role. Conversely, in terms of acute thrombosis, a risk factor for venous thromboembolism
has been described in presence of supraphysiological FVIII levels (Simioni et al., 2021).
However, the regular infusion of FVIIl on CVD risk in HA has not been investigated
(Samuelson Bannow et al., 2019).

Another contributing factor for the risk of CVD is represented by hypertension. Age and body
mass index are major risk factor in HA patients as well as in the general population. Yet, an
increased prevalence of hypertension has been reported, especially in patients with
moderate and severe HA compared with those with mild HA (Von Drygalski et al., 2013).
Because of the bleeding events, also the kidney undergoes to neoangiogenesis, thus
contributing to the hypertension observed in HA patients (Renna et al., 2013). As mentioned
above, severity of hypertension is correlated to the enhanced risk of ICH that is 20-50-fold
more common in hemophilic patients (Barnes et al., 2016).

Another threatening factor for HA patients with hypertension is the increased risk of fracture.
A link between osteoporosis and hypertension has been reported (lli¢ et al., 2013). In a rat
model of hypertension, bone structure was impaired and osteoclastogenic markers were
upregulated.

However, the causal relationship among hemophilia, osteoporosis, and hypertension has
not been studied. Meanwhile, both blood pressure and osteoclastogenesis markers should
be considered for further studies (Wang and Bai, 2021).

5.4 Unstable endothelial functionality

Recently, it was demonstrated an attenuated microvascular endothelial functionality in
hemophilic patients and altered collagen levels in the plasma of HA patients, suggesting a
dysfunction in endothelial cells (Kjeld et al., 2018).

Based on the correlation between hemophilia and arthropathy development, several groups

investigated if there was a correlation between serum collagen levels and the annual
33



bleeding rate (Kjeld et al., 2018; Manon-Jensen et al., 2016). The extracellular matrix (ECM)
remodeling is necessary for the maintenance of healthy tissues and an altered formation
and degradation of ECM proteins can be associated to several pathologies (Xu and Shi,
2014). Recent studies demonstrated a correlation between an altered ECM and the
development of hemophilic arthropathy. Amongst the ECM proteins, collagens are the most
abundant. Moreover, it has been shown in hemophilic patients that high levels of collagen
XVIII correlates to higher annual bleeding rates (Kjeld et al., 2018). The ECM dysfunction in
ECs could result in their enhanced permeability and tight junctions where integrins may be
involved in vascular function and permeability (Lampugnani et al., 2018; Sheppard, 2002).

However, whether FVIII replacement therapy will impact neoangiogenesis is not known.

5.5 Intracranial hemorrhage

Despite the FVIII deficiency, newborns affected by the severe form of HA could live their first
few months without any symptoms of the disease. However, approximately 3 to 5 percent
of such patients develop intracranial hemorrhage (ICH) in the perinatal period due to trauma
as the major precipitating factor (Zanon and Pasca, 2019). During ICH episodes, seizures
commonly occur, letting long-term complications such as psychomotor retardation and
cerebral palsy (Balami and Buchan, 2012).

It appears obvious that ICHs represent the most serious event that can occur in HA patients
resulting in high rates of mortality and disability (Ljung, 2008; Zanon et al., 2012). Mortality
caused by ICH, indeed, is around 20% (Stieltjes et al., 2005) and is higher in younger
children (Senapati et al., 2016). The manifestation of ICH is often spontaneous, and it mainly
occurs in children (up to 2yrs) and in patients that do not adhere to the prophylaxis regimen
(Chalmers et al., 2018). Although the cause of the development of spontaneous ICH is still
unknown (Kulkarni et al., 2017), a correlation between the severe form of hemophilia and
ICH in children has been described, emphasizing the importance of prophylaxis in reducing
the risk of ICH development (Andersson et al., 2017; Bladen et al., 2016).

In adult HA patients the maijor risk factor for ICH is hypertension as well as cardiovascular
diseases (Von Drygalski et al., 2013). Indeed, it has been demonstrated a higher risk of
developing hypertension and cardiovascular diseases in hemophilic patients compared to

healthy subjects, but also in this case the mechanisms are not yet fully understood.
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Aim of the thesis

Hemophilia A (HA) is an inherited bleeding disorder caused by genetic defects in coagulation
FVIII. Based on its residual activity, there are several degrees of severity and spontaneous
bleeding episodes can occur more frequently in severe HA patients. These bleedings
primarily consist of hemarthroses and spontaneous intracranial hemorrhage that occur
without a clear cause. Moreover, it has been described an impairment in vessel stability in
HA patients but the correlation with the absence or low activity of FVIIl has never been
explored. Endothelium fragility has never been a focus in HA and to date, very little is known
regarding the differences in the genetic profile between healthy and hemophilic endothelial
cells (ECs). Such information may be crucial to understand if key molecular targets are
missing in HA cell patients impairing EC functionality.

The main goals of this PhD thesis are: i) to understand the involvement of FVIII in EC
functionality in vitro and in vivo; ii) to investigate if restoring FVIIl in HA cells using
recombinant FVIII protein or by LV transduction carrying FVIII transgene result in an
improvement of EC functionality; iii) to evaluate the differences in transcriptomic profile of
healthy, HA and FVIII corrected HA ECs to define the genes involved in endothelial cell
physiology.

Therefore, the overall goal is to investigate the potential extra-coagulative roles of FVIII and
elucidate the molecular mechanisms in which it is involved.

Understanding the role of FVIII in EC stability can help to shape the development of new

therapeutic approaches resulting in a more efficient treatment of HA.
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Materials and methods

Cell culture

iPSC-derived ECs (iIECs) were differentiated as previously published (Olgasi et al., 2018)
from one healthy donor and two severe HA patients. Obtained HA-IECs were transduced
with a LV carrying the B domain deleted (BDD) form of F8 under the control of the endothelial
VE-cadherin (VEC) promoter (LV-VEC.FVIIl). iECs were cultured on 0.1% gelatin and
maintained in KnockOut DMEM (Gibco) enriched with 10% fetal bovine serum (American
origin — Euroclone), 1% glutamine (Gibco®, Life Technologies), 1% non-essential
amminoacids (Gibco®, Life Technologies), 0.1% B-mercapthoethanol (Gibco®, Life
Technologies), 50 ng/ml of VEGF (Cell Guidance System). BOECs were isolated from two
healthy donors and three severe HA patients. Isolated HA-BOECs were LV-VEC.FVIII
transduced as described for iIECs. BOECs were maintained on CellCoat Collagen Type 1-
coated Tissue Culture Flasks (Greiner Bio-One) at a 10* cells/cm?in MCDB 131 medium

(Gibco®, Life Technologies) containing proprietary supplements.
BOECs LV transduction

Healthy, HA and LV-VEC.FVIII BOECs were plated at the 10* cells/cm? density and after 6-
8 hours transduced with a lentiviral vector carrying the green fluorescent protein under the
control of VE-cadherin promoter (LV-VEC.GFP) using a Multiplicity of Infection (MOI) of 20.
After 14-16 hours incubation, fresh medium was added to the cells and 72 hours later half

of the cells were harvested for FACS analysis using, while the other half was further cultured.
Flow cytometry analysis

Healthy, HA and LV-VEC.FVIIIl HA BOECs transduced with LV-VEC.GFP were analyzed by
to assess the GFP positivity. For each sample, 1.5%x10° live events were acquired on the
Attune NxT Acoustic Focusing Cytometer (ThermoFisher Scientific, Waltham, MA, USA).
Data were analyzed by FCS Express 6 (DeNovo Software, Glendale, CA, USA).

In vitro tubulogenic assay

Matrigel Matrix (Corning) was thawed overnight on ice. Twenty-four-well tissue culture plates
were coated with 300 pl Matrigel per well and allowed to solidify at 37°C for 30 minutes.
5*10* healthy, HA, LV-VEC.FVIII HA BOECs or 3*10° iECs, were resuspended in culture
medium and placed on top of the Matrigel. For FVIII stimulation, HA BOECs were
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resuspended in serum free medium containing 1U/ml of one of the two recombinant form of
FVIII (rBDD-FVIII or rFL-FVIII). Plates were incubated at 37°C, 5% CO:2 and observed after
16 hours of incubation. Images were acquired under inverted microscope Leica ICC50.
ImageJ Angiogenesis software was used for the quantification of number of nodes,

junctions, branches, and total length.
In vitro migration assay

Healthy, HA or LV-VEC.FVIII HA BOECs or iECs were plated into the upper compartment
of the 8-um pore size transwell chamber (Corning Incorporated, Corning, NY) at a density
of 10° in serum free medium (MCDB131) while the lower compartment of the chamber was
filled with complete medium. For FVIII stimulation, HA BOECs were resuspended in serum-
free medium containing 1U/ml of one of the two recombinant form of FVIII (rBDD-FVIII or
rFL-FVIII) and then placed in the upper chamber. After 24 hours, medium was removed and
upper compartment of transwell chambers were cleaned from unmigrated cells with cotton
swabs. Cells of the bottom part were fixed with 70% ethanol for 10’ and then allow to air dry.
Cells were stained with 0,1% crystal violet for 10’. The migrated cells on the lower surface
of the filters were photographed under inverted microscope Leica ICC50. Crystal violet was

then eluted with acetic acid and quantified using Victor Spectrophotometer at 590 nm.
In vitro permeability assay

Permeability was measured across the HA or HA.VEC.FVIIl BOECs or iECs monolayer
using Transwell polycarbonate membrane cell culture inserts (8 um pore, 24-well format,
Corning). Cells were plated on 0.1% gelatin-coated transwell inserts at a density of
80,000 cells/well and cultured in complete medium for 2 days. For FVIII stimulation, HA
BOECs were cultured in serum free medium with 1U/ml of one of the two recombinant form
of FVIII (rBDD-FVIII or rFL-FVIII) for 2 days. Completing the culture, 50 yl of FITC-
conjugated 40-kDa dextran (Sigma-Aldrich) was added to the upper chamber and the media
fluorescence of the lower chamber was measured after 30 min of incubation at 37 °C, 5%
CO2 wusing Victor Spectrophotometer at 490nm (excitation)/520 nm (emission).
Fluorescence readings were normalized to dextran permeability in transwell inserts without

cells.
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RNA-seq

RNA from the different EC was purified as previously described (Incarnato et al., 2014) and
its integrity was measured using Fragment Analyzer™ (Advanced Analytical). Library
preparation was performed from PolyaAplus RNA using lllumina TruSeq RNA prep-kit.
Samples were run in the lllumina sequencer NextSeq 500. Reads were mapped using
TopHat239 and RPKM and were calculated using cuffdiff tool from Cufflinks software
(Trapnell et al., 2010). Data analysis and plotting were performed using custom R scripts
(url, https://www.R-project.org/, 2016).

Sequencing reads were aligned to human reference genome (version GRCh38.p13) using
STAR v2.7.7a0 (Dobin et al., 2013) (with parameters --outFilterMismatchNmax 999 --
outFilterMismatchNoverLmax 0.04) and providing a list of known splice sites extracted from
GENCODE comprehensive annotation (version 32). Gene expression levels were quantified
with featureCounts v1.6.3 (Liao et al., 2014) (options: -t exon -g gene _name) using
GENCODE gene annotation (version 32 basic). Multi-mapped reads were excluded from
quantification. Gene expression counts were next analyzed using the edgeR package
(Robinson et al., 2009). Normalization factors were calculated using the trimmed-mean of
M-values (TMM) method (implemented in the calcNormFactors function) and RPKM were
obtained using normalized library sizes and gene lengths. After filtering lowly expressed
genes (below 1 CPM in 4 or more samples), differential expression analysis was carried out
by fitting a GLM to all groups and performing LF test for the interesting pairwise contrasts.
Genes were considered as significantly differentially expressed (DEGs) when having |logFC|
>1 and raw.pvalue < 0.01 in each reported comparison.

RPKM values were scaled as Z-scores across samples before computing distances, both in
heatmap and PCA plot.

The selection of gene in heatmap in Fig.10A is unsupervised (most variable genes), the one
in Fig. 13A is supervised, filtering on DEGs in HA BOECs vs LV-VEC.FVIII HA BOECs.
The PCA were computed with prcomp in R (version 4.0.2) using the top 500 most variable
genes selected in an unsupervised way, for the plot in Fig. 13B the data were previously
batch corrected with combat R package using patient as covariate.

After the identification of the dataset of differentially expressed genes (DEGs), Enrichr online
tool was used to identify pathways and gene ontology (GO) terms enriched using DEGs as
input. A term is defined as significantly enriched if the reported adjusted pvalue is < 0.01.
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RNA isolation and RT-qPCR for RNA-seq validation

Total RNA was isolated by Isol-RNA Lysis Reagent (Invitrogen). One ug of RNA was treated
with DNase | (Thermo Scientific), and cDNAs were obtained using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific). All real time quantitative PCR were performed using
the StepOnePlus™ Real-Time PCR System (Applied Biosystems). Amplifications were
carried out in 20 pL reaction solutions containing SYBR™ green PCR master mix (Thermo
Fisher Scientific), first-stranded cDNA (diluted 1:10) and specific primer, listened in Table 3.
PCR conditions were 95 °C for 10 min followed by 40 cycles of 95 °C for 15s and 60 °C for
1 min. The specificity of each pair of primers was checked by melting curve analysis (95 °C
for 15 s, 60 °C for 1 min and a continuous raise in temperature to 95 °C at 0.3 °C/s ramp rate
followed by 95°C for 15s). To check reproducibility, each assay was performed with
technical triplicates for each of the biological samples. Analyzed mRNA levels were
normalized to Beta actin levels using the formula 2-AACt by the comparative AACt method
(Livak and Schmittgen, 2001).

Animal procedures

NOD.Cg-Prkdcsedl12rg™™Wil/SzJ (Jackson stock No 005557) mice with hemophilic phenotype
(NSG-HA) were previously generated and maintained in our laboratory (Zanolini et al., 2015)
All animals’ procedures on NSG-HA mice were performed under sterile hood. Eight-week-

old BALB/C mice were used for Evans Blue injection and NSG mice for Matrigel plug assays.
In vivo permeability assay

Evans blue extravasation was used to quantify the capillary permeability in 8 weeks old
BALB/C WT and BALB/C HA. A 10 g/L Evans Blue solution (Sigma-Aldrich) was injected
into the tail vein of mice. After 15 minutes mice were killed and was evaluated the

extravasation in the interstitial space and at joint level.
Matrigel Plugs

Matrigel plugs were prepared on ice by re-suspending 2*10° healthy, HA or LV-VEC.FVIII
HA BOECs 500 pL of Matrigel (Corning). The mixture was implanted intradermal in 8-week-
old NSG or NSG-HA mice. After 10 days, the plugs were removed, fixed, and embedded in
paraffin for histological analysis. For FVIII stimulation, HA BOECs were resuspended in 500

ML of Matrigel (Corning) containing 3U/ml of one of the two recombinant form of FVIII (rBDD-
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FVII or rFL-FVIII). Matrigel plugs were implanted intradermal in 8-week-old NSG-HA mice
and every 2 days 2U/ml of rBDD-FVIII or rFL-FVIII were injected within Matrigel plug.

For assays performed using Matrigel not mixed with cells, 500 uL of Matrigel were prepared
on ice. For FVIII stimulation, 3U/ml of one of the two recombinant form of FVIII (rBDD-FVIII
or rFL-FVIII) were added to Matrigel (Corning) and every 2 days 2U/ml of rBDD-FVIII or rFL-
FVIII were injected within Matrigel plug. After subcutanous implantation in 8-week-old NSG
or NSG-HA mice, plugs were removed, fixed, and embedded in paraffin for histological

analysis.

Immunostaining

Mouse Matrigel plugs were harvested and fixed in 4% PFA for 2h at 4°C, equilibrated in
sucrose, and embedded in cryostat embedding medium (Bio-Optica). Cryostat sections of
4um thickness were blocked in buffer containing 5% goat serum, 1% BSA, and 0.1% Triton
X-100 in PBS, incubated with primary antibody at RT and then incubated for 45’ in the dark
at RT with the secondary antibody. For nuclei detection DAPI were added to the secondary
antibodies’ solution. Primary and secondary antibodies and dilutions are reported in Table
4.

Statistical Analysis

All data were expressed as mean = SD. Graphs were generated, and statistical analysis
was performed with Prism 5 (Graph Pad). The p values were calculated using Student's t
test with two-tailed distribution, assuming equal standard deviation distribution, one-way
ANOVA with Bonferroni post-hoc test; p < 0.05 values were considered statistically

significant. xp < 0.05, *xp < 0.01, ***xp < 0.001.
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Table 3. Primers used in RT-qPCR.

Gene Synthetic oligonucleotides
Forward primer Reverse primer
COL1A1 | TCTGCGACAACGGCAAGGTG GACGCCGGTGGTTTCTTGGT
COL1A2 GCCCCCCAGGCAGAGA CCAACTCCTTTTCCATCATACTGA
COL16A1 | CACAATGCCCACCTTCACAG CTTGGGGTTGCGGATCTTCT
COL18A1 | GTGCCCATCGTCAACCTCAA CCGTCAAAGGAGAAGATGCGT
COL24A1 | GGCACACGAGATAACCCAGC ATGTCTGGCCACCAGCACTG
ICAMS5 CACCCGGTATCTACGTCTGC CTGGTGACTTGGGCAGGTAG
ITGA2 GGAACGGGACTTTCGCAT GGTACTTCGGCTTTCTCATCA
ITGA4 TGTTGAATGTTCCCCACCGA GCACCCACTAGGAGCCATC
ITGA11 GACCGCCTTCTTTGGCTACAC GGTTGGTGGCGAGACTAAGG
NID2 GGAGGAGGGATGGTGTTGTA AGGGTCCAGGTTCTGATTGT
FBN1 TCTCCGCGTGTATCGACATC AAATCCCGGCTGACAGCTAC
FATA GGGCCAACTTTGCGATTCCC CCTTACTTCCCACGCTGGAT
VCAN TCGAGGAGGCTGCAAAAGAG TGGTTGTAGCCTCTTTAGGTTT
NRG1 TTTTCCCAAACCCGATCCGA GGGGAGGCAAGGCTGG
DOCK10 TGGAGTACCAGGAAGAACTG TCAGACTTCAGCACTAGATG
NOTCH2 | ATGACTGCCCTAACCACAGG TGCAGTCATCTCCACTCCAG
F2RLA TGCTAGCAGCCTCTCTCTCC CCAGTGAGGACAGATGCAGA
F3 AACCTCGGACAGCCAACAAT |GTTTGTTTTGGCTGTTTTCTTTCCT
KITLG AGCCAGCTCCCTTAGGAATG | GACTTGGCTGTCTCTTCTTCCA
ALK5 GACAACGTCAGGTTCTGGCTCA| CCGCCACTTTCCTCTCCAAACT
ADGRL4 CTATCTAAGCCCAGCCGTGG GCTCCTCTTGCACAAGACCTTA
TEPI2 CCAGATGAAGCTACTTGTATG GCACATGCACGTTTGCAATC
Table 4. Antibodies used.
Antibody Reactivity Manufacturer Format
CD31 mouse Clogiillﬂ;:nzj&:a Biotin
aSMA mouse CIAogial;]M conj':g:[ated
Anti -mouse 1gG / Thermo Scientific 488
Streptavidin / eBioscience PE
Anti-GFP / Thermo Scientific Not
conjugated
Anti -rabbit 1IgG / Thermo Scientific 488
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Results

In vitro impaired functionality of hemophilic iPSC-derived endothelial cells

iPSCs obtained from HA patients and healthy donors were differentiated in ECs and the
characterization is described in Olgasi et al. 2018. To evaluate the acquisition of endothelial
functionality, a tubulogenesis assay was performed. The assay mimics the reorganization
stage of angiogenesis by measuring the ability of ECs to form capillary-like structures when
plated on an extracellular matrix support such as Matrigel. Healthy iECs formed a complete
and stable network when cultured on Matrigel while HA iECs built a thin and incomplete
network which improved after the LV-VEC.FVIII correction (Fig. 8A), suggesting a potential
involvement of coagulation FVIII in tubule formation. Quantification of the formed network
using ImagedJ software showed a significant increase in the number of nodes, junctions,
branches, and total length of the tubules formed by LV-VEC.FVIII HA iECs, compared to HA
and healthy iECs, demonstrating that FVIII has an evident effect on tubule morphogenesis.
It is curious to explore the mechanism leading to this effect (Fig. 8B). Furthermore, as shown
in Fig. 8A, healthy iECs display a different morphology when cultured in Matrigel,
establishing segments with a bigger diameter. This can influence the quantification and
result in a non-significative difference in the number of nodes, junctions, and total length
compared to LV-VEC.FVIIl HA iECs. However, the number of branches is significantly
higher compared to both HA and LV-corrected HA iECs indicating a more stable vessel-like
tubular structures.

Another key function of endothelial cells is their ability to migrate. Therefore, cells were
cultured on transwell and their ability to trans-migrate in the bottom of the chamber in
presence of VEGF was tested. As shown in figure 8C, cells lacking FVIII have a reduced
migration capability which was recovered following correction with LV-VEC.FVIII (Fig. 8C).
Quantification of the eluted crystal violet dye, as an estimation of the total number of
migrating cells, confirmed a significant increasing of motogenesis of healthy and LV-
VEC.FVIII HA iECs compared to the HA iECs (Fig. 8D). Surprisingly, healthy iECs showed
lower migration ability compared to LV-corrected HA iECs but might be due to their bigger
size morphologically observed at the microscope.

Besides tubulogenesis and migration abilities, endothelial cells serve as a barrier between
circulating blood and the surrounding tissues, making EC permeability a crucial factor in
tissue homeostasis. This ability was evaluated by the extravasation of fluorescein
isothiocyanate (FITC)-conjugated dextran (40 kDa, FITC-dextran) into gelatin matrix when
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cells are cultured as an intact endothelial monolayer into transwell inserts. Quantification of
permeate fluorescence showed an enhanced permeability of HA iECs compared to healthy
and LV-VEC.FVIIl HA iECs (Fig. 8E). Since the permeability assay requires an intact
monolayer and the difference in cell morphology does not affect the quantification, the
healthy iECs monolayer was significantly less permeable compared to the HA iECs one
(Fig. 8E).
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Figure 8. Evaluation of endothelial functionality on healthy, HA and LV-VEC.FVIII corrected iPSCs-
derived ECs. A) Representative images of tubulogenic assay on healthy, HA and LV-VEC.FVIII HA iECs B)
Quantification of number of nodes, junctions, branches and total length of tubule network formed in healthy,
HA and LV-VEC.FVIII HA iECs C) Representative images of migration assay on healthy, HA and LV-VEC.FVIII
HA iECs. D) Quantification of cell migration by elution of crystal violet staining E) Permeability assay
quantification calculated on the extravasation of FITC-dextran through an intact monolayer of healthy, HA or
LV-VEC.FVIIl HA iECs (***p < 0.0001). Data are expressed as mean + SD and are representative of three
independent experiments (n = 3).
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In vivo evaluation of vessel permeability in wild type and hemophilic mice

Based on in vitro functional endothelial assay results, we evaluated the differences in
vascular stability between wild type (WT) and hemophilic mice. For this purpose, mice were
intravenous injected with Evans Blue, a dye that binds albumin. Under physiologic conditions
the endothelium is impermeable to albumin and Evans blue remains restricted within blood
vessels. On the contrary, in case of vascular leakage, the endothelium becomes permeable
to small proteins such as albumin allowing the extravasation of Evans Blue in tissues.
Therefore, accumulation of Evans blue was particularly noticeable in the joints of BALB/C
HA but not in WT mice (Fig 9A). This event could correlate with the reported recurrent
vascular ruptures at joint levels in HA patients (Bhat et al., 2015). Likewise, extensive
vascular leakage was observed under the skin of HA mice (Fig 9B) indicating a vascular

fragility of hemophilic mice, leading to a general increased vascular permeability.

B BALB/C HA

Figure 9. Permeability assay in hemophilic and wild-type BALB/C mice by Evans Blue dye tail vein
injection. A) Representative picture of Evans Blue dye extravasation in interstitial tissues of HA mice
accumulating in ankle joint. B) Macroscopically evaluation of Evans Blue dye distribution at skin level in
injected HA and WT BALB/C mice. Data are representative of three independent experiments (n = 3 for
BALB/C HA and 3 for BALB/C WT).
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Explorative RNA-seq analysis of HA iECs healthy and LV.VEC-FVIII HA iECs

Both the in vitro and in vivo assays testing the endothelial cell’'s function demonstrated a
negative impact of FVIIl absence in ECs. Therefore, we explored by RNA-seq the differential
gene expression of healthy (n=1), HA (n=2) and LV-VEC.FVIII HA (n=2) iEC. We observed
marked changes between healthy and HA iECs in gene-level expression patterns, as
depicted in the generated heatmap (Fig. 10A). In contrast, LV-VEC.FVIII HA iECs shared
most of the differential expressed genes (DEGs) with the HA iECs, indicating only a partial
correction of the transduced cells. This result was confirmed by principal component
analysis (PCA) plot (Fig. 10B). The plot was built using the gene expression profiles of the
three conditions (healthy, HA and LV-corrected) for their representation on a three-
dimensional graphic. Each point in a PCA plot represents the gene expression profile of a
sample and the distance between two plotted points is proportional to the degree of similarity
between the gene expression profiles. Therefore, figure 10B shows that the variance,
expressed as PC2 (5,2%) between HA and LV-VEC.FVIII HA iECs was low and that they
belong to the same cluster, unlike healthy iECs that clustered apart and showed a high
variance compared to the other 2 sample groups.
A total of 5614 genes with log2FC > 1 and < -1, were identified as DEGs of HA iECs
compared to healthy iECs as showed in the Volcano plot (Fig. 10C). Between all the 5614
genes filtered, 2986 were up-regulated and 2628 down-regulated in HA iECs compared to
healthy iECs. Subsequently, pathway enrichment analysis and a gene ontology (GO) of
DEGs was performed with Enrichr online tool. In the downregulated set of genes, the
pathway analysis identified more than 100 significantly enriched pathways. Based on our in
vivo and in vitro results we focused our attention on pathways that could explain the
differences in endothelial functionality among the 3 groups. Figure 10D shows that by
comparing HA versus (vs) healthy iECs there was an enrichment of 10 pathways belonging
to extracellular matrix organization, focal adhesion, and angiogenesis. For the gene
onthology (GO), more than 200 GO terms were significantly enriched, including biological
processes such as regulation of cell migration, molecular functions such as integrin binding,
and cellular components such as focal adhesion (Fig. 10E). Finally, analysis of HA vs LV-
transduced HA iECs showed similar enrichment pathways and GO terms of HA vs healthy
iECs, even though the FVIII correction is only partial, as showed in the PCA plot (Fig. 10F
and 10G). On the other side, analysis of upregulated DEGs of both comparisons, HA vs
healthy and HA vs corrected iECs, did not produce biologically relevant enriched pathways
and GO terms.
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Figure 10. Transcriptomic analysis of healthy, HA and LV-VEC.FVIIl HA iECs. A) Heatmap showing the
gene expression profile of healthy, HA and LV-VEC.FVIII HA iECs. B) Principal component analysis (PCA)
describing the variation within the dataset. C) Volcano plot representing differential expressed genes in HA
vs healthy iECs. Black line represents the considered cut off (p <0.01). D) Ten of most enriched endothelial
related pathways according to the downregulated DEGs in HA vs healthy iECs. E) Ten of most significant gene
ontology (GO) terms for endothelial cells in downregulated DEGs in HA vs healthy iECs F) Ten of most
enriched endothelial related pathways according to the downregulated DEGs in HA vs LV-VEC.FVIII (F8) HA
iECs. G) Ten of most significant GO terms in downregulated DEGs of HA versus F8 iECs. DEGs: differentially
expressed genes
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Differential gene expression of extracellular matrix markers

The pathway of ECM organization was the most significant enriched one with more than 70
DEGs. Numerous genes relating ECM remodeling, including collagens and adamalysins,
were downregulated in HA vs healthy iECs (Fig. 11A). The modulation of those genes in
the comparison of HA vs LV-VEC.FVIII HA iECs, did not recapitulate the previous
comparison HA vs healthy iECs (Fig. 11A). Some of the downregulated genes with the
log2Fold Change (log2FC) ranging from -10 to -8 were further validated in RT-qPCR (Fig.
11B and 11C). Interestingly, it was reported that high levels of collagen XVIII in HA patients
correlates to high annual bleeding rates (Kjeld et al., 2018). This observation also correlates
with the upregulation of COL718A1 (log2FC 2.2) in HA iECs compared to healthy and LV-
VEC.FVIII iECs (Fig. 11D).

In vitro evaluation of endothelial functionality between healthy and hemophilic
BOECs

Based on the results obtained in IECs from both the in vitro experiments and the
transcriptomic analysis, we aimed to verify if the impaired endothelial functionality occurred
not only in ECs derived from iPSCs, but also in primary endothelial cells. Therefore, as
endothelial model we used BOECs isolated both from healthy donors and HA patients
(Olgasi et al., under revision, see attached manuscript in appendix for further details). The
endothelial functionality of BOECs was assessed by tubulogenesis, migration and
permeability assays.

Like HA iECs, HA BOECs showed a reduced vessel formation capability compared to
healthy BOECs (Fig. 12A). However, the exogenous expression of FVIII through LV
transduction allowed HA BOECs to restore the capability to form more stable vessel-like
structures, as indicated by the quantification of tubules in terms of nodes, junctions,
branches and total length (Fig. 12B). Unlike iECs, healthy BOECs and LV-corrected HA
BOECs shared the same size, therefore there was not the same significant difference
observed in iECs. As further characterization, we performed the same migration assay
carried outon iECs. As shown in figure 12C and 12D, HA BOECs demonstrated a significant
reduction in the migration capability compared to both healthy and LV-transduced BOECs.
Finally, extravasation of dextran-FITC from BOECs monolayer showed an increased
permeability of HA BOECs that was reversed after transduction with LV-VEC.FVIII reaching
comparable levels to healthy BOECs (Fig. 12E).
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Figure 11. Relative expression of collagens, integrins and other extracellular matrix (ECM) markers in
HA vs healthy and HA vs LV.VEC-FVIII HA iECs A) Heatmap showing differentially expressed collagen,
integrins, laminins and other ECM genes in HA iECs compared to healthy and LV-VEC.FVIIl HA iECs
expressed as Log2FC. B) Relative mRNA expression level of some of the downregulated collagen genes
validated by RT-gPCR. C) Relative mRNA expression level of some downregulated ECM genes validated by
RT-gPCR. D) Relative mRNA expression level of COL18A1 gene by RT-qPCR. Data are expressed as mean
+ SD and are representative of three independent experiments.
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Figure 12. Evaluation of endothelial functionality on healthy, HA and LV-VEC.FVIII corrected BOECs.
A) Representative images of tubulogenic assay between healthy, HA and LV-VEC.FVIII BOECs. B)
Quantification of number of nodes, junctions, branches and total length of the tubule network of healthy, HA
and LV-VEC.FVIII HA BOECs. C) Representative images of migration assay on healthy, HA and LV-VEC.FVIII
HA BOECs. D) Quantification of cell migration assay by elution of crystal violet staining. E) Extravasation of
FITC-dextran through an intact monolayer of BOECs (***p < 0.0001). Data are expressed as mean + SD and
are representative of three independent experiments.
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RNA-seq analysis of healthy, HA and LV-VEC.FVIIl HA BOECs

A heatmap from gene expression of healthy, HA and LV-VEC.FVII| BOECs was generated
(Fig. 13A) showing that most of the genes down regulated in HA BOECs were upregulated
in healthy BOECs, while their expression was mostly restored after correction with LV-
VEC.FVIII. This result was also confirmed by PCA plot showing that the three HA BOECs
samples clustered together and differed from LV-VEC.FVII HA BOECs (n=3) that clustered
closer to healthy BOECs (n=2) (Fig. 13B). RNA-seq analysis found a total of 1667 DEGs of
which only 197 had a p <0.01 and a log2FC < -1 and >1 (Fig. 13C). To obtain a larger subset
of genes, we used as cut off a log2FC < -0.9 and >0.9 with a p < 0.02 and we found 386
modulated genes that were analyzed by the Enrichr web tool. The downregulated genes in
HA vs healthy BOECs had a pattern like the HA vs healthy iECs comparison described
above. Despite the low number of genes, enriched pathways were found modulated also in
this EC model, such as angiogenesis and ECM organization (Fig.13D) and gene ontologies

like focal adhesion and regulation of cell migration (Fig. 13E).

Transcriptomic analysis of healthy, HA and LV-VEC.FVIII corrected BOECs

The RNA-seq data analysis found similar expression profiles in iECs and BOECs samples,
starting from the ECM organization pathway. Moreover, genes relating with focal and cells
adhesion, angiogenesis and migration were downregulated in HA vs healthy BOECs (Fig.
14A). Since for BOECs analysis we enlarged the cut off (log2FC < -0.9 and >0.9 with a p <
0.02) compared to the one used with iECs, we validated by RT-qPCR some of the genes
within the enriched pathways. As depicted in figure 14B, most of the genes were validated
showing a significant decrease mRNA expression of HA BOECs compared to heathy
BOECs. Meanwhile, LV-VEC.FVIII HA BOECs did not display a significant increase of

mMRNA expression, showing only a partial rescue (Fig. 14B).
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Figure 13. Transcriptomic analysis of healthy, HA and LV-VEC.FVIIl corrected BOECs. A) Heatmap
showing the gene expression profile among healthy, HA and LV-VEC.FVIIl HA BOECs. B) Principal
component analysis (PCA) describing the variation within the dataset. C) Volcano plot representing differential
expressed genes in HA vs healthy BOECs. Black line represents the cut off considered (p < 0.02). D) Ten of
the most enriched pathways according to the downregulated DEGs in HA vs healthy BOECs. E) Ten of the
most significant gene ontology (GO) terms enriched in the downregulated DEGs in HA vs healthy BOECs.
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Figure 14. Transcriptomic analysis of healthy, HA and LV-VEC.FVIIl corrected BOECs. A) Heatmap of
selected genes belonging to downregulated enriched pathways in HA vs healthy BOECs, showing the Log2FC
of HA vs healthy and HA vs LV-VEC.FVIIl HA BOECs. B) RT-gPCR results for gene validation involved in
ECM organization, focal and cell adhesion, angiogenesis, and cell migration pathways (***p < 0.0001; ** p <
0.001; * p <0.05). Data are expressed as mean + SD and are representative of three independent experiments.
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In vitro administration of recombinant FVIIl partially enhances endothelial
functionality of hemophilic BOECs

To further assess FVIII involvement on ECs functionality, we performed a tubulogenic assay
by stimulating HA BOECs with 1U/ml of commercial recombinant BDD or full length (FL)
FVIII. A significant enhancing of the tubule network formation was observed in both
conditions compared to HA BOECs (Fig. 15A). The quantification of nodes, junctions,
branches and total length of the vessel-like structures confirmed the observation that the
treatment of HA BOECs with either rBDD or rFL-FVIII improved the HA BOEC functions
(Fig. 15B). Nevertheless, LV-VEC.FVIIl HA BOECs performed better than the rFVIlI-treated
HA BOECs in tubule network building. Moreover, migration assay of HA BOECs treated with
rBDD or rFL-FVIII slightly helped the cells to transmigrate towards the low compartment in
which VEGF acts as a chemoattractant (Fig. 16A). Quantification of migrated cells showed
that migration ability of HA BOECs was improved in a comparable way after treatment with
rBDD-FVIII or rFL-FVIII (Fig. 16B). Finally, we evaluated if FVIII could also ameliorate the
cell permeability. When treated with rFVIII, the HA BOECs monolayer was less permeable
to FITC-dextran compared to non-treated HA BOECs (Fig. 16C). These results indicate that
an endogenous expression of FVIII in HA BOECs could be required for building a complex
vessel network, to obtain a tight cell monolayer and to enhance the ability to transmigrate

towards appropriate stimuli.
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Figure 15. Effects of recombinant B domain deleted (BDD) and full length (FL) FVIIl on network
formation by healthy, HA and LV-VEC.FVIII BOECs. A) Representative images of tubulogenic assay on HA
BOECs in basal condition and after treatment with 1U/ ml of recombinant B domain deleted (BDD) FVIII or full
length (FL) FVIII. B) Quantification of number of nodes, junctions, branches and total length showing on HA
BOECs treated or not with recombinant FVIII (***p < 0.0001). Data are expressed as mean + SD and are
representative of three independent experiments.
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Figure 16. Effects of recombinant B domain deleted (BDD) and full length (FL) FVIIl on migration and
permeability assay of healthy, HA and LV-VEC.FVIIlI corrected BOECs. A) Representative images of
migration assay performed on healthy, HA treated or not with rBDD-FVIII or rFL-FVIIl and LV-VEC.FVIII
BOECs. B) Quantification of cell migration by elution of crystal violet staining. C) Extravasation of FITC-dextran
through an intact monolayer of BOECs (***p < 0.0001; ** p < 0.001; * p < 0.05). Data are expressed as mean
+ SD and are representative of three independent experiments.
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In vivo evaluation of new vessel formation in Matrigel plugs

According to in vitro tubulogenic assays performed both with iECs and BOECs, HA cells
failed to build a robust and stable vessel-like network. In contrast, when HA BOECs were
stimulated with rFVIII in culture, their ability to form tubules markedly improved. Based on
these results, we performed in vivo angiogenesis assay to evaluate the formation of vessel
structures in presence or absence of FVIII by subcutaneous injecting ECM hydrogel (pure
Matrigel) in NSG and NSG-HA mice. We first compared the endothelial angiogenic potential
of hemophilic and NSG mice by immunofluorescence staining of Matrigel plug sections
removed from the mice 10 days after subcutaneous injection (Fig. 17A). As shown in Fig.
17B, in NSG mice newly formed CD31* vessels were organized, elongated, and sustained
by capillary pericytes, as confirmed by the positivity to the aSMA marker. Conversely, NSG-
HA mice formed smaller vessels with lower expression of aSMA (Fig. 17C). To investigate
the possible role of FVIII in vessel stability, we subcutaneously injected NSG-HA mice with
Matrigel containing rBDD-FVIII or rFL-FVIII (Fig. 17A). Remarkably, vessels formed within
Matrigel plug containing rFVIII were more stable and organized compared to pure Matrigel
plugs, as confirmed by mCD31 and aSMA co-staining (Fig. 17D and 17E). Quantification of
vessel density and diameter confirmed that the ability to form stable vessels was impaired
in NSG-HA mice compared to NSG and that rFVIIl addition significantly restored
angiogenesis (Fig.18A and 18B). Interestingly, rFL-FVIII within the Matrigel plug
significantly enhanced the density of the newly formed vessels, but not their diameter when
compared with rBDD-FVIII (Fig.18A and 18B).
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Figure 17. Vessel formation in Matrigel plugs transferred in NSG or NSG-HA mice after recombinant
FVIIl injection. A) Schematic representation of Matrigel injection in NSG and NSG-HA mice. B)
Immunofluorescence staining for mCD31 (red) and aSMA (green) on vessels formed within Matrigel plug
harvested from NSG mice and C) from NSG-HA mice. D) Immunofluorescence staining or mCD31 (red) and
aSMA (green) on vessels formed within Matrigel plug harvested from NSG-HA mice injected with rBDD-FVIII
or E) rFL-FVIIl. Data are representative of two independent experiments (n=3 each condition).
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Figure 18. Quantification of angiogenic potential of NSG and NSG-HA mice after recombinant FVIII
injection. A) Quantification of vessel density in Matrigel plugs. B) Quantification of vessel diameter in Matrigel
plugs. (***p < 0.0001; ** p 0.001; * p < 0.05). Data are expressed as mean + SD and are representative of two
independent experiments.

In vivo evaluation of healthy, HA and LV-VEC.FVIIl HA BOECs organization in Matrigel
plugs of NSG-HA mice

To evaluate in vivo the difference in angiogenic capability of healthy, HA and LV-VEC.FVIII
HA BOECs were transduced with a LV carrying the green fluorescent protein (GFP) under
the control of VEC promoter and more than 90% were GFP+ before injection (Fig. 19A). LV-
transduced BOECs were mixed Matrigel and subcutaneously injected into NSG-HA mice
(Fig. 19B). Ten days later the Matrigel plugs were harvested and IF staining showed that
healthy BOECs built new vessel structures better organized compared to HA BOECs (Fig.
20A). FVlll-corrected HA BOECs, conversely, produced new structures similar to healthy
BOECs. This was confirmed by the quantification of vessel density showing a higher number
of vessels in healthy BOECs compared to HA BOECs that increased after LV correction of
the cells (Fig. 20B). Likewise, vessel diameter analysis showed smaller vessel size by HA
BOECs compared to healthy and LV-VEC.FVIIl HA BOECs and notably, LV-VEC.FVIII HA
BOECs formed vessels with a slightly smaller diameter than healthy BOECs (Fig. 20C).
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Figure 19. Healthy, HA and LV-VEC.FVIIl HA BOECs embedded in Matrigel and injected in NSG-HA
mice. A) Representative histograms for GFP evaluation by FACS analysis in healthy, HA BOECs and LV-
VEC.FVIII HA BOECs transduced with LV-VEC.GFP with an MOI of 20. B) Schematic representation of
BOECs embedded in Matrigel and injected in NSG-HA mice.
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Figure 20. Angiogenic potential of healthy, HA and LV-VEC.FVIIl HA BOECs embedded in Matrigel and
injected in NSG-HA mice A) Schematic representation of BOECs embedded in Matrigel and injected in NSG-
HA mice. B) Immunofluorescence staining for mCD31 (red) and aSMA (green) on vessels by healthy, HA and
LV-VEC.FVIIl HA BOECs. C) Quantification of vessel density in Matrigel plugs. B) Quantification of vessel

diameter in Matrigel plugs. (***p < 0.0001; ** p 0.001; * p < 0.05). Data are expressed as mean = SD and are
representative of two independent experiments (n=3 each condition).
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In vivo evaluation of HA BOECs organization in presence of recombinant FVIIl in
Matrigel plugs of NSG and NSG-HA mice

Considering the potential effect of FVIII on vessel formation and stability on BOECs, we
investigated in vivo whether rFVIII could improve these processes in HA BOECs included in
Matrigel plugs. We subcutaneously injected GFP* HA BOECs/Matrigel mix with or without
rEVII into NSG or NSG-HA mice (Fig. 21A). As showed in figure 21B and 21C, HA BOECs
were not able to form structured vessels neither in NSG nor in HA NSG mice. Interestingly,
the administration of rFVIII (rBDD-FVIII and rFL-FVIII) into the Matrigel plug of NSG-HA mice
every 2 days until harvesting, greatly improved the ability of HA BOECs to form well-
organized vessels (Fig. 21D and 21E). Vessel density and diameter were significant higher
in presence of rFVIII, where rBDD-FVIII was more efficient in increasing vessel density than
rFL-FVIII (Fig. 22A and 22B). These results indicate that despite the presence of
physiological level of mouse FVIII in NSG mice, HA BOECs failed to form well-organized
vessels in Matrigel plugs, as well as in NSG-HA mice. Conversely, the constant presence of
exogenous human rFVIIl in the matrix led to the formation of newly and larger vessels. It will
be interesting to explore the level in which mFVIIl in NSG mice is able to stimulate

transplanted human HA BOECs in the Matrigel plug.
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Figure 21. Angiogenic potential of HA BOEC GFP- treated or not with recombinant FVIIl, embedded in
Matrigel and injected in NSG or NSG-HA mice A) Schematic representation of the experiment. B)
Immunofluorescence staining for HA BOEC GFP: forming vessels in NSG mice and C) NSG-HA mice. D)
Immunofluorescence staining for HA BOEC GFP: forming vessels in Matrigel plugs treated with rBDD-FVIII or
E) rFL-FVIII. Data are expressed representative of two independent experiments (n=3 each condition).
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Figure 22. Quantification of angiogenic potential BOEC treated or not with recombinant FVIII,
embedded in Matrigel and injected in NSG-HA mice A) Quantification of vessel density. B) Quantification
of vessel diameter (***p < 0.0001; ** p 0.001; * p < 0.05). Data are expressed as mean + SD and are
representative of two independent experiments (n=3 each condition).
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Discussion

Hemophilia A (HA) is a genetic coagulation disease with an impairment of FVIII activity
caused by mutation in FVIII gene leading to a lifelong bleeding tendency, whose clinical
severity is proportional to FVIII reduction (Bolton-Maggs and Pasi, 2003).

Currently, there is no definitive cure for HA and patients are prophylactic treated with
infusions of FVIII concentrate to treat or prevent bleeding episodes. Primary prophylaxis,
which is initiated prior to or immediately following the first bleeding, is used to prevent joint
destruction or to halt its progression. In the absence of primary prophylaxis patients will
develop a first hemarthrosis and repeated hemarthrosis are responsible for arthropathy.
However, the pathological mechanism underlying the development of hemophilic
arthropathy is not yet fully understood. The mechanism is multifactorial, involving cartilage
degradation and inflammation of the synovial membrane due to the toxic effects related to
blood effusions. However, vascular development and angiogenesis are an essential
component of blood-induced joint disease (Acharya et al., 2011).

Spontaneous bleeding into muscles and joints are the typical symptoms in HA patients, but
another event that can occur in HA severe patients is spontaneous intracranial hemorrhage
(ICH) resulting in high rates of mortality and disability (Hay et al., 2021).

The manifestation of ICH is often spontaneous, and it mainly occurs in children and in
patients that do not adhere to prophylaxis. Although the cause of the development of
spontaneous ICH is still unknown, a correlation between the severe form of hemophilia and
ICH in children has been described highlighting the importance of prophylaxis in reducing
the risk of ICH development (Zanon and Pasca, 2019).

In adult HA patients the major risk factor for ICH is hypertension as well as cardiovascular
diseases. Indeed, it has been demonstrated a higher risk of developing hypertension and
cardiovascular diseases in hemophilic patients compared to healthy subjects, but also in this
case the mechanism again is not fully understood yet (Kamphuisen and Ten Cate, 2014).
During the years, the development of extended half-life recombinant FVIII allowed a better
HA patients quality of life, but some concerns are still present. The main complication is the
development of FVIII inhibitors that occur in 20-40% of severe HA patients making the
treatment ineffective (Van Den Berg et al., 2019). To overcome these issues, alternative
strategies such as non-replacement therapy have been established resulting in a longer
duration of FVIII effect that leads to a more stable hemostatic effect. However, even if the

level of hemostatic correction is comparable to that of patients with mild hemophilia, bleeding
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events can still occur after trauma and the long-term bone and joint health complications
related to hemophilia condition continue to not be solved (Pipe et al., 2019b).

On the other hand, gene and cell therapy approaches can offer an opening for one-time
intervention providing long-term expression of FVIII that could result in enormous
advantages for HA patients. Thus, it is necessary to identify cells able to effectively secrete
FVIII and, at the same time, to meet the necessary conditions to ensure the success of the
therapy. It is well established that FVIII is largely secreted by endothelial cells (ECs) and we
demonstrated that LSECs produce and secrete FVIII, although not exclusively (Follenzi et
al., 2008; Fomin et al., 2013; Shahani et al., 2014; Zanolini et al., 2015). Plasma FVIII may
originate from additional sources, e.g., peripheral blood mononuclear cells, blood derived
outgrowth endothelial cells (BOECs) or lung microvascular endothelial cells (Jacquemin et
al., 2006; Tatsumi et al., 2013).

We successfully reprogrammed both healthy and hemophilic human CD34+ cells into iPSCs
and differentiate them in endothelial cells (iECs), equivalent to blood endothelial cells (Olgasi
et al., 2018). Evaluating the endothelial functionality of generated iECs, we surprisingly
observed a reduced capacity of HA iECs compared to healthy ones in terms of tubule
formation, migration, and permeability. The transduction of HA iECs with a LV carrying the
B deleted- domain (BDD) form of coagulation FVIII under the control of an endothelial
promoter, VE-cadherin (LV-VEC.FVIII) partially restored the impaired capabilities of these
cells (Olgasi et al., 2018). Notably, by morphological observation, HA iECs seems to have
a smaller size compared to healthy iECs and after LV-correction, the morphology is
unaltered. This difference in size is quite noteworthy and deserve further investigation.
Based on in vitro functional assays results, we hypothesized that the impaired endothelial
functionality could also occur in vivo. Increased vascular permeability is one of the major
indicators of blood vessel damage and it has been reported in systemic diseases such as
diabetes and hypertension (Rask-Madsen and King, 2013; Viazzi et al., 2008). Increased
vascular permeability and remodeling is also associated with hemarthrosis that could lead
to recurrent joint bleedings (Cooke et al., 2018).

In a mouse model of HA, we observed an altered permeability of HA mice vessels compared
to healthy ones. Extensive vascular leakage occurred under the skin and at joint level of HA
mice indicating a general vascular fragility of HA mice.

As the vascular network is indispensable for homeostasis in the human body, it is important
to understand whether coagulation FVIII plays a role in ECs functionality. Actually, the

molecular changes at gene expression level between healthy and HA ECs has never been
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investigated. Thus, we proceed with gene expression and pathway analyses in healthy, HA
and LV-VEC.FVIII HA iECs by RNAseq. We identified marked transcriptional changes
between healthy and HA iECs finding several genes highly expressed in healthy iECs and
downregulated in HA ECs and vice-versa. RNA-seq analysis highlighted that many genes
downregulated in HA iECs are implicated in ECM organization, focal adhesion, and
angiogenesis pathways that could explain the differences in endothelial functionality of HA
vs healthy cells. Whether FVIII deficiency have such an impact on the regulation or
expression of many genes on ECs remain still unknown and object of intense investigations.
In contrast, LV-VEC.FVIII HA iECs showed an intermediate transcriptional profile indicating
only a partial phenotypic correction after LV transduction. This result correlates with the
levels of FVIII expression detectable in LV-corrected cells when transplanted in HA mice
reaching a 6% of FVIII activity (Olgasi et al., 2018). Despite minimal transcriptional changes
are observed in HAIECs compared to LV-VEC.FVIII HA, the downregulated pathways found
significantly enriched are similar to HA iECs versus healthy iECs indicating that, even if
moderate, FVIII increase can ameliorate the expression of some genes involved in ECM
organization, focal adhesion, and angiogenesis.

Among ECM proteins, collagens are the most abundant. Collagens can preserve physiologic
hemostasis by maintaining the integrity and stability of vascular wall and counteract blood
extravasations upon vascular injury. The vascular ECM is an important structural and
functional component of all blood vessels, with a determining role in the progression of
several diseases, such as collagenopathies (Manon-Jensen et al., 2016). Ehlers—Danlos
syndromes (EDS) include a heterogeneous group of connective tissue diseases that share
clinical manifestations in skin, ligaments and joints, blood vessels and internal organs.
Despite the mutations occur in genes coding for collagens and for enzymes involved in the
biosynthesis of those proteins, easy bruising and bleeding to a variable degree are present
in all subtypes of EDS. Because of fragility of the capillaries and the perivascular connective
tissues, complications such as intracranial hemorrhage and arterial aneurysms can occur
(Jesudas et al., 2019).

Among the collagens mutated in EDS, type | collagen is a heterodimer encoded by the
COL1A17-and COL1A2 genes and resides in the ECM of bone, ligaments, dermis, and blood
vessel walls. Collagen fibrils result from the lateral fusion of collagen, which are stabilized
by the formation of intra- and intermolecular crosslinks, catalyzed by enzymes of the lysyl
oxidase (LOX) and LOX-like 1-4 family. COL5A1 and COL5A2 are mutated in another EDS

subtype in which cardiovascular fragility is associated. Similar vascular defects arise from
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the mutation of PLOD1 gene that encode for the lysyl-hydroxylase 1 that hydroxylate lysyl
residues in the collagen triple helix as the first step necessary for the formation of intra-and
intermolecular collagen crosslinks (Malfait, 2018).

All the above-mentioned mutated genes are surprisingly found downregulated (LogFC < -3)
in HA vs healthy iECs in RNAseq. These indications could represent a starting point to
understand how lack of coagulation FVIII can affect ECM organization and remodeling.
Recent studies demonstrated a correlation between vascular basal membrane degradation
with the development of hemophilic arthropathy (Cooke et al., 2019; Kjeld et al., 2018).
Moreover, Kjield et al. demonstrated the correlation of serum level of the endothelial specific
isoform of type XVIII collagen with HA patients annual bleeding rate. RNAseq analysis
revealed an upregulation of COL18A7 gene in HA iECs and a partial reduction in LV-
VEC.FVIII HA iECs that was validated by RT-qPCR. It is worth noting that proteolytic
cleavage within collagen XVIII C-terminal domain releases a fragment called endostatin,
which has been reported to have anti-angiogenesis effects. Endostatin regulates also
endothelial cell cytoskeletal organization, disturbs cell-matrix adhesion, and attenuates
endothelial cell migration through an unknown mechanism (Walia et al., 2015). From our
perspective, the role of collagen XVIII in correlation with FVIII deficiency will be further
investigate.

Besides iECs, we aimed to verify if the impaired endothelial functionality occurred in primary
endothelial cells. Therefore, as endothelial model we used BOECs isolated both from
healthy donors and HA patients (Olgasi et al., under revision). Remarkably, HA BOECs
showed the same dysfunction in endothelial functionality, that was restored by LV-VEC.FVIII
transduction. Transcriptomic profile analysis of healthy, HA and LV-corrected BOECs did
not put in evidence many differentially expressed genes as in iECs. However, the analysis
of the pathways involved in HA condition showed a similar trend of iECs, with a remarked
enrichment of downregulated genes belonging to ECM markers, integrins, focal adhesion
and angiogenesis. Moreover, in contrast to iECs, LV transduced HA BOECs clustered closer
to healthy ones with a more similar transcriptomic profile. Among the downregulated genes,
VCAN has been validated by RT-qPCR and was found downregulated in HA BOECs
compared to healthy BOECs and LV-corrected BOECs. The protein encoded is a large
proteoglycan and is a major component of the extracellular matrix. This protein is involved
in cell adhesion, proliferation, migration and angiogenesis and can also influence endothelial

cell phenotype. The mechanism responsible for versican's effect on endothelial cells is not
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described, but probably versican interacts with hyaluronic acid, a well-known ECM regulator
of angiogenesis in vascular system (Wight et al., 2020; Yang and Yee, 2013).

To further demonstrate the possible extra-coagulative role of FVIII, we investigated if the
presence of FVIII in proximity of the basal membrane of ECs lining the vessels could improve
HA ECs functionality. Therefore, we first demonstrated, in vitro, that the treatment of HA
BOECs with two different recombinant human forms of FVIII (rhFVIII), rhBDD and rhFL,
increased their ability to form tubule network, cell migration, and ameliorate the permeability
of HA BOECs. This enhancement resembles the abilities observed in LV-VEC.FVIII HA
BOECs and healthy BOECs and correlate with RNAseq data analysis indicating an
impairment in ECM organization and angiogenesis. The same effect of FVIII on
angiogenesis improvement was also observed in vivo, after injection of healthy, HA or LV-
corrected HA BOECs mixed with Matrigel in NSG-HA mice, confirming the hypothesized
role of FVIII in maintaining ECs stability and functionality. Noteworthy, it was not observed
an improvement in vessel diameter and density when HA BOEC were injected in NSG mice.
These results indicate that despite the presence of physiological level of mouse FVIII
(mFVIII) in NSG mice, HA BOECs failed to form well-organized vessels in Matrigel plugs, as
well as in NSG-HA mice.

Finally, we injected Matrigel plugs, with or without rhFVIIl, in NSG-HA mice to further
demonstrate that HA mice have a dysfunctional endothelium and that rhFVIII can restore
their functionality. The treatment of Matrigel plugs with the two forms of rhFVIII (rhBDD-FVIII
and rhFL-FVIII) in NSG-HA mice induce a significant increase in vessel density and diameter
compared to NSG-HA injected with Matrigel alone. Moreover, it was observed a significant
enhanced density of the newly formed vessels, but not their diameter, with rhFL-FVIII. These
results indicate that the constant presence of exogenous human rhFVIII in the matrix led to
the formation of newly and larger vessels. It will be interesting to explore the level in which
mFVIll in NSG mice is able to stimulate transplanted human HA BOECs in the Matrigel plug.
Moreover, the different behavior of the two forms of rhFVIII needs further investigations, to
evaluate if the different length of FVIII, and especially the presence of the B-domain, could
play an extra-coagulative role in enhancing vessel stability.

Currently, the use of BDD-FVIII is prominent in HA gene therapy as it bypasses the inability
of most viral vectors to carry the FL-FVIII transgene. Nonetheless, questions about the
implications of using a truncated BDD-FVIII instead of the full-length version remain. No
studies were carried out to compare, side-by-side, the performance of BDD-FVIII vs FL-FVIII

in the correction of the bleeding phenotype with a particular focus on the endothelial
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stabilization. Further investigation will be also needed to understand the differences of FVIII
role in EC biology when FVIII is exogenously provided by rFVIII intravenous infusion or
endogenously produced after LV gene therapy. Moreover, in vivo studies of joint
hemarthrosis in combination with the presence/absence of FVIII would be helpful to support
the role of FVIII beyond coagulation in EC function.

The advancement of non-replacement therapy allowed the treatment of HA patients that
develop inhibitors using recombinant or blood derived FVIII. Despite the hemostatic effect,
bleeding events can still occur, suggesting that non replacement therapy may not ameliorate
vessel fragility. Non-replacement therapy, indeed, is based on humanized antibodies that
bridges FX and FIX, thus they do not contain FVIII protein. Based on the effect of rhFVIII
observed in our in vivo experiment, we can speculate that the presence of the protein can
be fundamental for vessel stabilization. Considering that the use of rhFVIII has side effects
as inhibitors development, the gene and cell therapy approach can possibly overcome the
limitations and be successful in reducing the side effects of both strategies.

In conclusion, we paved the way to study the differences in the genetic profile between
healthy and hemophilic ECs. This information can be crucial to understand if key molecular
targets are missing in HA patients at the cellular level impairing EC functionality. The study
of the extra-coagulative role of FVIII can offer new therapeutic gene and cell therapy
strategies for the management of HA and can lay the basis for the development of a

combined strategy that can result in a safer and more efficient treatment of HA.
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Abstract

Hemophilia A (HA) is a rare bleeding disorder caused by deficiency/dysfunction of the FVIII
protein. As current therapies based on frequent FVIII infusions are not a definitive cure, long-
term expression of FVIII in endothelial cells through lentiviral vector (LV)-mediated gene
transfer holds the promise of a one-time treatment. Thus, here we sought to determine
whether LV-corrected blood outgrowth endothelial cells (BOECs) implanted through a
prevascularized medical device (Cell Pouch™) would rescue the bleeding phenotype of HA
mice. To this end, BOECs from HA patients and healthy donors were isolated, expanded
and transduced with an LV carrying FVIII driven by an endothelial-specific promoter
employing GMP-like procedures. FVIlI-corrected HA-BOECs were either directly
transplanted into the peritoneal cavity or injected into a Cell Pouch™ implanted
subcutaneously in NSG-HA mice. In both cases, FVIII secretion was detected and sufficient
to improve the mouse bleeding phenotype. Indeed, FVIlI-corrected HA-BOECs reached a
long-term engraftment, and their genomic integration profile did not show enrichment for
oncogenes, confirming the process safety. Overall, this is the first pre-clinical study showing
the safety and feasibility of transplantation of GMP-like produced LV-corrected BOECs
within an implantable device for the long-term treatment of HA.

Introduction

Hemophilia A (HA) is an X-linked disorder caused by mutations in the F8 gene. '? These
mutations result in deficiency or reduced activity of the coagulation factor VIII (FVIII), leading
to a lifelong bleeding tendency, whose clinical severity is proportional to FVIII reduction.’
Although the current standard of care is to infuse intravenously HA patients with clotting
factor concentrates, the short half-life of FVIII requires frequent and multiple infusions, with
a negative impact on the patient’s quality of life (QoL). The management of HA is further
complicated by the development of anti-FVIII antibodies (i.e., inhibitors), which occurs in 20-
40% of patients with the severe form of the disease.® This has led researchers to explore
innovative cell and gene therapy strategies that may ensure continuous endogenous FVIII
expression with only a one-time treatment. Another good reason for choosing gene therapy
over traditional approaches is that HA is a monogenic disease i.e., entirely ascribable to the
lack of one protein, FVIII and that a small increase in FVIII plasma levels is enough to
ameliorate the bleeding phenotype of HA patients.

Given the growing number of cell and gene therapy approaches being developed, it is
becoming increasingly important to identify the most suitable cell target. Even though FVIII
MRNA is expressed in different human and mouse organs, such as liver, spleen, lymph
nodes, kidney,*” and in hematopoietic cells,? transplantation studies in hemophilic animal
models have shown FVIII expression to be mainly localized in liver sinusoidal endothelial
cells (LSECs),'%-'2 making these cells attractive targets for HA gene therapy. This is also
supported by the fact that endothelial cells (ECs) secrete FVIII and can act as tolerogenic
cells.'314

Over the years, several gene therapy approaches for HA have been attempted using adeno-
associated virus (AAV) vectors to induce FVIII expression in the desired cell type. Despite
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the encouraging preliminary results obtained in few ongoing clinical trials testing the efficacy
of AAV-mediated hepatocyte-targeted FVIII expression in HA patients,’>'” some medical
issues still need to be addressed, such as the use of these vectors in patients with pre-
existing immunity to AAV or with FVIII inhibitors. As AAV vectors do not actively integrate
into the host cell genome, they are lost upon cell division during liver growth or in case of
liver disease, thus potentially limiting their use in pediatric patients and questioning their life-
long maintenance. Therefore, lentiviral vectors (LVs) could represent a viable approach able
to overcome some AAV limitations. Moreover, several studies have demonstrated, by the
use of endothelial specific promoters, specific expression of human FVIIl in LSECs."0-12.18
Recently, we have shown that induced pluripotent stem cells (iPSCs) derived from CD34*
HA cells can be differentiated into ECs and genetically corrected by LV to express the FVIII
transgene, deleted of the B domain (BDD), driven by the endothelial specific vascular
endothelial cadherin (VEC) promoter. After transplanting these cells into the liver of
monocrotaline-conditioned NOD-scid IL2Rg™'(] HA (NSG-HA) mice, we were able to
correct the bleeding phenotype of these mice and maintain a stable FVIII activity over time.®
Moreover, BDD-FVIlI-transduced ECs encapsulated in microcarrier beads have been shown
to survive for a prolonged time in the peritoneal cavity of NSG HA mice secreting therapeutic
level of FVIII.

Several studies have focused on defining different cell sources and matrices to transplant
FVIll-expressing ECs.2-22 A readily available EC source is represented by patient-derived
blood outgrowth endothelial cells (BOECs).2® BOECs are isolated from adult peripheral
blood?* and can be fully differentiated into mature ECs. They promote neovascularization
in vivo when ftransplanted into immunodeficient mice?®> or when cultured on three-
dimensional biodegradable vascular scaffolds.?6-28 In addition, they can be considered a
valuable source of cells to understand EC biology and model disease and can be used in
regenerative medicine due to their ability to promote neovascularization, thus representing
an optimal candidate for HA cell and gene therapy. Indeed, BOECs transplanted in NSG-
HA mice after gene modification for FVIII expression were able to partially rescue the
hemorrhagic phenotype of these mice.?>2% Moreover, autologous transplantation of FVIII-
expressing BOEC cell-sheet allowed long-term phenotypic correction and survival of
transplanted cells.?? Noteworthy, BOECs can promote neovascularization in vivo in
combination with synthetic or natural materials.?®

A combination of LV-corrected BOECs with a medical device is classified by the European
Union as a combined gene therapy medicinal product (GTMP).3° The mandatory non-clinical
study scheme prior to the first administration of a cell-based GTMP to human subjects
includes the comprehensive characterization of the transduced cells and the evaluation of
the medical device contribution.3! Moreover, the proof-of-concept pharmacodynamics along
with the molecular mechanism of action must be identified in preclinical models in vivo
and/or in vitro. These studies are deemed essential to determine the GMP cell dose to be
used in clinical trials.®?

Here, we show extensive characterization of LV-transduced BOECs isolated from healthy
donors or HA patients for FVIII long-term production in vivo. These cells were transplanted
in a small scalable, implantable, and prevascularized medical device, namely Cell Pouch™
(Sernova Corp.), previously developed for diabetes treatment33.
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Our findings, showing that Cell Pouch-transplanted LV-corrected HA-BOECs are capable of
correcting the bleeding phenotype of HA mice, open new avenues for the treatment of HA
in humans.

Results

Characterization of BOECs isolated from HA patients or healthy subjects and LV-
mediated FVIII gene transfer

Upon isolation and expansion in culture medium, both BOECs from healthy donors and HA
patients showed the classical endothelial cobblestone-like morphology (Figure 1A). Of note,
despite being all isolated from severe HA patients, HA BOECs gave rise to many colonies
(Supplemental Table 4). For transgene expression, isolated cells were transduced with a
lentiviral vector (LV) carrying the BDD form of FVIII driven by the vascular endothelial
cadherin promoter (LV-VEC.hBDD-FVIII) or with an LV carrying the green fluorescent
protein under the control of the same promoter (LV-VEC.GFP), both at an MOI of 20. FACS
analysis showed 98+1% GFP* cells after transduction (Supplemental Figure 1), indicating
excellent transduction efficiency. The number of integrated LV copies/cell was ~6 and ~3 for
LV-VEC.GFP and LV-VEC.hBDD-FVIlI-transduced cells, respectively (Supplemental Table
5). Thus, this protocol ensures a very high transduction efficiency while maintaining a safe
number of integrated LV copies/cell.34:35
We next assessed the endothelial phenotype and functionality of transduced vs non-
transduced healthy or HA BOECs. As shown in Figure 1B, all cells expressed the classical
endothelial markers (e.g., PECAM1, KDR, TEK, CDH5, and VWF) as well as other genes
specific to blood endothelial cells (BECs)363” (Figure 1C). The endothelial phenotype of
healthy and HA BOECs was further verified at the protein level (Figure 1D and E,
respectively), while the hematopoietic phenotype was ruled out upon CD34 and CD45
staining, which resulted negative (Figure 1D and E).
The endothelial functionality of the transduced cells was confirmed by their ability to form
tubule networks upon Matrigel cell culture (Figure 1F). FVIII mRNA expression was
measured in transduced BOECs by RT-PCR (Figure 1G), while FVIII protein expression
levels were detected by flow cytometry (Figure H and | for healthy and HA BOECs,
respectively) and immunofluorescence (IF) (Figure 1J). When cell supernatants were
subjected to activated partial thromboplastin time (aPTT) assay, we noticed a consistent
shortening in LV-VEC.hBDD-FVIlI-transduced BOECs (69 3.5 sec for transduced healthy
BOECs, 66+ 4 sec for transduced HA BOECs) compared to non-transduced cells (80t 2.8
sec for healthy BOECs, 84+ 2.8 sec for HA BOECs) (Supplemental Figure 2A), in good
agreement with the amount of secreted FVIII (35.9+ 2.3 ng/ml for LV-VEC.hBDD-FVIII
healthy BOECs, 4.5+ 1.3 ng/ml for non-transduced healthy BOECs; 54+ 7.5 for LV-
VEC.hBDD-FVIII HA BOECs, 0.15+ 2.5 for non-transduced HA BOECs) (Supplemental
Figure 2B).
To further confirm the safety of LV transduction, healthy BOECs were transduced with
different MOIs (MOI 10, 20, 50, 100), and HIV-1 p24 expression on cell supernatant was
assessed. As shown in Supplemental Figure 2C, all LV-transduced BOEC supernatants
were negative for HIV-1 p24 at any of the MOIs tested 10 days after transduction,
demonstrating the safety of our protocol. HIV-1 p24 on supernatant of HA BOECs
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transduced with an MOI of 20 showed comparable results in terms of safety (Supplemental
Figure 2C).

Secretion of the FVIII gene product by LV-transduced HA or healthy BOECs in NSG-
HA mice

Since healthy and HA BOECs were both able to secrete FVIII in vitro, we evaluated their
ability to survive and secrete FVIII in NSG-HA mice following intraperitoneal (i.p.) injection
in association with Cytodex® 3 microcarrier beads. Following injection, FVIlI-transduced
GFP* healthy BOECs were able to partially restore FVIII activity, which reached a peak of
approximately 10% at 4 weeks post injection (pi) and persisted above 5% for up to 10 weeks
pi (Figure 2A). As expected, LV-VEC.GFP BOEC controls showed only basal FVIII
secretion, which only lasted for 4 weeks. Importantly, mice receiving FVIlI-transduced HA
BOECs revealed sustained therapeutic FVIII activity (up to 10%) for up to 13 weeks pi, which
persisted at a level < 5% throughout the 18 following weeks (Figure 2A). Blood loss assays,
run between 7 and 10 weeks pi of FVIlI-transduced GFP* HA BOECs, demonstrated partial
hemostasis restoration (Figure 2B) accompanied by detectable amounts of plasmatic FVIII
antigen (12.4+3.9 ng/ml) (Figure 2C). IF staining performed on the recovered beads 13
weeks pi showed GFP* cells associated with the beads. Lastly, the endothelial phenotype
of the transplanted cells was confirmed by GFP and human CD31 co-staining (Figure 2D).

Large scale expansion of FVIlI-transduced cells

With the aim to translate this approach into the clinic, we developed a protocol that would
allow us to obtain a large amount of transduced HA BOECs for our in vivo experiments. LV-
VEC.hBDD-FVIlI-transduced HA BOECs from four patients were large-scale expanded to
reach 108 cells, frozen and sent to the partners in accordance with GMP-like procedures.
Upon arrival, cells were re-cultured by simulating a centralized cell production process with
long-term cryopreservation. After large-scale expansion and cryopreservation, upon thawing
and reseeding, all cells showed normal cobblestone-like morphology (Figure 3A). Even
though their size was slightly enlarged, no significant changes in their doubling time, cell
density, and length of time required for expansion were noticed (Figure 3B). In addition to
maintaining expression of the classical endothelial markers (CD31, KDR, Tie-2, VEC),
expanded BOECs became CD34", a transmembrane phosphoglycoprotein involved in cell
adhesion,8 while they retained the classical CD45- phenotype (Figure 3C).

Functionally, FVIlI-transduced cells preserved their tubulogenesis activity (Figure 3D) and
led to partial restoration of FVIII activity once transferred into NSG-HA mice (Figure 3E),
similar to the kinetics of non-expanded BOECs. Thus, LV-VEC.hBDD-FVIII HA BOECs
maintain their ability to secrete FVIII at therapeutic levels even after large-scale expansion.

Tissue matrix development and safety of LV-VEC.hBDD-FVIlI-transduced BOECs
within a Cell Pouch™ implanted in NSG-HA mice

The Cell Pouch™ is a medical implantation device specifically designed to enable the
development of a vascularized tissue matrix environment that ensures long-term survival
and function of transplanted therapeutic cells. Thus, we first evaluated safety and survival
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of transduced HA BOECs within the Cell Pouch™ implanted in NSG-HA mice. For this
purpose, 4-week implanted Cell Pouches™ were transplanted with one of three doses (2x,
5x or 10x10°) of LV-VEC.hBDD-FVIII HA BOECs isolated from two separate HA donors.
The Cell Pouches™ transplanted with BOECs were explanted at 4, 8, or 12 weeks, and a
gross pathological assessment was performed. HA BOECs were safe across doses and
time points with no visible tumors observed (n = 60 total; HA1 n = 37; HA2, n = 23) (data not
shown).

Overall, the tissue matrix developed within the Cell Pouch™ internal chamber and transplant
area was viable among all groups according to time, dose, and cell lot, with no apparent
signs of inflammation, hemorrhage, fibrosis, or necrosis (Figure 4A and Supplemental Table
6). The center of the transplanted chamber area showed mild to moderate collagen
deposition without any difference due to donor lot, time, or dose. Within the area of pre-
vascularization, there was comparatively an increase in established collagen, indicating that
the Cell Pouch™ promoted, over time, the development of a natural scaffold to provide
strength and structure to the environment irrespective of the transplant. Regarding tissue
vascularization, there was moderate neovascularization of the central, transplanted tissue
of the Cell Pouch™ that was present in both donor lots, as well as the controls, along with
evidence of established vessel growth, indicating that the tissue development within this
area included new blood vessel formation (Figure 4B). Established vessels within the
central, transplanted zone appeared to be more prominent and donor-dependent at the
latest time points (Figure 4A).

Transduced HA BOECs improve the bleeding phenotype and cell survival in mice
after transplantation into the vascularized Cell Pouch™

The therapeutic efficacy of LV-VEC.hBDD-FVIII HA BOECs transplanted into the Cell
Pouch™ was evaluated by performing a tail bleeding assay on NSG-HA mice four months
after the cell transfer. Remarkably, we noticed a significantly improved presence of clotting
as judged by a reduction in blood volume recovered in animals transplanted with 20x106
LV-VEC.hBDD-FVIII HA BOECs compared to non-transplanted mice (Figure 5A). Notably,
this was not significantly different when compared to NSG mice, confirming that correction
of the missing coagulation factor had been achieved in the transplanted HA mice. Long-term
cell survival (4 months post-transplant) was confirmed by co-staining with anti-HLA-ABC
and anti-vWF antibodies as well as by the formation of blood vessels within the transplanted
area (Figure 5B and Supplemental Table 7).

Overall, these data indicate that corrected HA BOECs are able to engraft and persist for
prolonged periods of time within the tissue matrix supported by the Cell Pouch™ and secret
enough FVIII to correct the hemophilia phenotype of the implanted NSG-HA mice.

Complex composition of BOEC clonal populations

Sonication Linker Mediated PCR was performed on 53 samples of genomic DNA extracted
from LV-transduced BOECs derived from 3 healthy donors (D45, D2, and D3) and 3 HA
patients (pHA1, pA, and pC), collected at different expansion passages or procedure time
points. By grouping the samples according to the BOEC source (i.e., healthy donors or HA
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patients) and the type of vector used (i.e., LV-VEC.hBDD-FVIIl or LV-VEC.GFP), we
obtained 4 main groups: HA.FVIII; HA.GFP; Healthy.FVIIl; Healthy.GFP. Overall, we
retrieved 142,349 integration sites (IS) (HA.FVIII: 28,069; HA.GFP: 106,554; Healthy.FVIII:
5,864; Healthy.GFP: 1,862.) (Supplemental Table 8). We compared the distribution of IS of
the 4 groups along the whole human genome and with respect to gene transcription start
site (TSS). The profile of LV integrations was similar for all the groups and confirmed the
marked tendency of the LV to integrate within gene bodies, without bias for promoter regions
(Figure 6A-B), in line with previously published results.3*-#? Following enrichment analysis
of genomic position and gene annotations, none of the ontological gene classes showed
cancer or tumor suppressor gene enrichment (Supplemental Figure 3).

Common Insertion Site (CIS) analysis showed few highly targeted genes in all datasets (e.g.,
NPLOC4, PACS1, and MROH1) (Supplemental Figure 4). The quantification of IS
Abundance showed only a few clones with abundance > 10% in LV-VEC.hBDD-FVIII-
transduced BOECs from pA and pHA1 (Figure 7). Only 2 IS were retrieved from D45 cells
transduced at an MOI of 30, thus resulting in both to be 50% abundant. One clone with an
IS in the GNL3 gene, which may interact with p53 and may be involved in tumorigenesis,
and with abundance > 25% was also observed in pHA1 BOEC, but only at a single time
point (P11-UK). To address the clonality of transduced BOECs, we analyzed the diversity of
the clonal population through Shannon diversity index. The highest Shannon diversity index,
between 9 and 11, was observed in BOECs from pHA1 and pA, transduced with the
VEC.GFP vector. All the other BOECs showed a Shannon diversity index between 4 and 8,
which remained constant throughout the various cell passages. A lower diversity index
directly correlated with a lower number of IS, in particular for the HA Beads and Cell Pouch™
samples at different time points (Figure 8A). To better understand if, especially in the Cell
Pouch™ samples, the clonal diversity was reduced, we compared the H Index between
samples grouped by type (Expansion, HA Beads, Cell Pouch™ and LV used (VEC-FVIII,
VEC-GFP) (Figure 8B). IS analysis revealed a high level polyclonality of LV-transduced
BOECs, with no significant difference between the FVIII- and GFP-transduced samples. The
clonal composition heterogeneity of FVIlI-transduced samples remained constant over time
in vitro and in vivo. Finally, Cell Pouch™ samples had a significant lower H index when
compared to BOECs in expansion.

Discussion

Although the current therapy for HA involves the administration of plasma-derived or
recombinant FVIII, there is to date no definitive cure for this inherited bleeding disorder.
While several ongoing phase 1-3 clinical trials assessing the feasibility and safety of AAV-
mediated hepatocyte-directed HA gene therapy have been able to achieve therapeutic FVIII
plasma levels,*3-46 further experiments are in progress to assess the long-term stability of
transgene expression. In this regard, the fact that AAV vectors do not actively integrate into
the host cell genome and, thus, can be lost upon cell division during liver growth or liver
disease questions their life-long maintenance besides limiting their potential use in pediatric
patients.
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A promising alternative approach is represented by a combination of cell and gene therapy,
which would however require the identification of a suitable cell type able to effectively
secrete FVIII while meeting all the necessary conditions for successful cell transplantation.
In this regard, it is widely acknowledged that the liver is the main organ producing FVIII,
where LSECs appear to be the main source of FVIII*"° and can play a tolerogenic role. In
addition, because of the important role of the interaction between FVIIl and vVWF in the
stability and activity of FVIIl, LSECs may represent the most suitable target for cell and gene
therapy-based strategies aimed to correct the HA phenotype.®® Unfortunately, LSEC are not
easy to obtain and maintain in vitro, therefore, in this study we explored the feasibility of
using gene-corrected autologous BOECs, more manageable and previously shown to be
able to secrete FVIII in vivo.5" Here we show that BOECs isolated from both healthy and HA
donors can be efficiently cultured, transduced, expanded, and used to correct the bleeding
phenotype of HA mice. In this regard, it is important to point out that the large number of
corrected cells we obtained allowed us to reach more quickly FVIII therapeutic
concentrations, thus reducing the risk of cell senescence.

The current protocols for BOEC isolation are based on the culture of mononuclear cells
(MNCs) from peripheral or umbilical cord blood on collagen-coated cell culture vessels in
endothelial specific medium.%? The fact that MNCs can be isolated directly through density
gradient centrifugation of blood makes these cells a safe cell source for hemophilic patients.
Normally, BOECs colonies arise after 2-4 weeks of culture, and the colonies are very rare
since their number in the normal peripheral blood is quite low.%? However, here we show
that, under GMP-compliant conditions and using a chemically defined medium, itis possible
to isolate BOECs from both healthy donors and HA patients with high efficiency and rapidly
grow them to the desired amount to prevent the risk of cellular senescence once
transplanted in mice.

In addition to being more easily obtainable, BOECs are fully differentiated ECs with a mature
endothelial phenotype. Indeed, these cells originate from bone marrow-derived progenitors
circulating in the blood or residing in the endothelium, which can be differentiated into
BOECs in vitro.5® Thus, the observation that the expanded pools of BOECs from healthy
donors or HA patients retained the expression of endothelial markers and were able to form
vessels indicates that our GMP-compliant conditions did not alter the endothelial phenotype
and function of these cells, as previously shown.%3

Another important aspect of this study is that we efficiently transduced BOECs with an LV
carrying a functional BDD form of FVIII driven by the endothelial-specific promoter VEC. The
efficiency and tissue specificity of FVIII transcription under the control of this promoter has
been previously demonstrated in gene therapy approaches showing the restriction of FVIII
expression in the desired cell type® and in cell therapy by secretion of FVIII after genetic
correction in target cells.'® Here, we show that LV-corrected HA BOECs transplanted in
association with Cytodex® 3 microcarrier beads into the peritoneum of NSG-HA mice
rescues the hemophilic phenotype of these animals for up to 18 weeks, achieving 9% FVIII
activity.

Importantly, we reached therapeutic levels of secreted FVIII through LV-VEC.hBDD-FVIII
HA BOECs injection into a prevascularized Cell Pouch™ device transplanted into a
preclinical murine model of severe HA. Notably, the correction of the bleeding phenotype by
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using LV-VEC.hBDD-FVIII HA BOECs injected into the peritoneum lasted up to 13 weeks
and then slowly decreased. After 18 weeks FVIII activity was almost absent probably due to
the death of BOECs.

Despite the encouraging results presented in this proof-of-concept study in a pre-clinical
setting, there still remain several important issues that need to be addressed before our
approach can be brought into the clinic. For instance, it will be imperative to characterize
the cells within the Cell Pouch™ in terms of cell markers, longevity, and
proliferation/senescence status. It will also be important to assess if we can increase the
expression levels of FVIII using different EC-specific promoters, and if that would translate
into augmented FVIII secretion and functionality ex-vivo.

Overall, our findings indicate that cell transfer into a medical device is a suitable solution for
cell therapy as it confers a more physiological and protected environment where cells can
proliferate at an excellent rate and escape from the immune response of the transplanted
organism, all the while allowing nutrient exchange and therapeutic protein secretion.
Congruently, the safety and efficacy of the Cell Pouch™ for the transplantation of mouse
pancreatic islets has been previously shown to provide insulin independence in diabetic
animals in preclinical studies of type 1 diabetes mellitus.335° Furthermore, a phase I/1l clinical
trial is ongoing for the treatment of T1DM patients whose result may support the potential
application of this device to other diseases for cell therapy approaches, such as HA.%6

The Cell Pouch™ is a biocompatible, safe, implantable device that forms an internal
vascularized tissue matrix supporting the transplanted cells. When we analyzed the Cell
Pouch™ injected with LV-VEC.hBDD-FVIII HA BOECs after 4 weeks from the cell transfer,
we observed the presence of a viable vascularized tissue matrix supporting the cells, with
no evidence of fibrosis-associated consequences, including inflammation and necrosis, or
hemophilia-related hemorrhage episodes. Moreover, the bleeding assay demonstrated that
LV-VEC.FVIIl HA BOECs transplanted into the vascularized subcutaneous Cell Pouch™
were able to correct the clotting function of HA mice. As previously shown in a canine model
of HA, BOECs transduced with an LV carrying the canine FVIII and implanted
subcutaneously allowed secretion of therapeutic levels of FVIII up to 15 weeks in Matrigel
scaffolds and up to a year after omental implantation.5' Moreover, BOECs were shown to
form tubule network in vitro when plated on Matrigel®” or on the surface of synthetic vascular
scaffolds®® and to promote neovascularization in vivo when transplanted into
immunodeficient mice,?® suggesting that they can be directly involved in vessel formation.
In this context, our data attest the feasibility of a method to correct autologous cells based
on a combined cell and gene therapy approach together with the use of a scaffold (i.e., Cell
Pouch™) able to guarantee long-term cell survival and, in case of need, a re-injection of
new therapeutic cells. In addition to the phenotypical and functional characterization of the
transduced HA BOEC:s, our results demonstrate the pharmacodynamics proof-of-concept in
non-clinical models, which is mandatory before any GTMP can be used in human clinical
trial.3132 Thus, our next step will be to evaluate the safety and toxicity of the GTMP in vivo
based on these results so as to ensure patient safety and promote product translation.
Examples of required non-clinical studies are the evaluation of the potential tumorigenicity
and biodistribution of the transduced BOECs with or without the medical device.>® Our
molecular analysis of the integration sites in BOECs shows that no enrichment for
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oncogenes or expansion of clones with IS in CIS or biases toward gene classes related to
cancer genes occurred. IS analysis suggests a high level of polyclonality of LV-transduced
BOECs, with no statistical difference between the FVIII- and GFP-transduced samples. The
heterogeneity of the clonal composition of the FVIlI-transduced samples remained constant
over time (between different cell passages) also when cells were coupled to the micro carrier
beads. Furthermore, Cell Pouch™ samples had a statistically significant lower H index when
compared to BOECs in expansion.

The process of BOEC engraftment within the subcutaneous space is novel and complex
and further studies will provide additional insight into the interactions between the
developing tissue and the transplanted cells, elucidating the role played in the kinetics of
blood vessel formation and FVIII secretion within the surrounding tissue.

In this study, we could not evaluate the immune response to the secreted factor because
we used implanted cells in immunodeficient hemophilic mice. Thus, in future studies it will
be interesting to evaluate antibody formation after transplantation of transduced BOECs
encapsulated in the Cell Pouch™ into immunocompetent mice. Finally, while several gene
therapy clinical trials for HA are ongoing, to our knowledge this is the first therapeutic
approach that combines the GMP production of autologous human BOECs with the use of
a safe ex-vivo approach based on an implantable prevascularized device.

In conclusion, our findings suggest that long-term encapsulation and survival of LV-
corrected BOECs by means of an implantable device may prove effective in ameliorating
the HA patients’ QoL. The therapeutic dose of FVIII released by these autologous genetically
modified cells would in fact prevent the need of frequent infusions of FVIII and significantly
reduce the morbidity and the frequency of the bleeding episodes in hemophiliacs.
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Material and Methods

BOEC isolation form HA patients and healthy donors

Blood sampling from 4 adult severe HA patients, named pHA1, pA, pC, and pD, was
performed at the hospital A.O.U Citta della Salute e della Scienza, Turin, Italy. The blood
was shipped at room temperature to Universita del Piemonte Orientale (UPO), Novara, Italy.
Blood sampling from adult severe HA patients was approved by the Ethics Committee
“Comitato Etico Interaziendale A.O.U. Maggiore della Carita” (Protocol 810/CE, Study n. CE
125/17). Human BOECs were isolated as previously described,? with the introduction of an
earlier cell passaging step seven days after initial isolation of the peripheral blood
mononuclear cells to reduce expansion time and increase the final cell yield.®° Isolated cells
were cultured on CELLCOAT Collagen Type 1-coated tissue culture flasks (Greiner Bio-
One) using MCDB 131 medium (Gibco®, Life Technologies) containing proprietary
supplements. Primary cells from adult healthy donors (named D45, D2, D3) were isolated
at Tissue Engineering and Regenerative Medicine, Wirzburg, Germany, under informed
consent according to ethical approval granted by the Institutional Ethics Committee of the
University Hospital Wiarzburg (approval number 182/10). Cell viability and count were
assessed using the Countess Il FL Automated Cell Counter (Thermo Fisher Scientific).

Healthy and HA BOEC transduction

Healthy and HA BOECs were plated at a 10* cells/cm? density and after 6-8 h transduced
with a lentiviral vector carrying the BDD form of FVIII under the control of the VE-cadherin
promoter (LV-VEC.hBDD-FVIII) or with a lentiviral vector carrying the green fluorescent
protein under the control of the same VE-cadherin promoter (LV-VEC.GFP), using a
multiplicity of infection (MOI) of 20. After 14-16 h incubation, fresh medium was added to
the cells and, 72 h later, half of the cells were harvested for subsequent analysis, while the
other half was further cultured.

GMP-compliant (GMP-like) preclinical development of LV-VEC.hBDD-FVIII-
transduced BOECs

BOECs were isolated and expanded using a GMP-compliant standardized approach
between all partners, including a quality control strategy. The standardized expansion
scheme defined within the project is based on the generation of Master Cell Banks (MCB)
and a Working Cell Bank (WCB), which ensures not only a controllable defined expansion
for each patient’'s BOECs but also an in-process quality control at defined crucial steps. After
isolation and expansion, cells were transduced with LV lots produced with a GMP-compliant
method (TFF, see Supplemental Material section). All freezing steps were performed using
a cryopreservation solution based on compounds that are GMP-compliant free of toxic
compounds (e.g., DMSO). The Cell Pouch™ was manufactured under GMP-compliant
conditions. All steps were designed and conducted according to European GMP-regulations
to ensure that the product would fully comply with the quality requirements of the European
authorities. The main objectives were to provide sets of design and manufacturing protocols
based on current European GMP regulations and to prepare an Investigational Medicinal
Product Dossier (IMPD) for an Investigational Medicinal Product (IMP), composed of
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therapeutic cells and an implantable medical device (Cell Pouch™), a so-called combined
Advanced Therapeutic Medicinal Product (combined ATMP).

Insertion site analysis

Integration sites (IS) were retrieved from genomic DNA of LV-transduced BOEC cells by
Sonication Linker Mediated (SLiM)-PCR, an adaptation of a previously described
method.?'62 Genomic DNA (300 ng) was sheared using a Covaris E220 Ultrasonicator
(Covaris Inc., Woburn, MA), generating fragments with a target size of 1000 bp. The
fragmented DNA was split into 3 parts to generate technical replicates and, by using the
NEBNext® Ultra™ DNA Library Prep Kit for lllumina® (New England Biolabs, Ipswich, MA),
subjected to end repair, 3’ adenylation, and ligation to linker cassettes (Integrated DNA
Technologies, Skokie, IL) containing a 8-nucleotide sequence barcode used for sample
identification and a 12 random nucleotide sequence necessary for clonal abundance
quantification. Ligation products were then subjected to 35 cycles of exponential PCR using
primers specific for the lentiviral vector LTR and the linker cassette. The amplification
product was then re-amplified with additional 10 PCR cycles using primers specific for the
linker cassette and the LTR, with the latter containing a second barcode in order to adopt a
double barcode strategy for sample identification. The final PCR products were quantified
using a KAPA Library Quantification Kit (Roche, Basil, Switzerland) and pooled in
sequencing libraries with equimolar composition, avoiding repeated barcode pairs. Primers
incorporate the adapter sequences required for the lllumina paired end sequencing
technology (lllumina, San Diego, CA). Sequencing was performed on the Illlumina MiSeq
and HiSeq. Sample processing and metadata were tracked within our laboratory information
management system.364 Sequencing reads were processed by a dedicated bioinformatics
pipeline (VISPA2).%4 Briefly, paired sequence reads were filtered for raw reads quality, then
cleaned by vector genome, and the resulting cellular genomic sequence mapped on the
human genome (version hg19), and the nearest RefSeq gene assigned to each
unambiguously mapped IS. Clonal abundance for each IS was estimated using the R
package sonicLength,®® where the number of genomes with the same integration site is
calculated by counting the number of fragments with different sizes generated by sonication
belonging to each individual IS. Within each group, IS shared between different time points
of the same transduction were counted once. The relative abundance of each clone was
then calculated as the percentage of genomes with a specific integration site over the total
genomes. Common Insertion Sites (CIS) were identified through the Grubbs test for
outliers.®® Enrichment analysis for ontological classes among the targeted genes by vector
IS was performed by the Genomic Regions Enrichment of Annotations Tool (G.R.E.A.T.).®”

Animal procedures

Animal studies were approved by the Animal Care and Use Committee at UPO (ltalian
Health  Ministry  Authorization n. 492/2016-PR, No. DBO0O64.5). NOD.Cg-
Prkdcsed||2rgtm™Wil/SzJ (Jackson stock No 005557) mice with hemophilic phenotype (NSG-
HA) were previously generated and maintained in our laboratory.® Eight-10 week old
animals were used for cell transplantation studies. Cell Pouch™ implantations were
conducted under additional ethical guidelines and approval from the Animal Care Committee
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at the University of British Columbia (Vancouver, British Columbia, Canada) in accordance
with the Canadian Council on Animal Care Guide to the Care and Use of Experimental
Animals.

BOEC transplantation

For cell transplantation with beads, 5x10° FVIlI-transduced healthy or HA BOECs were
mixed with Cytodex®3 microcarrier beads (GE Healthcare Life Sciences) and
intraperitoneally delivered in NSG-HA mice as previously described.®® For Cell Pouch™
implantation, female NSG and NSG-HA animals were anesthetized and surgically implanted
with a Cell Pouch™ in the subcutaneous space of the lower abdomen 4 weeks before cell
transplantation, allowing incorporation with vascularized tissue and forming fully developed
tissue chambers suitable for cell transplantation upon removal of a space holding plug. LV-
VEC.hBDD-FVIII BOECs were cultured for 3 days post-thawing and finally transplanted into
the Cell Pouch™. Mice received either a dose of viable BOECs (2-20x108) or remained
untreated. All animals received a prophylactic dose (2-4 IU) of recombinant human FVIII by
tail vein injection prior to surgical procedures.

FVIII activity

aPTT assay was performed on plasma samples of transplanted mice to assess FVIII activity.
Standard curves were generated by serial dilution of recombinant human BDD-FVIII
(ReFacto) in hemophilic mouse plasma. Analyses were performed using a Coatron® M4
coagulometer (TECO Medical Instruments) and TEClot APTT-S kit reagents (TECO Medical
Instruments).

Bleeding assay

A bleeding assay was performed on anesthetized mice. The distal portion of the tail was cut
at a diameter of 2-2.5 mm. Tails were placed in a conical tube containing 14 ml of 37°C pre-
warmed saline. Blood was collected for 10 min and, following centrifugation, resuspended
in red blood lysis buffer (155 mM NH4CIl, 10 mM KHCOS3, and 0.1 mM EDTA). The
absorbance of the samples was measured at 575 nm. For cell transplantation experiments
with Cell Pouch™, the tail bleeding assay was performed by Sernova, as previously
described,?%70 at the end of the experimental period, 4 months post-transplantation. In brief,
mice were anesthetized, and tail tips were placed in a guide, ensuring the same diameter of
1-mm, and severed (~ a distal 10-mm segment) for each animal. The tail was immediately
immersed in pre-warmed saline at 37°C. Bleeding was carried out for a maximum of 20 min,
after which animals were euthanized as per approved animal use protocol (AUP). Blood loss
was evaluated by determining hemoglobin concentration by lysing collected red blood cells
(ACK Lysing Buffer, Gibco™), and the absorbance measured at 550 nm on a Synergy ™ Mx
(BioTeck) spectrophotometer. Results were analyzed by comparing the amount of blood
loss obtained from treated NSG-HA mice with control mice (untreated NSG-HA and NSG
mice).
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Statistical analysis

Data were expressed as means * standard deviation (SD) or means + standard error mean
(SEM). Statistical significance was analyzed using Student's t test with two-tailed
distribution, assuming equal standard deviation distribution, two-way analysis of variance
(ANOVA) with Bonferroni post-hoc test or Tukey’s multiple comparison post hoc tests in
GraphPad Prism 6 (GraphPad Software). Statistical analyses involving IS were performed
with the R software (r- project.org). Differences were considered statistically significant when
P values < 0.05.
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Figure legends

Figure 1. Healthy and HA BOEC isolation, LV transduction, and in vitro FVIII detection.
(A) Light microscope pictures of cultured healthy and HA BOECs at passage 3. (B)
Representative RT-PCR analysis for the expression of endothelial markers. HUVECs and
fibroblasts were used as positive and negative control, respectively. (C) RT-PCR for
endothelial markers specific for blood endothelial cells (BECs). iPSC-derived ECs and
fibroblasts were used as positive and negative control, respectively. (D) Representative
histograms of healthy non-transduced (black line) and LV-VEC.hBDD-FVIII transduced
healthy BOECs (red line), showing endothelial marker expression and absence of
hematopoietic markers. The filled-up histograms represent unstained BOECs. (E)
Representative histograms of HA non-transduced (black line) and LV-VEC.hBDD-FVIII
transduced HA BOECs (red line) showing endothelial marker expression and absence of
hematopoietic markers. The filled-up histograms represent unstained BOECs. (F) Matrigel
assay confirming tubule formation of transduced BOECs. (G) RT-PCR, using primers
specific for the exogenous F8 in non-transduced and LV-VEC.hBDD-FVIII BOECs.
Unrelated transduced cells and fibroblast were used as positive and negative control
respectively. (H) FVIII intracytoplasmic staining on non-transduced (black line) or
transduced healthy BOECs (red line). The filled-up histogram represents unstained BOECs.
() FVIII intracytoplasmic staining on non-transduced (Black line) or transduced HA BOECs
(Red line). The filled-up histogram represents unstained BOECs. (J) FVIII detection by
immunofluorescence: blue: DAPI, red: anti-FVIIIl. Data are expressed as mean £ SD and are
representative of four independent experiments.

Figure 2. Intraperitoneal implantation of BOECs with Cytodex micro-carrier beads. (A)
Kinetics of the percentage of FVIII activity measured by aPTT assay in the plasma of
transplanted NSG-HA mice. BOECs used were transduced with either LV-VEC.GFP or LV-
VEC.hBDD-FVIIIl. Data are expressed as mean = SD and are representative of two
independent experiments using BOECs from two healthy donors (n = 7 mice), and four
independent experiments using HA BOECs from four patients (n = 23 mice). (B) Blood loss
evaluation on NSG-HA mice between week 7 and 10 (n = 4) after cell transplantation. (C)
FVIII concentration in plasma of mice transplanted with transduced or non-transduced
BOECs at week 16. Data are expressed as mean £ SD, (P < 0.0001 ***, P < 0.001 **) (D)
Representative immunofluorescence on beads showing cells co-expressing GFP and CD31.

Figure 3. Large-scale expansion of HA patient derived BOECs. (A) Light microscope
pictures of transduced HA BOECs pre- and post-expansion. (B) Cell size, cell density,
culture time, and population doubling level during pre- and post- large-scale expansion. (C)
Endothelial marker expression pre- and post- large-scale expansion expressed as stained
cells vs cells with secondary isotype controls. (D) Tubulogenic assay to assess the
functionality of transduced HA BOECs after pre- and post-large-scale expansion. (E)
Kinetics of the percentage of FVIII activity measured by aPTT assay in plasma of
transplanted NSG-HA mice. Data are expressed as mean = SD and are representative of
two independent experiments (n = 7).

Figure 4. Pathological assessment after transplantation of LV-VEC.hBDD-FVIII HA
BOECs into the Cell Pouch™ device. (A) Sernova Cell Pouches™ were removed at 4, 8,
or 12 weeks and stained by H&E and Masson’s Trichrome for blinded histopathological
analysis. Histology scores and representative images at 12 weeks post- transplant with
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10x106 LV-VEC.hBDD-FVIII BOECs (animal groups n = 2-3). (B) Quantification of H&E and
Masson’s Trichrome for blinded histopathological analysis.

Figure 5. Bleeding phenotype and cell survival of LV-VEC.hBDD-FVIIl HA BOECs after
implantation in the Cell Pouch™ device. (A) Bleeding assay on mice transplanted with
10%10° or 20%x10% HA and LV-VEC.hBDD-FVIIl BOECs, or left untreated (n = 3-6, mean +
SEM, **P < 0.05, ns: not significant). (B) The transplanted Cell Pouch™ devices were
removed from the recipients NSG-HA mice, and immunofluorescence was performed to
detect cell survival within the mouse tissue by human cell staining (HLA-ABC) and blood
vessel formation through staining with cross-reacting human/mouse von Willebrand Factor
(VWF) antibody. The images shown are representative of two transplant groups (10x108 n
=5;20%10% n = 12). (C) Quantification of HLA-ABC and blood vessel formation from blinded
histopathological assessment.

Figure 6. Genome wide distribution of lentiviral vector IS. (A) The pink track represents
the density distribution of genes (RefSeq annotation, hg19 genome). The green tracks are
the density distributions of all the IS retrieved in the HA transduced with LV-VEC.GFP and
Healthy transduced with LV-VEC.GFP groups. The blue tracks are the density distributions
of all the IS retrieved in the LV-VEC.hBDD-FVIII HA BOECs and LV-VEC.hBDD-FVIII
Healthy BOECs groups. (B) Distribution of IS of the 4 groups along the whole human
genome and with respect to gene transcription start site (TSS).

Figure 7. Box plot representation of clonal abundance. For each sample, the abundance
values for each clone are represented as dots. Clones over 10% are presented as dots
labeled with the closest gene symbol (RefSeq hg19).

Figure 8. Clonal diversity comparison. (A) Shannon diversity index for each transduced
cell population according to cell passage and time point. (B) H Index comparison between
different groups.
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Figure 2
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Figure 3
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Supplemental Material and Methods

Lentiviral vector generation. Third generation self-inactivating LVs were produced as
previously published.” Briefly, 293T cells were expanded and transiently transfected by the
calcium phosphate precipitation method with four plasmids encoding for two core packaging
constructs (pMDLg/pol and pRSV-Rev), the envelope construct (pMD.VSV.G), and the
transfer vector construct (pVEC.hBDD-FVIII.LV or pVEC.GFP.LV). The cell supernatant was
harvested, and LV particles were concentrated by ultracentrifugation. For GMP-grade
production of LV, the KR2i TFF System® (Spectrum Lab) was used according to the
manufacturer’s protocol. The product is ISO 9001:2008 certified. The system consists of a
digital peristaltic pump, man/machine interface with a graphical LCD display, digital pressure
monitor, KR2i Easy-Load Pump head, Automatic Backpressure Valve, filter module stand,
and a real-time data collection software. The Tangential Flow Filtration (TFF) System uses
a constant turbulent flow along a porous membrane to eliminate impurities from the sample.
The tangential flow along the membrane prevents the accumulation of material on the
membrane surface, as opposed to the classical “dead-end filtration”, and allows the
maximum recovery with high purity of the product.

Analysis of lentiviral vector copy number. Genomic DNA from LV-VEC.hBDD-FVIII
and LV-VEC.GFP transduced BOECs was isolated using ReliaPrep gDNA Tissue Miniprep
System (Promega). Real-time qPCR was used to evaluate the integrated LV copy numbers
per cell in the DNA. Primers used for the qPCR recognize the Wpre sequence: Forward
TTGCTTCCCGTATGGCTTTC, Reverse AGCTGACAGGTGGTGGCAAT. Finally, TU/mlI
was calculated with the following formula: TU/ml = (LV copies/cell x No. of transduced cells)
/ LV volume (expressed in ml).

Evaluation of HIV-1 p24 in culture medium of transduced BOECs. The presence of
HIV-1 p24 was evaluated in culture medium of transduced cells after several time points and
passages. Samples were analyzed using Liaison® XL (Diasorin) in the Virology Laboratory
of the Hospital (Ospedale Maggiore della Carita di Novara, Italy).

RNA isolation and RT-PCR. Total RNA was isolated by Isol-RNA Lysis Reagent
(Invitrogen). One pg of RNA was treated with DNase | (Thermo Scientific), and cDNAs were
obtained using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). All PCRs
were performed with GoTag® Flexi DNA Polymerase (Promega). Primers, annealing
temperatures, and product sizes are listed below in Supplemental Table 1. PCR products
were resolved in 2% agarose gels.

In vitro tubulogenesis assay. Pure Matrigel (BD Bioscience) was added to each well
of a 24-well tissue culture plate and allowed to solidify at 37°C for 1 h. A cell suspension
containing 10° BOECs, resuspended in culture medium, was placed on top of the Matrigel.
Plates were incubated at 37°C, 5% CO2 and observed and imaged at 16 h to detect capillary-
like structure formation using an inverted microscope Leica ICC50.

Flow cytometry analysis. BOECs were characterized by flow cytometric analysis
using antibodies listed in Supplemental Table 2. For each sample, 1.5x10° live events were
acquired either on the Attune NxT Acoustic Focusing Cytometer (ThermoFisher Scientific,
Waltham, MA, USA) or on BD FACSCanto Il. Data were analyzed by FCS Express 6
(DeNovo Software, Glendale, CA, USA) or using FlowJo Software V10.6 (FlowJo LLC).
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Histopathological staining and analysis of samples from Cell Pouch™. Sernova Cell
Pouches™ with transplanted FVIII-BOECs were explanted from the mice, dissected into
segments, fixed in 10% neutral buffered formalin, and paraffin-embedded. Sections (5-6 uM-
thick) were stained with hematoxylin and eosin (H&E) and Masson’s Trichrome (Nucro-
Technics, Scarborough, Ontario).

Immunostaining. For immunofluorescence (IF) staining, BOECs were cultured on
plastic and fixed in PFA 4%, for nuclear staining permeabilized in 0,5% PBS-Triton X100
and then incubated with blocking buffer (BB, 5% goat serum, 1% BSA, 0.1% Triton X-100 in
PBS) at room temperature (RT). Mouse tissues were fixed in 4% PFA, equilibrated in
sucrose, and embedded in cryostat embedding medium (Bio-Optica). Cryostat sections of
4-uym thickness were blocked in BB, incubated with primary antibody at RT, and then
incubated in the dark at RT with the secondary antibody. The Cell Pouch™ with transplanted
FVIII-BOECs was explanted from each animal, dissected into segments, and immediately
cryopreserved in Tissue-Tek® O.C.T. compound (VWR) using an isopentane (2-
methylbutane)/dry ice slurry (-70°C), and stored at -80°C. Prior to staining, cryostat sections
(5-6 pym) were air-dried and pre-treated by immersion in cold acetone (-20°C), followed by
washes in tris-buffered saline (TBS). Sections were blocked in TBS containing 10% goat
serum and 1% BSA. A list of the antibodies used in these experiments is provided in
Supplemental Table 3.

Histology analysis and preservation techniques of tissues. Following explantation,
gross observations of Cell Pouches™ were made and images taken just prior to further
histological processing. The 1 Plug Cell Pouches™ were then dissected into 3 segments (a
—¢) (see Figure 1). Segments ‘a’ and ‘c’ were processed for fixation in 10% neutral buffered
formalin (Sernova Histology SOP-H900). Cell Pouches™ were washed from 10% formalin
in 1X phosphate buffered saline (PBS) to 70% ethanol and subsequently processed for
paraffin embedding. Segment ‘b’ was flash frozen for cryopreservation at the time of
dissection using an isopentane/dry ice slurry and embedded in optimal cutting temperature
compound (O.C.T.) (Sernova Histology SOP-H936). Cryopreserved or paraffin-embedded
segments were then serially sectioned with a cryostat or microtome, respectively.

Preparation of slides and high-resolution images with description of tissue stains.
Prior to staining or immunohistochemistry (IHC) analysis, sections were deparaffinized and
rehydrated. Sections were stained with H&E for either formalin-fixed paraffin embedded
(FFPE) or cryopreserved tissues. Masson’s trichrome staining was performed on FFPE
(Nucro-Technics, Scarborough, Ontario). For IHC staining, cryopreserved O.C.T. embedded
tissues were dried, pre-treated with fixation and permeabilization with cold acetone (-20 °C,
10 min) and stained to detect microvessel formation with von Willebrand factor (vWF). For
human cell detection, sections were stained with a human leukocyte antigen (HLA-ABC)
antibody. High resolution images and full slide scanning of the sections were imaged with
an EVOS™ FL Auto 2 Imaging System (Invitrogen™, ThermoFisher Scientific) for both light
microscopy (H&E and Masson’s Trichrome) and fluorescent IHC (VWF/HLA).

Analysis methodology. The following histological assessment was conducted on the
serial sections of formalin-fixed paraffin embedded (FFPE) segments taken within the
chambers of each of the Cell Pouches™ from the animals across the doses and explanation
time points: 1) stromal development, including type, distribution, and maturity; 2) vascularity,
including neovascularization, established vessels, and their respective relationship to the
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chamber area; 3) inflammation, including type and relative abundance; and 4) hemorrhage.
Masson’s trichrome stains were assessed for collagen deposition as a marker of stromal
maturity. Histological variables were assessed in a semi-quantitative fashion: - absent; +
mild; ++ moderate; and +++ marked.

A histological assessment was conducted of the serial sections of frozen embedded
segments taken within the chambers of each of the Cell Pouches™ from the animals across
the doses and explanation time points: 1) cell transplant survival, 2) interactions and
development post-transplant; 3) interactions of the surrounding pre-vascularized tissue of
the Cell Pouch™; and 4) blood vessel formation relative to transplant cells. Histological
variables were assessed in a semi-quantitative fashion: - negative (no staining); +/-
equivocal staining; + mild positivity; ++ moderate positivity; +++ marked positivity; n/a image
not available.

For histological assessment the slides and high-resolution images were sent to a
certified pathologist for analysis. The assessment was conducted in a blinded-fashion, with
no knowledge of the animal time points. The assessment was unblinded for writing the final
report. Pathological definitions were as follows: Fibroblastic stroma — mesenchymal tissue
consisting of fibroblastic cells and the extracellular matrix, including variable collagen
produced by these cells; Collagen — usually a fibrillar protein within the extracellular matrix
of connective tissue that provides mechanical strength to the tissues; Neovascularization —
tiny, immature capillary-like vessels arising during new blood vessel formation and growth.

Supplemental figures and tables

Gene Synthetic oligonucleotide Expected
band

F: 5-GAGAAAATCTGGCACCACACC-3’
ACTB 412 bp
R: 5-CGACGTAGCACAGCTTCTC-3'
F

: 5'- TGCAAGGACCAAGGAGACTATGT -3'
KDR 459 bp
R: 5'- TAGGATGATGACAAGAAGTAGCC -3'
F

: 5-AGACCAGCACGTTGATGTGA-3
TEK 127 bp
R: 5-TGGGTTGCTTGACCCTATGT-3’
F

: 5'-CAGCCCAAAGTGTGTGAGAA-3'
CDH5 162 bp
R: 5-TGTGATGTTGGCCGTGTTAT-3'
F

: 5-~AGGTCAGCAGCATCGTGGTCAACAT-3'
PECAM1 469 bp
R: 5-GTGGGGTTGTCTTTGAATACCGCAG-3'
F

:5'- TGGAGTACCCCTTCAGCGAG -3'
VWF 263 bp
R: 5'- GTTGGCATTAGGGCCCACTC -3'
F

F8 A2-A3 | F: 9 Tgccacaactcagactttcg-3'

. 184 bp
domain R

: §'- gatggcgtttcaagactggt -3'

IFI27 F: 5- TCTGGCTCTGCCGTAGTTTT-3' 243 bp
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R: 5'- GAACTTGGTCAATCCGGAGA -3'
F: 5'- Tggcagcaagtatccaatgg-3'

CDH11 200 bp
R: 5'- tttggttacgtggtaggcac-3'
F: 5- TCCAGAAGGCAATGCAAGTA-3'

NRCAM 117 bp
R: 5'- AGCATTCCATCTTCCTTTGC -3'
F: 5'- GGCCTATGAGTCCTGGGTAC -3'

COL4A1 146 bp
R: 5'- TGGATTTCAGGGGATGCCAG -3'
F: 5'- CCACTGCACTTGGCCTACA -3'

ENG 107 bp
R: 5'- GCCCACTCAAGGATCTGG -3'
F: 5'- gaaccggcccctcattaag-3'

GATA3 216 bp
R: 5'- CTTGCATATCTGACCTATTCTAGCGTG-3'
F: 5- TGCAGTGTGAGGCTGTGTACA -3'

ITGAS 88 bp
R: 5'- GTGGCCACCTGACGCTCT -3'
F: 5'- catatcaagttaatggagtc-3'

ETS-1 268 bp
R: 5'- tgtttgatagcaaagtagtc -3'
F: 5'- gtggagtgagcaacaggtat-3'

ETS-2 282 bp
R: 5'- ccaaaacctaatgtattgctg -3'
F:5- TCTGGCTCTGCCGTAGTTTT-3'

Wpre/ dNEF 200 bp
R: 5- GGCTAAGATCTACAGCTGCCTTG-3

Supplemental Table 1. Primers used in RT-PCR and Real Time.
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Antibody | Reactivity | Manufacturer |Format
clone 32D12,
CD45 human Miltenyi Biotec | &
clone
CD34 human 4H11[APG], PE
Invitrogen
Anti Thfarm.o. 488
mouse Scientific
Clone GMA-
8015,
Not
FVIlI Human Green Mountain | conjugated
clone ES8-
KDR human 20E6, Miltenyi|PE
Biotec
. clone REA198,
Tie-2 human Miltenyi Biotec PE
CD31 human clone MEM-05;| o
Invitrogen
VE- human clone REA199, PE
cadherin Miltenyi Biotec
Supplemental Table 2. Antibodies used for FACS staining.
Primary antibodies Host Reactivity Manufacturer Dilution
Clone GMA-8015,
FVII Mouse |Human Green Mountain 1:100
CD31 Mouse |Human BD Bioscience 1:100
Novus Biologicals,
HLA-ABC Rat Human clone YTH862.2 1:150
von Willebrand Factor Rabbit |H, M, R Millipore 1:100
GFP Rabbit Life Technologies 1:300
Secondary antibodies | Fluorophores Manufacturer Dilution
Goat anti-Rabbit AlexaFluor 488 or 546 Life Technologies 1:500/1:1000
Goat anti-Rat AlexaFluor 594 1:500
Goat anti-Mouse AlexaFluor 488 or 546 Life Technologies 1:500

Supplemental Table 3. Antibodies used for immunofluorescence staining.
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Supplemental Table 4. List of hemophilic patients from whom BOECs were isolated

Name of . ml of peripheral|No. of BOECs
Donor Mutation .

donor blood samples colonies

pHA1 Severe HA €.6273G>A exon 21 |25 30

pA Severe HA intron 22 inversion |22 60

pC Severe HA unknown 25 40

pD Severe HA intron 22 inversion |26 30

240

Non transduced

H-3

LV-VEC.GFP MOI 20

98%: 1 ( \\

FL1-H

T

T

10

FL1-H

Supplemental Figure 1. Representative histograms for GFP evaluation by FACS analysis in healthy and HA
BOECs transduced with an MOI of 20.

Sample LV copy number/ cell
Healthy BOECs 0

LV-VEC.GFP Healthy BOECs 5.2+ 0.6
LV-VEC.hBDD-FVIII Healthy BOECs 3.1£ 0.5

HA BOECs 0

LV-VEC.GFP HA BOECs 6.2+ 0.8
LV-VEC.hBDD-FVIIl HA BOECs 3+0.2

Supplemental table 5. gPCR analysis of integrated LV copy number/cell
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Supplemental Figure 2. (A) aPTT assay on supernatant of transduced and non-transduced healthy and HA
BOECs (B) Antigen assay on supernatant of transduced and non-transduced healthy and HA BOECs. Data
are expressed as mean = SD and are representative of four independent experiments. (F) HIV-1 p24 analysis
on medium of non-transduced and transduced and healthy and HA BOECs at different MOls.
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Animal ID

396-LEP

Inflammation

Fibroblastic
stroma

Collagen
deposition

Neovascularization

Established
vessels

Hemorrhage

398-REP

397-LEP

++

++

397-BEP

398-BEP

405-NEP

414-NEP

+++

+++

++

++

415-BEP

+++

399-NEP

++

402-LEP - +++ ++ ++ ++ -
405-REP - ++ + ++ + -
413-LEP - ++ +++ ++ * -

413-BEP

+++

++

406-REP - +++ ++ ++ * -
406-NEP - +++ ++ ++ + -
411-BEP - +++ +++ + ++ -

520-RREP

523-LEP

++

++

396-REP - +++ +++ + + +
398-NEP - +++ ++ ++ + -
399-BEP - +++ ++ ++ + -

++
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520-NEP -

+++

+++

++

524-LEP -

523-REP -

522-RREP | -

+++

+++

+++

++

++

++

++

++

++

+++

++

++

524-BEP -

525-REP -

521-RREP | -

+++

++

+++

++

++

++

++

++

++

++

++

525-RREP | -

+++

++

++

403-NEP - +++ + ++ +
521-BEP - +++ ++ ++ ++
525-BEP - +++ ++ ++ ++

*present immediately adjacent to Cell Pouch™

Supplemental Table 6. Histological features of NSG-HA Cell Pouches™ transplanted with FVIII-BOECs (H&E

and Trichrome).




Animal ID

396-LEP

HLA-ABC (red)

VWF (green)

398-REP

398-BEP

405-NEP

414-NEP

++

397-REP + +
397-LEP n/a n/a
414-LEP +/- +

++

n/a

415-BEP

+-

399-NEP

402-LEP +/- +
405-REP +/- +
413-LEP n/a n/a

n/a

413-BEP

+/-

406-REP * +
406-NEP +I- ++
411-BEP +- *

520-RREP

++

396-REP +/- +
398-NEP + +
399-BEP +/- +

++
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520-REP

++

523-LEP

520-NEP

+++

++

+++

524-LEP

522-RREP

++

523-REP

+++

++

524-BEP

+++

525-REP - ++

521-RREP - N/A

525-RREP - +

403-NEP : +
521-BEP - +
525-BEP : "

- negative (no staining); +/- equivocal staining; + mild positivity; ++ moderate positivity; +++ marked positivity;
N/A image not available

Supplemental Table 7. Immunofluorescence of NSG-HA Mouse Cell Pouches™ transplanted with FVIII-
BOECs.
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Group Donor Transduction Vector  MOI Timepoint Sample ID N.IS
Healthy.GFP D45 4 VEC-GFP 10+10 P5 BOEC-008 1,862
P5 BOEC-001
P8 BOEC-002
P11 BOEC-003
1 VEC-FVIII 20 P15 BOEC-004
D45 70 daysHA Beads BOEC-010
70 daysHA Beads BOEC-011
Healthy.Fvill 70 daysHA Beads BOEC-013 5,864
2 VEC-EVIII 30 P11 BOEC-005
3 50 P11 BOEC-006
] BOEC-014
D2 5 VEC-FVIlIl 20 P8 BOEC-043A
D3 6 VEC-FVIll 20 Ps BOEC-0438
P8 BOEC-043C
P5 BOEC-020
pHA1 8 VEC-GFP 20 P8 BOEC-021
P12 BOEC-022
HA.GFP P5 BOEC-032 106,554
PA 10 VEC-GFP 20 pg BOEC-033
pC 12 VEC-GFP 20 P3 BOEC-040
P8 BOEC-041
P5 BOEC-016
P8 BOEC-017
P10 BOEC-018
P15 BOEC-019
P11 BOEC-024
P11 BOEC-025
P14 BOEC-026
P11 HA1-VEC-UNILO
91 daysHA Beads BOEC-044A
91 daysHA Beads BOEC-0448
pHAL - VEC-EVIL 20 91 daysHA Beads BOEC-044C
2 weeks CellPouch 397-LEP
2 weeks CellPouch 398-LEP
4 weeks CellPouch 398-BEP
4 weeks CellPouch 414-LEP
4 weeks Cell Pouch 396-LEP
8 weeks CellPouch 402-LEP
8 weeks CellPouch 415-BEP
8 weeks CellPouch 405-NEP
12 weeks Cell Pouch 398-NEP
12 weeks Cell Pouch 406-REP
12 weeks Cell Pouch 399-NEP
PS5 BOEC-027
HA.FVIII P8 BOEC-028 28,069
P10 BOEC-029
P14 HA-A-pl4
P15 BOEC-030
P12 BOEC-031
oA 9 VEC-FVIIl 20 112 daysHA Beads BOEC-045A
112 daysHA Beads BOEC-045B
112 daysHA Beads BOEC-045C
4 weeks CellPouch 520-REP
4 weeks Cell Pouch 520-RREP
8 weeks CellPouch 520-LEP
8 weeks CellPouch 520-NEP
12 weeks Cell Pouch 522-RREP
P5 BOEC-035
P8 BOEC-036
P8 HA-C-p8
P10 BOEC-037
P11 BOEC-039
pC 11 VEC-FVIlIl 20 P14 HA-C-pl4
P15 BOEC-038
P19 HA-C-p19
112 daysHA Beads BOEC-046A
112 daysHA Beads BOEC-046B
112 days HA Beads BOEC-046C
pD 13 VEC-FVIIl 20 P16 HA-D-p16
TOTAL 142,349

Supplemental Table 8. Summary of sequencing reads and IS retrieved by group. Non redundant IS (column
N.IS) retrieved from Healthy or HA Donors and transduced with VEC-FVIII or VEC-GFP were grouped. IS
shared between different time points of the same transduction are counted once.
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Supplemental Figure 3. Gene Ontology (GO) enrichment for Molecular Function and Biological Process. IS

coordinates from IS retrieved from HA.VEC-FVIIl, HA.VEC-GFP, Healthy.VEC-FVIIIl, and Healthy.VEC-GFP
were analyzed by G.R.E.A.T. enrichment discovery algorithms. GO Biological Process, Molecular Function

and Cellular Component databases highlighted significantly overrepresented gene classes. The gene classes

found in at least two groups are highlighted in pink.
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S integration
Gene Integration N IS per tdist
SubjectID | Transduction | Vector | MOI Chr. & pe transcript | Trauency
Name locus Gene length with fdr
tolerance
dp3 6 VEC-FVIII 20 SPG7 16 89,585,048 5 39,358 0.036 0.078
SZT2 al 43,952,080 13 64,363 0.079 0.006
MROH1 8 145,269,797 10 89,530 0.053 0.054
dD4as 1 VEC-FVIII 20
TRAF2 9 139,825,912 6 40,103 0.043 0.114
CPSF1 8 145,629,805 5 16,288 0.043 0.114
NPLOCA 17 79,591,992 10 36,856 0.073 0.005
dD4as 4 VEC-GFP 10+10
TRAF2 9 139,825,791 8 40,103 0.057 0.020
SZT2 1 43,955,802 117 64,363 0.712 0.510
pA 10 VEC-GFP 20
NPLOC4 17 79,602,479 106 36,856 0.775 0.510
NPLOC4 17 79,600,522 7 36,856 0.051 0.067
pA 9 VEC-FVIII 20
PMPCA 9 139,315,510 5 13,189 0.044 0.108
SZT2 1 43,955,797 49 64,363 0.298 0.039
pC 11 VEC-FVIII 20 MROH1 8 145,299,016 46 89,530 0.243 0.097
NPLOC4 17 79,600,496 45 36,856 0.329 0.032
NSD1 5 176,707,259 10 166,759 0.037 0.100
ZGPAT 20 62,354,996 6 28,232 0.047 0.047
pD 13 VEC-FVIII 20 NONO X 70,517,315 5 17,977 0.042 0.074
MAN1B1 9 139,997,714 4 22,261 0.033 0.139
PTBP1 19 808,672 4 14,936 0.035 0.122
PHRF1 11 599,765 8 35,777 0.059 0.077
pHA1 7 VEC-FVIII 20
ZNF251 8 145,983,504 8 34,677 0.059 0.077
MROH1 8 145,292,887 121 89,530 0.638 0.337
SZT2 1l 43,954,990 112 64,363 0.681 0.337
pHA1 8 VEC-GFP 20
NPLOCA 17 79,599,815 94 36,856 0.687 0.337
ZNF251 8 145,987,938 77 34,677 0.572 0.361

Supplemental Figure 4. Common Insertion site (CIS) analysis in 2 healthy BOECs, and 4 HA BOECs.
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