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~Resumen de Tesis~

Las plaquetas son fragmentos celulares anucleados
liberados de los megacariocitos, sus células precursoras, que
residen en la médula 6sea. Las plaquetas participan en una
gran variedad de procesos, como la cicatrizacion de heridas,
el papel en el cancer y la respuesta inmunitaria, entre otros.
Sin embargo, su funcion principal y mejor definida es la

regulacion de la hemostasia.

Cuando se produce una lesion vascular, las células
endoteliales se desprenden y queda expuesta la membrana
basal y, mas concretamente, las fibras de colageno. El factor
von Willebrand (VWF) circulante se adhiere a estas fibras
formando un complejo que es reconocido por el receptor GPIb-
V-1X de la superficie de las plaquetas. Esta interaccion induce
un efecto de rodamiento de las plaquetas circulantes sobre la
zona lesionada, hasta detenerlas. Este proceso induce la
activacion, reclutamiento y agregacion de las plaquetas
circundantes sobre la zona afectada, formando un tapén
plaquetario y poniendo fin a la hemorragia al interaccionar con

los factores de coagulacion.

El complejo GPIb-V-IX resulta del ensamblaje de cuatro
subunidades, GPIba, GPIbpB, GPIX y GPV. Las variantes
patogénicas que afectan a sus genes codificantes, excepto
GP5, dan lugar a la manifestacion de un trastorno plaquetario
hereditario, el sindrome de Bernard-Soulier (SBS). Segun el
gen afectado podemos distinguir el SBS Tipo Al cuando la



variante aparece en GP1BA, Tipo B (GP1BB) y Tipo C (GP9).
Significativamente, el GP9 presenta un mayor namero de

variantes patogénicas que conducen al SBS.

Como resultado de estas variantes patogénicas, el
receptor GPIb-V-IX es incapaz de exteriorizarse
completamente en la superficie plaquetaria. En consecuencia,
esto genera plaguetas no funcionales que son incapaces de
reconocer las zonas de lesién y continuar con la cascada de
coagulacion. Los pacientes que padecen SBS se caracterizan
por frecuentes episodios de sangrados mucocutaneos y
hemorragias graves. Ademas, experimentan
macrotrombocitopenia, es decir, un recuento reducido de
plaguetas gigantes. La ausencia del receptor explica el

fenotipo hemorragico observado.

Estos pacientes sOlo pueden recurrir a medidas de
prevencion para evitar los episodios hemorragicos, y
beneficiarse de tratamientos paliativos para disminuir la
gravedad de la hemorragia. Sin embargo, siguen
enfrentdndose a una enfermedad de por vida que merma la
calidad de ésta. En casos excepcionales, el trasplante de
células madre hematopoyéticas (CMH) entre hermanos
afectados y no afectados por el SBS ha conseguido revertir la
enfermedad. Sin embargo, el nimero limitado de donantes
HLA compatibles y el riesgo de aloinmunizacion limitan su uso

frecuente como abordaje terapéutico.



Utilizando la revolucionaria tecnologia CRISPR-Cas9,
desarrollamos knockouts para cada gen codificador de
subunidad en dos lineas celulares megacarioblasticas que
expresan constitutivamente el receptor GPIb-V-IX. Estos
knockouts informaron sobre la importancia que cada
subunidad tiene para el ensamblaje de todo el receptor en un
microambiente humano fisiolégico y replicaron la mayoria de
los fenotipos descritos en la literatura, estos son, ausencia o
alteracion de la externalizacion de GPIb-V-IX para genes
inductores de SBS. En cuanto a GP5-KOs, confirmamos que
este gen no impide la externalizacién del receptor GPIb-IX
pero disminuye la presencia de GPIbf. Este hecho dentro del
ensamblaje del receptor no impidié su funcionalidad uniendo

VWEF pero se redujo ligeramente.

A medida que avanza la investigacion, la terapia génica
adquiere cada vez mas importancia en el tratamiento de las
enfermedades monogénicas. Concretamente, la terapia
génica que utiliza vectores integradores en las CMH, que son
la fuente de todos los componentes celulares de la sangre,
estd cobrando importancia en el campo de la hematologia
como enfoque curativo para abordar las neoplasias malignas
en su origen. De hecho, actualmente se estan investigando
numerosas enfermedades en ensayos clinicos, empleando
diversos tratamientos basados en vectores lentivirales
autoinactivantes. Estos ensayos pretenden corregir

deficiencias primarias observadas en afecciones como el



sindrome de Wiskott-Aldrich, SCID-X1 o ADA-SCID.

Ademas, a finales de 2022, la “Food and Drug
Administration” ya ha concedido la aprobacion para la
comercializaciéon y distribucion de dos terapias geénicas
basadas en la tecnologia de vectores lentivirales. Estas
terapias estan dirigidas al tratamiento de la p-Talasemia y al
de la Adrenoleucodistrofia Cerebral, marcando avances

significativos en este campo.

En cuanto al SBS, algunos estudios han aportado
pruebas convincentes de la reversion fenotipica y la
restauracion de la funcionalidad de las plaquetas mediante la
generacion de plaquetas producidas in vitro a partir de células
madre pluripotentes inducidas derivadas de pacientes con
mutaciones en GP1BA y GP1BB. Ademas, la transduccién de
CMHs con vectores lentivirales que expresan GP1BA y
GP1BB, seguida de su infusiébn en modelos murinos in vivo
carentes de sus respectivos genes (Gplba™'y Gplbb™"), ha
demostrado de forma consistente una recuperacion de los
tiempos de sangrado y un alivio significativo de la

macrotrombocitopenia.

Estos hallazgos nos han inspirado para investigar la
idoneidad potencial del SBS tipo C como candidato a ser
corregido mediante un enfoque similar. La estrategia
terapéutica propuesta consiste en tratar a los pacientes con

SBS tipo C que albergan variantes patogénicas de GP9 con



un vector lentiviral autoinactivante que sobreexpresa GP9 en
las CMH del paciente. Estas CMH se tratarian ex vivo y
posteriormente se reinfundirian en el paciente una vez

corregidas.

Para lograr una expresion de GPIX estable y especifica
de tejido, es crucial la integracion de nuestro casete
terapéutico en las CMH del paciente. Estas CMH son
responsables de la produccion de megacariocitos (MK) y
plaguetas anormales en individuos con EVC. Sin embargo,
debido a la limitada disponibilidad de pacientes y a la
singularidad de sus caracteristicas hemorragicas, puede que
no sea factible aislar las CMH como herramienta donde
optimizar nuestras herramientas de terapia génica. Por lo
tanto, son necesarios modelos preclinicos alternativos para
evaluar la eficacia de nuestras estrategias de sustitucion

génica antes de aplicarlas a nuestras células diana finales.

Ademas, también desarrollamos otro modelo de
enfermedad de SBS tipo C mediante la eliminacién de GP9 en
células madre pluripotentes inducidas (iPSCs). Este modelo
afadié un paso mas de sofisticacién, ya que, mientras que el
modelo de células megacarioblasticas sirvié para explorar la
biologia de los receptores, en este caso pudimos reproducir el
desarrollo hematopoyético y megacariocitico completo, desde
las CMH hasta la produccién de MKs y plaguetas. Pudimos
confirmar que las iPSCs carentes de GP9 generaban in vitro

plaquetas gigantes similares a las plaquetas de los pacientes



con SBS, convirtiéndose en una alternativa perfecta a las

CMHs de los pacientes.

El siguiente paso crucial de nuestra investigacion fue el
desarrollo de vectores lentivirales autoinactivantes (LV) que
expresan GPIX bajo promotores fisiologicos, asegurando una
expresion megacariocitica especifica adecuada para su
aplicacion clinica. Los modelos de enfermedad GP9-KO
previamente  establecidos sirvieron como  valiosas
herramientas preclinicas para evaluar la funcionalidad de
nuestros LVs en la restauracion de la expresion de GPIX.
Sorprendentemente, los GPIX-LVs transdujeron con éxito
células GP9-KO, conduciendo a la recuperacion de niveles de
expresion de GPIX comparables a los de las células de tipo
salvaje (WT). Es importante destacar que esta expresion era
especifica de tejido, ya que era indetectable en otras lineas

celulares no megacarioblasticas.

Ademas, la introduccién exdgena de GPIX facilitd la
externalizacién de las subunidades restantes, en particular
GPlba, que actia como subunidad funcional del complejo.
Estos receptores rescatados genéticamente recuperaron su
capacidad funcional, incluido el reconocimiento de VWF
soluble, la aglutinacion en presencia de ristocetina y la
adhesion firme a recubrimientos de VWF en presencia de
botrocetina.

De forma similar, en nuestro modelo de enfermedad de

SBS tipo C basado en iPSCs, la transduccién no sélo restauro



la expresion de GPIX en la membrana de los MKs sino que
también recuperd su expresion en las plaquetas, lo que resulté
en una reversion a su tamafio normal. En ambos casos, los
niveles de expresion fueron comparables a los de las células
WT. Es importante destacar que nuestras LVs exhibieron
actividad funcional a lo largo de todo el proceso de

diferenciacion, sin estar sujetas a silenciamiento epigenético.

Una vez demostrada la funcionalidad de nuestras
herramientas de terapia génica, quisimos validar su eficacia
recuperando la expresion de GPIX, ahora en nuestras futuras
células diana, CMHSs aisladas de pacientes con SBS Tipo C
portadores de diferentes variantes patogénicas de GP9. A
través de su aislamiento a partir de sangre periférica no
movilizada, transduccion y posterior diferenciacion en MKs y
plaguetas, validamos la reversion del fenotipo SBS ex vivo.
Por lo tanto, estos resultados confirman el prometedor

potencial terapéutico de nuestro enfoque de terapia génica.

Por dltimo, desarrollamos un modelo murino
especificamente disefiado para evaluar la eficacia de nuestros
LVs en la restauracion de funciones fisiolégicas normales,
como el tiempo de sangrado. Este modelo tiene una gran
relevancia como estudio preclinico definitivo antes de pasar a
la fase clinica. No so6lo nos permitira seguir evaluando la
eficacia de nuestros LVs que expresan GPIX, sino también
valorar la bioseguridad integradora de nuestros LVs y evaluar
la presencia de posibles autoanticuerpos contra el complejo

GPIb-V-IX rescatado genéticamente.



Los hallazgos previos de nuestra propia investigacion,
junto con descubrimientos relevantes realizados por otros
investigadores en modelos murinos Gplba™'y Gplbb™! nos
llenan de optimismo respecto a los posibles resultados al tratar

modelos de raton Gp9"! SBS en un futuro préximo.

En conclusion, los hallazgos significativos presentados
en este trabajo de investigacion establecen firmemente el
sindrome de Bernard-Soulier tipo C como un trastorno
hereditario que tiene el potencial de ser curado mediante

estrategias de terapia génica.



~Thesis Summary~

Platelets are anucleate cell fragments released from
megakaryocytes, their precursor cells which reside within the
bone marrow. Platelets participate in a wide variety of
processes like wound healing, role in cancer, immune
response, among others. However, their main and best-

defined function is in the regulation of hemostasia.

Once a vascular injury occurs, endothelial cells become
detached and the basal membrane, and more specifically,
collagen fibers, become exposed. Circulating von Willebrand
factor (VWF) adhere to these fibers forming a complex which
is recognized by the platelet surface receptor GPIb-V-IX. This
interaction induces a rolling effect of circulating platelets over
the injury zone, till arresting them. This process induces the
activation, recruitment, and aggregation of surrounding
platelets over the affected area, forming a platelet plug and
ending the hemorrhage when interacting with the coagulation
factors.

GPIb-V-IX complex results from the assembly of four
subunits, GPlba, GPIbp, GPIX and GPV. Pathogenic variants
affecting their coding genes except for GP5 results in the
manifestation of an inherited platelet disorder, Bernard-Soulier
Syndrome (BSS). Accordingly to the affected gene we can
distinguish BSS Type Al when the variant appears in GP1BA,
Type B (GP1BB) and Type C (GP9). Significantly, GP9 exhibits
a higher number of pathogenic variants that lead to BSS.



As a result of those pathogenic variants, GPIb-V-1X
receptor is unable to fully externalize on the platelet surface.
Consequently, this generates non-functional platelets that are
incapable of recognizing injury zones and performing
subsequent following necessary steps. Patients suffering for
BSS are characterized by frequent mucocutaneous bleeding
episodes and severe hemorrhages. Additionally, they
experience macrothrombocytopenia, this is, reduced count of
giant platelets. Pathogenic variants affecting the assembly of

the receptor explains the observed bleeding phenotype.

These patients uniquely can take advantage of
prevention, to avoid the bleeding episodes, and palliative
treatments in order to diminish the hemorrhage severity.
However, they still face a lifetime disease which diminish their
life quality. In exceptional cases, hematopoietic stem cells
(HSCs) transplantation among siblings affected and non-
affected by BSS has been successful in reversing the disease.
Nevertheless, the limited number of compatible HLA donors
and the risk of alloimmunization limits its frequent use as a

therapeutic approach.

Utilizing the revolutionary CRISPR-Cas9 technology, we
developed knockouts for each subunit coding gene in two
megakaryoblastic cell lines that constitutively express the
GPIb-V-IX receptor. These knockouts shed light on the
importance that each subunit makes for the assemblage of the
entire receptor in a physiological human microenvironment and

replicated most of the phenotypes described in the literature,



these are, absence or impaired GPIb-V-IX externalization for
BSS driver genes. Regarding GP5-KOs, we confirmed that this
gene does not impede GPIb-I1X receptor externalization but
decreases GPIbB presence. This fact within the receptor
assembly did not hinder its functionality by binding VWF but it

was slightly reduced.

As research progresses, gene therapy is becoming
increasingly important in the treatment of monogenic diseases.
Specifically, gene therapy utilizing integrative vectors on
HSCs, which are the source of all blood cellular components,
IS gaining significance in the field of hematology as a curative
approach for addressing malignancies at their origin. In fact,
numerous diseases are currently being investigated in clinical
trials, employing various treatments based on self-inactivating
lentiviral vectors. These trials aim to correct primary
deficiencies seen in conditions such as Wiskott-Aldrich
Syndrome, SCID-X1, or ADA-SCID.

Moreover, by the end of 2022, the Food and Drug
Administration has already granted approval for the marketing
and distribution of two gene therapies based on lentiviral vector
technology. These therapies target [B-Thalassemia and
Cerebral Adrenoleukodystrophy, marking significant

advancements in the field.

Regarding BSS, numerous studies have provided
compelling evidence of the phenotypical reversion and

restoration of platelet functionality through the generation of in



vitro-produced platelets from induced pluripotent stem cells
derived from patients with GP1BA and GP1BB mutations.
Furthermore, the transduction of HSCs with lentiviral vectors
expressing GP1BA and GP1BB, followed by their infusion into
in vivo murine models lacking their respective genes (Gplbam!
and Gplbb", has consistently demonstrated a recovery of
bleeding times and a significant alleviation of
macrothrombocytopenia.

These findings have inspired us to investigate the
potential suitability of BSS type C as candidate for being
corrected using a similar approach. The proposed therapeutic
strategy involves treating BSS type C patients harboring GP9
pathogenic variants with a self-inactivating lentiviral vector that
overexpresses GP9 in the patient's HSCs. These HSCs would
be treated ex vivo and subsequently reinfused into the patient
once they have been corrected.

To achieve stable and tissue-specific expression of
GPIX, the integration of our therapeutic cassette into the
patient's HSCs is crucial. These HSCs are responsible for the
production of abnormal megakaryocytes (MKs) and platelets in
individuals with BSS. However, due to the limited availability of
patients and the uniqueness of their bleeding characteristics, it
may not be feasible to isolate HSCs for testing our gene
therapy tools. Therefore, alternative preclinical models are
necessary to evaluate the effectiveness of our gene
replacement strategies before applying them on our final target

cells.



Additionally, we also developed another BSS type C
disease model by knocking-out GP9 in induced pluripotent
stem cells (iPSCs). This model added one step more of
sophistication, because, while megakaryoblastic cell model
served to explore receptor biology, in this case we were able
to reproduce whole hematopoietic and megakaryocytic
development, from HSCs to produce MKs and platelets. We
could confirm that iPSCs lacking GP9 generated in vitro giant
platelets similar to BSS patients’ platelets, becoming a perfect

alternative to patients’ HSCs.

The next crucial step involved in our research was the
development of self-inactivating lentiviral vectors (LV) that
express GPIX under physiological promoters, ensuring
megakaryocytic-specific expression suitable for clinical
application. The previously established GP9-KO disease
models served as valuable preclinical tools for assessing the
functionality of our LVs in restoring GPIX expression.
Remarkably, GPIX-LVs successfully transduced GP9-KO
cells, leading to the recovery of GPIX expression levels
comparable to wild-type (WT) cells. Importantly, this
expression was tissue-specific, as it was undetectable in other

non-megakaryoblastic cell lines.

Furthermore, the introduction of exogenous GPIX
facilitated the externalization of the remaining subunits,
particularly GPIba, which serves as the functional subunit of
the complex. These genetically rescued receptors regained

their functional capacity, including the recognition of soluble



VWEF, agglutination in the presence of ristocetin and firm

adhesion to coated VWF in the presence of botrocetin.

Similarly, in our BSS Type C disease model based on
IPSCs, the transduction not only restored GPIX expression on
the membrane of MKs but also recovered its expression in
platelets, resulting in a reversion to their normal size. In both
cases, the expression levels were comparable to those of WT
cells. Importantly, our LVs exhibited functional activity
throughout the entire differentiation process, without being

subject to epigenetic silencing.

Once proved the functionality of our gene therapy tools,
we wanted to validate its efficacy by recovering the GPIX
expression, now in our future target cells, HSCs isolated from
BSS Type C patients carrying different GP9 pathogenic
variants. Through its isolation from non-mobilized peripheral
blood, transduction, and subsequent differentiation into MKs
and platelets, we validated the reversal of the BSS phenotype
ex vivo. Therefore, these results confirm the promising

therapeutic potential of our gene therapy approach.

Lastly, we developed a novel murine model specifically
designed to evaluate the effectiveness of our LVs in restoring
normal physiological functions, such as bleeding time. This
model holds significant relevance as the definitive preclinical
study before progressing to the clinical phase. It will not only
allow us to further evaluate the efficacy of our GPIX-expressing

LVs, but also assess the integrative biosafety of our LVs and



evaluate the presence of possible autoantibodies against the

genetically rescued GPIb-V-1X complex.

The previous findings from our own research, along with
relevant discoveries made by other researchers in Gplbam!
and Gplbb"!" murine models, fill us with a sense of optimism
regarding the potential outcomes when treating BSS Gp9n!

mouse models in the near future.

In conclusion, the significant findings presented in this
research work firmly establish Bernard-Soulier Syndrome type
C as an inherited disorder that holds the potential to be cured

through gene therapy strategies.
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Components of platelets: Description and functions.

1. Platelets: Characterization and role in hemostasis.
1.1. Components of platelets: Description and

functions.

Platelets are cytoplasmic fragments shed from their
precursors, megakaryocytes (MKs), residing in the bone
marrow!. They are the smallest blood cells, their size ranges
from 2-5 pm, with discoid morphology when they are not
activated and are anucleated?3. Platelets circulate in the
bloodstream close to the apical surface of the vessel wall,
allowing to have a rapid response when a vascular injury

occurst.
1.1.1. Platelet production: Thrombopoiesis.

Platelets circulate through the bloodstream in
concentrations ranging from 1.50-4.00x10! platelets/L. It is
estimated that MKs, their precursor cells, can generate around
10! platelets per day.

Thrombopoiesis is the bone marrow process
responsible for producing platelets from Hematopoietic Stem
Cells (HSCs) which resides in it. These stem cells differentiate
into megakaryoblasts, which undergo multiple rounds of DNA
replication without cell division, leading to the formation of large
MKs with multilobulated nuclei. Reached this stage, MKs
undergo maturation, during which platelet-specific organelles
are formed. The mature MKs produce cytoplasmic extensions

called proplatelets, which enter the sinusoidal vessels and are
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released into the bloodstream. The proplatelets then reach

their mature form through fragmentation*4- (Figure 1).

Figure 1. Proplatelets generation.

Schematic view of megakaryocytes extending pseudopodia through sinusoidal
vessels releasing proplatelets into the bloodstream. Image created by
Martinez-Navajas, G. -Author.

Thrombopoiesis is regulated by various growth factors,
with thrombopoietin (TPO) being the primary regulator. TPO
promotes the growth and maturation of MKs, thereby

stimulating platelet production®>’.
1.1.2. Platelet clearance.

Platelets have a relatively short lifespan of about 7-10
days. Platelet clearance involves the elimination of senescent
platelets from circulation when they reach the end of their
lifespan or become damaged. The primary site of platelet
clearance is the spleen, although the liver and lungs also

contribute to a lesser extent!4,

MARTINEZ-NAVAJAS, G; JULY 2023
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During clearance, specialized immune cells called
macrophages perform phagocytosis, engulfing and digesting
the platelets. In the spleen, macrophages reside in the red
pulp, particularly within the splenic sinusoids. As platelets age
or sustain damage, their surface markers undergo changes
that make them recognizable to macrophages. Among these
markers, it is possible to highlight the phosphatidyl serine (PS)
exposure after platelet activation or degradation or the gradual
loss of their RNA contents as platelets age. Altered platelets
are then captured by macrophages in the splenic sinusoids.
Once captured, macrophages internalize the platelets through
phagocytosis, enclosing them within phagosomes #2,

Another possible mechanism for platelet clearance is
the glycoprotein desyalilation, specifically affecting the GPlba
subunit of the GPIb-V-IX receptor. Sialidases can recognize
senescent platelets, removing the sialic acid from the
glycoprotein. This absence is recognized by the hepatic
asialoglycoprotein receptor-1, removing them from the
bloodstream. This recognition induces the expression of TPO,
which promotes the platelet generation and regulates the

number of platelets in the blood*2.

Platelet clearance serves a vital role in maintaining
proper platelet levels and functionality in the bloodstream,
thereby ensuring effective blood clotting and hemostasis.
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1.1.3. Platelet structure.

The structure of the platelets can be divided in peripheral

zone, sol-gel zone, organelle zone and membrane system’.
1.1.3.1. Peripheral zone

e Principal transmembrane proteins

The platelet’'s glycocalyx is dynamic and contains
multiple glycoproteins and integrins responsible for the
interaction with subendothelial structures of the injured vessel
walls, for the platelet activation and aggregation, as long as for
the clot retraction. Despite there are several integrins and
glycoproteins involved in these processes, we are going to
focus on few of the membrane proteins that are essential for

platelet adhesion, activation and aggregation:

GPIb-V-IX receptor.

This glycoprotein plays a crucial role in both normal
hemostasis and arterial thrombosis. It facilitates platelet
adhesion to areas of injury by recognizing its main substrate,
von Willebrand factor (VWF) (Figure 2), which can bind to
collagen through its A1 domain under high shear rates. In
addition, the complex can also bind to thrombospondin,
promoting platelet adhesion in the absence of VWF. It has the
ability to interact with P-selectin, facilitating interactions
between endothelial cells and platelets, as well as platelet-to-

platelet interactions’°.
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Furthermore, GPIb-V-IX contributes to procoagulant
activity on activated platelets by providing binding sites for a-
thrombin, factor Xl, and high-molecular-weight kininogen.
Additionally, the cross-linking of GPIb-V-IX by VWF or other
multivalent ligands initiates complex signaling processes that
ultimately result in the activation of lIb-llla and shedding of the
GPIba ectodomain (Figure 2)%7.

Glycoprotein lib-llla.

This protein, also known as integrin allbplll (Figure 2),
is responsible for platelet aggregation when activated. In its
resting state, it exists in a low-affinity form, but it transitions to
a high-affinity state upon platelet activation. It is the most
abundant glycoprotein on the surface of platelets and is also

stored in a-granules’.

The protein is composed of a heterodimer formed by the
interaction of two transmembrane subunits, allb and (3.
Following platelet activation, a signaling cascade triggers a
conformational change in the extracellular domain of the
integrin, turning it into a high-affinity receptor for fibrinogen and
VWE, which it shares with the GPIb-V-IX receptor. Binding to
divalent fibrinogen or multivalent VWF allows activated lIb-1lla
to facilitate platelet-platelet interactions and the formation of

platelet aggregates®.

Additionally, activated IIb-1lla can bind to vitronectin and
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subendothelial structures and contributing to the regulation of

platelet aggregation®.

GPIb-V-IX receptor

-VWF
D -Thrombin
{g}Or -P-selectin
:L\ -Kiminogen
> -Others
GPIlb-lila integrin
b — (Ca?*) dependent
0000 o1 -Fibrinogen
-Fibronectin
* -Collagen

-VWF
-Vitronectin
-Others

* Fibrinogen

Figure 2. GPIb-V-IX and GPlIb-llla, main proteins on platelet surface.

Zoom of the main and most abundant platelet surface glycoproteins-integrins.
Indicating main substrates and two-conformational-states of the integrin. To
note, both are capable to interact with VWF. Image created by Martinez-
Navajas, G. -Author.

GPVI receptor

GPVI is a crucial receptor belonging to the
immunoglobulin superfamily, serving as the primary signaling
receptor for collagen on human platelets. It plays crucial roles
in hemostasis and various platelet-mediated processes. GPVI
forms a complex with the FcRy-chain, which is found on
platelets in both monomeric and dimeric forms. The monomeric
form is predominantly present on resting platelets, exhibiting
insufficient affinity for collagen to initiate activation in response
to physiological levels. In contrast, the dimeric form displays
increased collagen affinity and collagen binding to this dimeric
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complex triggers intracellular signals, leading to the production

of additional dimers0-11,

In the absence of the FcRy-chain, GPVI cannot reach
the platelet surface, thus preventing collagen-induced platelet
activation. Platelets adhere to exposed collagen fibers by
binding immobilized VWF to GPIb-V-IX. This facilitates the
binding of collagen to low-affinity GPVI, generating intracellular
signals that subsequently induce inside-out activation of
integrins, including allpl and llb-llla. As a result, GPVI
activation is reinforced, promoting stable platelet adhesion and
spreading through the binding of allfl to collagen and llb-llla
to VWF, respectively. Following activation by collagen and
other agonists, GPVI is rapidly shed from the platelet surface,
likely as a preventive measure against excessive collagen-

induced activation”19.

Integrin allBl.

Platelet integrin allBl, also called glycoprotein la/lla, is a
receptor located on the surface of platelets. It consists of two
subunits, a2 and 31, and belongs to a family of cell adhesion

molecules known as integrins.

The main role of integrin allpl is to function as a receptor
for collagen, a key component of the extracellular matrix found
in blood vessel walls and connective tissues. The interaction
between allfl and collagen is crucial for platelet adhesion to

exposed collagen fibers at sites of vascular injury or damage*°.
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When platelets come into contact with collagen, the
binding of immobilized VWF to the platelet receptor GPIb-V-IX
facilitates the attachment of collagen to the low-affinity state of
integrin allBl. This interaction triggers intracellular signaling,
leading to the inside-out activation of integrins. Activated allpl
integrins enable platelets to firmly adhere to collagen,
promoting stable platelet adhesion and spreading. This
process not only enhances the activation of GPVI but also
facilitates platelet aggregation by allowing the binding of Iib-Illa

to fibrinogen and other adhesive molecules®-12,

In summary, integrin allBl on platelets acts as a receptor
for collagen, facilitating platelet adhesion and interaction with
the extracellular matrix. Its activation contributes to stable
platelet adhesion and spreading, reinforcing GPVI activation
and enabling platelet aggregation through the binding of lib-1lla
to fibrinogen and other adhesive substances.

P-selectin.

Platelet CD62P, also known as P-selectin, is a cell
surface protein that plays a significant role in hemostasis.
CD62P is involved in the initial response to vascular injury.
When blood vessels are damaged, platelets are activated and
undergo changes that include the translocation of CD62P from

a-granules to the platelet's membrane?s.

Additionally, endothelial cells that line the blood vessels
can express P-selectin molecules on their surface in response

to various triggers like inflammation or injury. The binding of
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CD62P on activated platelets to P-selectin on endothelial cells
initiates a process called platelet rolling. This rolling motion
allows platelets to interact with the endothelium and establish
a connection. It can also bind to GPlba subunit from GPIb-V-

IX receptor, favoring platelet activation cascade®'314,

Additionally, CD62P participates in platelet-leukocyte
interactions during hemostasis. Activated platelets can bind to
leukocytes by interacting with CD62P and its ligand, P-selectin
glycoprotein ligand-1 (PSGL-1), which is present on the
surface of leukocytes. This interaction facilitates the
recruitment and activation of leukocytes at the site of vascular
injury, contributing to the formation of a stable blood clot®13.

e Other components and structures of the

peripheral zone

Below the glycocalyx we can find the lipid bilayer, which
is asymmetrical, consisting in an inner membrane layer
containing negative charged aminophospholipids such as PS,
and an external layer containing neutral phospholipids. Once
activated, negative charged PS can flip to the outer membrane
promoting their pro-coagulant activity, of important note during

the secondary hemostasia’.

The peripheral zone also exhibits the open canalicular
system (OCS), which consists in a series of channels in their
plasma membrane communicating with the exterior. This
system allows for the uptake of plasma components through

endocytosis and the release of granule contents through

Pagel 1
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exocytosis. When platelets are activated, their granules move
towards the plasma membrane or the OCS releasing their
content through exocytosis, where they diffuse into the
extracellular environment. In addition, OCS can be evaginated
providing an increase in plasmatic membrane required for
platelet spreading over injury zones after the platelet adhesion
to the basal membrane. Consequently, activated platelets can
increase their surface up to 4-times in comparison to resting

platelets®’.

The submembrane area of platelets is located directly
under the lipid bilayer and plays a crucial role in platelet
function. It contains a network of thin actin filaments known as
the membrane contractile cytoskeleton, which is essential for
platelet morphological change and the movement of receptors
and particles across the platelet's surface. Within the
submembrane compartment, the cytoplasmic domains of
transmembrane receptors interact with various proteins,
including those associated with calmodulin, myosin, and actin
filaments that make up the cytoskeleton. These interactions
regulate the signaling processes necessary for platelet

activation” 15,
1.1.3.2. Sol-Gel zone.

This zone is located beneath the peripheral zone. It has
gel-like consistency and contains a meshwork of cytoskeletal
proteins, including actin filaments (responsible of shape

change after activation) and microtubules (after platelet
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activation, centralize the granules to favors its externalization
via OCS) (Figure 3), which provide structural support and help
maintain the shape of the platelet’:16.

1.1.3.3. Granular zone

This zone contents three different components: a-

granules, dense granules and cellular contents (Figure 3).

a-granules are the most frequent organelles, and they
contain a variety of proteins, including membrane proteins like
lIb-llla integrin, P-selectin, and CD36. They also contain
adhesive molecules such as fibrinogen, VWF, vitronectin, and
multimerin 1, which play roles in hemostasis and thrombosis.
Additionally, platelet a granules store chemokines that have
direct antimicrobial properties, contributing to host defense
against pathogens. They also store pro- and anti-angiogenic

factors that regulate angiogenesis?®.

Dense granules serve to store small molecules such us

Ca?*, ADP, bioactive amines, and polyphosphates31’.
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Platelet membrane

Microtubules

Dense body
S

a-granule
Mitochondria
Glycogen
Lysosome

Open Canalicular System

Figure 3. Platelet ultrastructure.

Schematic view of main components that are observable within soft-gel and
granular zones of platelets. Image created by Martinez-Navajas, G. -Author
(inspired in Beavo et al., 2012)®.

Within platelets, lysosomes and mitochondria are
present, and they play essential roles in platelet function.
Lysosomes store enzymes and other molecules that are
crucial for various platelet processes. Mitochondria, on the
other hand, contain ATP and ADP, which are important energy

sources for platelet activation and function 218,
1.1.4. Platelet proteome and sheddome.

Despite most of the proteins present in the platelets are

inherited from their megakaryocytic precursors or endocytosed
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from plasma, platelets can also synthetize their own proteins

thanks to the RNA storage that they conserve after their
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release from the MK. Activated platelets can synthesize a wide
variety of proteins such as B cell lymphoma 3 (Bcl-3),
interleukin (IL)-1b, tissue factor (TF), P-selectin, among others.
These proteins could be involved in the regulation of many
processes, such as coagulation, clot retraction, inflammation,

cancer metastasis, among other processes! %,

Interestingly, platelets can shed surface proteins during
ligand binding or activation. Platelet ectodomain shedding has
emerged as a potential mechanism to modulate platelet activity
and produce bioactive protein fragments. Metalloproteinases
like ADAM17 and ADAM10 can negatively regulate platelet
adhesion and activation by cleaving platelet glycoproteins
GPIb-V-IX and GPVI, respectively. Shedding of molecules
such as CD40L and semaphoring-4D generates bioactive
fragments that affect other cells function through receptor
binding, contributing to inflammation and wound healing.
Shedding of soluble P-selectin is important for inflammatory
markers, but the mechanisms behind P-selectin shedding from
platelets still require further investigation. While the
constituents of the platelet sheddome are gradually being
characterized, more research is needed to understand the

impacts of ectodomain shedding on platelet function?.

Page15

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



INTRODUCTION.

Platelets: Characterization and role in hemostasis.

Page16

1.2. Hemostasis phases: Role of platelets in

vascular injury and clot formation.

Platelets are involved in many processes, with growing
impact as long as they are researched, however, hemostasia
is considered their main function. Hemostasis can be defined
as the set of processes aimed at counteracting bleeding
caused by vascular injury. This process can be divided into four
phases: vasoconstriction, primary hemostasis, secondary

hemostasis, and fibrinolysis?%-2L,
1.2.1. Vasoconstriction

Following vascular injury, the damaged blood vessel
undergoes vasoconstriction, which helps to minimize the blood
loss. This constriction is facilitated by the release of
vasoconstrictor molecules from the injured endothelial cells,
such as endothelin. Endothelin acts to promote the contraction
of smooth muscle fibers surrounding the endothelial cells,
contributing to the narrowing of the blood vessel and the
reduction of blood flow. Furthermore, endothelial cells also
release other molecules such as VWEF, facilitating platelet

recruitment and activation?223,
1.2.2. Primary hemostasia

This phase will be thoroughly explained due to the
significance of platelet membrane receptors in our research.
After vessel vasoconstriction, the primary hemostasis is

initiated (Figure 4), encompassing the initial stages of the
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coagulation process and culminating in the formation of a
platelet plug?*.

When a vessel ruptures, endothelial cells become
detached, exposing the collagen-rich extracellular matrix. At
this point, VWF, a molecule circulating within the blood plasma
and released by activated endothelial cells?3, recognizes and
bind to the collagen-rich matrix through its A1 domain, mainly
under high shear rates?+2°,

VWF

#¥  Fibrinogen

Collagen matrix
(basal membrane)

' Aggregation

Arrest and activation *(

Figure 4. Primary hemostasia.

Schematic view of the primary hemostasia, phase where surface glycoproteins
are the main responsible for adhering to vascular injury zones, becoming
activated and inducing an aggregation response which culminates with platelet
plug formation. Image created by Martinez-Navajas, G. -Author.

Simultaneously, platelets circulate in the bloodstream in
an inactive conformation carrying the GPIb-V-IX complex on
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their surface. This receptor enables them to sense vascular
injury by interacting with VWF adhered to collagen. Although
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this interaction is weak, it is sufficient to induce platelet
deceleration. Platelets begin to roll over the subendothelium
until they eventually stop and cover the injured region (Figure
4). During this process, the interaction between the GPIb-V-IX
receptor and VWF, along with the interaction of other platelet
receptors with their agonist molecules such as GPVI and
Integrin ailBl, which specifically recognize collagen, assist in
platelet adhesion to the matrix. This step is crucial in initiating
a signaling cascade that leads to the activation of platelet
integrins (Integrin ailfl and lib-llla), transitioning them from a
resting state to a high affinity for their respective substrates.
This process is denominated platelet activation (Figure 4).
Subsequently, platelets undergo a morphological change,
extending pseudopods and releasing the contents of their
granules outward and externalizing new adhesion proteins like
P-selectin and lIb-llla, incrementing its presence on the
platelet surface. This phenomenon enhances the activation of

neighboring platelets®14.20.21.24-27,

The most relevant integrin on the platelet membrane is
GPllb-111a%%26, Once activated, it exhibits high affinity for
molecules such as fibrinogen, which has two binding sites for
the integrin, or VWF. This enables platelets to interact with
each other through the formation of interplatelet bridges,
culminating in platelet aggregation and the formation of the
platelet plug 2°2124-26 (Figure 4).
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1.2.3. Secondary hemostasia.

The secondary phase of hemostasis, known as the
coagulation phase, plays a crucial role in strengthening and
stabilizing the platelet plug formed during the primary phase. It
involves a complex cascade of reactions that culminate in the

formation of a fibrin clot.

After platelets have adhered to the injured vessel wall
and created a plug, the coagulation cascade is initiated. This
cascade consists of a series of enzymatic reactions triggered
by tissue factor (TF) and activated platelets. TF is released by

damaged cells, particularly in the subendothelial tissue'>22,

The coagulation cascade can be divided into the
intrinsic and extrinsic pathways, which eventually converge to
form a common pathway leading to the formation of a fibrin
clot. In the intrinsic pathway, factors present in the plasma,
such as Factor XIlI, Factor XI, and Factor VIII, are sequentially
activated upon exposure to subendothelial components and
activated platelets. In the extrinsic pathway, tissue factor
released by damaged cells combines with Factor VII to initiate

coagulation?.

Both pathways eventually activate Factor X, which plays
a critical role in converting prothrombin to thrombin. Notably,
platelets also participate in this phase. Following platelet
activation, platelets flip negatively charged PS to their outer
membrane. PS exposure subsequently facilitates the

assembly of the pro-thrombinase complex near the developing
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blood clot and promotes thrombin generation. Thrombin, in
turn, transforms soluble fibrinogen into insoluble fibrin strands,
creating a meshwork that traps platelets and stabilizes the
platelet plug. Thrombin also enhances platelet activation and
amplifies the coagulation cascade by activating additional

clotting factors?.

The clotting process is regulated by various
anticoagulant mechanisms to prevent excessive clot formation
and maintain blood flow. Natural anticoagulants like
Antithrombin IlI, protein C, and protein S inhibit clotting factors

and restrict clot formation to the site of injury 222°,
1.2.4. Fibrinolysis phase

Finally, coagulation factors also play a role in the
dissolution of the platelet thrombus, a process known as
fibrinolysis. During this phase, the enzyme plasminogen is
converted into its active form called plasmin. Plasmin then acts
on the fibrin meshwork that forms the blood clot and breaks it
down into smaller fragments. Thrombus dissolution plays a key
role in blood flow reestablishment to guarantee the oxygen
supply to the different tissues and organs and to favor the
repairment of the damaged areas by facilitating the access to
immune cells and other types involved in the wound healing

process?829,
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1.3.  Platelet’s role in other processes.

Despite platelets have been characterized by their
function in hemostasia, last decade new roles of platelet
function have been elucidated.

1.3.1. Inflammation and wound healing.

Platelets are known as “first responders”, because they
usually are the first who reach the affected area and releasing
a wide range of molecules. This is possible thanks to their
reduced size, their highly active cytoskeleton and the absence
of nuclei which could limit their movement throughout the
damaged area. The absence of nuclei impedes a continued
action; thus, they participate as releaser of different types of

molecules from their granules with different finalities3-20,

It has been reported that platelets are able to migrate
withing inflamed vessels in response to different stimuli like
SDF1 or CXCL12, released by stromal cells®!. Recruited
platelets within the damaged tissue now release new
chemokines and cytokines from their granules with role in
inducing a tropism to the damaged area for new platelets, more
specialized immune cells, bone marrow progenitor and
endothelial progenitor cells. These cells will sterilize the
surrounding area from pathogens and will aid to regenerate the

affected tissue or organ®.

Additionally, platelets help to induce the inflammation
response as “first responder” when they reach the affected

area by releasing molecules such as TGF-B, P-selectin,
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CD40L, among others®. These are a heterogeneous mixture
of cytokines and adhesion molecules which bind, activate or
induce homing responses for monocytes, neutrophils or T-

lymphocytes3334,

Platelets TGF-f also chemoattract non-immune
resident cells like fibroblasts, activating them and making them
to evolve through myofibroblasts. This culminates with the
remodeling and occlusion of the injury area. It also promotes
mesenchymal stem cells differentiation, aiding to recover the

tissue®.
1.3.2. Tumor progression and metastasis.

Having seen all the features where platelets participate
by promoting cell grown and regeneration, it is important to
note that tumor cells can also take advantage of these

characteristics.

A tumor can grow to various cubic millimeters until it
reaches a certain size limit. At this point, it needs to expand its
vascularization to ensure a continuous supply of oxygen and
nutrients. By releasing cytokines and growth factors like VEGF
(vascular endothelial growth factor), it can activate endothelial
cells. These activated endothelial cells expose molecules such
as P-selectin, VWF, tissue factor, and different integrins,

eventually leading to the recruitment of platelets®.
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Additionally, tumor cells can induce vascular
permeabilization by releasing proangiogenic factors, which
help detach perivascular cells. This detachment is a critical
step that promotes platelet arrest at these exposed sites. When
platelets interact with these molecules, they initiate signaling
cascades and eventually release their granule cargo, thereby
assisting tumor cells in remodeling the surrounding tissue and
inducing inflammation. Tumor cells can also exploit pro-
tumorigenic molecules like TGF- (transforming growth factor-

beta) to their advantage®6-2.

Additionally, they can also get access to the circulation
by escaping the tumoral mass. To do this, they adopt an
invasive phenotype, phenomena known as “epithelial-to-
mesenchymal transition” (EMT). It is characterized by
fibroblastic (stem) morphology, expression of matrix-degrading
enzymes, increment of their motility and acquired resistance to
apoptosis. All these adaptations, not surge uniquely in an
autonomous manner, but also are influenced by factors
released by the microenvironment, where mesenchymal stem
cells, macrophages and also activated platelets have been

seen to contribute to this phenomenon3é,

When tumor cells invade blood vessels, they leave the
supportive tumor microenvironment and face challenging
conditions within the bloodstream. The high shear stresses in
blood vessels can damage cancer cells, and the blood contains
immune cells, such as natural killer (NK) cells, which can

detect and kill circulating tumor cells (CTCs). Platelets play a
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crucial role in the early interaction with CTCs. They bind to
CTCs and quickly form aggregates around them upon entering
the bloodstream (Figure 5). CTCs actively enhance aggregate
formation by releasing substances that activate platelets.
Platelets act as a protective shield for CTCs, safeguarding

them from shear stress and providing defense against NK

cells®36,
¢
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Figure 5. Platelet-aided tumor progression.

Schematic view of the scaping process from the tumoral mass. Tumor cell
undergoes EMT, acquiring stemness features and escaping in direction to the
bloodstream where it can interact with platelets, using them as core to be
protected from the action of immune cells. Image created by Martinez-Navajas,
G. -Author.

Page24

MARTINEZ-NAVAJAS, G; JULY 2023



Platelet's role in other processes.

Platelets can also hinder NK cell activity by transferring
HLA-I molecules to the surface of tumor cells, thereby inhibiting
NK cell cytotoxicity. Additionally, platelets suppress NK cell
antitumor function by downregulating the NKG2D receptor,
which is responsible for recognizing and eliminating

transformed cells, through TGFB-mediated signaling®®.
1.3.3. Sensing pathogens.

Immune cells must be able to distinguish own tissue
from pathogens, in order to eliminate them from the organism.
To do this, they have developed pattern recognition receptors
which can detect highly conserved pathogen-associated
molecular patterns (PAMPSs) or damage-associated molecular
patterns (DAMPS), that are released by affected or damaged
host cells. Platelet, as first responders, can also recognize
these PAMPs and DAMPs at the injured place and inducing
the expression of TLRs. Additionally, platelets also express
receptor which directly interact with the pathogens and activate
themselves to release microbicidal peptides, defensines,
among other molecules, which are content in their a-

granules®.

Platelets can also recognize viruses. In this case,
platelets interact with them through surface lectins, TLR or
integrins. This recognition facilitates the internalization of the
virus within the platelet, its activation, degranulation and, in last

term, induces a neutrophil-mediated phagocytosis®°.
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Similarly, platelets can also recognize and bind bacteria
in the bloodstream through these specialized receptors.
Platelets have the ability to attach to surface proteins of
bacteria either through direct contact or indirectly via plasma
proteins like fibrinogen or VWF, which interact with the
bacteria. Additionally, platelets can interact with bacterial
toxins or secreted substances. The outcomes of the interaction
between platelets and bacteria are varied and can lead to
complete or partial activation of platelets, thus releasing
microbicidal molecules or immune-related responses that will
end in the clearance of the platelet-bacteria-complex from the

blood flow?36:49,
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2. Inherited platelet disorders: Importance and clinical
management.

2.1. General classification of bleeding disorders.

As we have seen, numerous platelet receptors, plasma
proteins, and coagulation factors participate in hemostasis.
Dysfunction of any of these elements can lead to bleeding
disorders. Bleeding disorders encompass a spectrum of
conditions that disrupt the regular functionality of the
coagulation process. These disorders can be caused by a
variety of factors, including medications, underlying medical

conditions or inherited genetic mutations?2.

When a bleeding disorder originates from a genetic
cause, it is categorized as an inherited bleeding disorder,
known for their heightened vulnerability to spontaneous or
prolonged bleeding. These disorders can be classified into
three main subtypes: factor deficiencies, which impact plasma
coagulation factors; platelet disorders, which affect platelet
formation or function; and fibrinolytic disorders, which disrupt

the final phase of hemostasis®'.

() Factor_deficiencies, there are several cases

according to the factor that is missing, such as
Hemophilia A (Deficiency of factor VIII), which is
the most frequent coagulation disorder. Less
commonly, it is possible to identify Hemophilia B
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(Deficiency of factor 1X), Hemophilia C
(Deficiency of factor Xl), Factor VIl deficiency
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(Also known as proconvertin deficiency), Factor
V deficiency (Owren's disease), Factor X
deficiency (Stuart-Prower factor deficiency).
(i) Inherited platelet disorders, characterized by

abnormalities in platelet biology, leading to an
inability to recognize or respond to injury
responses, impairing the clot formation. This field
is of further importance for our research and will
be explained in detail in the next section.

(i)  Eibrinolytic disorders, these disorders involve

abnormalities in the fibrinolytic system, which is
responsible for breaking down clots. Few
examples of known disorders described affecting
this phase are plasminogen deficiency
(plasminogen is converted to plasmin, the
enzyme that degrades fibrin) and Alpha-2-
antiplasmin deficiency (enzyme that inhibits
plasmin activity, and its deficiency results in
excessive fibrinolysis).

(iv) Combined disorders, when two or more

categories are involved in the disorder.
2.2. Inherited platelet disorders.

Inherited platelet disorders (IPDs) are caused by
pathogenic variants affecting genes involved in platelet

production, structure, or functionality 2. Its genetic cause
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makes them to be inheritable from parents to their children.
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Patients with factor deficiencies exhibit distinctive
symptoms such as delayed and deep muscular bleeding. For
these cases, laboratory tests which measure different plasma
factors are useful aiding to distinguish the specific factor

deficiency and its underlying cause®2.

Individuals  with  IPDs  experience  abundant
mucocutaneous bleeding after an injury or medical
procedure*®. The symptomatology of patients experiencing
IPDs is similar despite the different causes that could be
altering the platelet function. Typical signs include easy
bruising, nosebleeds (epistaxis), bleeding gums (gingival
bleeding), heavy menstrual bleeding (menorrhagia), and
postpartum bleeding. The severity of symptoms can vary
among individuals with the same disorder 4445, Additionally, in
the case of IPDs, clinical and laboratory features can be
indistinct and overlapping with other bleeding disorders or
even normal variations. This can lead to diagnostic confusion
and misinterpretation of test results. Furthermore, some
individuals with IPDs may not present with obvious bleeding
symptoms or may have mild manifestations that are easily
overlooked. As a result, specific IPDs may go undiagnosed or

misdiagnosed for an extended period*6-48.

Obtaining an accurate molecular diagnosis holds
significant importance in facilitating informed clinical decision-
making and effective disease management. It guides treatment
choices such as gene correction, factor replacement, stem cell

transplantation, or active monitoring. Additionally, a molecular
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diagnosis aids in predicting the progression of associated
conditions such as deafness, kidney failure, myelofibrosis, lung
fibrosis, or malignancy. Furthermore, it can also provide

valuable information for family planning purposes.
2.2.1. Diagnosis of inherited platelets disorders.

The true prevalence of IPDs remains unknown, but
estimations suggest they affect between one in 10.000 to one
in 1.000.000 individuals. Mild disorders are likely more
common as patients often are undiagnosed or misdiagnosed.
A recent survey of the general population found that
approximately 3 in 1,000 individuals carry clinically significant
loss-of-function variants in genes associated with IPDs.

Typically, IPDs can be categorized into two main groups:

0] Inherited thrombocytopenias: These disorders
affect the number of circulating platelets which
can be normal, large, or small-sized*®.

(i) Inherited platelet function disorders: These
disorders result in dysfunctional platelets with
reduced function. They stem from defects in
membrane receptors, (granules, signaling
elements, or other components of the
biochemical = machinery  within  platelets.
Thrombocytopenia and impaired platelet function

are commonly associated with these disorders?6.

Accurate diagnosis of IPDs requires several laboratory

tests, including:
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Complete blood count and peripheral blood
smear: These initial tests provide crucial information
about the quantity, size, and morphology of blood
cells. Abnormal findings may include large platelets in
Bernard-Soulier Syndrome (BSS). However, the
presence of thrombocytopenia alone does not exclude

IPDs, requiring further evaluation.

. Platelet function analyzer-100 (PFA-100): This

simple and rapid screening tool measures in vitro
bleeding time by using a membrane coated with
collagen/epinephrine or collagen/ADP. Interpretation
should consider variables such as platelet function,
VWEF level, platelet count, and hematocrit level.

Platelet aggregation test using a light
transmission aggregometer: Widely used, this test
determines platelet function by observing aggregation
patterns in response to agonists like ADP,
epinephrine, ristocetin, and collagen. Specific
aggregation patterns can aid in the diagnosis of
various IPDs, including Glanzmann’s thrombasthenia
(GT), BSS, pseudo-von Willebrand disease, ADP

receptor defect, and gray platelet syndrome.

.Flow cytometry: This method measures the

expression of molecules, such as glycoproteins,
phospholipids, and granules within platelets. Flow

cytometry effectively diagnoses surface glycoprotein

Page3 1
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defects like GT and BSS and requires only a small
blood sample.

V. Electron microscopy: Electron microscopy is utilized
to diagnose platelet structure and granule defects.

VI. Genetic testing: Although not widely available,
genetic tests are crucial for IPD diagnosis, particularly
in identifying genetic alterations in family members.
Next-generation sequencing, including targeted gene
panels, is effective for both diagnosis and differential

diagnosis of IPDs.

Commonly, steps I-lll are widely used as the initial
diagnostic approach for an IPD, while steps IV-VI are
employed as a secondary and more concise approach to

confirm the cause of the IPD.
2.2.2. Classification of inherited platelets disorders.

Over the past decades, the identification of genes
causing IPDs has primarily relied on conventional Sanger
sequencing and laboratory methodologies. However, these
approaches have limitations in terms of their identification and
association capabilities due to inherent technical constraints,
so many IPDs remained with unclear origin and diagnostic.
However, continuous evolve of DNA sequencing
methodologies like the development of next-generation
sequencing overcame these limitations thanks to it reduced

cost and rapid sequencing of entire genomes*°-51,
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To date and thanks to this continue evolve, it has been
detected a wide variety of pathogenic variants affecting up to

75 genes that are associated to 60 different types of IPDs“®.

From a molecular perspective, IPDs are caused by
pathogenic variants affecting coding genes of various platelet
components involved in the hemostasis process. Depending
on the affected component, different pathologies can be
distinguished. We have subclassified the main diseases based
on the specific platelet function that is affected. Despite many
of them can be interlinked, they can generally be categorized
into defects in granule formation, trafficking or secretion;
defects in cytoskeleton regulation; defects in platelets
adhesion; defects in platelets activation; defects in platelets
aggregation or defects in platelet’s procoagulant activity (Refer
to Table 1 and Figure 6).
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Inherited platelet disorders.

Briefly, we are describing the historically well-known
inherited platelet disorders. These are considered particularly

significant and pose a higher risk of severe bleeding:

Glanzmann's thrombasthenia (GT): This disorder

arises from a deficiency or dysfunction of the glycoprotein llb-
llla receptor on platelets (Figure 6), crucial for platelet
aggregation. Individuals with  GT commonly face severe
bleeding symptoms, including spontaneous bleeding,
prolonged bleeding after injuries or surgeries, and recurring

episodes of mucocutaneous bleeding?4L.

Bernard-Soulier Syndrome (BSS): This rare disorder

occurs due to a deficiency or dysfunction of the GPIb-V-IX
receptor on platelets (Figure 6), resulting in impaired platelet
adhesion. It carries a heightened risk of bleeding, and affected
individuals may experience severe bleeding episodes such as
excessive bruising, prolonged nosebleeds, and

gastrointestinal bleeding®?-°4.

Hermansky-Pudlak Syndrome: This syndrome is

characterized by abnormalities in platelet granule formation
and function, as well as pigmentation and other organ
abnormalities. Bleeding symptoms can vary, but some
individuals may experience significant bleeding complications,
including gastrointestinal bleeding, pulmonary hemorrhage,

and excessive menstrual bleeding#®-51.

Chediak-Higashi Syndrome: This rare disorder affects

various aspects of cellular function, including platelets. Platelet
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function abnormalities lead to an increased tendency to bleed,
and individuals with Chediak-Higashi syndrome may
encounter spontaneous bleeding, prolonged bleeding after

minor trauma, and easy bruising?*’:555,

Collagen
et b e o’\/\ Yavavi \/\/\ NS
1. Adhesion '
Bernard-Soulier syndrome \
GPIB/V/IX | Pseudo von Willebrand disease |
GPIa/lla A
N
A
. TXA2 &
Arachidonic acid ,A— TXA2 receptor defect |
2. Activation
TXA2 Receptor
| Gray platelet syndrome

a-granule- | iPar|5»Trou55eau/]a(0bscn syndrome‘!

\ Chediak-Higashi syndrome ‘

3 Secreﬁon Dense granule | Hermansky-Pudlak syndrome ;

3 . @
L}
ADP Receptor app @
f————————{ADP receptor defect|
@

4. Aggregation GPlIb/llla |

{Glanzmann thrombasthenia |

IX Fibrinogen

5. Procoagulant

activity Scott syndrome
Prothrombin  (Thrombin®

Figure 6. Examples of inherited platelet disorders.

Schematic view of main inherited platelet disorders according to defects in
specific platelet proteins or altered function-process. Modified from Jung N &
Shim Y, 2020*°.
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As mentioned, patients experiencing IPDs exhibit similar
signs, all of them involving bleeding tendencies. Among these
inherited platelet disorders, the ones that affect the GPIb-V-IX
receptor are particularly interesting for this research project. It
exhibits one of the most severe bleeding phenotypes among
all IPDs 24445 The study will focus in-depth on BSS, analyzing
its origin, current treatment options to alleviate its effects, and
future treatment directions aimed at finding a curative solution

for this disease.
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3. Bernard-Soulier Syndrome.

BSS is an extremely rare bleeding disorder that affects
platelet functionality>”°8. Its prevalence is less than 1 in 1
million, although recent studies suggest that its incidence
might be higher due to potential misdiagnosis**°%. BSS follows
an autosomal recessive inheritance pattern when present in its
biallelic form. Affected individuals experience
macrothrombocytopenia, characterized by a reduced number
of abnormally large platelets in the blood, which leads to
prolonged bleeding episodes. The syndrome is caused by the
absence or dysfunction of the platelet membrane receptor
GPIb-V-1X257:58,

3.1.  GPIb-V-IX receptor: Deep explanation and role
in BSS.

3.1.1. Structure of the receptor.

The GPIb-V-IX receptor is expressed on the surface of
MKs and mature platelets. This receptor is result of the
assembly of four subunits: GPlba, GPIbB, GPIX and GPV
(Figure 7) encoded by GP1BA, GP1BB, GP9 and GP5,
respectively. These subunits are transmembrane proteins

which belong to the leucine-rich repeat protein family.
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GPIb-V-IX receptor

GPlba
GPIbp
GPIX
GPV

Figure 7. GPIb-V-IX receptor.

Schematic view of the GPIb-V-IX receptor composed by the assembly of four
different subunits: GPlba, GPIbf, GPIX and GPV. Image created by Martinez-
Navajas, G. -Author.

Molecularly, GPIba is covalently bound to two GPIbj
polypeptides (Figure 7), constituting the GPIb subunit®. Then,
GPIb is non-covalently bound to GPIX. Finally, GPIb-IX is
weakly associated to GPV by transmembrane associations 1,
conforming the GPIb-V-IX receptor®?6263  achieving a
stoichiometry of 2:4:2:1 (GPlba:GPIbB:GPIX:GPV). The
ultrastructure for each subunit is following indicated and can

be contrasted in the Figure 8:

e GPlba (135 kDa): It is the main component of the
complex, harboring binding domains for VWF, as well
as other molecules involved in hemostasis,
thrombosis, and inflammation processes®. GPlba is

the largest subunit of the GPIb-IX complex. It plays a

Page4 1

crucial role in binding to various ligands, such as VWF,
thrombin, P-selectin, the integrin MAC-1 (aMB2),
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coagulation factors Xl and XlI, high molecular weight
kininogen, and thrombospondin (Figure 8)%365-68 The
N-terminal domain of GPIba consists of eight leucine-
rich repeats, forming an elongated shape above the
platelet surface, known as the ligand binding domain
(LBD)®°. Close to this region, there is a negatively
charged portion that contains sulfated tyrosine
residues, important for thrombin binding®®7°. GPlba
also has a mucin-like macroglycopeptide with
sialylated carbohydrate chains, contributing to its
exposed position and facilitating ligand binding.
Adjacent to the macroglycopeptide region is the
mechanosensitive domain (MSD)”*, which can be
cleaved by ADAM17, releasing soluble GPlba
fragments (glycocalicin) into the plasma. The
cytoplasmic tail of GPlba contains binding sites for
intracellular signaling molecules and connects the
receptor complex to actin filaments®3.65-68,

GPIb (25 kDa): This subunit is much smaller
containing a single LRR that interacts intracellularly
with calmodulin. GPIbp is palmitoylated on cysteine
residues in the transmembrane region®”-72.

GPIX (17 kDa): It is the smallest receptor subunit,
which does not associate with any intracellular
molecule. GPIX has a cytoplasmic tail of only eight
residues, containing a myristoylated one at the

junction of the transmembrane and cytoplasmic
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domain, which potentially localizes the receptor in lipid

rafts®0.73,

e GPV (83 kDa): Contains 15 leucine-rich repeats, a

transmembrane domain, and a short cytoplasmic tail

is weakly associated with the GPIb-IX complex by

transmembrane domain interactions with GPIba?®!.

thrombin
GPlba -
bindin R
8% g
VWF binding

GPIb
B (g GPIbB L

}

E

Figure 8. Ultrastructure of GPIb-V-IX receptor.

Ligand-binding domain
(8 leucine-rich repeats)

Negatively charged domain

Macroglycopeptide region
(stalk region)

Mechanosensitive domain

Trigger Sequence

} Filamin A, protein 14-3-3C binding

Detailed scheme of the GPIb-V-IX receptor indicating components and main
structures of GPlba. Modified from Bendas G & Schlesinger M, 202254,
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3.1.2. Receptor functionality.

As mentioned previously, this receptor serves a crucial
function in primary hemostasis by facilitating platelet adhesion
to areas of vascular damage under conditions of intense shear
stress. It exhibits a strong attraction to the A1 domain of VWF.
Following a vascular injury, VWF identifies and binds to
subendothelial collagen, resulting in the creation of an
unfolded-VWF layer that is subsequently recognized by the
GPIb-V-IX platelet receptor, aiding to decelerate inactive
circulating platelets, recruiting them, and inducing a cascade
of intracellular signaling that culminates in platelet activation
and aggregation2021.24-26_ Therefore, the absence of this
receptor impairs proper platelet adhesion and vascular injury
recognition, leading to the characteristic bleeding

problems?:26:57.58,64,

This complex also binds thrombin through the negatively
charged region, interacting with two-GPIba molecules, aiding
to fully activate platelets through signaling cascades, together
with PAR-1 and PAR-4 receptors. In addition, once bound,
thrombin acts on other targets in the blood clotting cascade,
such as fibrinogen, to convert it into fibrin, which forms the

meshwork of a blood clot3:69.74,

Another function of the receptor is to participate in
maintaining platelet morphology through the interaction of
Filamin A (Figure 8) and platelet cytoskeleton®7:58,
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This receptor also has a key role in platelet clearance.
Removal of terminal sialic acid from platelet glycans leads to
exposure of multiple galactose residues on glycans which are
subsequently recognized by the hepatic Ashwell-Morell
receptor (AMR). The AMR is a multi-complex receptor and
contains several lectin domains for interaction with galactose
or galactosamine. Binding to the AMR leads to platelet
internalization and subsequent elimination. Relatedly, platelet
uptake by AMR stimulates hepatic thrombopoietin (TPO)
generation and release which induces thrombopoiesis by MKs

in the bone marrow to replace the eliminated platelets®3.7576,

Additionally, this receptor likely plays an important role
during thrombopoiesis and platelet turnover due to the reduced

number and abnormally large size of platelets in BSS patients
64
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3.2. BSS typologies according to the affected gene:

Genotype and phenotype correlations.

Pathogenic variants responsible for BSS can disrupt the
synthesis, processing, or expression of the receptor, resulting
in its absence or dysfunction from the surface of MKs and
platelets®®. According to the causal pathogenic variant and the

affected gene, we can classify BSS into different typologies.
3.2.1. Classical Biallelic BSS.

DNA sequencing of BSS patients has allowed the
identification of more than 100 different pathogenic variants
underlying the disease associated to GP1BA, GP1BB and GP9
(Figure 9). Of them, pathogenic variants are equally
distributed among GP1BA and GP1BB (28% each), being
more represented when associated to GP9 (44%)’’. According
to the gene affected by the variants, we refer to it as type 1A
BSS (GP1BA), type 1B BSS (GP1BB), or type C BSS
(GPQ)52:6477.78

To date there has not been reported any pathogenic

variant associated to GP5 which could lead to BSS25257.58,64.77

It is predominantly an autosomal recessive disorder,
meaning that both alleles at a given locus must be mutated.
These mutations can be homozygous (the same mutation

appears on both alleles at a locus) or compound heterozygous

Page46
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these mutations are missense, nonsense, or

deletions/insertions that can disrupt the reading frame 2:52.57.64,

M1? ©
L8 L10del

E—
1294* ¢
vsttismsists @ 4
E347'/P357Is @ @
P359" @

L531fs

Y534fs @ @
A156s/L157s @ @) Ws40" @

Hibdts @)

Q587" @

GPIbp

® Missense

In-frame deletion

Nonsense

L 2
@  Frameshift GPlba

Figure 9. Main Bernard-Soulier Syndrome pathogenic variants
2014,

“® R36G

D78s @ @ C81R
D89fs @ b

L92is

Vo4fs

106

T4 @
® N126D
20

@ L139P
® L145P

"

® A172v

i

N185_E197

Q195" @ L195del
o
® W223G
[Z] signal peptide
LRRNT
EZ LRRNT+LRR1
B RR
A LRRCT
&2 wNtr
Il Transmembrane
s Cytoplasmic

described until

Schematic representation of GPIba, GPIbp and GPIX protein structures indicating
functional domains and associated positions of inducer Bernard-Soulier syndrome
pathogenic variants that are described until 2014. Savoia A, et al. 20145°.
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3.2.2. Monoallelic form of BSS.

Heterozygous carriers are usually asymptomatic and
have normal platelet counts, although in occasions slightly
enlarged platelets and decreased platelet glycoprotein GPIb-
V-IX complex expression can be found, as well as a
moderately reduced Ristocetin-Induced Platelet Aggregation
(RIPA) response, a test triggering the binding of VWF to
GPlIba.

In addition, there have been reported cases of mild
forms of BSS with intermedial platelet size between biallelic
BSS and controls. Typically, these patients can exhibit
decreased expression levels of a pseudo-functional receptor

on their surface’.

These cases are inherited in an autosomal dominant
form and uniquely associated to GP1BA and GP1BB, but not
GP9 to date. It was first described for individuals in Italy
carrying the mutation p.A172V associated to GP1BA, best
known as Bolzano variant. Then, around 12 missense
mutations affecting to GP1BA (in all these cases, the
pathogenic variants uniquely affect the LRR-VWF binding
domain) and 14 associated to GP1BB have been described to

date, both inducing the monoallelic BSS51:80,
3.2.3. Platelet type Von Willebrand Disease.

Although the reference to BSS is not applicable here, it
is important to note that not all pathogenic variants associated
with the GPIb-V-IX complex result in BSS. This is the case of
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platelet-type von Willebrand disease (pt-VWD), which is
characterized by autosomal dominant gain-of-function
missense mutations occurring within the LRR region of GPlba
(encoded by the GP1BA gene) (Figure 8), as well as one
deletion outside the repeat region. These mutations result in
an extremely high affinity of the GPIb-V-IX for the VWF,
inducing a spontaneous binding of platelets to large VWF
multimers8?. As a result, the higher molecular weight multimers
are decreased or absent in plasma, not being available during
the primary hemostasia. Furthermore, clearance methods
remove platelet-VWF  aggregates, manifesting in
macrothrombocytopenia  and leading to  bleeding

phenotypes®?.
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3.3. Clinical manifestations of BSS: Symptoms and

characteristic features.

Patients with BSS have a clinical history characterized
by signs such as epistaxis, frequent gingival and cutaneous
bleeding, as well as severe bleeding associated with trauma
and surgical interventions. Clinically, the bleeding episodes are
prolonged, the platelet count is low, and the platelets are larger

in comparison to healthy donors (Figure 10)%%57,

Given the crucial role of GPIb-V-IX in hemostasis, which
involves the localization of platelets at the site of vascular
injury, a functional impairment in platelets exacerbates the
bleeding tendency in biallelic BSS beyond what would be
expected solely based on platelet count, contributing to

thrombocytopenia.

Figure 10. Comparative of blood smears from healthy donor and Bernard-
Soulier Syndrome patient.
Blood smear from a healthy donor (left), with normal-size platelets and count.

Bernard-Soulier Syndrome blood smear (right) with low count of giant platelets.
Modified from Nezir M, et al.'%*.
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The resulting clinical and laboratory features make

biallelic BSS a disorder that is easy to diagnose. The presence
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on blood smears of very large platelets with some elements
larger than red blood cells arouses suspicion of this disorder.
Failure of platelets to aggregate in vitro after stimulation with
ristocetin, which promotes VWF binding to GPIba, supports the
diagnostic hypothesis. Ristocetin promotes ex vivo interaction
between VWF and platelets, by opening the unfolded VWF,
exposing A1 domain and inducing a platelet agglutination
response. In patients with BSS, the addition of ristocetin does
not result in the characteristic platelet agglutination®. Then,
undetectable or severely reduced amounts of GPIb-V-IX on
platelet surfaces as determined by flow cytometry confirm the
diagnosis of BSS.

When considering monoallelic BSS, the available data
alone may not suffice to confirm the diagnosis of the syndrome.
This is because certain those specific mutations affecting
GP1BA and GP1BB that resulted in a milder variant of the
disorder, characterized by macrothrombocytopenia and the
presence of a pseudo-functional receptor that is externalized.
So, to provide a clear diagnosis, it is hecessary to sequence

the responsible loci®”58:64,

In the case of pt-VWD, the hyperreactivity that platelets
suffer for VWF allows to distinguish this disorder with BSS.
However, it remains essential to sequence the GP1BA locus to
differentiate this disease from Von Willebrand Disease type
2B. In this particular case, the mutation affects the A1 domain
of VWEF, resulting in a significantly increased affinity for the

GPlba subunit. These diseases share similar characteristics,
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making the sequencing of the GP1BA locus crucial for accurate

differentiation 83-85,

Page52

MARTINEZ-NAVAJAS, G; JULY 2023



Clinical management: Overview of current treatment options for managing BSS.

3.4. Clinical management: Overview of current

treatment options for managing BSS.

Patients with IPDs, such as GT or BSS, require
treatment to control spontaneous mucocutaneous bleeding
and, primarily, to minimize bleeding after trauma or surgical

interventions#4.

One of the strategies implemented to manage these
diseases is preventive care. Patients should have an
understanding of the disease's characteristics to minimize the
risk of bleeding. Consequently, they should avoid contact
sports, receive hepatitis B vaccination, maintain dental hygiene

to minimize gingival bleeding, and take other measures*+%2,

On the other hand, there are palliative treatments aimed
at reducing the duration of bleeding episodes. For example,
the use of antifibrinolytic agents is recommended to control
bleeding caused by menorrhagia, gingival bleeding, or
epistaxis**4°,  Additionally, women with the syndrome
experience bleeding problems during menstruation that can be
alleviated with hormonal treatments*>86. Desmopressin, a
synthetic analogue of antidiuretic hormone, is also used to treat
BSS and other hereditary platelet disorders?. Desmopressin
increases the plasma concentration of both VWF and factor
VI, reducing the clotting time needed to stop bleeding*586.
Desmopressin enhances platelet adhesiveness to the
subendothelium due to an increased number of VWF

molecules. However, in patients with BSS who lack the VWF
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receptor, desmopressin may have an additional effect during

hemostasis 86.

Another highly effective treatment to arrest bleeding is
platelet transfusion from healthy donors. It is mainly used
during surgeries and trauma to counteract severe bleeding.
However, this treatment can lead to the development of
alloantibodies against HLA molecules of non-compatible
donors (platelet refractoriness) or against glycoproteins absent
in the patients' platelets but present on the surface of healthy
platelets (e.g., GPIb-V-IX receptor in BSS)*4586, To reduce
the risk of platelet refractoriness, transfusions should be
performed using leukodepleted platelets from a single HLA and
ABO-compatible donor, rather than a pool of donors, which is

the usual practice*>46,

While many inherited platelet disorders can be
considered benign to some extent, as they can be managed
with supportive therapies, there are instances where bleeding
or other complications become extremely severe, even life-
threatening. Unfortunately, finding a definitive cure for IPDs

remains challenging.

One potential treatment approach to reverse IPDs is the
transplantation of allogeneic HSCs from HLA compatible
donor#4458_ HSCs are self-renewing cells found in the bone
marrow responsible for generating all the different types of
blood cells through the process of differentiation®’. In severe

cases, HSC transplants are performed, preferably using HLA-
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identical siblings as donors. However, this scenario is relatively
rare, so related or unrelated donors with compatible HLA are
also utilized 448, This procedure, known as allogeneic HSC
transplantation, has proven to be an effective and curative

treatment for various diseases, including certain cases of BSS
87-89

Despite its effectiveness, the limited availability of fully
compatible donors poses a significant challenge.
Consequently, many patients undergoing this type of
intervention are unable to find a completely compatible donor,
increasing the risk of immune rejection or graft-versus-host

disease 87:90,

Consequently, the need for alternative treatment options
becomes imperative to address this limitation and offer a
curative approach for IPDs. In this context, gene therapy has
emerged as a highly promising avenue. By targeting and
rectifying the genetic abnormalities responsible for IPDs, gene
therapy presents the potential for a personalized and curative
treatment strategy. While still in the preclinical research phase
for numerous IPDs, it has already advanced to approved
clinical trials for managing Whiskott-Aldrich Syndrome, among
other diseases with base on HSCs. These trials involve the
utilization of self-inactivating lentiviral vectors to drive the

expression of therapeutic transgenes®-92,

Therefore, gene therapy holds great promise as a

curative option for IPDs, offering hope to patients who face
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challenges in finding fully compatible donors for conventional
treatments like allogeneic HSC transplantation, like could be

severe bleeding disorders like GT or BSS93-%,
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4. Gene therapy.

Gene therapy emerged as a concept in 1972 when
Friedman and Roblin proposed the use of healthy exogenous
(therapeutic) DNA to replace its mutated version and
responsible for causing a pathology®” % In fact, many
discoveries have been achieved throughout the last decades.
Now, the European Medicines Agency (EMA) has redefined
gene therapy as a “biological medicinal product that contains
an active substance which contains or consists of a
recombinant nucleic acid used in or administered to humans to
regulate, repair, replace, add or delete genetic sequences and
its therapeutic, prophylactic or diagnostic effect relates directly
to the recombinant nucleic acid sequence it contains, or to the

product of genetic expression of this sequence”®°.

4.1. Gene therapy -classifications according to

target cells and delivery methodology.

Gene therapy allows the delivery of therapeutic genetic
material to any specific cell-tissue-organ of the body for
treatment. According to the cellular type and the objective of
the therapy, we can distinguish two different modalities:

4.1.1. Germline and Somatic gene therapy.

Germline cells: This gene therapy involves the genetic
modification of reproductive cells, such as sperm, ovules and
eggs, to introduce heritable changes. The feasibility of
germline therapy has been demonstrated successfully in

various animal species, including mice, rats, rabbits, sheep,
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cattle, goats, and pigs. However, its application in humans has
been prohibited due to ethical concerns, limited advanced

tools, and the absence of societal consensus?®9:100,

Somatic cells: This is the predominant approach used
in clinical settings. It focuses on treating the specific patient
and does not result in inheritable changes that affect future
generations. This targeted approach ensures that the benefits
of gene therapy are confined to the individual undergoing
treatment, without any long-term implications for their
offspring®191, When applying gene therapy to somatic cells,
we have to determine whether the nucleic acids delivery will be

in Vivo or ex vivo.
4.1.2. In vivo and Ex vivo gene therapy.

We refer to in vivo gene therapy when the delivery or
manipulation of cells is performed within the patient's body,
using local or systemic delivery methods (Figure 11). Adeno-
associated virus (AAV) vectors are commonly utilized in this
therapy due to their non-integrating profile. This reduces the
risk of insertional mutagenesis in non-desired target cells, a
concern primarily associated with retroviruses and lentiviruses.
However, AAV vectors have limited long-term expression,
which poses a restriction. In vivo gene therapy-based
treatments have already gained approval from the Food and
Drug Administration (FDA) for diseases such as familial
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(Luxturna), and spinal muscular atrophy (Zolgensma).
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Additionally, non-viral vectors, naked DNA oligonucleotides, or
siRNAs are also utilized in gene therapy when long-term
expression of the delivered gene is not necessary. An example
of this is the COVID-19 vaccines based on mRNA, which have

been approved to combat the pandemic?®%:102.103,

On the other hand, ex vivo gene therapy involves
treating patient cells outside the body and then reintroducing
them once they have been corrected. This approach requires
collecting the patient's cells, culturing, modifying them, and
subsequently transplanting them back into the patient (Figure
11). Compared to traditional allogenic transplantation, this cell-
based gene therapy eliminates the need for a histocompatible
donor and reduces the risk of graft-versus-host disease
(GVHD). Retroviruses such as y-retroviruses and lentiviruses
are typically employed as vectors to deliver a normal copy of a
specific defective gene into the genome of transplanted cells.
Ex vivo gene therapy-based treatments have already received
FDA approval for diseases like adenosine deaminase-
associated severe combined immunodeficiencies (Strimvelis),
B-thalassemia (Zynteglo), and large B-cell lymphoma
(Yescarta and Kymriah), offering curative treatments for these

conditions99:102,104,
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Ex vivo In vivo

Cell or tissue extraction

(pathogenic) /

Systemic or local administration

Physicochemical Viral vectors
delivery delivery

* polymer
Gene Therapy l

Disease
correction and
transplantation |

Lipid Adenovirus
nanoparticles

Polymer »
. complex : Lentivirus

Figure 11. Ex vivo vs. In vivo gene therapy.

Schematic view of both modalities of gene therapy according to where the
correction takes place. Image created by Martinez-Navajas, G. -Author
(inspired in Maestro, S. et al."'°)

4.2. Most used delivery methodologies.

4.2.1. Physicochemical deliveries.

Physicochemical delivery methods in gene therapy
encompass a range of techniques that utilize physical and/or
chemical approaches to transport nucleic acids, such as DNA
or RNA, into target cells. These methods play a crucial role in
facilitating the effective delivery of nucleic acids for therapeutic
purposes. Some widely used physicochemical delivery

methods in gene therapy can be consulted in Table 2-Table
3100,103,105—107:
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Sayed et al. 2022 '3,

Most used delivery methodologies.

Nature of the Method Description Advantages Limitations
method

Electroporation |This method utilizes controlled  |It can be used for both in  |Optimization of the
short electric impulses to vivo and in vitro gene method is laborious;
enhance membrane permeability |delivery. Cost effective, reduced viability of the
and deliver our cargo of interest. |quick and reliable method. |cells after

electroporation. In vivo
application is limited to
the area of electric field
and thermal damage.

Microinjection  [Microinjection is a direct This is a better and safer  |The process is laborious
approach for gene delivery with |option than and has limited
the use of microneedles to inject |electroporation. applicability for in vivo
DNA into the cells. use, primarily restricted

to dermal delivery.

(7, Particle Small gold or tungsten particles |Transfection is independent|The expression of
© Bombardment |coated with DNA are propelled at |of cell surface receptor transgene is low and
_8 (Gene Gun) high velocities into the target interaction and fragment  |transient.

= cells, allowing the DNA to enter |size; it is highly

()] ) .

E the cells through the perforated |reproducible and less toxic
_ cell membrane. to the cells.

©
g Sonoporation Ultrasound causes cavitation that|Can be used for both in vivo|Low transfection
> induces the growth and collapse |and in vitro gene transfer, |efficiency and causes
< of microbubbles creating easy, reliable and safe. injury to cells, ER stress
o enhanced cell permeation and and apoptosis.
delivery of genetic material.

Magnetofection |Magnetic particles are mixed Can be used in vitro to Agglomeration of the
with DNA and introduced into deliver genes to cells that  |magnetofection reagents
the cells by using the magnetic |are difficult to transfect. after the removal of
field. magnetic field.

Optoporation Cells are directly irradiated using |High survival rate. Low throughput hence
the laser beam. The cell cannot be used on bulk
permeability is governed by the samples.
pulse energy.
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Table 3. Common chemical methods for nucleic acid deliveries. Modified from N,

Sayed et al. 20223,

Calcium
Phosphate

DNA, CaCl2 and phosphate
buffer are mixed to form co-
precipitate that is endocytosed
by the cells. Mainly for in vitro
transfections.

Easy Production. Storage
stability.

Low transfection
efficiency.

Lipoplexes (Lipid
based)

Liposomes are charged or neutral
colloidal drug delivery systems
prepared in the form of
unilamellar or multilamellar
vesicles.

Simple to formulate and is
nonimmunogenic.

Transfection efficiency is
low.

Cationic Lipids

The lipids used for transfection
comprise of a hydrophilic cationic
head and a hydrophobic tail.
These lipids form a unilamellar
structure and their interaction is
governed by the negative charge
present on the nucleic acid and
the relatively positive charge
present on the lipids.

Simple to synthesize,
reliable, low
immunogenicity.

Heterogeneity of the
formulation, structural
instability, toxicity,
inactivation in blood.

Polymers

Chemical methods

These polymers are positively
charged and interact
electrostatically with the
phosphate backbone of DNA and
generate the complexes that
adhere over the cell membrane
and enter inside the cell through
endocytosis.

Can be used for in vitro and
in vivo applications.

Cytotoxic.

Nanoparticles
(Gold, Silica,
others)

These nanoparticles can be
modified to enhance DNA
binding, cellular uptake,
endosomal escape, and target
specific cells or tissues.

Protection of DNA from
degradation, improved
stability, controlled release,
and potential for targeted
delivery.

Low to medium
transfection efficiencies.
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4.2.2. Viral vector deliveries.

The use of viruses as delivery method for clinical
purposes require the removal of the genes responsible of viral
replication and pathogenicity. However, when the purpose is to
treat cancer cells, maintaining their replicative capability could
be useful. Typically, most employed viral vector used in gene

therapy are AAVs, adenoviruses (AVs), Retroviruses (RVS)

wiltide ,
o X, (Cationic | (" Lipid
N;‘?} {:}15‘:” .\polymers/‘ L nanoparticles .
gt
K
Easily scalable production
Lower costs of mass production compared to viral vectors
Packaging capacity: unlimited size
Low toxicity
Low immunogenicity
Poor efficiency to penetrating into the nucleus
Transient transgene expression
....................................................... e
b= =
SITR 34ITR SITR 3-ITR
{PraGfsgors m TSt romere: IR Y Ster {50 romcic IR (517
24.77 kb BOKD: wosesonssumnsassacion B oS A0 raszasdisiass
Adeno-associated virus (ARV) | & HD N { Lenivius )
ssDNA vector dsDNA vector ssRNA vector
Non-enveloped Non-enveloped Enveloped
Packaging capacity: up to 4.7 kb Packaging capacity: up to 36 kb Packaging capacity: up to 10 kb
Mainly episomal Mainly episomal Integrative
Serotype-dependent pre-existing Serotype-dependent pre-existing Low pre-existing immunity
immunity immunity Poorly characterized in vivo
Low inflammatory responses Acute inflammatory responses
High liver transduction High liver transduction
& 4

Figure 12. Comparison of non-viral and viral strategies to deliver nucleic acids
into host cells.

Upper panel shows general characteristics for non-viral vectors while bottom
panel compares the most commonly deliver strategies using viral vectors.
Typically, AAVs and AVs are used for in vivo delivery while LVs are predominantly
used for ex vivo, because their integrative profile. Modified from Maestro, S. et
a[110.
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and Lentiviruses (LVs), according to the purpose of the

therapy°” which are summarized in the following Figure 12.

However, deeper explanation for each type continues

as follows:
4.2.2.1. Adeno-associated viruses (AAVS)

Small, non-pathogenic single stranded DNA (ssDNA)
viruses which requires a helper virus for replication and
completion of their life cycle. The genome of these viruses is
4.7 kb in size and contains the rep genes (involved in
replication) and the cap genes (which encode the viral capsid).
Inverted terminal repeats (ITRs) are located at the ends of the
genome. These ITRs form a secondary structure that harbors
replication initiation and termination sequences, along with the

packaging signal‘®,

Recombinant AAVs are produced by removing both the
rep and cap genes from the viral genome, creating space for
the therapeutic gene (thus, 4.7 kb of space is available). These
genes are provided separately for the generation of
recombinant AAVs (in trans). By eliminating these genes from
the viral genome, the integration capability of the virus is lost.
As a result, when the virus infects cells, it remains in episomal
form within the nucleus. This characteristic reduces the risk of
insertional mutagenesis. Additionally, there are different cap

genes available, which promote specific tropism (preference
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Recombinant AAVs can infect both quiescent cells,
where gene expression can be sustained for months to years,
and dividing cells, where the therapeutic effect may be lost due

to cell divisions00:108,109,
4.2.2.2. Adenoviruses (AVs)

AVs are non-enveloped complex viruses with 36 kb
linear double-stranded DNA (dsDNA) genome encoding
various structural and non-structural genes. Therefore, these
vectors provide ample space for insert our therapeutic
cassette. Transduced cells maintain the DNA in episomal form
and can reach stable therapeutic levels in absence of immune
response, as reported for plasma proteins such us some
coagulation factors, metabolic enzymes, erythropoietin, among

others when delivered into quiescent tissues®10,

Adenoviruses possess highly desirable characteristics
for liver gene delivery, making them an attractive option. They
exhibit marked hepatotropism, enabling efficient targeting of
liver cells, and they achieve high levels of gene expression in
various cell types. Additionally, AVs are relatively easy to
produce in large quantities with functional titers, have a large
capacity for packaging genetic material, and show low

genotoxicity®°.

The first-generation AV-based recombinant viruses
initially lacked replication genes but retained a significant
portion of the genome, allowing the introduction of exogenous

genetic material of up to 8.5 kb. These vectors were effective
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in transducing hepatocytes; however, attempts to prevent virus
replication did not eliminate the expression of certain structural
proteins, leading to a significant inflammatory and immune
response. This immune reaction resulted in the elimination of
infected cells within a relatively short time, resulting in only
transient therapeutic effects. First-generation AV vectors have
proven effective for developing vaccines and antitumoral
treatments, including hepatic tumors, but have limitations for

treating inherited diseases®°.

To achieve long-term gene expression, third-generation
AV vectors, also known as helper-dependent adenoviruses
(HDAVS), were developed. In HDAVs, all viral sequences,
except for the terminal and packaging signal sequences, are
removed. This design allows the delivery of large genetic
sequences (up to 36 kb) and provides sustained transgene

expression®107,

Despite their promising features, AV vectors still face
challenges, primarily due to their immunogenicity, which limits
their efficient and safe use in clinical trials. Furthermore, the
lack of a suitable clinical-grade production platform remains a
significant obstacle, particularly for HDAV vectors®’. However,
FDA approved few medicaments based on AVs for cancer

treatment (Gendicine and Oncorine) 119,
4.2.2.3. Retroviruses (RVs) and lentiviruses (LVS)

Simple and complex RVs, such as the y-retrovirus

known as Moloney murine leukemia virus (M-MLV) and the
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LVs called human immunodeficiency virus type 1 (HIV-1), offer
significant advantages for gene therapy. One key reason is
their ability, when engineered as vectors, to reliably integrate
transgenic cargo into the chromosomes of host cells,
establishing a strong foundation for long-lasting therapeutic

gene expressionl07.111-113,

Genetically, both types of viruses share similar
characteristics. They are enveloped, single-stranded RNA
(ssRNA) viruses that possess their own reverse transcriptase
(RT), enabling the production of a double-stranded DNA
provirus that integrates into the cell genome. The viral genome
consists of the env, gag, and pol genes, which are flanked by
long terminal repeats (LTRs). These LTRs contain
enhancer/promoter elements necessary for integration. The
env and gag genes encode structural viral proteins, while the
pol gene encodes non-structural proteins, including the RT.
LVs have two additional genes, tat and rev, responsible for
encoding regulatory proteins. Moreover, LVs contain other
crucial genetic elements, including cis-acting sequences.
These include the RNA packaging signal (), required for
encapsidation of the viral genome into the virions, the
polypurine tract (PPT), essential for the reverse transcription
process, and the long-terminal repeats, which encompass the

HIV promoteri®’.112,

Biologically, there are distinctions between simple (y-
retroviral-based vectors) and complex (lentiviral-based

vectors). Firstly, LVs demonstrate a preference for inserting
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into gene coding regions, while y-retroviral vectors show a
preference for regulatory elements and transcription start sites,
enriched in specific chromatin markers, thus disrupting host
cell regulation upon vector integration. Another significant
difference lies in their infection capabilities. y-retroviral-based
vectors selectively transduce dividing cells since they can only
access the nucleus during mitosis when the nuclear envelope
iIs unraveled. In contrast, LVs can infect both dividing and
quiescent cells, as they can reach the nucleus without relying

on the unravelling mechanism?107.110,

These findings have been motivating over the past years
the use of LV vectors rather than y-RV vectors, offering a better
option due to their ability to integrate into non-dividing cells and
their safer integration profile. LVs also offer a larger cargo
capacity, lower likelihood of silencing once integrated, and
various options for pseudotyping with alternative envelope
proteins. These advantages have made LVs the primary

choice for stable gene transfer into somatic stem cells!*?,

e Recombinant lentiviral vector generation.

During vector generation, the LTRs are maintained,
while the viral genes are removed and replaced with the
therapeutic sequence, which has a capacity of 8-9 kb. In
addition to the transgene, the engineered RVs vectors
maintain cis-acting elements which include the LTRs and the

packaging signal ()103.107.110,
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The universal strategy for viral vector production
involves dividing the viral genome into multiple distinct DNA
molecules (Figure 13), which are co-transfected into a virus-
producing cell line. In the case of LVs, their production is
achieved through co-transfection of the 293T cell line with the
modified lentiviral transfer vector, along with two additional
plasmids: the envelope vector and the packaging vector.
These plasmids provide the genes that have been removed
from the viral skeleton but are necessary for vector

synthesis!14115,

The packaging plasmid contains the genes required for
virus assembly and replication. Vectors are classified into
different generations based on the packaging vector used. In
first-generation vectors, the plasmid contains the viral genes
(gag, pol, tat, rev, and accessory genes vif, vpr, vpu, and nef)
except for the envelope genes. In second-generation vectors,
several replication genes (vif, vpr, vpu, and nef) are removed
from the packaging vector to develop a safer vector.
Subsequently, third-generation vectors eliminate the tat
sequences, and the packaging vector is divided into one vector
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with gag-pol genes and another vector with the rev gene
(Figure 13)107.112,

Packaging plasmid

c pA tail
o W
©3 m gag = pol tat/rev I—
o
[S 3 =
U U
w o
c PA tail Envelope plasmid
5 | oo | ol -
P :
) pA tail VSVg I—
o
= rev
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Transfer Vector

RUS cPPT AU3RUS

CMV E Gene  -Wpre{ PPT3 II-I—
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5'LTR 3'LTR

Promoter of interest
+

Therapeutic gene

Figure 13. Transgenic SIN-LV production strategy.

Viral genome is divided into different plasmids (Packaging plasmid, Envelope
plasmid and Transfer vector) and provided in trans to packaging cells which
encapsulate our transgene into lentiviral vector particles. It is also specified the
plasmid used to produce second and third generation of SIN-LVs. Image
created by Martinez-Navajas, G. -Author.

The envelope plasmid (Figure 13) contains genes
encoding envelope proteins. In vector optimization, wild-type
(WT) envelope proteins can be replaced with other proteins
through a process called "pseudotyping.” Among the most
used is the glycoprotein G of the vesicular stomatitis virus
(VSVQg). This envelope is more stable, allowing to produce high
viral titers and efficient transduction of CD34* hematopoietic

stem cells112.114,
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Finally, the transfer vector (Figure 13) contains the
therapeutic gene along with cis-acting viral regulatory
sequences (LTRs, Agag, packaging signal g, and att sites)
required for viral genome packaging, reverse transcription and
integration, not containing viral proteins. The LV skeleton has
been modified to include elements that optimize vector
production and transduction. These include the cPPT/CTS
sequences (central polypurine tract/central terminal sequence)
and the RRE element (Rev response element), which increase
transduction efficiency by facilitating transport of the viral RNA
to the nucleus. Another cis-acting element used to improve
transgene expression in the target cell is the WPRE sequence
(post-transcriptional element from the woodchuck hepatitis B
virus), which encodes a truncated form of the X protein

involved in hepatocarcinomas4115,

In addition to improving vector efficiency, research
efforts have also focused on reducing associated genotoxicity.
Since LTRs contain enhancer and promoter sequences, their
integration into the genome can activate adjacent genes,
leading to insertional oncogenesis. Therefore, self-inactivating

(SIN) vectors have been developed.

SIN lentiviruses have a deletion in the U3 region of the
3" LTR. During LTR duplication in the retro-transcription
process, the truncated U3 region of the 3' LTR is copied into
the 5' LTR, resulting in transcriptional inactivation of the viral
genome. To maintain transgene expression in SIN vectors, an

internal promoter determined by the researcher needs to be
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included. Depending on the specificity and level of transgene
expression required, a strong or moderate promoter, or a cell-
specific or inducible promoter, can be incorporated into the

vector!10.115

e Recombinant lentiviral vector transduction.

Once produced, SIN-LV particles are capable of only a
single round of infection (transduction) once they encounter
target cells. Reached the cellular cytoplasm, the LV vector
genome transcripts undergo reverse transcription, converting
them into double-stranded complementary DNA (cDNA)
copies. These cDNA copies then integrate into the
chromosomes of the target cells, leading to stable genetic

Transgenic lentiviral
vector

SSRNA
Reverso-transcriptase

Therapeutic

E - roteins
Transgenic lentiviral P

\ vector

Capsid
Envelope

'\ Therapeutic
! RNA

Envelope phusion
Capside desintegration
Reverse-transcription
Genomic integration

S

Transgene expression
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Figure 14. Integration of SIN-LV into the genome of the host cell.

Schematic view of the whole process since the LV reach the cell till cDNA is
integrated into the chromatin. Image created by Martinez-Navajas, G. -Author.
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modification. The reverse transcription process and
subsequent chromosomal integration, which are essential for
the long-lasting genetic modification of transduced cells, are
facilitated by the reverse transcriptase and integrase proteins

associated with the vector particles (Figure 14)110.112,114,115

These LV vector particles are highly advantageous for
modifying stem cells. These vectors not only ensure the stable
maintenance of the integrated viral vector genome within the
stem cells but also enable its transmission to all subsequent

generations of daughter and posterior differentiated cells.
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4.3. Gene-therapy approaches according to the

final goal.

Knowing the different typologies of gene therapy and
delivery strategies, we can differentiate different approaches of
gene-therapy application based on our final goal, and it
commonly involves utilizing genetic materials such as DNA,
MRNA, siRNA, miRNA, and anti-sense oligonucleotides
combined with any of the previous delivery system. Among the
different strategies, we can highlight (i) altering gene
expression through RNA targeting, (ii) adding new genetic
material into the host genome, (iii) modifying genes in situ or
(iv) replacing mutated genes with healthy copies.

4.3.1. Gene expression alteration targeting RNA.

RNA exhibits a range of functions in biology and
disease, acting as an intermediate (e.g., messenger RNA
(mRNA)) or a final product (e.g., microRNA (miRNA)) of genes.
Given the extensive involvement of RNA molecules in
regulating gene expression, gene therapy strategies tailored to
target RNA or generate effector RNA molecules warrant
careful consideration. In this summary, we provide a concise
overview of two frequently employed gene therapy strategies
rooted in RNA biology*6.
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4.3.1.1. Genetic Knockdown by interference RNA.

Typically, this strategy is valid for gain-of-function
pathogenic variants that cause an excess of protein or an
alternative protein which provokes toxicity. The use of RNA
interference (RNAI) let us to target the pathological mMRNA,
impeding its translation, thus, diminishing and alleviating the

pathological effects of the pathogenic variation'*’.

On one hand, an approach to alleviate an excess of
gene expression is the use of an effector small interfering RNA
(siRNA), which is approximately 22 nucleotides long and
single-stranded, can initially be expressed in the form of short
hairpin RNA (shRNA). This shRNA is then processed into
siRNA, which represses gene expression by triggering RNA
degradation and/or inhibiting protein synthesis''8. Additionally,
the design of artificial miRNASs it is also employed to diminish
aberrant gene expression (Graphical explanation on Figure
15)99.116,
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Figure 15. RNAi based strategy for gene therapy.

A pathogenic variant on a gene provokes a gain-of-function mutation which
produces an excess of mature protein and/or an aberrant functional protein.
RNAi strategies target this mRNA, diminishing the number of mRNA copies to
be translated. Image created by Martinez-Navajas, G. -Author. (Inspired in Wang
D & Gao G'"°.

On the other hand, RNAI is also employed for disease
generated by expression of toxic proteins resulting from gain-
of-function pathogenic variants!'®. The problematic in these
cases resides in that RNAI usually indiscriminately reduces the
toxic mutant protein and the normal counterpart (the latter
being expressed from the second gene copy in a diploid human
genome), which can impair the gene’s normal function. To
overcome it, it is necessary to develop a smart RNAI design to

target specifically the aberrant allele!16-118,
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4.3.1.2. Reprogramming messenger RNA splicing by

antisense oligonucleotides.

Most newly transcribed pre-mRNAs (in eukaryotes)
undergo splicing to produce mature mRNAs that consist of
exons responsible for directing protein synthesis. As a result,
MRNA splicing plays a crucial role in regulating gene
expression by determining which specific pre-mRNA
sequences are included or excluded during translation.

Many diseases are caused by pathogenic variants that
introduce premature stop codons. In cases where the affected
coding DNA is too large to be replaced (such as Duchenne
Muscular Dystrophy (DMD)), DNA or vector-derived RNA
antisense oligonucleotides (AONs) are designed to induce
exon skipping. This approach helps restore the correct reading
frame instead of replacing the entire gene. By promoting exon
skipping, this strategy allows to produce smaller functional
proteins, thereby reducing the severity of the disease!!®. An
example of this therapy is illustrated in Figure 16, which
demonstrates the application of AON therapy to treat DMD
(Duchenne muscular dystrophy). In this case, a mutation in
exon 50 leads to the production of mMRNA without this exon.
Consequently, exon 51 now contains a premature stop codon.

AON therapy assists in skipping exon 51 during the splicing
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process, resulting in the production of a smaller yet functional

proteint16-118,

Normal gene
47 48 49 50 51 52

Splicing and production of MRNA ‘
lll--.-lll Normal dystrophin

DMD gene

Abnormal splicing
and production of aberrant mRNA

l..--.'. Dystrophin abscence

DMD gene

! ~

AON

e’\OQ
l'.'l' Partially functional dystrophin

Figure 16. DMD treatment with AON therapy.

The regular splicing process of DMD pre-mRNA produces mature mRNA
containing all exons necessary for the synthesis of complete dystrophin.
However, in DMD, mutations in exon 50 lead to abnormal splicing, causing the
exclusion of exon 50 from mature mRNA. This alteration shifts the reading
frame and prevents the production of dystrophin. By binding to the splicing
signal in exon 51, AON prevents its inclusion, resulting in the exclusion of both
exon 51 and exon 50. As a result, the original reading frame is restored, and
partially functional, albeit shorter, dystrophin is produced. Image created by
Martinez-Navajas, G. -Author. (Inspired in Wang D & Gao G''°.

AON therapy

4.3.2. Gene Addition.

Complex disorders like cancer and heart diseases result
from the combined effects of multiple genes and environmental

factors, making gene replacement therapies unfeasible. These
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disorders are prevalent and urgent medical needs. Expression

of external genes could aid to mitigate the effect of
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multifactorial diseases. An example could be the heart failure
because of low levels of non-mutated Ca?*-ATPase and its

compensation by overexpression of SERCA2A gene)!03.116

Additionally, the emergence of new infectious diseases
necessitates prompt treatment to prevent the economic and
health consequences seen during the COVID-19 pandemic.
Consequently, significant efforts have focused on gene
therapy development, exemplified by COVID vaccines.

Genetic Factors and/or Therapeutic nucleic acid

environmental factors m

ew . A 4

& =2 =7

) Immune
Protein . response
compensation  gypplementation
v
Disease Disease alleviation

Figure 17. Gene addition strategies.

A complex disease cascade can be triggered by multiple genetic factors and/or
environmental factors. However, the introduction of therapeutic genes through
gene addition offers relief by complementing specific aspects of the disease
mechanism. Image created by Martinez-Navajas, G. -Author. (Inspired in Wang
D & Gao G''°.

By incorporating the gene therapy addition approach
(Error! Reference source not found.), COVID vaccines aim t
o stimulate an immune response by utilizing viral vectors or
MRNA technology to deliver genetic instructions for producing

the spike protein of SARS-CoV-2 and provide protection
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against it. This strategy leverages the understanding of the
disease mechanism and utilizes gene addition to supplement
the immune response. While the vaccines do not directly
replace or alter specific genes, they work to enhance the
body's natural defenses by providing the necessary genetic
instructions. Through widespread vaccination, the goal is to
prevent the spread of the virus, mitigate its impact on public

health, and ultimately bring an end to the global pandemic!2°-
122

4.3.3. Gene Editing Technology.

Target-specific nucleases have emerged as a powerful
toolkit for genome engineering. These nucleases, composed
of a customizable DNA recognition module and a DNA
cleavage domain, offer precise control over the places where
we want to introduce genetic modifications. Zinc-finger
nucleases (ZFNs) and transcription activator-like effector
nucleases (TALENS) achieve sequence specificity by utilizing
DNA-binding proteins. On the other hand, the clustered
regularly interspaced short palindromic repeats (CRISPR-
Cas9) system, based on RNA-guided DNA recognition,
enables targeted modifications?3124, Although the specific
mechanisms may vary, these designer nucleases initiate
double-strand breaks (DSBs) at the desired DNA sequences.
Subsequently, they facilitate various DNA modifications by
employing two distinct DNA repair mechanisms: non-
homologous end joining (NHEJ) and homologous directed
repair (HDR) 123-129,
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The utilization of these nucleases enables genome
editing in viable cells for therapeutic purposes. This
breakthrough technology facilitates the elimination or
correction of harmful mutations and enables the insertion of
beneficial mutations. Moreover, it has diverse applications,
including the precise integration of transgenes at specific loci,
the creation of cell lines as disease models through gene
knockouts (KO) or knock-ins, and numerous other potential

Despite the importance of all these engineered
nucleases, we are going to focus in CRISPR-Cas9 systems,
which has been widely developed and has evolved over the

last years.
4.3.3.1. CRISPR-Cas9 as gene editing tool.

CRISPR-Cas9 is an adaptive prokaryotic immune
system employed by numerous bacteria and archaea to
defend against exogenous nucleic acids. This complex
recognizes and cleaves invasive DNA, providing prokaryotes
with a defense system against viral and plasmid attacks, as
well as conferring acquired immunity to these microorganisms
against future assaults. Currently, this system has been
adapted for use in both in vitro and in vivo eukaryotic cells,
serving as a highly specific genomic editing tool. It enables the
generation of targeted insertions, deletions, or modifications at

specific loci. The simplicity, cost-effectiveness, efficiency, and
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specificity of the CRISPR-Cas9 system provide it with a

competitive advantage over other nucleases!?3:124.126,

This specificity is governed by a single-stranded guide
RNA (sgRNA) containing 20-22 nucleotides. Through base-
pair complementarity, the sgRNA directs the nuclease to a
precise genomic locus'®#1%6, In the CRISPR-Cas9 system
derived from Streptococcus pyogenes (applied in this study), a
5'-NGG-3' sequence, known as the protospacer adjacent motif
(PAM), must immediately follow the target DNA sequence
where the sgRNA binds (refer to Figure 19 for details) (5'-X20-
NGG-3')1%0, Cas9 recognizes the PAM sequence and induces
a DSB three nucleotides upstream of the NGG trinucleotide!3?.
As previously mentioned, cellular machinery is responsible for
repairing this DSB, utilizing two distinct mechanisms (Figure
18):

e The primary repair pathway is NHEJ, which rejoins the
disrupted DNA strands at the break site. During repair,
small insertions or deletions of nucleotides (indel
mutations) can occur. This repair pathway is widely
employed in research for generating gene knockouts
since the insertion or deletion of a nucleotide within a
coding region disrupts the reading frame, potentially
leading to premature stop codons and loss of the coding
sequence (refer to Figure 18). This mechanism is
widely used to develop genetic KO to model genetic

diseases, correct genetic diseases, among other
use5127,131,132_
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Figure 18. Repair mechanism of DSB for the gene editing strategy.

DSB induced by CRISPR-Cas9. Non-homologous end-joining mechanism (NHEJ,
right) and Homology Directed Repair (HDR, left). Modified from Ran et al,,
201375,

e An alternative to NHEJ is HDR. This secondary repair
pathway is less efficient and requires the presence of a
DNA template (or donor) for homologous recombination
to take place. From a gene editing standpoint, HDR is
particularly intriguing as it enables the introduction of
specific mutations carried by the donor DNA, which can
be incorporated into the genome through homologous
recombination. By designing a tailored donor DNA, this
mechanism allows for the reversal of mutations causing
monogenic diseases, induce precise mutations (as

disease modelling), among many others (Figure
18)127,131,132_

Despite all the advantages of CRISPR-Cas9 system, its
main limitation resides in the occurrence of off-target effects.
Within the CRISPR-Cas9 system, up to 5 mismatches in the
distal region from the PAM sequence can be tolerated,
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potentially leading to off-target effects. In contrast, the proximal
region is more conserved (Figure 19). If a mismatch occurs in
this proximal region, it results in a reduction in enzyme
cleavage efficiency, and in some cases, complete loss of
cleavage at that specific locus'?%132-134  \While controversy
exists regarding the seed region of the sgRNA, several studies
support the notion that the conserved region includes the first
2-5 nucleotides adjacent to the PAM sequence (proximal
region of the guide), which play a crucial role in determining

the specificity of Cas9 133135,

ARRERRRRRA
Seed region
3 5
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5 « 3'
PAM

(NGG)

Figure 19. Schematic of CRISPR-Cas9 nuclease and mismatch tolerance.

Image created by Martinez-Navajas, G. -Author.

Although CRISPR technology holds immense potential
in gene editing, concerns regarding off-target safety persist.
However, the development of new technologies that modified

CRISPR-Cas9 system, avoiding the generation of DSB
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together with Cas9 fusion to new functional domains hold great

promise for the future of clinical gene editing.
4.3.4. Gene Replacement.

Many human genetic diseases are clearly defined by a
single gene defect, these are the monogenic diseases, and
gene replacement is a straightforward approach to treat them
(Figure 20). Not surprisingly, the majority of the most
advanced clinical gene therapy development falls into the
category of gene replacement. This is primarily because its
simpler origin greatly facilitates research in this field: In
addition, animal models that mimic monogenic human
diseases are more easily obtained by naturally occurring
mutation or genetic manipulation, which provides a valuable

platform for pre-clinical testing®%:103.116,

To date, there are over 3000 ongoing clinical trials
employing gene therapy replacement strategies (Figure 20)°.
Table 4 provides a comprehensive overview of registered viral
vector-based therapy products that have been approved for
commercialization!1?, This table clearly demonstrates the utility
of gene therapy in treating various monogenic diseases, and
the number of approved therapies continues to grow as

research progresses.
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Figure 20. Gene replacement strategy.

A gene mutation disrupts protein synthesis (indicated by a red non-folded
structures), resulting in the development of a disease. However, gene
replacement offers a solution by providing a functional copy of the gene
(represented by a green helix) that enables the production of normal proteins
(depicted as green folded proteins), thus correcting the disease. Image created
by Martinez-Navajas, G. -Author. (Inspired in Wang D & Gao G'').

These are just a few examples of how the importance of
gene therapy is increasing for monogenic diseases, providing
curative treatments instead of lifelong dependence on
palliative measures in the past. As mentioned, ongoing
advancements in this field are enabling the initiation of clinical
trials for numerous diseases, including bleeding disorders such

as Hemophilia A and B, Fanconi Anemia and many others.
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therapy replacement, approved for marketing authorization.

Product Target disease Parental virus Transgene Replication
name status
Rexin-G Solid tumors Gamma-retrovirus Cyclin G1 Repllcgtlon
defective
Strimvelis ADA-SCID Gamma-retrovirus ADA Repllca_tlon
defective
Zalmoxis Leukemia Gamma-retrovirus HSV—t_hymldlne Repllca_tlon
kinase defective
Diffuse large B-cell . Chimeric T cell Replication
Yescarta Gamma-retrovirus .
lymphoma receptor defective
.. . Replication
a h - TGF-B1 )
Invossa Osteoarthritis Gamma-retrovirus GF-B defective
Kymriah B-cell acute Iymphoblastlc Lentivirus Chimeric T-cell Repllcgtlon
leukemia receptor defective
Transfusion-dependent - ) Replication
Zynteglo beta-thalassemia Lentivirus B-globin defective
Gendicine Head and neck squamous Adenovirus 5 p53 Repllca_non
cell carcinoma defective
Oncorine Nasopharyngeal carcinoma Adenovirus 5 None Replication
(H101) pharyng competent
Imlygic Unresectable melanoma Herpes simplex virus GM-CSF Replication
competent
Glybera” | Lipoprotein lipase deficiency AAV1 Lipoprotein lipase Repllcgtlon
defective
Luxturna | Leber's congenital amaurosis AAV2 RPEG5 Repllca_tlon
defective
Zolgensma Spinal muscular atrophy type AAVO SMNL Repllca_non
' defective
& Permission revoked May 2019
® Product discontinued in 2017
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4.4. Gene Therapy for monogenic diseases in the

hematology field.

Gene therapy is a promising field that holds the potential
to provide curative treatments for patients with monogenic
diseases. While these diseases may not be as severe or
dramatic as cancer, the associated symptoms can significantly
impact the quality of life of affected individuals. The lack of a
definitive cure and the reliance on specific medications or
constant vigilance can have a profound effect not only on their
physical health but also on their mental health, cognitive

function, and overall sense of well-being*3®.

It is important to recognize that according to the
monogenic disease, different gene therapy approaches and
gene delivery methods are required. It is necessary to identify
the underlying cause of the disease and determine the target
cell to develop an effective curative treatment. Based on this
information, the appropriate gene therapy tool can be selected
and delivered in the most suitable manner to achieve a

therapeutic treatment or a curative outcome.

One example can be seen in bleeding disorders, where
the deficiency of certain coagulation factors affects proper
blood functionality. In these cases, the root cause lies within
the hepatocytes, which are responsible for releasing some of
these factors into the plasma to carry out their functions.
Understanding the nature of the target cell is essential in

selecting an appropriate delivery strategy, whether in vivo or
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ex vivo, and determining the most suitable viral vector for that
specific cell type. For instance, hepatocytes are known to have
a non-dividing profile, making AVs or AAVs excellent strategies

as they can provide long-lasting therapeutic effects.

In the context of inherited platelet disorders, similar to
clotting factor deficiencies, these conditions directly impact the
impaired hemostasis!. However, unlike clotting factor
deficiencies that originate from hepatocytes, IPDs are primarily
associated with abnormalities in platelets®. As discussed in
previous sections, the target cells involved in IPDs are HSCs
which resides in the bone marrow. HSCs serve as the primary
source for platelet production through a differentiation
process®, and any dysfunction or aberrations in these cells can
lead to the manifestation of IPDs, so targeting them is essential

to correct IPDs.

Other deficiencies affecting diverse cellular types, with
HSCs as the source of aberrant cells, are studied and under
clinical trials. To date, primary immunodeficiencies (PID), red
blood cell diseases and metabolic diseases are the target of
these studies. Respect PIDs, just one affecting platelet is under
clinical trials, this is Wiskott-Aldrich Syndrome (Table 1),
showing very promising data. In addition, different PIDs
affecting other hematopoietic linages are also being
investigated, like SCID-X1 or ADA-SCID (Figure 21)%,
Notably, in 2022, two medicaments based on LV vector
technology counts with FDA approval for the treatment of

severe [B-Thalassemia (bluebird bio’s betibeglogene
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Figure 21. Gene therapy for primary immunodeficiencies.

Each hematopoietic cell lineage is depicted in schematic representations. The
primary immunodeficiencies, indicated by blue boxes, primarily impact specific
cell type(s). The color-coded genes represent different stages of development,
with approved gene products shown in red, products under clinical trial in

orange, and products in preclinical studies in green. Figure from Tucci, F, et al;
2021739,

In all cases, the workflow comprises the ex vivo
treatment of CD34* HSCs with SIN-LVs which integrates the
therapeutic gene. These cells are then reinfused into
myeloablative patients with busulfan treatment to favor the
posterior engraftment. Integrated transgene would be inherited
by daughter and differentiated cells, where it would be

expressed, thus, correcting the disease!37:13,
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Indeed, patients who have undergone this type of
treatment have shown significant disease correction, indicating
the sustained engraftment of gene-corrected hematopoietic
stem and progenitor cells (HSPCs). Decades of preclinical and
clinical research have played a crucial role in advancing vector
engineering, transduction procedures, and the conditioning
regimen used prior to transplantation. These advancements
aim to deplete hematopoietic progenitors, facilitate the homing
and engraftment of gene-corrected HSCs in the bone marrow.
Notably, the introduction of third-generation self-inactivating
LVs has enhanced the transduction efficiency of long-term
engrafting HSPCs, leading to improved immune recovery and

a significant reduction in the risk of insertional mutagenesis!6,

However, there are still several challenges that need to
be addressed in the field of gene therapy. One of these
challenges is the long-term monitoring of the efficiency and
safety of RV and LV based gene therapy products in patients.
There is a potential risk of insertional mutagenesis, where the
integrated vector DNA may disrupt the normal functioning of
the genome. Additionally, there is a need to expand HSPC
gene therapy to new diseases, beyond the current
applications. In fact, it is only a matter of time before other IPDs

begin to develop their own curative gene therapy treatments!*3

Page9 1

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



INTRODUCTION.

Disease modeling for Bernard-Soulier Syndrome and preclinical approaches.

Page92

5. Disease modeling for Bernard-Soulier Syndrome and

preclinical approaches.

Since the first reported case of BSS in 1948 by
hematologists Bernard and Soulier3, significant efforts have
been made to uncover the underlying basis of the disease. As
previously = mentioned, prolonged bleeding  times,
thrombocytopenia, and the presence of giant platelets were the

typical signs used to diagnose the syndrome.

Prior to the advent of gene therapy, researchers
investigated the syndrome by observing its typical signs and
analyzing various laboratory parameters. These parameters
included studying platelet aggregation in response to different
stimuli such as ristocetin and VWF, as well as assessing levels
of fibrinogen and other factors. This analysis involved
examining samples from multiple patients, allowing for

comparisons to identify similarities and differences4%:141,

It was from 1978 onwards that several researchers
identified the GPIb-V-IX receptor as the responsible
glycoprotein for the syndrome. Subsequently, the identification
of different subunits comprising the entire receptor shed light
on the pathogenic variants found in all of them except for GPV.
These variants resulted in a dysfunctional receptor assembly
or its complete absence from the platelet surface, giving rise to
distinct phenotypes according to the specific mutation that

each gene exhibited.
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5.1. Cellular models to investigate the receptor

biology.

Since 1992, coinciding with the emergence of the gene
therapy field, there has been an increasing interest in the
assembly of receptors with specific mutations!4?. However,
due to the scarcity of patients and their varying bleeding
tendencies, obtaining samples that could provide a
comprehensive understanding of the biological basis of the
disease has been challenging. To address this, researchers
began investigating the GPIb-V-IX receptor by inducing
exogenous overexpression in different cell lines. The
mammalian Chinese Hamster Ovary cells (CHO) have
traditionally been used due to their ability to amplify genes in a
non-human background 143, Less frequently, HEK-293, K562
human cells and other lines were also used to analyze specific
mutations?#?. In all cases, the study of specific mutations
involved achieving stable expression of the receptor by co-
transfecting expression plasmids that separately encode the
coding sequences (CDS) of the WT subunits and the remaining
mutated subunit, then comparing it with the coexpressed WT
receptor. This approach allowed authors to mimic specific
missense or nonsense variants and assess their effects on the

assembly of the entire receptor.

Page93

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



INTRODUCTION.

Disease modeling for Bernard-Soulier Syndrome and preclinical approaches.

Page94

5.2. Models to study the differentiation process:

Induced Pluripotent Stem cells.

Those cellular models where ectopic expression of the
receptor is achieved are useful for studying how these
mutations specifically impact on its assembly and functionality
per se. However, they do not provide insights into the effects
of these mutations on the differentiation of HSCs or the specific
cell types affected (such as MKs and platelets).

This limitation could be overcome by utilizing another
revolutionary development in gene therapy field. The
generation of induced pluripotent stem cells (iPSCs) through
the reprogramming of animal or human differentiated cells.
This is achieved by overexpressing four key genes, which can
transform somatic cells into a state resembling embryonic stem
cells (ESCs). iPSCs offer several advantages over human ES
cells, including addressing ethical concerns and overcoming

biological differences between humans and mice!44,

Currently, iPSC technology is playing a crucial role in
advancing biological research. It facilitates disease modeling,
drug screening, and cell replacement therapy. Patient-derived
iIPSCs can be maintained in vitro for long periods time and
differentiated into specific cell types, including MKs, allowing
for the study of disease mechanisms and the testing of new
treatments in vitro!#>146,  However, despite its clear
advantages, this procedure sometimes faces limitations when

it comes to replicating the differentiation process and obtaining
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Models to study the differentiation process: Induced Pluripotent Stem cells.

a sufficient quantity and quality of the desired target cells'#/~
149

This technology has been applied to model BSS,
patient-derived iIPSCs has served to provide new disease
models able to mimic the differentiation that HSC suffer
through MKs and platelets for GP1BA (Type A1l-BSS) and
GP1BB (Type B-BSS) genes'™, reproducing the
characteristics giant platelets in a epigenetic human
background. Platelets derived from BSS-iPSCs were larger
than their WT counterparts. Importantly, LV correction restored
GPIb-V-IX expression, improved platelet production and
reduced platelet size in both BSS-iPSCs models.
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Additionally, our laboratory successfully
reprogrammed peripheral mononuclear blood cells to iPSCs
from Type C BSS patients carrying different mutations,
p.Asn45Ser, p.Phe55Ser and p.Trp71Arg*®1-153, As a proof of
concept, we could perform a genetic rescue of these cells
using LV under non-physiological promoters, achieving
overexpression of GPIX in MKs (Figure 22). However, these
cells experienced a dramatical reduction in viability throughout
the differentiation process of HSCs into MKs and platelets,

resulting in a low-quality outcome (not published data).

Type C BSS [p.Asn45Ser] iPSC-BSS EV-derived

megakaryocytes

w1 41% 0.25%

CD41a*

Cell Population Viable cells

0%

GPIX
iPSC-BSS pRRL-GPIX-derived
megakaryocytes

w1 44% 43%

CDh41a*

GPIX

Figure 22. Genetic rescue of iPSC-BSS-GPIX-p.Asn45Ser-derived MKs.

GPIX genetic rescue on megakaryocytes differentiated from iPSCs derived from
peripheral blood mononuclear cells. Modified from PhD Thesis Bonillo-Lamolda,
M.
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5.3. Murine and zebrafish animal models of

Bernard-Soulier Syndrome.

Finally, disease models using cell lines fail to capture the
full extent of hemostasis disruption within the organism or
accurately mimic thrombopoiesis. This limitation arises
primarily from the fact that platelets, as anucleate cytoplasmic
fragments, cannot be experimentally manipulated using the
same strategies commonly employed for cultured cells in vitro.
The release of platelets from mature MKs and their response
to vascular injury are specialized cellular processes exclusive
to platelets themselves. Moreover, these processes occur
within a multifactorial environment that is challenging to

reproduce accurately in vitro.

To investigate these characteristics, new murine models
(Mus musculus) were developed for mGplba®®,
mGp1bb'51%6 and mGp9'®’, being this last one the least
explored. These models mirrored the human phenotype by
exhibiting a reduced number of giant platelets with impaired
assembly of the VWF receptor. Additionally, these
abnormalities affected to thrombin response among other
processes that cannot be studied through cell experiments.
Furthermore, various researchers have developed murine
models with Gp5-KO to examine its role in relation to the GPIb-
V-1X complex and its involvement in pathophysiology.

Recently, researchers have also developed animal

models based on zebrafish (Danio rerio) for Gplba'®® and
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Gp9'>®, which instead of platelets carry its homologous cell
type, thrombocytes. These models found similar findings
regarding impaired bleeding tendencies achieving a similar
phenotype to BSS.

Interestingly, it has been reported that LV-mediated
transduction of hGP1BA and hGP1BB in mGplba % and
mGplbb 16 HSCs KO, respectively, followed by their
reinfusion into the corresponding murine model, resulted in the
alleviation of the macrothrombocytopenia and the reversion
prolonged bleeding times. However, no studies have been
conducted for mGp9-KO. These findings reinforce the
perspective that BSS should be considered as a potential
disorder to be managed through the implementation of gene

therapy approaches.
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The continuous evolution of the gene therapy field has
resulted in the FDA approval of two treatments based on self-
inactivating LV vectors, with several others currently being
investigated in clinical trials. In all cases, the objective is to
introduce ex vivo a therapeutic transgene into HSCs, the
source of abnormal cells. Once these cells are corrected, they
are reinfused through an autologous transplantation,
effectively reversing the disease and avoiding the
immunological challenges associated with allogeneic

transplants.

Regarding BSS, successful correction using LV-
mediated approaches has been achieved for GP1BA (BSS
Type Al) and GP1BB (BSS Type B) disease models in both
murine and human iPSCs. However, such correction has not
yet been tested for hGP9 (BSS Type C), despite it being
associated with a greater number of variants.

Our study hypothesis aims to explore the potential of
SIN LVs expressing human GPIX as a curative treatment for
BSS Type C, given its monogenic cause and relatively small

gene size.

To achieve stable and tissue-specific expression of
GPIX, it is essential to integrate our therapeutic cassette into
the patient's HSCs, which give rise to abnormal MKs and
platelets. However, due to the limited availability of patients
and their unique bleeding characteristics, it may not be feasible

to isolate HSCs for testing our gene therapy tools. Therefore,
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alternative preclinical models are necessary to evaluate the

efficacy of these gene replacement strategies.

Taking advantage of the revolutionary CRISPR-Cas9
technology, we aim to establish BSS disease models in human
megakaryoblastic cell lines by individually knocking out each
subunit, including GPV. These novel models will enable us to
investigate the specific contribution of each subunit in the
assembly of GPIb-V-1X and will help us understand the diverse

phenotypes observed in clinical settings.

Additionally, in order to mirror the differentiation phase
and the generation of aberrant MKs and giant platelets, we will
develop a human BSS Type C model using iPSCs as the

closest alternative to HSCs.

The subsequent step involves developing self-
inactivating LV vectors that express GPIX under physiological
promoters to achieve tissue-specific expression suitable for
clinical application. The previously established GP9-KO
disease models will serve as preclinical tools to assess the
functionality of our LVs in restoring GPIX expression,
facilitating GPIb-V-IX reassembly, preserving binding capacity

to VWF and producing normal-sized platelets.

Once optimized our GPIX-expressing LVs, confirming
their functionality in HSCs from BSS patients harboring
different GP9 mutations is essential to validate this gene
replacement tool. Through isolation from peripheral blood,

transduction and differentiation into MKs and platelets, we will
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validate the reversal of the phenotype, confirming the

therapeutic potential of our gene therapy approach.

Lastly, the development of a novel murine model,
designed specifically to evaluate the efficacy of our LVs in
restoring normal physiological functions such as bleeding time,
holds huge relevance as the definitive preclinical study
preceding the progression to the clinical phase of the disease.
This in vivo model will serve in future projects to further

evaluate the efficacy of our GPIX-expressing LVs.
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Therefore, to carry out this research project, the work

has been structured into the following objectives:

Objective 1: Investigate the assembly of GPIb-V-IX
through CRISPR-Cas9 knockout generation and disease
modeling: Exploring the roles of GP1BA, GP1BB, GP9.and
GP5.

1.1  Generation and characterization of
megakaryoblastic Bernard-Soulier Syndrome models and
GP5-KO, studying the contribution of each subunit to the
assemblage of the GPIb-V-IX receptor.

1.2 Generation and validation of Bernard-Soulier

Syndrome Type C model in induced Pluripotent Stem Cells.

Objective 2: Design and development of reporter and
therapeutic GPIX-lentiviral vectors able to rescue GPIX
expression and complex functionality in

megakaryoblastic KO models.

2.1 Design and development of GPIX lentiviral

vectors.

2.2 Genetic rescue of GP9-KO cellular models by

GPIX-lentiviral transduction.
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2.3  Analysis of GPIb-V-IX complex functionality in
WT, GP9-KO and GP9-KO megakaryoblastic transduced cells.
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Objective 3: GPIX-Lentiviral correction of Bernard-Soulier
Syndrome Type C induced Pluripotent Stem Cells and

posterior differentiation to megakaryocytes and platelets.

3.1  Analysis of GPIX reversion in megakaryocytes
and platelets produced from transduced GP9-KO induced

pluripotent stem cells.

3.2  Size determination in genetically rescued
platelets produced from iPSCs GP9-KO.

Objective 4. Genetic-Rescue of isolated
hematopoietic stem cells from Bernard-Soulier Syndrome
patients carrying different pathogenic variations and

posterior differentiation to megakaryocytes and platelets.

4.1  Corroboration of pathogenic variants from two

unrelated Bernard-Soulier Syndrome Type C patients.

4.2  Genetic rescue in megakaryocytes and platelets
produced from transduced non-mobilized HSCs from these

Bernard-Soulier Syndrome patients.

Objective 5. Generation and characterization of Bernard-

Soulier Syndrome GP9""" murine model.

5.1  Analysis and comparison of hGP9 and mGp9

genes and their amino acidic sequences.
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5.2  Development of a GP9" murine model.
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5.3  Hemogram analysis from Gp9™!' murine model

and its comparison with WT hematological parameters.
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Cell Culture.

Objective 1: Investigate the assembly of GPIb-V-IX
through CRISPR-Cas9 knockout generation and disease
modeling: Exploring the roles of GP1BA, GP1BB, GP9
and GP5.

1.1. Cell Culture.

1.1.1. Megakaryoblastic cell lines.

-DAMI cells were acquired from the American Type Culture
Collection (ATCC): Megakaryoblast cell line that constitutively
expresses the GPIb-V-IX receptor!®! and its origin is unknown.

-MEG-01 (ATCC): Megakaryoblast cell line that expresses
GPIb-V-IX receptor constitutively62163 |t was isolated in 1983
from the marrow of a 55-year-old, male patient with Chronic

Myelogenous Leukemia (CML).

e Maintenance: Both megakaryoblastic cell lines grown

in suspension and were cultured in RPMI 1640 medium
(Biowest) supplemented with 10% Fetal Bovine Serum
(FBS) (Biowest) and 1X Penicillin/Streptomycin (Sigma-
Aldrich). Respect the culture conditions, cells were
grown at 37°C and 5% COzin a humid incubator.

e Passages: Cells were passaged twice a week, seeding
1x10° cells/mL in a T25 flask with 6 mL supplemented
media. As culture conditions, cells were grown at 37°C

and 5% CO2zin a humid incubator.
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e Cryopreservation: The cells were collected when they

reached a confluence of 90%, centrifuged at 300xG for
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5 minutes. After the aspiration of the supernatant, cells
were resuspended in 1 mL FBS supplemented with 10%
of dimethyl sulfoxide (DMSQO) and transferred into a
cryotube. The cryotubes were stored in isopropanol
containers (Mr. Frosty, ThermoFisher Scientific), in a
freezer at -80°C. After 24 hours, the vials were

transferred to a liquid nitrogen tank at -196°C.

1.1.2. Induced Pluripotent Stem Cells.

iPSC line was obtained from Cambridge Biomedical
Research Centre Core Facility. This iPSC line was derived
from adult dermal fibroblast using integrative murine retroviral
vectors and has been previously reported by Moreau et al. to

produce efficiently MKs and platelets in vitro'64,

e Maintenance: During the maintenance of the cell line,

the cells were cultured in T25 coated with matrigel (BD
Biosciences). We used E8'% as culture medium (E4
(1X), ddH20, FGF (100 ug/L) (PEPROTECH), TFG
(1.8 pg/L) (PEPROTECH), Holo-transferrin (10.6 mg/L)
(Sigma-Aldrich), Insulin (20 mg/L) (Sigma-Aldrich)).
This medium was replaced every 24-48 hours
depending on the cell confluence. To do this, the culture
medium was aspirated and replaced with tempered E8
medium. As culture conditions, cells were grown at 37°C

and 5% CO:zin a humid incubator.
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Passages: The cells were passaged twice a week
when they reached a confluence between 80 and 90%.
To do this, the culture medium was aspirated. Then, the
cells were washed with 0.5 mM PBS-EDTA and after
aspiration, they were incubated again with 0.5 mM PBS-
EDTA for 4-7 minutes in an incubator at 37°C. The use
of PBS-EDTA dissociates the cells into small clusters,
increasing their cell viability. After the incubation period,
they were lifted with a scraper. The cells were diluted
between 1:8 and 1:12 and added to a new T25 coated
with  Matrigel (Corning) and with E8 medium
supplemented with Y-27632 2HCI 10 uM (Deltaclon).
Each new T25 used required coating its surface with
Matrigel (Dilution 1:20 in KnockOut DMEM (Fisher
Scientific)) and incubating it at room temperature for at
least 30 minutes. After this time, it was aspirated and
replaced with E8 medium supplemented with Y-27632
10 puM. When single cells were required, and not small
clusters, TrypLE was used instead of PBS-EDTA, and
the same procedure was followed.

Cryopreservation: The cells were detached when they

reached a confluence between 80-90%, following the
same procedure as in the previous paragraph. Once the
scraper was used, the entire cell volume was collected
and added to a 15 mL tube, diluted in PBS to neutralize
the effect of EDTA. Subsequently, the cells were

centrifuged for 4 minutes at 1200 RPM, the medium was
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aspirated, and the cells were resuspended in 500 uL of
E8 medium supplemented with Y-27632 10 uM and
transferred to a labeled cryovial. Finally, 500 pyL of E8
medium supplemented with 20% DMSO was added to
each cryovial, reaching a final DMSO concentration in
the cryovial of 10%. Then, cryovials were stored into

liquid nitrogen tanks as previously described.
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GP9 and GP5 genes.

1.2. Knockout generation in megakaryoblastic cell
lines with CRISPR-Cas9 system: GP1BA, GP1BB,
GP9 and GP5 genes.

As described in the Chapter I, CRISPR-Cas9 is a system
that creates DSB in specific and desired positions within the
genome. This DNA specificity is given by a single guide RNA
(sgRNA), that identifies the region of interest and anneals with
it, allowing the endonuclease Cas9 to create a DSB. It will be
repaired by the endogenous machinery by NHEJ, introducing
indels. This impaired correction mechanism will create

frameshift mutations when occurring within the CDS66.167,

We used this technology to create a KO for each single
gene encoding the different subunits of the GPIb-V-IX
receptor. These genes include GP1BA, GP1BB, GP9
(identified as driver genes for Type Al, Type B, and Type C,
respectively), and GP5 (which does not possess any

pathogenic variants associated with BSS development).

1.2.1. Design of sgRNAs for each GPIb-V-IX

receptor coding gene.

Two different software programs were utilized to design
the sgRNAs. The predictions generated by both programs
were compared, and the most favorable sgRNAs were
selected. The software programs employed for this purpose
were Breaking-Cas'®® and CRISPR Design (Integrated DNA

Technologies). The coding sequence corresponding to each
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locus was inputted into both programs to identify potential
sgRNAs. The programs provided a list of potential sgRNAs,
which were then sorted based on a scoring system that

classified them.

For GP1BA, GP1BB, and GP9 genes, our selection
criteria were two: (i) First, we selected those that had fewer
potential off-targets, and (ii) we aimed the maximum proximity
of the Cas9 cleavage site to the 5-ATG, favoring the
introduction of indels as close to the beginning of the protein

as possible, facilitating the generation of truncated subunits.

In the case of GP5, as mentioned, to our knowledge,
there are no pathogenic mutations that affect GPIb-V-I1X
receptor assembly. This fact increases the difficulty of
detecting the GP5-KO by flow cytometry. For this reason, we
utilized two different sgRNAS to create a deletion of 200 base
pairs (bp). This region would contain the start of the CDS,
including the start codon (ATG). Consequently, we could
generate the KO and detect it by conventional PCR. Figure 23

represents a schematic view of the CRISPR-Cas9 designing
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process, together with each genetic structure of the four genes
that encode GPIb-V-IX receptor.

GP9 CDS

Deletion

Figure 23. Schematic representation of the 5'-3' genetic structure of the genes
GP9, GP1BA, GP1BB, and GP5.

Each genetic structure depicts the introns, exons, and coding sequences of
every subunit, along with the cutting site where CRISPR-Cas9 is designed to
target and the position where the /nde/ should be introduced. Additionally,
gene sizes are representative of each case. Image created by Martinez-Navajas,
G. -Author.
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and disease modeling: Exploring the roles of GP1BA, GP1BB, GP9 and GP5.

Taking these criteria into account, we selected the in
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GP9 and GP5 genes.

GP1BA, GP1BB, GP9 and GP5.Table 5).
1.2.2. sgRNAs cloning into the PX-458 plasmid.
1.2.2.1. Plasmid description.

To develop our targeted CRISPR-Cas9 systems, we
used CRISPR-Cas9 expressing plasmid, pSpCas9BB-2A-GFP
(PX-458) (https://www.addgene.org/48138/, AddGene). This
plasmid harbors an ampicillin resistance gene that facilitates

the cloning process of sgRNA in bacteria, as well as a bacterial
replication origin. It encodes the Cas9 protein and contains a
region for cloning sgRNAs flanked by two Bbsl restriction sites.
The arrangement of these restriction sites results in their
destruction upon digestion, preventing plasmid religation
during cloning. Additionally, the plasmid contains a selection
marker, the enhanced Green Fluorescent Protein (eGFP),
which enables identification of eukaryotic cells that have
incorporated the plasmid and are expressing Cas9 (see Figure

24 for detailed information of the plasmid).
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(9128 .. 9147) pBR322ori-F hU6-F (1 ..21)
\
\

BbsI (245)
Bbsl (267)

(7826 .. 7845) Amp-R

(7417 .. 7435) pBRforEco -_ y

PX-458 plasmid

9288 bp

ARV2 ITR

Figure 24. Schematic view of the PX-458 plasmid (9288 bp).

It contains a bacterial replication origin (ori), a bacterial resistance marker
(ampicillin), two Bbsl cloning sites to digest the plasmid and introduce the
sgRNAs of interest, the Cas9 and eGFP CDS. Also indicated the hU6-FW primer
for sequencing.

1.2.2.2. Plasmid digestion with Bbsl.

To clone the sgRNAs into the plasmid, we digested 3 ug
of plasmid with Bbsl restriction enzyme (RE) for 1 hour at 37°C
(Table 6). The digested plasmid was separated in 1% ultrapure
agarose gel (Invitrogen). The band was cut and purified using
the NucleoSpin® Gel and PCR Clean-up kit (MACHERY-
NAGEL), following the manufacturer's instructions.

MARTINEZ-NAVAJAS, G; JULY 2023
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GP9 and GP5 genes.
Table 6. Required reagents and amounts to digest the PX-458 plasmid.

Reagent Volume
Bbsl (NEB) 2 L
NebBuffer™ 2.1 (10X) 3L
PX-458 plasmid 3 Mg
ddH,O To 30 pL

1.2.2.3. sgRNA and PX-458 plasmid ligation.

To clone the sgRNAs into the PX-458 plasmid, sSgRNAs
were synthesized flanked by overhanging ends that could
hybridize by base complementarity with the protruding ends
generated during the digestion (Figure 25). Furthermore,
highlighted in red, we included a modification to improve the
transcription of the sgRNA regulated under the hU6 promoter.

5'- CACCGGNNNNNNNNNNNNNNNNNN -3
3’- CCNNNNNNNNNNNNNNNNNNCAAA -5

Figure 25. Schematic design of the sgRNAs.
The overhanging ends (highlighted in blue) are complementary to the

overhanging ends generated by digesting PX-458. In red, a modification
that favors the transcription of the sgRNA.

The sgRNAs were designed and ordered from the
commercial supplier (Sigma-Aldrich) in a single-stranded

format. Subsequently, the oligonucleotides were annealed and
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phosphorylated to form the oligoduplex, using the reagents

detailed in Table 7. These oligoduplexes were then placed into
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a thermocycler and incubated at 37°C for 30 minutes, followed
by 95°C for 5 minutes, with a temperature gradient set to
decrease at a rate of 5°C per minute to 25°C.

Table 7. Components and required volumes that are necessary to anneal and

phosphorylate the sgRNAs.

Reagent Volume

Oligo 1 (100 uM) 1pL

Oligo 2 (100 uM) lpuL

10X T4 Ligation Buffer (NEB) 1pL
ddH,O 6,5 UL

T4 PNK (NEB) 0,5 pL

Total 10 pL

The digestion of the PX-458 plasmid with the Bbsl
enzyme resulted in overhanging and cohesive ends that match
those incorporated in the sgRNAs. After digesting the plasmid
and hybridizing phosphorylated oligonucleotides, a ligation
reaction was performed at 16 °C overnight. The reaction

conditions are specified in Table 8.

In addition, a negative ligation control was established
in which the oligoduplex was not added to the ligation reaction.
This control enabled us to detect the frequency of religation
when the constructs were transformed. The ligation product

was then transformed into competent E. coli DH5a bacteria the
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following morning.
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Table 8. Required reagents and amounts to perform the ligation reaction

between sgRNAs and the digested plasmid.

Reagent Volume
Digested plasmid 1L
Oligoduplex (Dilution 1:200) 1L
2X T4 Ligation Buffer (NEB) 5uL
ddH20 4 uL
Ligase T4 (NEB) 1L
Total 11 pL

1.2.2.4. Bacterial heat shock transformation of the

ligation products.

Bacterial transformation is a laboratory technique that
permits the introduction of foreign DNA, such as plasmids, into
bacterial cells. Competent cells are mixed with the foreign
DNA and incubated for a brief period to allow for the uptake of
the DNA. The transformed bacteria are then selected and
cultured on a selective medium containing antibiotics or other
compounds that only support the growth of bacteria that have

taken up the foreign DNA.

To perform the transformation, we started with a 100 pL
aliquot of competent E. coli DH5a bacteria to which 5 pL of the
ligation product was added. The mixture was incubated on ice
for 30 minutes. Then, a thermal shock was applied in a 42°C
water bath for 30 seconds, and finally, the bacteria were
reintroduced to ice for 2 minutes. After this time, the bacteria

were resuspended in 250 pL of SOC medium (ThermoFisher
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Scientific) and incubated with agitation at 37°C for 30 minutes.
Then, for each transformation, two plates of LB-Agar (Sigma-
Aldrich) supplemented with 100 pg/mL of ampicillin
(ThermoFisher Scientific) were seeded with 100 pyL bacteria
and 250 pL. This facilitated the obtention of colonies that were
spaced enough to be picked the next morning. The volume was
spread over the surface of the plate with a sterile glass spatula.
Once seeded, the plates were incubated in a 37°C incubator
for 16 hours (overnight).

The next morning, colonies were picked with inoculation
loops and inoculated into 5 mL of liquid LB supplemented with
ampicillin. The inoculum was incubated with agitation (200
RPM) in a 37°C incubator for 16 hours (overnight).

1.2.2.5. Plasmid DNA extraction.

To extract plasmid DNA from E. coli, the bacteria were
collected by centrifugation, and a miniprep was performed
following the instructions provided by the NucleoSpin®
Plasmid kit (MACHERY-NAGEL). After extraction, the DNA

was quantified using NanoDrop spectrophotometry.
1.2.2.6. Confirmation digestions.

The ligation products underwent confirmation
digestions. 300 ng of the plasmids were digested in a final
volume of 10 L, using Bbsl enzyme (See details in Table 9).

The plasmids that have incorporated the sgRNA could not be
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digested by this enzyme, thus migrating in circular

conformation when analyzed in an agarose gel.

Table 9. Required reagents and amounts to perform the confirmation digests.

Reagent Volume
Bbsl (NEB) 0.2 pL
NebBuffer™ 2.1 (10X) 1L
PX-458 plasmid 300 pg
ddH20 To 10 pL

1.2.2.7. Sanger sequencing of plasmid DNA and

preparation of CRISPR-Cas9 plasmid working solutions.

The constructions that showed expected digestion
patterns were sequenced in Stab Vida laboratories, verifying
that the cloned sgRNAs did not present any mutations in their
DNA sequence. Sanger sequencing required 3 puL of 10 uM
stock hU6 sequencing primer (Table 10) and 10 uL of each
plasmid sample at a concentration of 100 ng/pL.

Table 10. Chosen primers to sequence sgRNAs inserted into PX-458 plasmid.

Name Sanger Sequencing primers (5'-3")

U6_promoter GAGGGCCTATTTCCCATGATTCC

After sequencing, those constructions that did not
contain mutations in their sequence were transformed into E.

coli Stbl3. The following morning, a colony was picked and
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inoculated into a tube with 5 mL of LB supplemented with
ampicillin. A preculture was carried out for 8 hours at 37°C with
shaking (200 RPM). After this time, 300 pL were inoculated into
300 mL of LB supplemented with ampicillin in a 1000 mL flask.
The flasks were grown with shaking at 37°C overnight. The
following morning, the bacteria were collected by centrifugation
and their plasmid DNA were extracted using the NucleoBond®
XtraMaxi kit (MACHERY-NAGEL). The extracted plasmid DNA
was then eluted in water for embryo transfer (EMD Millipore)

for 24 hours and quantified using Nanodrop.
1.2.3. Lipofection into DAMI and MEG-01 cells.

Transfection allows the introduction of exogenous
nucleic acids into the interior of eukaryotic cells. Lipofection is
a type of transfection in which nucleic acids are transported
inside cationic liposomes, facilitating cellular entry by
endocytosis'®®. This techniqgue was used to introduce our
constructs into the cytoplasm of megakaryoblastic cell lines
(DAMI and MEG-01), performing the gene editing of each of
the genes encoding the GPIb-V-IX complex

For lipofection, LipoD293™ Transfection Reagent

(Sinagen) was used following these instructions:

-Day 0: Cells were plated in a 6-well plate at a density of
500.000 cells/well. Each well would be transformed with a
different construct. Cell counting was performed using the

trypan blue viability assessment method.
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-Day 1: When the cells reached 60-80% confluence, the
lipofection protocol was initiated. 30 minutes before starting the
protocol, the cells were collected, washed, centrifuged, and

resuspended in 1 mL of warm medium.

Two cocktails were prepared in two separate Eppendorf

tubes for each construct:

* Cocktail 1: 50 pL of serum-free DMEM-HG, 2 ug of plasmid
DNA.

e Cocktail 2: 50 puL of serum-free DMEM-HG, 6 pL of
LipoD293.

Once the cocktails were prepared, the content of
cocktail 2 was added to cocktail 1 and left to incubate at room
temperature for 12 minutes. Finally, the mixture was added
dropwise to its corresponding well using a fine capillary
Pasteur pipette. After 8 hours, the medium was replaced, and

the cells were eluted in a final volume of 3 mL.
-Day 2: Medium change.

-Day 3: Cells were collected and transferred to a sterile flow
cytometry tube. Then, cells were separated by eGFP*
fluorescence using a flow cytometer sorter (BD FACS Aria). To
enrich the KO frequency, we established several pools with
reduced number of initiating cells (~100-300). These cells were
seeded on 96 well plates, expanded and screened for the
highest KO frequency in each case.
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1.2.4. Single cell cloning and clone screening.

To isolate the KO model for each GPIb-V-IX receptor
coding gene, we estimated the KO frequency of each single
pool started from reduced cell number. We used the most
enriched one to establish single cell clones. Once expanded,
we would be able to detect the KO. As explained in the
previous section “1.2.1”, we followed two different
methodologies for KO detection, according to the availability of

commercial antibodies.

1.2.4.1. Flow cytometry technique to detect the
knockouts for Bernard-Soulier Syndrome driver genes
(GP1BA, GP1BB and GP9).

Regarding GPIX, GPlba, and GPIbf, it was possible to
determine their expression by flow cytometry, due to the

availability of antibodies specific to each human subunit..

e Flow cytometry to determine GPIba, GPIb and
GPIX KO frequency.

As previously described, cells expressing CRISPR-
Cas9 were sorted based on eGFP™ into several pools, resulting
in a reduced number of cells seeded. This approach allowed
us to achieve varying KO enrichment frequencies based on the
number of founder-edited cells compared to founder non-

edited cells in the pools.
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Table 11. Antibodies panel to detect GPIX (CD42a), GPlba (CD42b) and

GPIbB (CD42C).
Antibody Fluorophore Commercial Purpose

Brand

Anti-human CD42a =~ APC Miltenyi Biotec Detect GPIX-KO
frequency from
GP9-KO gene
edited pools.

Anti-human CD42b = APC Miltenyi Biotec Detect GPlba-KO
frequency from
GP1BA-KO gene

edited pools.

Rat anti-human = Secondary antibody = Kindly provided by Detect GPIbB-KO

CD42c-RAM.1 required conjugated Francoise Lanza frequency from
with goat anti-rat GP1BB-KO gene
AlexaFluor 488 edited pools.

(Invitrogen),

The pools were grown and expanded until they reached
the 6-well plate format. Then, 500 pL aliquots of WT and edited
cell pools were transferred into flow cytometry tubes. These
cells were washed with PBS and centrifuged, and a pre-mix of
PBS and the respective antibody was prepared (as indicated
in Table 11). The pre-mix was added to the corresponding
gene-edited pellet and incubated for 20 minutes for CD42a and
CD42b. After washing and centrifugation, the cells were ready
for flow cytometry analysis. In the case of cells incubated with
RAM.1, another incubation with a secondary antibody goat
anti-Rat AlexaFluor 488 (Invitrogen) was required. In addition,
7-Amino Actinomycin D (7AAD), a viability solution to identify
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dead cells, was added. Stained samples were then analyzed
using FACS Canto Il or FACS Verse flow cytometers from BD

Biosciences.

e Flow cytometry analysis and gating strategy.

Flow cytometry files were analyzed using Cytobank
softwarel’0, First, cell population was identified facing FSC vs.
SSC parameters. Once the population is visible, we
established the primary population (R1). Then, R1 cells were
analyzed for 7AAD staining, therefore, the negative fraction
(viable cells) was gated again, establishing the secondary
population (R2). This population was now analyzed for APC
(GPIX or GPIba) or FITC (GPIbB) staining. Two well
identifiable populations should be observed in pools where
gene-edited cells were incorporated. A part of the population
expressed the WT protein, while CRISPR-Cas9 edited cells
lost their expression (Figure 26).
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Figure 26. Schematic of flow cytometry dotplot exemplifying a typical
screening for KOs.

Image created by Martinez-Navajas, G. -Author.

Then, the most enriched cellular pools were used to
establish single cell clones, and, therefore, single-cell KO
clonal populations for each subunit (GPIX, GPlba or GPIbp)

were isolated.
1.2.4.2. PCR-based method to detect GP5-KO.

In the case of GP5 gene, no commercial antibodies were
available to detect GPV expression by flow cytometry. So, we

decided to detect the KO by conventional PCR.
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To facilitate the KO detection, we used two different
sgRNAs, in order to create a 200 bp microdeletion. Therefore,
we designed a primer pair to amplify ~1000 bp of the WT GP5
genomic region containing the microdeletion. In this way, the
observation of two different PCR-amplified bands (1000 bp
(WT) and 800 bp (edited)) would indicate the presence of both
alleles, (Figure 27).

1000 bp
800 bp

Figure 27. Schematic of the different possibilities when screening for GP5
KO enriched pools or expanded single cell clones.

Image created by Martinez-Navajas, G. -Author.

To amplify the GP5 locus we carried out the following
steps:

e Genomic DNA extraction.

High-throughput screening was performed using
QuickExtract (Lucigen) to lyse a reduced number of cells in 96-
well plates. Half of the 96-well plate was reserved to expand

the population, while the other half was resuspended in lysis
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buffer, heated to 65°C for 6 minutes, vortexed, and heated to
98°C for 2 minutes. When high-quality gDNA was desired, an
alternative gDNA isolation kit, NucleoSpin Tissue (Macherey-

Nagel), was used following the manufacturer’s instructions.

e PCR-primer design for GP5.

To determine the presence of the 200 bp deletion
induced by the CRISPR-Cas9 system in the GP5 gene, it was
necessary to design a specific primer pair (short DNA
sequences that bind to specific locations on the DNA) for this
gene that could amplify a sequence which contains the deleted
region, so a differential migration could be observed in a PCR
depending on the presence of the genetically edited alleles.
Primer 3.0'* and PrimerBLAST!"? software were used to
design the primers, and their sequences are detailed in Table
12.

Table 12. Selected primer pairs (5'-3') to amplify GP5 from genomic DNA.
It is also indicated PCR product size.

Name PCR primers (5°-3’) PCR size (bp)
PCR_gDNA_GP5_FW | GGATGTGATTTCGGTGGAAC 1051 bp
PCR_gDNA_GP5_RV | AGCAGAGCCGTTTTCACAAT 1051 bp
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e PCRreaction of GP5 and visualization on agarose
gels
To amplify the GP5 locus we utilized the GoTaq® kit

(Promega). The reagents used to perform a single PCR

reaction are determined in the Table 13.

Table 13. PCR reagents used to set up a single reaction of 25 pL.

Reagent Volume (Vf=25 pL)
5X green GoTaq® flexi buffer 5uL
(Promega)
MgCl; 25 mM (Promega) 1.5uL
Primer Mix (Stock 5 uM) 1.3 uL
dNTPs 10 mM (Invitrogen) 0.5 uL
GoTag® G2 flexi DNA polymerase 0.125 pL
(Promega)
ddH,0 14.575 pL
DNA (20-200 ng uL) 2 uL

To determine the optimal temperature for amplifying the
1000 bp region, we established a gradient ranging from 54.4-
60.6°C to facilitate primer annealing to the template. The
optimal PCR amplification was achieved at 54.4°C. The
detailed PCR steps, time, and conditions can be found in Table
14.
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Next, 5 pL of the PCR product was mixed with 6X
loading buffer (NEB) and loaded onto a 1% agarose gel with
an appropriate DNA ladder. The mixture was then separated
through electrophoresis at 100V for 30 minutes and visualized.

Table 14. Optimized PCR steps to amplify GP5 gene. Cycles, step length and

temperatures are also indicated for each phase.

PCR Conditions
[Temperature (°C) / Time (mm:ss)]

Amplification (38 cycles)

Denaturalization Denaturalization Hibridation Elongation Elongation

95.0°C/ 05:00 min | 95.0°C/00:30 s 54.4°C/ 00:30 s 72.0°C/ 01:00 min | 72.0°C/ 10:00 min

1.2.4.3. Limiting dilution technique for the isolation of
single cell clones from the pools with the highest knock-out

frequency.

We established single cell clones from the most-
enriched population for each KO (GP9, GP1BA, GP1BB and
GP5). To ensure single cell isolation, we restricted the seeding
density to 0.5 cells per well in a 96-well plate format, using 100
ML of culture media per well. This corresponded to a working
concentration of 5 cells/mL.

To prepare the cells for seeding, we washed,
centrifuged, and resuspended each expanded enriched pool in
prewarmed culture media. The cell concentration was
determined using the trypan blue method. Subsequently, each
sample was diluted three times at a 1:10 ratio, resulting in a
1:1000 dilution. The most diluted population was then used to

pipette the necessary volume to achieve a working
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concentration of 5 cells/mL for single cell cloning, following the

formula below:

Co (

1000)*V0 =Cf xVf

We determined the required volume of our 1:1000
diluted cell concentration needed to achieve the working
concentration of 5 cells/mL for a 96-well plate, which was 10
mL (Vr). An example of this process and the serial dilution
protocol is detailed in Figure 28, using a starting cell
concentration of 1.2x10° cells/mL.

Mix well Mix well Mix well
—
! 100 uL Dil. 100 uL Dil.
100 uL €O 1710 1/100
__\ /’ \
== N 1/10 \) 1/100 W 1/1000
\\_,"' 900 uL warm culture 900 uL warm culture
900 uL warm culture media media
media
Cellular concentration C1 (hypothetic)= C2 (hypothetic)= €3 (hypothetic)=
(Co). Example: 120.000 cel/mL 12.000 cel/mL 1.200 cel/mL

1.200.000 cel/mL

Figure 28. Schematic for the serial dilution protocol to achieve single cell
clones.

C, means initial concentration while diluted concentrations are expressed as
C1-C3 (1:10, 1:100 and 1:1000, respectively). Image created by Martinez-
Navajas, G. -Author.

Calculated the required volume, it was added to 10 mL

of prewarmed media, mixed well and seeded 100 pL/well. Over
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the following days, we monitored the plates to identify wells
containing a single cell that had successfully grown into a
clone. After 12-15 days, we analyzed half of the cells in each
well, while the other half was passage into 24-well plates and

subsequently into 6-well plates for further expansion.

To confirm that we had successfully generated KO
clones for each target gene (GP9, GP1BA, GP1BB and GP5),
we analyzed them by flow cytometry (GP9, GP1BA and
GP1BB) or by PCR (GP5) to confirm the phenotype. For GP9,
GP1BA and GP1BB, total absence of GPIX, GPIba or GPIbf
surface expression indicated us the clone isolation,
respectively. For GP5, PCR amplification of only one 800 bp

band indicated us the KO presence.

Then, we characterized these confirmed KO amplifying
their respective gene locus by PCR and sequencing them to
detect CRISPR-Cas9 induced mutations.

1.2.5. PCR amplification and Sanger sequencing.

To analyze the CRISPR-Cas9 induced mutations
generated in GP9, GP1BA, GP1BB and GP5 for our
megakaryoblastic cell lines, we had to amplify these genes and

compare with their WT sequence.
1.2.5.1. PCR amplification of GP5.

In the case of GP5 gene, we used the previously
designed primer pair and optimized PCR conditions to amplify
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both WT and GP5-KO alleles. gDNA was isolated from WT and

GP5-KO selected clones and PCR was performed.

1.25.2 PCR amplification of BSS driver genes:
GP1BA, GP1BB and GP9.

On the other hand, we needed to design primer pairs
and optimize PCR conditions for BSS driver genes. We
followed the same procedure as we did previously for the
design of GP5 primers and optimization of PCR conditions.
The following sections will provide more details on this

process.

e PCR-primer pairs design for GP1BA, GP1BB and
GP9.

To determine the genotype of mutations generated on
the GPIb-V-IX receptor, clones of GP1BA, GP1BB, and GP9
were sequenced. we sequenced clones of GP1BA, GP1BB,
and GP9. Specifically, we sequenced the genomic region
where Cas9 induced a DSB. To accomplish this, we designed
a set of gene-specific primers for each target gene, which
encompassed the region containing the sgRNA sequences.
The design of primer pairs was facilitated using Primers 3.0
and the NCBI primer design tool The primer sequences are
detailed in Table 15. Selected primer pairs (5’-3’) to amplify
GP1BA, GP1BB and GP9 from genomic DNA.
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Table 15. Selected primer pairs (5’-3’) to amplify GP7BA, GP1B8B and GP9

from genomic DNA.

PCR product size it is also indicated.

Name PCR primers (5’-3’) PCR size (bp)
PCR_gDNA_GP1BA FW | GCCTTACACTCGCCTCACTC 703
PCR_gDNA_GP1BA RV | GCCCTCAGTGTCCTCTTCTG 703
PCR_gDNA_GP1BB_FW | CTCCGGCGATAGTGTGCTA 966
PCR_gDNA_GP1BB_RV | AGCAGCACCAGCAGCAAC 966
PCR_gDNA_GP9 FW GATGGGGTCTCTGCTAAGGG 1078
PCR_gDNA_GP9 RV AGCCCCAACTGATGTCTGGT 1078

e PCR optimization for GP1BA, GP1BB and GP9.

As previously detailed in GP5 case, to optimize the PCR
for these primer pairs, firstly, we established a temperature
gradient ranging from 54.4 to 60.8°C. The PCR reactive were

the same as used for GP5, detailed in the Table 13.

GP1BA and GP1BB required an additional optimization
step, due to the apparition of unspecific PCR products for both
reactions. In the literature is described that the addition of
Dimethyl Sulfoxide (DMSO) at low concentrations can
enhance the specificity of PCR by reducing secondary
structures that can form within DNA templates or primers,
particularly at higher annealing temperatures. It can also help
to denature DNA by breaking the hydrogen bonds that hold the
double helix together, making the DNA more accessible to the

PCR reaction components!’3,
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In this case, required reagents to develop the PCR were

slightly modified as follows Table 16:

Table 16. PCR reagents used to set up a single reaction of 25 pL, including

the addition of 10% DMSO to favors specific annealing.

Reagent

Volume (Vf=25 pL)

5X green GoTaqg® flexi buffer

(Promega)

DMSO 10% (Fisher Scientific)
MgCl, 25 mM (Promega)
Primer Mix (Stock 5 pM)

dNTPs 10 mM (Invitrogen)

GoTag® G2 flexi DNA polymerase

(Promega)
ddH.O

DNA (20-200 ng L)
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5uL

2.5 uL
1.5 puL
1.3puL

0.5 puL

0.125 pL

12.075 pL

2 uL
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Optimized PCR conditions to obtain single and specific

PCR bands can be found in the following Table 17:
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e Sanger sequencing of purified PCR products.

The PCR products for GP1BA, GP1BB, GP9 and GP5
WT and CRISPR-Cas9 edited genes were separated on 1%
agarose gels, producing single bands. PCR reactions were
purified using the NucleoSpin® Gel and PCR Clean-up Kit,
following the manufacturer's instructions. The purified DNA
was eluted in a final volume of 15 pL to concentrate the
amplicons and remove any non-desired reagents from the
PCR.

10 pL of purified PCR product were mixed with 3 pL of
10 uM sequencing primer, in our case, we used the forward
primer of each primer pair employed to develop the PCR. This

mixture was then sequenced in Stab Vida laboratories.

Then, ".abl" files from Sanger sequencing were
visualized using SnapGene Viewer software. The
electropherograms were analyzed to identify unique and well-
defined sequences, which indicated the reading of only one
homozygous allele, as shown in Figure 29, panel A. Then, we
extracted the sequence and compared with their WT
counterparts, using the ClustalW multiple alignment software

to favor the identification of the induced mutation.

However, when the electropherograms did not show
unigue sequences, it was a sign of the existence of a
compound heterozygous mutation induced by CRISPR-Cas9

(Figure 29, B). Consequently, individual allelic sequences
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could not be determined by conventional methods, and PCR
product cloning in pGEM®-T was required to isolate and
sequence single alleles.

A

HOQHOMEARE

a n a n n UNDEFINED

Figure 29. Schematic of electropherograms obtained from sequencing files.

A. Unique and well-defined sequence from homozygous alleles B.
Overlapped and not-well defined sequence from heterozygous alleles.
Image created by Martinez-Navajas, G. -Author.

e pGEM®-T technique to determine allelic

seguences for compound heterozygous

mutations.

To discriminate and isolate single alleles from a

heterozygous gene, we have used the pGEM®-T (Promega)
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cloning vector (Figure 30). This vector is commercialized in
linearized conformation with a single 3"-terminal thymidine (T)
at both ends, interrupting the LacZ gene. It also harbors all the
required sequences to facilitate its replication in bacteria and
an ampicillin resistance gene, together with a multicloning site
(MCS). To sequence this plasmid, it is typically used the SP6
and T7 primers, which flanks the MCS (Table 18).

Amnl 1994

Yet 7
PGEM®-T NCo a7
Vector ac 6

(3000bp)

103

126

IRSGV AN TR,

Figure 30. Schematic of the pGEM®-T plasmid indicating all the regions of
interest.

Ampicillin resistance gene, LacZ gene, multicloning site flanking the
protruding thymidine. Obtained from Promega Corporation.

IPTG (B-D-1-thiogalactopyranoside) is a chemical
inducer used to mimic lactose and promote the expression of
genes downstream of the lac operon in E. coli. X-gal (5-bromo-
4-chloro-3-indolyl-B-D-galactopyranoside) is a substrate that is
cleaved by B-galactosidase encoded by the lacZ gene, so
when added to a bacterial culture, it produces a blue

compound that can be visualized.
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Table 18. Sequencing primers for pGEM®-T plasmid.
Name Sanger Sequencing primers (5'-3")
T7 TAATACGACTCACTATAGGG
SP6 ATTTAGGTGACACTATAG

PCR amplicons typically have protruding adenines that
are compatible with the protruding thymidine of the plasmid.
Therefore, we cloned our heterozygous gene of interest into
this plasmid and transformed it into E. coli. In this way,
transformed bacteria incorporated only one plasmid harboring
just one allele. Then, we cultured the bacteria on LB agar
plates supplemented with ampicillin (100 pg/mL), IPTG
(0.5mM), and X-Gal (80 pg/mL). This allows us to visually
detect bacteria that have incorporated our cloned alleles, as
white colonies that interrupt the LacZ gene. Conversely, blue
colonies indicated the presence of recircularized plasmids.
Therefore, white colonies should have incorporated each
allele.

We picked at least 10 different white bacterial colonies
for each heterozygous gene and cultured them in 5 mL of
media for 16 hours at 37°C and 220 RPM in a shaker incubator.
The following morning, we isolated the pGEM-T plasmids as
previously described. The plasmids were sequenced using
SP6 and T7 primers (as listed in Table 18), identifying single
alleles for each heterozygous gene in proportions close to 1:1

of sequenced alleles. Then, single allele sequences were

Page149

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



MATHERIAL & METHODS
Objective 1: Investigate the assembly of GPIb-V-IX through CRISPR-Cas9 knockout generation
and disease modeling: Exploring the roles of GP1BA, GP1BB, GP9 and GP5.

aligned with WT sequences to identify CRISPR-Cas9 induced

mutations.

PagelSO
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1.3.  Contribution of each subunit to the assembly of
GPIb-V-IX receptor.

To determine the role that each subunit play in the
transport to the outer membrane of the remaining GPIb-V-1X
complex subunits, we analyzed GPIlba, GPIbp and GPIX
expression by flow cytometry in each KO (GP1BA, GP1BB,
GP9 and GP5). Then, we focused our attention into GPIX
subunit, and analyzed GPIX expression and distribution over

the cell surface by ImageStream for all our knockouts.

1.3.1. Determination of GPlba, GPIbf and GPIX
expression levels on the cell surface by flow
cytometry in all our WT and knockout cell lines.

The GP1BA-KO, GP1BB-KO, GP9-KO, GP5-KO and
WT megakaryoblastic cell lines were cultured, and single
aliquots were taken from each cell line to be stained with
antibodies against GPlba, GPIbB, and GPIX. Flow cytometry
staining was performed in triplicate for each cell line, following

the same instructions described in the section “1.2.4.1”.

In this case, flow cytometry data were interpreted and
translated into a graph, taking into consideration the mean
fluorescence intensities (MFI) and percentage of positive cells

for each antibody.

e Statistical analysis

Statistical analyses were performed using GraphPad

Prism v9.4. MFI values and percentage of positive cells were
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represented as mean values = Standard Deviation (SD) for 3
independent experiments. Statistical significance was
assessed with ANOVA two-way plus Tukey Multiple
Comparison test comparing individual mean values among the
samples for the same antibody (ns = non-significant, * p < 0.05;
**p < 0.01; ** p<0.001 and **** p < 0.0001).

1.3.2. GPIX-imaged expression analysis:

ImageStream for WT and knockout cell lines.

The ImageStream platform, combines the features of
flow cytometry and microscopy to generate high-resolution
images of individual cells and analyze multiple parameters

quantitatively.

Cells were collected and stained with GPIX (-APC) and
CD41 (-PE) antibodies (BD Biosciences) for 20 minutes at
room temperature. Stained cells were washed, centrifuged and
fixed with 4% paraformaldehyde (PFA) (Merck Life Sciences)
in PBS for 12 minutes, washed and permeabilized with
0,1%Triton X-100 detergent (Thermo Scientific) in PBS for 20
minutes. Then, cells were washed again and incubated with 1
UM Hoechst (Merck Life Sciences) for 3 minutes, washed and
resuspended in FACS buffer. Lastly, data were acquired in an
ImageStream® Mark Il imaging Flow Cytometer (Amnis) and

analyzed with IDEAS software (Amnis).
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1.3.3. Functional validation of GPIb-V-IX receptor in

absence of GPV subunit.

Our objective was to evaluate the functionality of the
GPIb-V-IX receptor in the absence of the GPV subunit. The
GPIb-V-IX complex is the primary receptor for VWF, with the
GPIba subunit containing the binding domain. Flow cytometry
analysis of GPIlba expression was performed for each KO,
leading us to consider this analysis for the GP5 subunit, the
only one that maintained consistent GPIba expression. Firstly,
we evaluated GPIlba binding capability to soluble VWF and
compared to WT in presence of ristocetin. Secondly, we
evaluated GPlba adhesion capability to coated VWF in

presence of botrocetin.

1.3.3.1. Analysis of the interaction between GPIb-V-IX

receptor and soluble von Willebrand factor by flow cytometry.

To evaluate the GPIba binding capability to soluble
VWEF, cells were collected and washed. Then, cells were
incubated under 4 different conditions at 37°C for 30 minutes:
Ristocetin (1 mg/mL, ABP) plus VWF (Haematologic
Technologies) (10 pg/mL); only VWF, only ristocetin and
nothing. Following incubation, cells were washed and stained
with anti-human VWF (Dako, 1:500) in a primary incubation (20
minutes), washed and then with the secondary antibody anti-
rabbit-AlexaFluor 647 (Biolegend). Then, cells were incubated
for 30 minutes at room temperature, washed with PBS,
centrifuged, resuspended in FACS Buffer (PBS supplemented
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with 5% FBS and EDTA 2 mM) and stained with 7AAD cell

viability solution (BD Biosciences).

Finally, data was acquired using FACS Verse flow

cytometry and interpreted.

e (Gating strateqy.

To gate VWF™ cells, firstly we established the negative
population using the cells incubated with ristocetin. Then, we
analyzed the cells incubated with VWF and with the mixture of
VWF+ristocetin. GP5-KO percentage of VWF positive cells

was relativized to WT.

e Statistical analysis

Statistical significance was assessed with a two-tailed
unpaired T-test comparing individual mean values (ns = non-
significant, * p < 0.05; ** p < 0.01; *** p<0.001 and **** p <
0.0001).

1.3.3.2. Determination of GPIb-V-IX receptor binding

capability to coated von Willebrand factor.

We assessed the quantity of cells that adhered to VWF-
coated surfaces in this study. We adjusted the cell
concentration to 3.5X10° cells/mL and added 100 pL to 96-well
plates coated with VWF (10 pg/mL) in PBS overnight at 4°C.
For each cell line, we established three conditions: Botrocetin
(0.1 pg/mL), PBS-EDTA (10 mM), and Botrocetin + PBS-
EDTA. Additionally, for the Botrocetin + PBS-EDTA condition,
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we preincubated cells with 6B4174 antibody (10 pug/mL) for 30
minutes before the 90-minute incubation at 37°C. We then
washed the cells three times with PBS, fixed, permeabilized,
and stained them with DAPI (4',6-diamidino-2-phenylindole,
ThermoFisher Scientific) at a concentration of 1 pug/mL and
Phalloidin-tetramethylrhodamine B isothiocyanate (TRITC,
Santa Cruz Animal Health) at a concentration of 2 pg/mL for
30 minutes at room temperature. Finally, we used an Axio
Observer Z1 inverted fluorescence microscope (Zeiss) to
capture immunofluorescence images, and we determined cell

number using Fiji free software 17>,

e Statistical analysis

Statistical significance was assessed with an ordinary
one-way ANOVA plus Tukey’s multiple comparison test for
comparing individual adhered cell number mean values (ns =
non-significant; * p < 0.05; ** p < 0.01; *** p<0.001 and **** p <
0.0001).
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1.4. Creation and validation of Bernard-Soulier
Syndrome Type C model in induced pluripotent stem

cells.

iIPSCs are an ideal model to study BSS because their
capacity to differentiate into mature MKs and platelets. We
utilized an iPSC line derived from adult dermal fibroblasts using
integrative murine retroviral vectors, which has been
previously reported by Moreau et al., which efficiently produce
MKs and platelets in vitro 164,

1.4.1. Development of GP9-knockout in induced

pluripotent stem cells.

To create the GP9-KO model from iPSCs, we utilized a
similar methodology as we did for generating KOs in
megakaryoblastic cells. However, due to the difficulty in
incorporating exogenous DNA into iPSCs, we employed an
alternative transformation technique called nucleofection. The
KO enrichment strategy was similar, but we estimated the
frequency of successful KO using in silico method based on
sanger sequencing of PCR amplified gene-edited locus GP9.
Finally, we confirmed the BSS Type C typical phenotype by
differentiating the iPSCs after isolating the KO.

1.4.1.1. Nucleofection.

We used nucleofection to introduce our PX-458-GP9-
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sgRNAs construct into iPSCs, which are primary cells
considered as difficult to transfect using traditional methods.
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Nucleofection involves the use of voltage and specific reagents
to introduce exogenous DNA into the cell. We used the Human
Stem Cell Nucleofector® Kit 1 (Lonza) to perform the

nucleofection. The protocol included the following steps:

Day 0: iPSCs were nucleofected when they reached 80-
90% confluency in a T25 flask. One hour before starting the
protocol, the culture medium was replaced with ES8
supplemented with 10 uM Y27632. The cells were dissociated
using TrypLE, neutralized, and centrifuged before adding 2 ug
of the construct to the cell pellet. The pellet was resuspended
with the nucleofection solution, collected, and introduced into
the nucleofection cuvette. The cuvette was placed in the
nucleofector and the pre-established program A-023 was
applied. After the process was completed, the cells were
collected with fresh culture medium, deposited in an Eppendorf
tube, and incubated inside the incubator for 15 minutes at
37°C. After the incubation period, the cells were collected and
transferred to a new T25 flask coated with Matrigel and
supplemented with E8 medium with 10 pM Y27632. After 8

hours, the culture medium was replaced.

Day 1. The culture medium was replaced, and the
efficiency of the process was observed using an EVOS

fluorescence microscope.

Day 2: The cells were dissociated with TrypLE, filtered
and sorted, selecting only eGFP* cells. Several pools of 500

cells/well were seeded in a 96-well plate that had previously

cells.

Page157

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



MATHERIAL & METHODS
Objective 1: Investigate the assembly of GPIb-V-IX through CRISPR-Cas9 knockout generation
and disease modeling: Exploring the roles of GP1BA, GP1BB, GP9 and GP5.

Page158

been coated with Matrigel to enrich the KO frequency. When
the cells reached 80-90% confluency, they were passaged to

24-well plates and then to 6-well plates.

1.4.1.2. Synthego bioinformatic tool to detect the knock-

out enrichment of cellular pools and single cell clones.

Due to the pluripotent epigenetic background, GPIX
expression could not be detected by flow cytometry at this
stage, which necessitated cell differentiation. To detect the KO
frequency and overcome this limitation, we used the ICE
CRISPR analysis tool from Synthego (Synthego Performance
Analysis, ICE Analysis. 2019. v3.0). This bioinformatic

software is optimized to detect the frequency of different reads
in a Sanger sequencing file by comparing it with the reads of a
WT sequence, offering NGS-quality results. The software
estimates the KO frequency based on the type of mutation
generated and the number of reads in comparison to the WT

allelic sequence.

To analyze the KO enrichment, we extracted gDNA from
expanded pools of WT and CRISPR-Cas9 edited cells,
amplified their GP9 locus by PCR, and sequenced the resulting
products. The sequencing files were then compared using ICE
analysis, and the data were plotted on graphs. We identified
the most enriched pool for GP9-KO alleles based on the
analysis and established several clones using the limiting

dilution procedure. Single cell clones were seeded over

Matrigel coated plates in E8-Y27632 culture medium. After 12-
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15 days, 96 well plates were screened for individual colonies
growing in adherence. Then, colonies were detached using
PBS-EDTA 0.5 mM, half of the cells were used for analysis and

the other half for expanding the clone.

To analyze single cell clones, we also used Synthego to
compare the GP9-KO sequences with the WT sequence and
detect full KOs for GP9 by following the same procedure.

1.4.1.3. Characterization of the  Bernard-Soulier
Syndrome Type C disease model by Sanger sequencing and

aminoacidic predictions.

To distinguish the different mutations affecting individual
alleles (compound heterozygous), we expanded the predicted
KOs and sequenced individual alleles using the pGEM®-T
methodology. We compared these sequences with the WT
using ClustalW to determine the CRISPR-Cas9-induced
mutations. We then translated the mutated sequences into
amino acid sequences to observe whether these mutations
were producing truncated or aberrant proteins and to
determine which GPIX functional domains were being affected.
We used UniProt to identify these functional domains.

1.4.2. Differentiation of induced pluripotent stem
cells WT and GP9-KO to megakaryocytes and

platelets and functional validation.

We utilized a serum-free and animal component-free

protocol that is more current and efficient than the previous

cells.
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methods. This protocol, recently described by Moreau et al,.164
involves the differentiation of hiPSCs to MKs through ectopic
expression of GATAL, FLI1, and TAL1, which are essential
transcription factors in the process of megakaryopoiesis,
regulating both the formation and maturation of MKs.

1.4.2.1. Megakaryocytic differentiation.

The iIPSC WT and GP9-KO lines were cultured in E8
medium, and when they reached 80% confluency, they were
dissociated using TrypLE and collected by centrifugation at
150xG for 5 minutes. The general protocol can be followed
through the Figure 31.

e Differentiation Phase 0: Seeding of pluripotent

stem cells.

On Day -1, we determined the number of cells using a
Neubauer chamber and seeded 45,000 cells/well in 12-well
cell culture plates (Corning) that were coated with Matrigel. The
cells were then cultured in E8 medium at 37°C with 10uM
Y27632.

e Differentiation Phase |I: Pluripotent-to-mesoderm

differentiation.

From Day 0 to Day 2, we transduced the cells with a LV
(Flash Therapeutics) that expresses GATAL, FLI1, and TAL1
together at MOI 80 for viral transduction. The cells were
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cultured in E6 medium, which is E4 supplemented with Holo-
transferrin (10.6 mg/L) (Sigma-Aldrich) and Insulin (20 mg/L)
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(Sigma-Aldrich) and supplemented with 20 ng/mL FGF2
(Peprotech), 10 ng/mL BMP4 (Peprotech), and 10 ng/mL
protamine sulfate (Sigma Aldrich) to increase lentiviral

transduction efficiency.

On D1, the LVs were washed away, and the cells were
cultured in E6 medium supplemented with 20 ng/mL FGF2 and
10 ng/mL BMP4 to induce mesoderm differentiation.

e Differentiation Phase I: Megakaryocytic

Maturation and Differentiation:

From Day 2 to Day 9, megakaryocytic lineage
differentiation was induced by changing the medium to
CellGRO SCGM supplemented with 20 ng/mL TPO and 25
ng/mL SCF. The cell culture medium was supplemented with
40 ng/mL TPO and 50 ng/mL SCF on day 5, and on day 8, half
of the medium was changed with CellGRO medium
supplemented with 40 ng/mL TPO and 50 ng/mL SCF. On day
9, part of the cell culture was dissociated with TrypLE to
analyze specific hematopoietic and MK lineage surface
markers by staining with anti-CD34 (PECy7, BD Bioscience),
anti-CD41 (PE), and anti-CD42a (APC) antibodies. The
resulting cell populations were washed, stained for viability
solution (7AAD) and analyzed with a BD FACS Canto Il or
Verse flow cytometer and Community Cytobank software. The
remaining cell culture was transferred to 6-well cell culture
plates without matrigel coating, in CellGRO medium
supplemented with 20 ng/mL TPO and 25 ng/mL SCF.

cells.
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e Differentiation

Phase

Megakaryocytic

Maintenance:

From Day 9 onwards, every two days, half of the

medium was changed with

fresh CellGRO medium

supplemented with 40 ng/mL TPO and 50 ng/mL SCF. The cell

culture was maintained at a concentration of 0.5-2x106

cells/mL. On day 16 and 21, the cells were collected by

centrifugation and stained again with the cellular markers
CD34, CD41, GPIX and the viability solution of 7AAD for flow

cytometry analysis. The remaining cell culture was refreshed

Pluripotent
Phase 0:
D-1

iPSCs sedding
45.000 cel/12 well

EB-Y27632

Mesoderm

Vs

Megakaryocytic maturation: Progenitors and mature MKs

\

GATAT
FLIT
TALT

Moigo . —
r

Do

Transduction
Medium

Phase 1.
Dg-2

Mesoderm
Medium

(Phase 3:
D2-9

Phase 4:
D9-50

Split and Flow Cytometry Analysis

MK maturation
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Platelet
generation

Q 3006

o

From D30

RPMI no FBS

Figure 31. Schematic of megakaryocytic production protocol from induced
pluripotent stem cells.

It is indicated the different phases that cells undergo throughout the

differentiation, culture medium, involved cytokines and analysis days. Image
created by Martinez-Navajas, G. -Author.
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with complete medium and maintained until day 50 with half-

medium changes every 2 days.

e Platelet generation from iPSCs-derived

megakaryocytes and staining.

From Day 30 onwards, the cells were centrifuged at
300xG for 5 minutes and resuspended in RPMI 1640 without
FBS. Next day, the entire supernatant was collected and
centrifuged twice to isolate the platelets (first 150xG, 5
minutes, to separate cells, and secondly 350xG, 10 minutes,
to isolate platelets Accel,5, Brake, 3). These were stained for

flow cytometry analysis, as previously described.

e Platelet gating strategy in flow cytometry

In this case, platelet population was identified by gating
small particles of SSC. vs. CD41 expressing events. CD41*
events were then gated and analyzed for GPIX expression in

both populations.

e Cryopreservation

Alternatively, from day 9 onwards, cells could be
cryopreserved by pelleting them and resuspending in FBS
supplemented with 10% DMSO.

e Statistical Analysis

Statistical significance was assessed with a two-tailed

unpaired T-test comparing individual mean values (ns = non-

cells.
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significant, * p < 0.05; ** p < 0.01; *** p<0.001 and **** p <
0.0001).

1.4.2.2. ImageStream observation of platelet produced

from induced pluripotent stem cells.

Platelet population was separated as described
previously by sequential centrifugation. Then, was stained for
CD41 and GPIX, fixed, acquired in ImageStream and analyzed
with IDEAS software.

In this case, due to the differences between
ImageStream and conventional cytometers, the gating strategy
was slightly different, being unable to use SSC parameter.
However, we used the most similar parameter available in this
platform, “Area”. Then, we faced Area. vs. CD41 intensity
fluorescence, establishing the first population (R1). Then, this
population was assessed for GPIX expression, establishing
the R2 population. From this population, an additional
parameter to select those images that were in focus was
applied (RMS gradient >0.6).
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2. Objective 2: Design and development of reporter and
therapeutic GPIX-lentiviral vectors able to rescue GPIX
expression and complex functionality in
megakaryoblastic Knock-out models.

2.1.  Cell Cultures.

In addition to the culture of megakaryoblastic cell lines,
in this objective we have also employed cell lines from different
origins that would be utilized with different purposes in the

following sections:
2.1.1. HEK 293T (ATCC).

The 293T cell line, which was formerly known as
293tsA1609neo, is a variant of human embryonic kidney 293
cells that has a high ability to be transfected and harbors the
SV40 T-antigen. Typically, it is used to produce LV particles.

e Maintenance: This cell line grew in adherence and was
cultured in  DMEM-High  Glucose (Biowest)
supplemented with 10% Fetal Bovine Serum (FBS)

(Biowest) and 1X Penicillin/Streptomycin (Sigma-
Aldrich). Respect the culture conditions, cells were
grown at 37°C and 5% COzin a humid incubator.

e Passages: The cells were regularly maintained by
passaging them twice a week in a T25 flask with 6 mL

of supplemented media and seeding 1x10° cells/mL. To
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PBS and then treated with a 0.75X diluted TrypLE
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solution in PBS for 5 minutes at 37°C to dissociate them.
The cells were then washed, counted and split as
needed. The cells were cultured at 37°C and 5% CO:2 in
a humidified incubator to provide optimal growth
conditions.

e Cryopreservation: The cells were collected when they

reached a confluence of 90%, dissociated with TrypLE
and centrifuged at 300xG for 5 minutes. After the
aspiration of the supernatant, cells were resuspended
in 1 mL FBS supplemented with 10% of dimethyl
sulfoxide (DMSO) and transferred into a cryotube and
stored as mentioned in the first objective.

2.1.2. Jurkat and THP-1 cell lines (ATCC)

Jurkat and THP-1 cell lines have a lymphocytic and
monocyte origin, respectively. These lines were cultured,
passaged and cryopreserved in the same conditions as the
megakaryoblastic cell lines, described in the section
1.1.

2.2. Design and development of GPIX
lentiviral vectors.
In order to develop functional LVs able to restore GPIX

expression in BSS Type C disease models, we carried out the

following steps:
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2.2.1. Selection of a tissue-specific promoter for

megakaryocytic gene expression.

MARTINEZ-NAVAJAS, G; JULY 2023



Design and development of GPIX lentiviral vectors.

In collaboration with Dr. Ute Moldich (Paul-Ehrlich
Institut, Langen, Germany) we analyzed the behavior of
various LVs that were expressing eGFP under different
megakaryocytic specific promoters (Figure 32). As control, we
used an empty vector pRRL-Neo. To analyze the specificity
and functionality of these promoters regulating eGFP
expression we transduced DAMI cells, due to its
megakaryoblastic background.

pRRL.PPT.SF.eGFP.pre vector

¥ RRE cPPT
AU3 R U5 MK promoter wPRE —W—
sD SA

mP4: 1222 bp

- hGP6: 726 bp

hGPS: 794 bp

Figure 32. Schematic of pRRL vectors used to assess the specificity and
functionality of the megakaryocytic promoters regulating the expression of
eGFP.

Image created by Martinez-Navajas, G. -Author.

e Cell transduction of pRRL vectors.

For cell transduction we applied the term MOI that refers
to Multiplicity of Infection. MOI is a measure of the number of
viral particles (or virions) used to infect a given number of cells
in a culture. In virology, MOI is used to describe the ratio of the
number of infectious viral particles to the number of target cells
in a culture. For these experiments, 5x10° DAMI cells were
transduced with MOI 5. To assess the volume of
ultracentrifuged LVs required, for this experiment and for all

experiments in general, we followed the next formula:
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. cell number x MOI
Volume lentiviral vector (uL) = x 1000

vector titer (W)

2.2.2. Generation of the therapeutic cassette
hGP6(p)-GP9.

2.2.2.1. Primer design and PCR reaction.

The reference sequences for both the hGP6 promoter
(hGP6(p)) and the CDS of the GP9 gene were obtained from
the NCBI and verified using Ensembl. From this information,
we designed primers for the amplification of these regions
through bioinformatics programs. The selected primer pairs
were modified to incorporate a Pvul restriction site (Table 19)
in the Reverse primer of the hGP6 promoter and in the forward
primer of the hGP9 CDS. Therefore, after amplifying these
regions, it would be possible to digest, ligate and reamplify the
transgene. In the Table 20 are detailed the PCR condition

required to amplify both sequences.
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rescue GPIX expression and complex functionality in megakaryoblastic Knock-out models.

2.2.2.2. PCR product digestion with Pvul.

After the amplification of both DNA sequences, we
performed a digestion reaction with Pvul (NEB) at 37°C for 1
hour in a heating block. Then, the digestion reaction was heat-
inactivated at 65°C for 20 minutes and used to perform the
ligation between the protuberant and cohesive ends of the
promoter and CDS. Ligation reaction was performed as

indicated in the Table 21.

Table 21. Required reactive to set up the ligation reaction.

Reagent Volume (Vf= 10 pL)
Digested hGP6 DNA (10 ng/ pL) 1L
Digested hGP9 DNA(10 ng/ pL) 1uL
T4 Ligase buffer 10X (NEB) 1puL
T4 Ligase (NEB) 1L
ddH20 6 pL

After the ligation of the promoter and CDS, a PCR
amplification of the constructs was performed using the FW
primer of the promoter and the RV primer of the CDS. The
Phusion High-Fidelity DNA Polymerase (Thermo Scientific)
was used for this purpose, which has a lower error rate. The
protocol followed was the same as for conventional PCR.

Single bands were detected in an agarose gel (1%) and
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purified.
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2.2.2.3. Clonation of hGP6-hGP9 into the intermediate
cloning vector pCR®2.1

The cloning of constructions obtained by joining both
promoter and CDS sequences was carried out using the TA
Cloning® Kit (Invitrogen™, Life Technologies) which is
constituted by the pCR®2.1 vector and the ExpressLink™ T4
DNA Ligase. The reaction was carried out overnight in a final
volume of 10 uL, with 1 pL of Ligase and 1 uL of 10x Ligase
Buffer, and the rest of the volume was filled with the pCR™2.1

vector, amplicon, and water if necessary.

The amplicon: pCR™2.1 vector ratios ranged from 7:1
to 3:1 depending on the concentration of the obtained
amplicon. Once cloned, these plasmids were transformed into
E. coli DH5a bacteria and seeded over LB agar plates
supplemented with ampicillin, X-Gal and IPTG. After the
incubation, the presence of white colonies indicated us that our
transgene was successfully cloned into the intermediate vector

(similar methodology as pGEM-T). Colonies were then

processed, and the plasmid was purified and isolated.
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Figure 33. Schematic of pCR®2.1 plasmid.

Ampicillin and kanamycin resistance genes and all those sequences
required to amplify plasmid DNA into bacteria are also highlighted. Image
obtained from Invitrogen, Life Technologies.

As shown in the Figure 33, the transgene would be
introduced in the middle of the MCS, flanked by EcoRI among
others restriction sites. Confirmation digestion using EcoRI
was performed to further validate the cloning of the transgene
into the vector, using the reactive detailed in the Table 22. This
would result in the release of a DNA fragment with the same
size as the transgenic PCR product (promoter + CDS). In
addition, we sequenced the plasmid to confirm the absence of
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mutations (T7 primer) in the transgene.
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Table 22. Required reactive to digest pCR2.1-GPEp)-GP9 plasmids.

Reagent Volume (Vf=10 pL)
Plasmid DNA 300 ng
NEBuffer™ EcoRI/Sspl 1uL
EcoRI 1pL
ddH->0 To 10 pL

2.2.3. Development and construction of diverse

designs for therapeutic and reporter vectors.
2.2.3.1. Lentiviral vector backbones.

We used SE-IS2 LV as backbone to produce our
constructs (Figure 34-A). This is a self-inactivated LV that
expresses the eGFP under the control of the spleen focus-
forming virus (SFFV) promoter and includes an insulator
formed by a chimeric sequence composed by SAR2 and HS4-
650 elements (1S2 insulator)'’6. We utilized this vector as a
Reporter Empty Vector (R-EV) and as the backbone for
constructing our Reporter Vector-GPIX (R-GPIX). To optimize
the expression of the therapeutic gene, we tested several
configurations by altering the position and orientation of the
therapeutic cassette relative to the reporter cassette (SFFV-
eGFP) (Figure 34-A).

Moreover, we modified the R-EV backbone by removing

the SFFV-eGFP cassette, creating the Therapeutic Empty
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Figure 34. Lentiviral vector backbones used to produce our Reporter (A)
and Therapeutic vectors (B).

It is also indicated the cloning strategy to evaluate the orientation and the
position effect on GPIX expression.
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Vector (T-EV) (Figure 34-B), which served as the backbone
for constructing the Therapeutic Vector-GPIX (T-GPIX). In this
case, we evaluated only the orientation of the therapeutic
cassette. Additionally, we tested an improved version that

incorporated an antisense polyA tail (Figure 34-B).

e Creation of the Therapeutic Empty Vector (T-EV).

For this purpose, we digested the R-EV with EcoRI and
Xhol unique sites (view restriction sites of Figure 34-A),
sequentially due to the incompatibilities among both RE
buffers, purifying the digested plasmid to remove residual
components of the previous digestion reaction. Due to the
large size of the plasmid involved in the cloning procedure and
to have enough purified digested DNA, we always started from
high DNA amounts ranging from 3 to 5 pg, in this way, we could
minimize the loss of DNA during the purification steps.

Digested products were then loaded into a 1% agarose
gel and separated to discriminate and purify the digested band
corresponding to the LV that we would use as backbone for the
therapeutic construct.

Then, overhanging ends were removed with Quick
Blunting Kit (NEB) following its indications. This kit is utilized
for the conversion of DNA that possesses incompatible 5" or 3°
overhangs into 5° phosphorylated, blunt-ended DNA. The
blunting process of DNA is achieved through the use of T4
DNA Polymerase (NEB #M0203), which exhibits both 3" —5"

exonuclease activity and 5°—3" polymerase activity. The
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enzyme mix also includes T4 Polynucleotide Kinase (NEB
#M0201) for the subsequent phosphorylation of the 5° ends of
blunt-ended DNA to facilitate the subsequent ligation that was
carried out overnight at 16°C. Usually, 27 femtomoles of vector
are required to perform a successful ligation, therefore, to
calculate the necessary amount of DNA we used the
NEBBioCalculator® module (NEB).

Ligation products were then transformed into E. coli
DHb5a, to produce enough amount of plasmid for subsequent

digestion confirmations and Sanger sequencing.

e Extraction and blunting of the therapeutic
cassette hGP6(p)-GP9:

EcoRlI (NEB) was used to remove hGP6(p)-hGP9
sequence from the intermediate vector pCR-2.1 and to clone it
into both empty vector backbones described previously (R-EV
and T-EV). Digested cassette was then blunted to remove

EcoRI overhanging ends and phosphorylated.

e Digestion and blunting of lentiviral backbones R-
EV and T-EV

To evaluate the effect of GPIX expression orientation in
the R-GPIX design, we utilized Kpnl (NEB) or EcoRI (NEB)
REs to linearize the R-EV LV backbones. This digestion
allowed us to determine whether the insertion of the

Page176

therapeutic cassette occurred before or after the reporter

cassette. Kpnl RE was used for T-GPIX design.
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In all cases, we performed a blunting process to remove
the overhanging ends. To avoid recircularization of empty
vectors during the ligation step, blunt ends were not
phosphorylated at 5’. Ligation reaction of blunt end-fragment
generate a non-directional insertion, therefore, we could
analyze the effect on GPIX expression of both possible

orientations.

e Ligation reaction and generation of GPIX-

expressing lentiviral vectors.

Non-phosphorylated backbones were non-directional
ligated with 5’-phosphorilated therapeutic cassettes. To
calculate the required amount of purified vectors and inserts,
we utilized NebBioCalculator module. Mixed all the required
components (T4 DNA ligase, T4 DNA ligase buffer, purified
vector, purified insert and H20), it was incubated overnight and
transformed into competent bacteria. Positive LV constructs
were detected by identification of predicted digestion pattern
result of the confirmation digest using Pvul and Ncol REs.
Then, positive constructs were sequenced.

2.2.3.2. Lentiviral vectors production.

Once validated the LV sequence, we produced LV
particles for each construct. To achieve it, LVs were produced
by 293T cells co-transfection of (1) plasmid vector (R-EV, R-
GPIX, T-EV or T-GPIX), (2) pPCMVDR8.91 packaging plasmid
and (3) VSV-G (pMD2.G) plasmids. LV particles were
produced in 293T cells using LipoD293T as follows:
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e Day -1: Seeding.

For each LV, we used five 100 mm tissue-culture treated
culture dishes (Corning). From a T175 previously seeded to
reach 70-80% confluency on day -1, 293T cells were
dissociated using TrypLE 0,75X. Then, cell number was
determined and each culture dish was seeded with 3.8x10°

cell/plate in a final volume of 9 mL 24 hours prior transfection.

e Day 0: Cell transfection.

30 minutes prior lipofection, culture media was replaced.
To minimize the surface area and force the interaction of the
liposome with the cell, we added 5 mL of DMEM-HG
supplemented with FBS and without antibiotics. Two different
cocktails were then prepared for lipofection. Cocktail 1
consisted of a LV plasmid (10 pg), VSV-G envelope plasmid
(3.2 ug), and pCMVDRS8.91 packaging plasmid (6.4 pg), all
resuspended in 500 pL of non-supplemented DMEM-HG per
dish. Cocktail 2 consisted of 30 pL of LipoD293 resuspended
in 500 pL of non-supplemented DMEM-HG per dish. Cocktail
2 was then added to Cocktail 1 and incubated for 15 minutes.
The resulting mixture was added to the cell layer dropwise onto
the culture dish while moving carefully using a capillary Pasteur
pipette. Cells were incubated at 37°C for 8 hours. Then, the
culture medium was replaced with 7 mL of prewarmed DMEM-
HG supplemented with FBS and without antibiotics.
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e Day 2-3:

Culture media was replaced and cell supernatants were
collected, centrifuged to remove cell debris and
ultracentrifuged at 25.000xG, 2 hours, 4°C using SORVALL,
WX ultra series centrifuge (Thermo Scientific) and
resuspending viral pellet in 100-300 uL of non-supplemented
RPMI. Single aliquots were then stored at -80°C.

2.2.3.3. Lentiviral vectors titration.

Viral titers were determined by performing serial
dilutions of the concentrated LVs over DAMI GP9-KO cells.
GPIX positive cells were determined by flow cytometry seven
days after transduction. Vector titration was calculated

according to the following formula:

105 plated cells * %GPIX cells/100
mL vector

Titer =

2.2.4. Flow cytometry evaluation of these different

designs of lentiviral vectors.
2.24.1. Cell transduction.

DAMI, MEG-01 and non-megakaryoblastic cells were
transduced with a MOI=10 (refer to previously detailed way to

calculate the required volume). Required volume of LVs were

added to culture media supplemented with 1 pg/mL protamine
sulfate (Merck Life Sciences). Transduction was performed

overnight, replacing culture media the following morning.
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2.2.4.2. Flow cytometry evaluation in non-

megakaryoblastic cells.

THP1, Jurkat and 293T transduced cells were analyzed
by flow cytometry analyzing for 7AAD, GPIX and eGFP
expression. These cells were monitored for one month period,

setting day 7, day 21 and day 28 as analysis days.

2.2.4.3. Flow cytometry evaluation in Megakaryoblastic

cells.

Flow cytometry was used to analyze transduced cells for
the expression of 7AAD, GPIX, and eGFP. The cells were
monitored and analyzed on day 7, day 21, and day 28 over a
one-month period in DAMI WT, GP9-KO and GP9-KO
transduced cells and end-point data was acquired on D28 for
MEG-01 WT, GP9-KO and GP9-KO transduced cells.

Re-assembly of the receptor was then monitored on
MEG-01 cell models by analyzing eGFP and GPlba (CD42b)
expression by flow cytometry and showing overlapped

histograms.

ImageStream was also utilized to further validate flow
cytometry results, showing most representative events for

each cell line generated in both megakaryoblastic models.

e Statistical analysis
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For DAMI cell models, we used two-way ANOVA plus

Holm-Sidak's multiple comparisons test to analyze the
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evolution of GPIX expression over time by comparing mean
fluorescence intensities and percentage of positive cells
(eGFP and GPIX) at different time points. For MEG-01 cell
models, we compared eGFP and GPIX end-point data to GP9-
KO values using one-way ANOVA plus Dunnett’'s multiple
comparisons test by calculating average ratios (relative to R-
EV for eGFP and relative to WT expression for GPIX) of mean
fluorescence intensities and percentage of positive cells. We
used the following significance levels: ns = non-significant, * p
< 0.05; ** p < 0.01; *** p<0.001 and **** p < 0.0001.
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2.3.  Analysis of GPIb-V-IX complex functionality in
WT, GP9-KO and GP9-KO megakaryoblastic

transduced cells.

Similar to the experiments performed in the section “1.4”
we conducted analogous analysis to determine how functional

was the rescued GPIb-V-IX receptor by GPIX-expressing LVs.

2.3.1. Analysis of genetically rescued GPIb-V-IX
receptor binding capacity to soluble von
Willebrand factor.

We evaluated the GPlba binding capability to soluble
VWF by flow cytometry. MEG-01 WT, GP9-KO and GP9-KO
transduced cells were incubated with ristocetin and VWF as
previously mentioned and analyzed by flow cytometry to
evaluate the ratio of positive cells relativized to WT positive

events and compared to GP9-KO signal.

Additionally, we also measured the agglutination
capacity of all our cellular models in presence of ristocetin and
VWEF. For sedimentation experiments, 5x10° cells/mL were
resuspended in 250 yuL PBS supplemented with 10 pg/mL
VWEF. After a pre-incubation period at 37°C for 2 minutes under
stirring conditions, ristocetin (1 mg/mL) was added to each
single tube and light transmission was measured in a light-
transmission aggregometer (Chrono-log) at 37°C for 15
minutes. Measurements were made by pairs: WT vs. GP9-KO,
R-EV vs. R-GPIX, T-EV vs. T-GPIX.
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2.3.2. Analysis of adhesion capability in presence
of botrocetin for genetically rescued GPIb-V-IX

receptor.

In addition, we assessed the ability of GPlba to adhere
to immobilized VWF by immunofluorescence. We incubated
MEG-01 WT, GP9-KO, and GP9-KO transduced cells with
botrocetin and VWF, as described before, and analyzed them

using  immunofluorescence  combined  with  ImageJ
bioinformatic software. Our aim was to determine the ratio of
positive cells in relation to WT positive events and to compare
it to the GP9-KO signal.

2.3.3. Statistical analysis

Flow cytometry analyzed data of GPlba binding
capability to soluble VWF was compared respect GP9-KO
samples and relativizing values to WT signal using one-way

ANOVA plus Dunnett’s multiple comparisons test.

For agglutination experiments, end point transmittance
values of measured pair samples (R-EV vs. R-GPIX; T-EV vs.
T-GPIX) were compared using one-way ANOVA plus Sidak's
multiple comparisons test. Same statistical test was employed
to analyze the relative number of adhered cells (respect WT).
All comparison were analyzed by pairs (R-EV vs. R-GPIX; T-
EV vs. T-GPIX).

Page183

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



MATHERIAL & METHODS

Objective 2: Design and development of reporter and therapeutic GPIX-lentiviral vectors able to

rescue GPIX expression and complex functionality in megakaryoblastic Knock-out models.

We used the following significance levels: ns = non-
Significant, *p < 0.05; ** p < 0.01; *** p<0.001 and **x* p <
0.0001.
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induced pluripotent stem cells.

3. Objective 3: GPIX-Lentiviral correction of Bernard-
Soulier Syndrome Type C induced Pluripotent Stemn
Cells and posterior differentiation to megakaryocytes

and platelets.
We measured the rescuing capability of our GPIX-
expressing LVs in iPSCs by Immunocytofluorescence, flow
cytometry and ImageStream to determine GPIX localization,

expression levels and platelet size.

3.1.  Analysis of GPIX reversion in megakaryocytes
and platelets produced from transduced GP9-KO

induced pluripotent stem cells.

3.1.1. Cell transduction.

1.2x10° GP9-KO iPSCs were seeded in E8 with 10 pM
Y27632 over Matrigel coated 6 well plates. The following day,
when the culture reached a confluence of 20-35%, media was
replaced with E8 and iPSCs were transduced with a MOI of 50.
Required volume of each LV were added to E8 media
supplemented with 1 pg/mL protamine sulfate. Transduction
was performed overnight, replacing culture media the following
morning. After seven days of recovery, same cells were
transduced again in same conditions, to enrich the number of
transduced cells. After the two-hits transduction, cells were
differentiated to MKs and platelets as previously described

(refer to section 1.4.2).
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3.1.2. Immunocytofluorescence of fibrinogen-
adhered iPSCs.

To carry out the immunofluorescence, we used mature
MKs produced from differentiated WT, GP9-KO, and GP9-KO
transduced iPSCs on day 21. We prepared 8-well Nunc
LabTek Il chamber slides (Thermo Scientific) by coating them
with fibrinogen (100 pg/mL) for 40 minutes at room
temperature. Then, we aspirated the fibrinogen solution and
seeded 45,000 cells per well in 150 pL E8. After incubating the
cells for 60 minutes in the incubator, we aspirated the medium,
washed the cells with PBS, and fixed them with 4% PFA
solution for 10 minutes at room temperature. Next, we washed
the cells three times and permeabilized them with 0.1% Triton
X-100 detergent in 1X PBS for 15 minutes. We then washed
the cells three more times and blocked them in 1% BSA in PBS
for 1 hour. After blocking, we stained the cells with GPIX-APC
and CD41-PE conjugated antibodies, which were diluted to
1:100 in 0.1% BSA in PBS and incubated them overnight at
4°C.

The following morning, we washed the cells three times
and incubated them with phalloidin-AlexaFluor405 (1:500) in
0.1% BSA in PBS for 1 hour at room temperature. After
incubation, we washed the cells three times with 0.05% Tween
20 detergent in 1X PBS and once with PBS. Then, we removed
the chamber and applied mounting media onto the surface.
Finally, we placed a coverslip on top, avoiding air bubbles, and
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induced pluripotent stem cells.

cured the slide overnight at 4°C. The pictures were taken the
following morning in a Zeiss LSM 710 laser confocal

microscope.

3.1.3. GPIX determination by flow cytometry and

ImageStream.

To further validate GPIX expression in mature MKs and
platelets produced from WT, GP9-KO, and GP9-KO
transduced cells, the cells were differentiated for 21 days to

produce MKs and 35 days to produce platelets, as described.

For the MKs, the cells were collected, washed, and
stained with GPIX-APC, CD41-PE and 7AAD. The stained
cells were then analyzed using flow cytometry. In the case of
platelets, a sequential centrifugation step of 150xG for 5
minutes was used to separate cells, followed by another
centrifugation step of 300xG (Acceleration 3; Brake 3) for 5
minutes to isolate the platelet fraction.

The percentage of positive cells/platelets and MFI ratios
(relativized to EV expression for eGFP and to WT expression
for GPIX) were then plotted on a graph and statistically
analyzed.

e Statistical analysis

For this experiment, we used two-way ANOVA and
Dunnett's multiple comparisons test to compare eGFP and
GPIX data to GP9-KO values. We calculated the percentage

of positive cells and the average ratios of mean fluorescence
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intensities, relative to R-EV for eGFP and relative to WT

expression for GPIX.

We set the following significance levels: ns for non-
significant results, * for p-values less than 0.05, ** for p-values
less than 0.01, *** for p-values less than 0.001, and **** for p-

values less than 0.0001.

3.1.4. Size determination in genetically rescued
GP9-KO platelets produced from induced
pluripotent stem cells.

Same stained platelets were then analyzed by
ImageStream platform, which allowed us to capture single
pictures of the gated population and determine the average
diameter of single events from this population. The IDEAS
software was employed to measure the size of platelets
through a series of steps. Initially, we identified the population
of platelets expressing CD41* (R1). Subsequently, we applied
two filters, one for circularity (R2) and another to select images
in focus (R3). Afterwards, we identified each individual platelet
and created a mask that encompassed the entire area of
CD41* fluorescence signal from each platelet. Finally, using all
the masks, the IDEAS software calculated the mean diameter

*+ SD of the selected single-platelet populations.

e Statistical Analysis
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Average mean diameter of platelets from differentiated
IPSCs WT, GP9-KO and GP9-KO transduced cells were
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compared using ordinary one-way ANOVA plus Dunnett's

multiple comparisons test using the following significance
levels: ns = non-significant, * p < 0.05; ** p <0.01; *** p<0.001
and **** p < 0.0001.
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4. Objective 4. Genetic-Rescue of isolated hematopoietic
stem cells from Bernard-Soulier Syndrome patients
carrying different pathogenic variations and posterior

differentiation to megakaryocytes and platelets.

50 mL of fresh blood was collected in EDTA-tubes.
Platelet-rich plasma (PRP) from BSS patients and healthy
donors was separated by gravity-mediated decantation for 40
minutes. White blood cell fraction was isolated by
centrifugation using Ficoll Paque™ PLUS (GE Healthcare),
(400xG, 40 minutes, Accel 0, Brake 0) and extraction of the
buffy coat. White blood cells were washed twice with PBS. Cell
pellet was resuspended in 150 uL MACS Buffer and incubated
with 50 pL anti-FCR and 50 pL anti-CD34 magnetic beads at
4°C for 30 minutes (CD34MicroBead Kit UltraPure, Miltenyi
Biotech). After a washing step, we performed an
immunomagnetic selection of CD34* cells with MS columns
(Miltenyi Biotech) (Figure 35).
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induced pluripotent stem cells.

Gravity decantation +
Ficoll separation Platelet Rich

Plasma Purified platelets

Pasitive fraction
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(White blood cells)
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White blood cells CD34* immunomagnetic selection

Figure 35. Schematic view of the followed procedure to isolate the
different phases from our blood samples.

In our case, we were interested in the platelet population of the PRP and
the buffy coat (white blood cells), which contain the population of
circulating CD34"* cells. Image created by Martinez-Navajas, G. -Author.
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4.1. Corroboration of pathogenic variants from two

unrelated Bernard-Soulier Syndrome patients.

Negative fraction (white blood cells CD34°) was used to
isolate genomic DNA for GP9 locus PCR amplification and

BSS patients’ characterization by Sanger sequencing.

Our aim was to characterize the platelets of patients with
BSS by determining their size and GPIX fluorescence using
ImageStream. To this end, platelets were washed in PBS-
EDTA 2 mM, centrifuged (300xG, 10 minutes, Accel O, Brake
0), and stained with GPIX and CD41 for 30 minutes. The
platelets were then washed again and analyzed using
ImageStream. GPIX fluorescence was acquired, and platelet

size was determined.
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4.2. Genetic rescue in megakaryocytes and
platelets produced from transduced non-mobilized
hematopoietic stem cells from these Bernard-Soulier

Syndrome patients.

To differentiate HSCs to MKs in vitro, cells were grown
in StemSpam (StemCell Technologies) combined with different
cocktails regarding to the differentiation stage as schematized

in the Figure 36.

On Day 0, positive fraction was expanded in StemSpam
1X PS supplemented with cytokine cocktail 1: SCF (100
ng/mL) + FLT3L (100 ng/mL, Peprotech) + TPO (100 ng/mL) +
SR1 (0,75 Um = 322,12 ng/mL, StemCell Technologies) +
UM171 (35 nM = 15,87 ng/mL, StemCell Technologies) + IL-6
(100 ng/mL, Peprotech).

On Day 2, expanded HSCs were transduced with R-
GPIX (MOI 50) and cultured with cytokine cocktail 2
(StemSpam + TPO (100 ng/mL) + FTL3 (100 ng/mL) + SCF
(100 ng/mL) + 1% P/S).

On Day 3 begins differentiation phase 1, where

megakaryoblast progenitor appearance occurs (Cytokine
cocktail 3: TPO 100 ng/mL + SCF 100 ng/mL + IL-6 7.5 ng/mL).
Finally, megakaryocytic maturation is achieved in
differentiation phase I, where TPO 100 ng/mL is the unique

supplementary cytokine administrated.
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Figure 36. Schematic view of the megakaryocytic differentiation process.
Purified CD34 positive cells (HSCs) from non-mobilized peripheral blood

from BSS patients were differentiated /in vitro to megakaryocytes and
platelets. Image created by Martinez-Navajas, G. -Author.
Megakaryocytes and platelets were collected and
separated as previously described. Megakaryocytes were
stained with GPIX-APC and CD41-PE, fixed and
permeabilized with 4% PFA solution and 0.1X Triton X-100,
respectively. Then, nuclear DNA from MKs was stained with
Hoechst, washed and analyzed. Platelets were stained, fixed
and analyzed. Data was adquired with ImageStream, including
eGFP in the analysis and analyzed with IDEAS software to

determine protein expression and platelet size.

e Statistical analysis

We performed a size analysis comparison between
healthy donor, BSS patients and transduced and non-
transduced in vitro produced platelets. Average mean
diameters of platelets were compared using ordinary one-way

ANOVA plus Dunnett's multiple comparisons test using the
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following significance levels: ns = non-significant, * p < 0.05; **
p < 0.01; ** p<0.001 and *** p < 0.0001.

Page195

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



MATHERIAL & METHODS

Objective 5. Generation and characterization of Bernard-Soulier Syndrome GPSnull murine

model.

5. Objective 5. Generation and characterization of
Bernard-Soulier Syndrome GP9™" murine model.
5.1. Analysis and comparison of hGP9 and mGp9

genes and their amino acidic sequences.

To compare both gene sequences, mGp9 (murine) and
hGP9 (human), we consulted Ensembl data base and obtained
their CDS sequences and compared using ClustalW multiple
alignment tool. Furthermore, their aminoacidic sequences

were compared too and represented.
5.2. Development of a GP9™ murine model.

The design of the sgRNAs and ssODN to generate the
Gp9™" murine model with CRISPR-Cas9 technology was
carried out by Dr. Manuel Sanchez Martin, head of the

transgenic facility at the University of Salamanca.

Briefly, Gp9 KO mice were generated by deleting the
complete Gp9 consensus coding sequence (CCDS20328) on
chromosome 6. Two complementary CRISPR RNAs (crRNAS)
Gp9 guide1 (5’-CTGTACCCAACACGCTGCTG-3) and Gp9
guide2 (5-CCATGCCATCAAAAGCCCAC-3’) flanking the
coding sequence were designed with the Spanish National
Biotechnology Centre (CNB)-CSIC web tool
(http://bioinfogp.cnb.csic.es/tools/breakingcas/). A 200nt
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ssDNA (Gp9 ssODN) was designed as a template for
producing a precise 710bp deletion. The crRNAs, the tracrRNA
(trans-activating CRISPR RNA), and the ssODN were
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produced by chemical synthesis at Integrated DNA
Technologies. The crRNA and tracrRNA were annealed to
obtain the mature sgRNAs. A mixture containing the sgRNAsS,
recombinant Cas9 protein (IDT), ssODN [Cas9 (30 ng/ul),
annealed sgRNA (20 ng/ul each), and ssODN (10 ng/u)] were
microinjected into C57BL6/J zygotes at the Transgenic Facility
(NUCLEUS, platform for research supporting) of the University
of Salamanca. Edited founders were identified by polymerase
chain reaction (PCR) amplification (Tag polymerase,
NZYTech) with primers flanking the Gp9 CCDS (primer FW 5’-
ACATTTCCTGTTCTCTGTGG-3’ and RV 5'-
TGTGGAGGTGAGATTTAGGTC-3').

Gp9 ssODN:

5.
CCCTGTTTCCCTATCTGAGCAGAGGCTTGGATCTCTGCCAGAGACCA
AGAAGGCCCTGCTCCTCTCTACCACTCTTCCTGGGCTGTACCCAACA
CGCTGCACAGGGGGCAGGCTGAGGCCGCCTCATGGGCAAAGACAC
TTGCTGTCCAGTCTAAAGACCTGGGTTTTATCCCCAGGAGAGACCTA
AATCTCACCTCCAC-3’

The expansion of the mice colony and its maintenance
is being carried out by the authorized personnel from the
animal facilities of the “Centro de Instrumentacion Cientifica-
Centro de Investigacion Biomédica”, of the University of
Granada.
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5.3. Hemogram analysis from Gp9™'" murine model
and its comparison with WT hematological

parameters.

Blood samples were collected from animal of 6-months
age. To extract the blood, 1 mL syringes (25-27G) were used
to puncture the lateral saphenous vein and 80-100 pL of blood
were collected and transferred into EDTA collection tubes,
mixing to avoid the coagulation. Then, blood samples were
measured in a hematologic cell counter (Mythic 22CT; Orphee
S.A).

e Statistical analysis

To compare mean hematological parameter values, we
used the ordinary two-way ANOVA plus Sidak's multiple
comparisons test, comparing males values and females values
(ns = non-significant, * p < 0.05; ** p < 0.01; *** p<0.001 and
ok g < 0.0001).
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Generation and characterization of megakaryoblastic Bernard-Soulier Syndrome models and

GP5-KO, studying the contribution of each subunit to the assemblage of the GPIb-V-IX receptor.

1. Objective 1: Investigate the assembly of GPIb-V-IX
through CRISPR-Cas9 knockout generation and disease
modeling: Exploring the roles of GP1BA, GP1BB, GP9

and GP5.

GPIb-V-IX receptor is localized on MKs and platelets
surface membrane and is assembled by 4 subunits: GPlba,
GPIbB, GPIX and GPV in 2:4:2:1 stoichiometry®°. As previously
mentioned, pathogenic variants affecting GP9, GP1BA or
GP1BB genes impede the correct receptor assembly leading
to absent, incomplete or dysfunctional receptor, promoting the
different phenotypes of BSS described in the literature.
However, up to date there are not mutations associated to GP5
that could originate the BSS. To investigate the contribution of
each subunit to the GPIb-V-IX assemblage, we decided to
knockout GP9, GP1BA, GP1BB or GP5 genes using CRISPR-
Cas9 technology.

1.1. Generation @ and  characterization = of
megakaryoblastic Bernard-Soulier Syndrome models
and GP5-KO, studying the contribution of each
subunit to the assemblage of the GPIb-V-IX receptor.

For this reason, we selected MEG-01 and DAMI cell
lines, which are megakaryoblastic cells known to express the
GPIb-V-IX receptor constitutively. This fact, together with the

presence of two-well defined alleles for each gene, would allow
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us to observe the migration behavior of each subunit in the

absence of each other in a physiological manner.

Therefore, these cell lines would enable us to develop
models of BSS Type Al, Type B, and Type C, by knocking out
GP1BA, GP1BB, and GP9, respectively. Furthermore, by
knocking out GP5, we would be able to investigate how the
absence of this subunit affects the assembly of GPIb-V-IX and

its contribution to the receptor's functionality.

1.1.1. sgRNAs design  for Bernard-Soulier
Syndrome driver genes (GP1BA, GP1BB and
GP9) and GP5.

First, we designed specific sgRNAs considering
maximal score and minimal off-targets criteria. Cutting site
positions were calculated respect to ATG (Table 5). sgRNAs
were designed to incorporate a protruding sequence

complementary to Bbsl overhang ends from digested plasmid.

To assess the ligation, sgRNA-PX-458 cloned plasmids
were digested with Bbsl. The two adjacent Bbsl RE sites of the
plasmid are self-destroyed in those constructs that had
incorporated the sgRNA thus, impeding the posterior Bbsl
digestion. Therefore, constructs that incorporated the sgRNA
should migrate similarly to undigested PX-458 plasmid (Figure
37).
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Figure 37. Agarose gel exhibiting Bbsl digestion of PX-458 plasmids
containing each single sgRNA.

Lane (L) 1 contains DNA molecular weight marker Il. Lanes 2 and 3
contain Bbsl-digested (D) and non-digested (ND) PX-458 plasmids,
respectively. Lanes 4-8 represent pX-458 plasmids including GP9,
GP1BA, GP1BB, and both GP5 sgRNAs, respectively.

Once confirmed the cloning into PX-458 by Bbsl-
digestion and Sanger Sequencing, all the constructions were

purified by maxiprep.

1.1.2. Generation of megakaryoblastic knockouts.

Once created the gene-editing tools to develop the KOs,
our goal was to introduce them into the WT cells and screen

for the highest KO frequencies to isolate the clone.

We first introduced CRISPR-Cas9 systems with
sgRNAs targeting GP1BA, GP1BB, GP9 and GP5 into MEG-
01 and DAMI WT cell lines to perform gene editing. However,

we observed a reduced transfection rate in our
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megakaryoblastic cell lines due to the limited success of
lipofection as a delivery method (Figure 38). The transfection
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of the PX-458 plasmid, which includes eGFP as a reporter
gene, allowed us to identify and sorter CRISPR-Cas9-
expressing cells based on FITC fluorescence, what let us to

enrich our gene edited population.
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Figure 38. Representative flow cytometry dot plots for GP9-PX-458 sgRNA
lipofected cells.

A reduced frequency of transfected cells is visible compared to the negative
control. The transfected cells are identifiable by eGFP positive events.

Similar outcomes were observed for the other constructions.

Then, we stablished several pools for each transfected
sgRNA. These pools were initiated with reduced starting cells,
consequently, based on the count of non-edited cells and KO-
edited cells, we were able to induce various levels of KO
enrichment. To identify these most enriched, we had to follow
two different strategies motivated by the absence of functional

commercial antibodies to recognize GPV expression.
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1.1.2.1. GP1BA, GP1BB and GP9 knockouts generation

and isolation.

After expanding the eGFP* cell population, we
measured GPIba (in GP1BA-KO pool), GPIbB (in GP1BB-KO
pool) and GPIX (in GP9-KO pool) surface expression,
identifying these different KO frequencies (data not shown).
From these edited pools, we isolated single-cell clones, re-
expanded them to establish new populations and identified
several samples in which surface expression of GPIba, GPIbf

or GPIX was completely absent, respectively (Figure 39).

In addition, we observed that MEG-01 WT cells have
higher MFI levels than DAMI WT cells for all the components
of the GPIb-V-IX complex.

1.1.2.2. GP5 knockout generation and isolation.

In this case, the unavailability of functional commercial
antibody against GPV impeded us to detect the KO by
conventional flow cytometry. As mentioned, in this case we
used two different sSgRNAs to generate a DNA microdeletion.
that were co-transfected into DAMI and MEG-01 cells. In this
case, eGFP* cells were sorted and seeded following the same
strategy and most enriched pools were detected by

conventional PCR.
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Figure 39. Isolation of clonal populations for GP1BA, GP1BB and GP9 KOs.

Flow cytometry dot plots that show the expression levels of GPIX (column
1), GPIba (column 2), and GPIb (column 3) in WT cells and their associated
KO in both DAMI cells (panel A) and MEG-0O1 cells (panel B).

So, we designed a set of GP5 primers that amplified a
PCR product of 1000 bp of WT GP5 locus (Figure 40, red
arrows). The two different sgRNAs were supposed to

generate a microdeletion of 200 bp containing the 5'- ATG -3’
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and consequently abolishing GPV expression. Thus,
heterogenous edited populations should amplify both: WT
original alleles (1000 bp) and GP5-KO edited alleles (800 bp),
while pure homozygous KO populations should amplify only
800 bp region as a result of GP5 microdeletion (Figure 40,
agarose gel schematic).

GP5 gene
FW SGRNAZ <&
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Figure 40. Schematic of GP5KO strategy.

The gene structure of GP5 /ocus is illustrated from 5' to 3', with the coding
sequence (CDS) indicated. The cutting sites for the sgRNAs, along with their
respective sequences, are shown over the WT allele. Red arrows indicate the
forward (FW) and reverse (RV) designed primers to amplify both WT and
GP5-KO alleles. At the bottom, the resulting GP5-KO allele is depicted, along
with an illustrative agarose gel. The gel displays the different outcomes that
result from Cas9 editing, including the PCR amplification of the WT allele, a
heterogeneous pool of gene-edited cells, and an isolated clone.

We carried out the workflow in both megakaryoblastic
cell lines and obtained single-cell clones from the most
enriched pool that contained our allele of interest (800 bp).

Figure 41 depicts our screening strategy for GP5-KO using
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conventional PCR. We established several clonal populations

from these pools.

In DAMI cells, the c5 clonal population was homozygous
for the deletion, while the other clones were non-edited
populations (Figure 41). In MEG-01, c10 was homozygous for
the deletion, and most clones were heterozygous, with only
one allele carrying the microdeletion. Clones cl1 to c4 had
aberrant deletions in GP5 locus caused by CRISPR-Cas9 tools
(Figure 41).
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Figure 41. PCR-screening strategy for single-cell clones ("c") established
from an enriched GP5-KO pool. DAMI (top) and MEG-O1 (Bottom).

The positive control was obtained by PCR amplification of the wild-type
(WT) allele. M VIl and M IX refer to different molecular weight DNA
markers.

1.1.3. Characterization of megakaryoblastic

knockouts.

Following the isolation and identification of each KO

model by flow cytometry (BSS driver genes) and conventional
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PCR (GP5-KO), the next step was to characterize the genetic
mutations induced by CRISPR-Cas9 system in these loci. We
first needed to amplify the affected genes (GP1BA, GP1BB,
GP9 and GP5) and then we sequenced them with Sanger
sequencing. For this purpose, we designed primer pairs that
centered the CRISPR-Cas9 cutting site in the middle of the
amplicon, where the indel mutation would be introduced. In the
case of GP5, we used the same primers previously optimized
(1.1.2.2).

1.1.3.1. GP1BA, GP1BB AND GP9 PCR conditions

optimization.

The first step was to optimize the PCR reaction for each
gene to obtain single bands using wild-type genomic DNA
(gDNA) as the template. This was necessary because Sanger
sequencing requires clean PCR products to generate clear
reads of the sequence.

As a part of the optimization of PCR products, in Figure
42, we observed that the primer pairs designed for GP1BA and
GP1BB genes were not sufficiently specific to amplify their
target. To solve it, we optimized the PCR conditions, including
a gradient of temperature and dimethyl sulfoxide (DMSO)
addition Figure 42; A-B). After optimization, we realized that
the best amplification conditions for GP1BA and GP1BB genes
were achieved at 54.4°C with 10% DMSO. In contrast, the PCR
reaction for the GP9 gene was simpler to optimize: 60.8°C in
absence of DMSO (Figure 42; C).
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Figure 42. PCR optimization of GP9, GP1BA, and GP71BB PCR products.

A. Optimization of GP7BA PCR by establishing a temperature gradient
(54.4-60.0°C) (top) and by adding 10% dimethyl sulfoxide (DMSO) to the
gradient (bottom). B. Optimization of GP7B8B PCR by establishing a
temperature gradient (54.4-60.0°C) (top) and by adding 10% DMSO to the
gradient (bottom). C. GP9 PCR amplification at 60.8°C. (M IX: DNA marker
IX; M VII: DNA marker VII).

1.1.3.2. Characterization of CRISPR-Cas9 induced

mutations for each individual gene.

Once determined the optimal PCR, gDNA from edited
GP1BA-KO, GP1BB-KO and GP9-KO cells was amplified by
PCR using their respective primer pairs. Then, PCR products

were purified and sequenced by Sanger Sequencing.

In the case of homozygous mutated alleles, only a clear
spectropherogram could be observed. When observed
overlapping sequences in the spectropherogram, it was an
indicator of heterozygous mutations. To obtain the specific

sequence of each mutated allele, it was necessary to clone the

MARTINEZ-NAVAJAS, G; JULY 2023



Generation and characterization of megakaryoblastic Bernard-Soulier Syndrome models and

GP5-KO, studying the contribution of each subunit to the assemblage of the GPIb-V-IX receptor.

PCR product carrying the heterozygous mutation into the
pPGEM-T plasmid (pGEM®-T technique to determine allelic
sequences for compound heterozygous mutations.).
Sequencing at least 10 colonies allowed the determination of

the individual sequences for both alleles.

Notably, in all cases, CRISPR-Cas9 induced the
appearance of indel mutations in the CDS of each gene. The
mutated sequences for each KO were aligned with their WT
counterparts, so we were able to characterize the pathogenic
variants generated. These variations shifted the reading
pattern and disrupted the original protein sequence, thus
originating aberrant proteins, and explaining the phenotype
previously observed (Figure 39). Specifically, detailed

description can be found above:
e DAMI
GP9 gene: Homozygous mutation.

-A homozygous mutation resulting from a duplication of
a nucleotide at position 191 (A), leading to a frameshift
mutation. This substitution replaces serine (Ser) with valine
(Val) at position 65 out of 177 and introduces a premature

termination codon 8 amino acids downstream.

GP1BA gene: Compound heterozygous mutation.

-Allele 1 has a deletion of a nucleotide at position 366
(C), leading to a frameshift mutation that replaces aspartic acid
(Asp) with glutamic acid (Glu) at position 122 out of 652. This
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results in a premature termination codon 7 amino acids

downstream.

-Allele 2 has a point mutation at position 553, where
adenine (A) is replaced with guanine (G) in the coding
sequence, leading to a missense mutation that replaces
asparagine (Asn) with aspartic acid (Asp) at position 165 out of
652.

GP1BB gene: Compound heterozygous mutation.

-Allele 1 has a duplication of a nucleotide at position 106
(©), leading to a frameshift mutation that replaces leucine (Leu)
with proline (Pro) at position 36 out of 206. This introduces a

premature termination codon 273 amino acids downstream.

-Allele 2 has multiple mutations: a substitution of
adenine (A) with thymine (T) at position 91, replacing serine
(Ser) with cysteine (Cys) at position 31 out of 206; a duplication
of cytosine (C) at position 93; a substitution of thymine (T) with
cytosine (C) at position 94; and a microdeletion of the
sequence between positions 99 and 124. These mutations
result in a missense mutation that replaces cysteine (Cys) with
proline (Pro) at position 32 out of 206, and introduce a
frameshift mutation that creates an aberrant protein with a stop

codon placed 269 amino acids downstream.
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e MEG-01.
GP9 gene: Homozygous mutation

A frameshift mutation occurred due to the insertion of
tetranucleotide [CGTC] between residues 191 and 192 of the
coding sequence. This resulted in the replacement of a
glutamine (GIn) residue with a histidine (His) residue (position
64 out of 177), and a premature termination codon occurred 10

amino acids downstream.

GP1BA gene: Homozygous mutation

A frameshift mutation occurred due to the deletion of the
nucleotide sequence between nucleotides 363 and 373 of the
coding sequence. This resulted in the replacement of an
aspartic acid (Asp) residue with a glutamine (GIn) residue
(position 122 out of 652), and a premature termination codon

occurred 26 amino acids downstream.

GP1BB gene: Homozygous mutation

A frameshift mutation occurred due to the insertion of
guanine (G) nucleotide between nucleotides 106 and 107 of
the coding sequence. This resulted in the replacement of a
leucine (Leu) residue with an arginine (Arg) residue (position
36 out of 206), and an aberrant protein was formed with a

termination codon occurring 276 amino acids downstream.

To summarize, their abbreviated descriptions adapted to
the Human Genome Variation Society (HGVS) nomenclature
are listed in the Table 23 (MEG) and the Table 24 (DAMI).
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Generation and characterization of megakaryoblastic Bernard-Soulier Syndrome models and

GP5-KO, studying the contribution of each subunit to the assemblage of the GPIb-V-IX receptor.
GP5 gene:

As anticipated, the use of two sgRNAs resulted in the
creation of a microdeletion, with both sgRNA cleavage sites
coinciding at the merge point (Figure 43). The deletion of the
beginning of the CDS, including the 5'-ATG, generated a
complete GP5-KO for both megakaryoblastic cell lines.

These novel models would allow us to study the role of
this subunit in the assembly and functionality of the GPIb-V-I1X

receptor.
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Figure 43. Alignment of DAM| and MEG-01 GP5KO alleles with the WT

allele.

CDS origin is highlighted in orange and sgRNAs are shadowed in green
and light orange on the WT allele sequence. The cutting sites for each
sgRNA are marked with red triangles. An asterisk symbol (*) indicates the
conservation of nucleotides at the same location.

1.1.4. Contribution of each subunit to the assembly
of GPIb-V-IX receptor.

The literature describes that patients with BSS have
platelets with an absent, incomplete, or dysfunctional GPIb-V-
IX receptor. However, it remains unclear how each pathogenic
variant leads to a specific receptor phenotype. For the first
time, we report the creation of various models of BSS by

knocking out each of the genes responsible for the syndrome
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Generation and characterization of megakaryoblastic Bernard-Soulier Syndrome models and

GP5-KO, studying the contribution of each subunit to the assemblage of the GPIb-V-IX receptor.

(GP1BA, GP1BB, GP9 and GP5). The availability of these
models would shed light on the assembly of the GPIb-V-I1X
receptor, contributing to a better understanding of the role of
each individual subunit in the final conformation of the receptor

and, therefore, in the different BSS phenotypes.

To determine how each subunit removal affects to whole
receptor assembly, we analyzed CD42A (GPIX), CD42B
(GPIba) and CD42C (GPIbB) expression by flow cytometry in
both MEG-01 and DAMI WT and KO cellular models (GP9,
GP1BA, GP1BB and GP5) (Figure 44 and Figure 45).
However, we were unable to determine GPV expression levels
because there are no commercial human antibodies available

for flow cytometry.
1.1.4.1. Migration dynamics in BSS disease models.

To begin, we investigated the migration dynamics of our
different BSS models (GP1BA-KO [Type Al], GP1BB-KO
[Type B], and GP9-KO [Type C]). As expected, the expression
of GPIX was not detectable in both GP9-KO cell line models
(Figure 44: A-B). However, its expression varied in the other
two KO models. While GPIX expression was completely
absent in GP1BB-KO cells (p<0.0001), it was significantly
reduced in GP1BA-KO, that decreased to around~230.0 units
vs. ~2300.0 units (of WT) in terms of MFI and 60.0% of positive
cells in MEG-01 (p<0.0001), while in DAMI cells decreased to
80.0 units vs. 876 units (of WT) and around 30% positive cells
in DAMI (p<0.0001).
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Figure 44. GPIb-V-IX expression analysis in terms of percentage and mean
fluorescence intensity (MFI) in the different knock-out cellular models.

A. Flow cytometry analysis of GPlb-V-IX expression percentage for each
subunit in MEG-01 (left) and DAMI (right) megakaryoblastic WT and KO cell
lines. B. MFI comparison of GPIX (left panel), GPIba (middle panel) and GPIbB
(right panel) subunits for MEG-O1 and DAMI WT and KO cell lines. Black:
WT, Pink: GP92KO, Fuchsia: GP7BA-KO, Blue: GP71BB-KO. Statistical
significance was assessed with ANOVA two-way plus Sidak's multiple
comparisons test (ns: non-significant, ** p < 0.01 and **** p < 0.0001).

Importantly, the migration of GPlba was completely
absent in all three KO models (GP9-KO, GP1BA-KO, and
GP1BB-KO) in both cell lines (p<0.0001) (Figure 44: A-B).

Regarding the GPIbB subunit, it was not produced in
both GP1BB-KO models, demonstrating the effectiveness of
this gene-editing tool. However, as illustrated in both panels of
the Figure 44, the GPIbf subunit was able to migrate to the
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GP5-KO, studying the contribution of each subunit to the assemblage of the GPIb-V-IX receptor.

cell membrane in GP9-KO (around 60.0 units vs 190.0 units
and 20.0% of positive cells in MEG-01 cells and ~45.0 units vs
~85.0 units and 10% of positive cells in DAMI) and in GP1BA-
KO (around 70.0 units vs 190.0 units and 50.0% of positive
cells in MEG-01 cells and ~40.0 units vs 85.0 units and 5.0%
of DAMI positive cells).

Our findings suggest that the absence of a single
component of the GPIb-V-IX complex does not always prevent
the other subunits from migrating to the cell membrane
surface, thus confirming the varied receptor phenotypes that

depend on the affected gene.

1.1.4.2. Influence of GPV to GPlba, GPIbB and GPIX

trafficking to the outer membrane.

GPV is a component of the GPIb-V-IX receptor, which is
not known to have any pathogenic variants in BSS. As a result,
we turned our focus towards studying the effect of the absence
of the GPV subunit in GPIb-V-IX assembly.

The data presented indicates that the absence of the
GPV subunit affects the transport of GPIb3 towards the cell
surface, but not GPIX or GPIba, in both DAMI and MEG-01 cell
models. In MEG-01 GP5-KO cells, the percentage of GPIbf
positive cells for reached 75%, while the analysis of MFI was
of 462.13 units out of 733.52 units in WT, that represents 63%
of GPIbB expression levels compared to WT Figure 45, A-B.
On the other hand, DAMI GP5-KO cells exhibited a 13%

expression of GPIbB, while MFI values reached 368.10 units
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out of 609.81 units of the WT, 60% of GPIb expression
compared to WT Figure 45, A-B, (p<0.0001 in all cases). In
contrast, the percentage of expression and MFI values of
GPIba and GPIX were not affected by the lack of GPV (Figure
45, A-B). These results suggest that the GPV subunit
exclusively participates in the migration of GPIbB in
megakaryoblastic cells, while its absence does not affect
GPIba nor GPIX migrations.
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Figure 45. Surface expression comparison of GPIX, GPlba, and GPIbB
subunits in MEG-O1 and DAMI WT and GP5-KO cells.

A. Percentage of cells expressing each subunit on their surface. B. Mean
fluorescence intensities (MFI) of cells expressing each subunit on their
surface. Data represent mean = SD for 3 independent experiments.
Statistical significance was assessed with ANOVA two-way plus Sidak's
multiple comparisons test (ns: non-significant and **** p < 0.0001).
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GP5-KO, studying the contribution of each subunit to the assemblage of the GPIb-V-IX receptor.

1.1.5. Evaluation of GPIb-V-IX receptor functionality

in absence of GPV.

Although there are not pathogenic variants associated
to GP5 gene in BSS, we decided to investigate GPIb-V-IX role
when GPV is absent. We wondered whether the decrease of
GPIbp expression levels induced by GPV absence could affect
the main role of the whole receptor recognizing and binding

VWEF, one of its main functions in platelets.

To evaluate it, we exposed the cells to a mixture of VWF
and ristocetin. This molecule unfolds the A1 domain of VWF,
transitioning to high-affinity binding for GPlba. As shown in
Figure 46, soluble VWF binding capacity is reduced by 28% in
GP5-KO cells compared to WT cells (p<0.01). These results
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Figure 46. Binding capacity comparison to soluble VWF between WT and
MEG-01 GP5-KO cells.

Data represent mean = SD for 3 independent experiments. Statistical
significance was assessed with two-tailed unpaired t-test to compare the
means of the two groups (** p < 0.01).
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suggest that the absence of GP5 partially reduces the GPIb-V-
IX binding capacity to VWF.

Furthermore, we also evaluated GPlba adhesion
capability to surface coated VWF. We performed VWF-coating
assays in the presence of botrocetin (Figure 47). This
molecule has been isolated from Bothrops jararaca snake
venom and, similarly to ristocetin, induces a conformational

change in VWF which promotes platelet agglutination’”.

MEG-01 WT cells, when incubated with EDTA to prevent
adhesion of llb-llla integrin to VWF, and botrocetin, were able
to successfully attach to the well surface coated with VWF.
(Figure 47, A). To demonstrate the specificity of this
interaction, GPIba-blocking antibody 6B4 was added!’®. In
Figure 47- A, left panels, we can see that both WT and GP5-
KO cells were able to recognize and bind to VWF, but WT cells
bound more effectively than GP5-KO cells due to the presence
of the GPV subunit. However, when these cells were incubated
with a GPlba-blocking antibody, they were unable to bind,
demonstrating the specificity of the GPlba-VWF interaction
(Figure 47- A, right panels).
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GP5-KO, studying the contribution of each subunit to the assemblage of the GPIb-V-IX receptor.
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Figure 47. Evaluation of GP5-KO binding capability to surface coated VWF.

A. Immunofluorescence of cells incubated with botrocetin on a VWF coating.
Merged channels of phalloidin (Red), DAPI (Blue) and eGFP (Green) can be
observed when cells adhere to VWF. The first row shows the VWF-binding
behavior of WT cells, WT cells incubated with 6B4, GPlba-blocking antibody.
The second row illustrates cells behavior when GP5-KO cells were exposed
to same conditions. B. Binding representation. The bars represent the
number of VWF-adherent cells relative to VWF-adherent WT cells. Data
represent mean + SD for 3 independent experiments. Statistical significance
was assessed with ANOVA one-way plus Tukey's multiple comparisons test
(ns: non-significant, * p < 0.05 and **** p < 0.0001).
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In Figure 47-panel B, we compared the binding
capabilities of the two cell lines and found statistically
significant differences. Specifically, GP5-KO cells were less
effective at binding to coated VWF than WT cells (with a
binding capability of 85% compared to WT). In summary, the
absence of the GPV subunit reduced the GPIb-V-1X adhesion
to coated VWF. However, despite this decrease, GP5-KO cells

still retained their binding capability.

1.1.5.1. GPIX localization in Bernard-Soulier Syndrome
models and GP5-KO models.

Following our analysis of the migration patterns of each
subunit in the absence of the others, we took a further step to
determine the location of GPIX on the cell surface in all the KO
models developed in this study. To achieve this goal, we
employed the ImageStream platform, which allowed us to
determine not only protein expression but also protein location
at the single-cell level.

Accordingly, we analyzed GPIX expression in GP5-KO
[Non-BSS phenotype], GP1BA-KO [BSS Type Al], GP1BB-
KO [BSS Type B] and GP9-KO [BSS Type C] cell models. The
results were consistent with the flow cytometry data described
earlier, demonstrating that MEG-01 WT cells displayed higher
levels of GPIX on the cell surface than DAMI WT cells (Figure
48). Additionally, GPIX expression was comparable between
WT and GP5-KO cells. Notably, we observed a significant
reduction in the transport of GPIX to the outer membrane in
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GP1BA-KO cells, with only MEG-01 cells showing detectable

levels. As expected, we could not observe GPIX in GP1BB-KO
or GP9-KO cells, which aligns with the flow cytometry data. We
also observed that CD41 was constitutively expressed on the

outer membrane, indicating that the cells maintained their

Brightfield Hoechst CD41 GPIX

WT
GP5-KO

GP1BA-KO

DAMI CELLS

GP1BB-KO

GP9-KO

Hoechst CD41 GPIX
WT

GP5-KO

GP1BA-KO [T

GP1BB-KO

MEG-01 CELLS

GP9-KO

Figure 48. Representative ImageStream images of WT, GP5-KO, GP1BA-KO,
GP1BB-KO and GP9-KO in both megakaryoblastic cell models.

DAMI (top) and MEG-O1 (bottom) cells. Channels indicate the localization
and expression levels for Hoechst (nucleic DNA, cyan), CD41 (Blue) and GPIX
(Red). The last channel corresponds to the merged channels, except for the
brightfield.
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megakaryoblast nature despite the impairment of GPIb-V-IX

complex migration (Figure 48).

Our investigation into BSS Type C highlighted the
absence of GPIX expression on the cell membrane in both
GP9-KO cell models (as it is shown in the Figure 48 and
Figure 49), resulting in a BSS-like phenotype. Consequently,
these models are an excellent choice for evaluating gene

therapy tools using LVs.

MEG-01 DAMI
WT GP9-KO WT  GP9-KO
. ] i ]
_W"Wm 1 ';'I"'; LU R L | _' T T ¥ T T —l RLLL AL AL AL
GPIX —» GPIX

Figure 49. Absence of GPIX expression in GP9-KO cellular models.

Representative flow cytometry dot plots for GPIX expression of DAMI (top
panel) and MEG-O1 (bottom panel) WT and GP9-KO cells.
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1.2.  Generation and validation of Bernard-Soulier
Syndrome Type C model in induced Pluripotent Stem
Cells.

The constitutive expression of the GPIb-V-1X receptor in
megakaryoblastic cells makes them a valuable tool for
studying receptor biology. By creating genetic KOs, we have
been able to replicate the behavior of specific mutations that
affect the GPIb-V-1X receptor and simulate the characteristics
of BSS. Although GP9-KO megakaryoblastic cells are a useful
model for testing the efficacy of our gene therapy tools, which
seek to restore GPIX expression and the entire receptor
assembly, nevertheless, these models does not reproduce the

origin of the disease.

Through a differentiation process, hematopoietic stem
cells are the source of abnormal MKs and platelets, so treating
them directly is essential. The reduced number of patients and
the nature of the disease made it impossible to obtain bone
marrow samples from which to isolate HSCs with experimental
purposes. For this reason, to develop a curative and long-
lasting treatment for BSS Type C, it was crucial to use an
alternative model that reflects our target cells - the

hematopoietic stem cells.

Page229

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



RESULTS.
Objective 1: Investigate the assembly of GPIb-V-IX through CRISPR-Cas9 knockout generation
and disease modeling: Exploring the roles of GP1BA, GP1BB, GP9 and GP5.

Page23o

1.2.1. Evaluation of the effectiveness of human
induced pluripotent stem cells as a tool for

generating megakaryocytes and platelets.

As previously mentioned, human PSCs can differentiate
from the pluripotent stage into any desired cellular type,
including HSCs. In our case, we are interested in studying the
manufacturing of MKs and platelets from the HSCs stage.
Therefore, this cellular model can accurately mimic the entire
biogenesis process, including all the epigenetic and gene-
expression modifications that occur during maturation. As
such, it provides a more realistic tool for studying the
production of aberrant MKs and platelets, as well as the

functionality of our gene-therapy tools throughout this process.

Several laboratories around the world have developed
different in vitro megakaryocytic differentiation protocols where
early mesodermal precursors, CD34* HSC, intermediate MK
erythroid progenitors (MEP) (CD34*/CD41*), megakaryoblasts
and fully mature MKs (CD41*/CD42") are obtained from PSCs

(as seen in the schematic view of the Figure 50)64179-181
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Figure 50. Schematic view of megakaryocytic differentiation process from
Hematopoietic Stem Cells.

PSCs: Pluripotent Stem Cells; HSCs: hematopoietic stem Cells; MEP:
megakaryocyte erythroid progenitor; MK: megakaryocyte.

In our case, the megakaryocytic differentiation of iPSCs
was performed according to the protocol described by Moreau
et al. 184, where pluripotent cells were differentiated towards
megakaryocytic lineage by lentiviral overexpression of three
essential transcription factors: GATAL, FLI1, and TALL. The
differentiation process was monitored by analyzing several
differentiation markers during the 21-day period (Figure 51, A-
B).

Throughout the differentiation process, the cells
underwent dramatic morphological changes, beginning with
adherent iPSCs that retained their pluripotent morphology from
day O to day 2, and progressing to a typical mesodermal
morphology from day 2 to day 7. Adherent mesodermal cells
then released small suspension cells into the supernatant
(CD34* HSCs), which increased in number and grew to form

grape-like cell clusters from day 9 onwards. In our hands,
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CD34* HSC population increased from day 9 (65%) to day 15
(95%) and started to decrease as the culture aged. CD41* cells
emerged at day 9, firstly like CD34*/CD41* MEPs, that matured
into megakaryoblast and mature MKs (CD41*/GPIX*) over

Page232
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Figure 51. Morphological and phenotypical changes over the differentiation
from induced pluripotent stem cells.

A. Morphological changes that cells suffer throughout 21 days /in vitro
differentiation: pluripotent morphology (DO), early mesoderm (D2), mature
mesoderm (D7), primary hematopoietic stem cells (D9), megakaryocytic
progenitors (D15) and mature megakaryocytes (D21). B. Flow cytometry
analysis of CD34, CD41 and GPIX expression for 28 days differentiation
from iPSCs WT.
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time, reaching peak levels from day 21 onwards (Figure 51, A-
B). The culture could be maintained producing mature MKs

and platelets for 2-3 weeks.

This iPSC model was capable of efficiently generating
mature MKs and platelets, closely mimicking the differentiation

process that hematopoietic stem cells undergo.

1.2.2. Creation and isolation of a Type C Bernard-
Soulier Syndrome based on induced pluripotent

stem cells technology.

Our next step was to create a disease model for BSS
type C and assess whether it could replicate the main features
of this disease: Impaired GPIX expression and giant platelets.

For this purpose, we used the CRISPR/Cas9 technology
previously described. The scheme of work is illustrated in
Figure 52-A. We introduced a CRISPR-Cas9 expressing
vector, along with sgRNAs for GP9, into iPSCs WT by
nucleofection. 48 hours later, we sorted eGFP* iPSCs and
cultured them in reduced cell number pools (~100 cells/pool),
maintaining one with an elevated number of cells (10.000
cells), so we could estimate the efficacy of our enrichment
strategy. The difficulty in this case lies in the fact that iPSCs

do not express GPIX at the undifferentiated stage.

gDNA was isolated from the different pools and the GP9
locus was amplified by PCR and sequenced to identify the pool

with the highest frequency of KO alleles (Figure 52-B). From
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a total of 14 pools of enriched eGFP* cells [EP (Enrichment
Pool) 1-14], the highest KO frequency was 62%, being highly
superior to the general pool [GP (General Pool, 4%]. Then, we
performed single cell cloning on this very enriched pool and

isolated several clones.
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Figure 52. GP9-knockout generation and isolation from induced pluripotent
stem cells.

A. Schematic view of the followed chronologic workflow to generate and
isolate a GP9-KO clone in iPSCs. B. Experimental data where it is indicated
the GP9-KO enrichment percentage that belongs to each gene-edited pool.
Every column corresponds to an estimated KO percentage obtained by a
bioinformatic analysis from GP9individual pool sanger sequencing files. GP:
General Pool; EP: Enrichment Pool.
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1.2.3. Characterization of the iPSC-Bernard-Soulier

Syndrome Type C disease model.

To identify the GP9-KO clone, we performed GP9
sanger sequencing on several clones, identifying those with
frameshift mutations. We selected a GP9-KO case resulting
from a compound heterozygous mutation affecting to the
CRISPR-Cas9 cutting area. To determine single allele
sequences, we used pGEM-T methodology (pGEM®-T
technique to determine allelic sequences for compound
heterozygous mutations.), which allowed us to verify single
allele sequences and predict its final amino acid translation
(Figure 53, panel A), resulting in the generation of a
premature stop codon for both alleles. In detail:

-Allele 1 has two different mutations: A substitution of
adenine (A) with cytosine (C) at position 191, replacing
glutamine (GIn) with proline (Pro) at position 64 out of 206. A
microdeletion of the sequence between positions 192 and 195,
that results in a missense mutation that replaces serine (Ser)
with cysteine (Cys) at position 65 out of 177 and introduce a
frameshift mutation that creates a premature stop codon 17

amino acids downstream.

-Allele 2 carries a microdeletion of the sequence
between positions 188 and 200, that results in a missense
mutation that replaces leucine (Leu) with proline (Pro) at
position 63 out of 177 and introduce a frameshift mutation that

creates a premature stop codon 16 amino acids downstream.
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From the original 177 amino acids full-length GPIX
protein, we generated gene-edited alleles that codified for 66
and 80 amino acid-interrupted GPIX proteins, where the

leucine-rich region associated with the extracellular domain

A

Wild Type TCTGCTGGCCAACAACAGCCTTCAGTCCGTGCCCCCGGGAGCCTCTGACCACCTGCCCCA
Allele 1 TCTGCTGGCCAACAACAGCCTTCC----GTGCCCCCGGGAGCCTTTGACCACCTGCCCCA
Allele 2 TCTGCTGGCCAACAACAGCCTTCC- - - -GTGCCCCCGGGAGCCTTTGACCACCTGCCCCA

Allele 3 TCTGCTGGCCAACAACAGCC-------------- CCCGGAGCCTTTGACCACCTGCCCCA

Allele 4  TCTGCTGGCCAACAACAGCC-------------- CCCGGAGCCTTTGACCACCTGCCCCA

Allele 5 TCTGCTGGCCAACAACAGCC-------------- CCCGGAGCCTTTGACCACCTGCCCCA

Allele 6  TCTGCTGGCCAACAACAGCC-------------- CCCGGAGCCTTTGACCACCTGCCCCA

Allele 7 TCTGCTGGCCAACAACAGCC-------------- CCCGGAGCCTTTGACCACCTGCCCCA

Allele 8  TCTGCTGGCCAACAACAGCC-------------- CCCGGAGCCTTTGACCACCTGCCCCA
B P I B EE E RS R P S S R R
WT GPIX subunit

MPAWGALFLLWATAEATKDCPSPCTCRALETMGLWY DCRGHGLTALP
SP ED TD CD ALPARTRHLLLANNSLOSVEE

. . , . .+ | YIRTMTEDRTPRAT TQVRCASPSTAANCPT.ORT TGYOT.CSCOHOT.OA
SWVRPGYLWDVALYAVAALGLALLAGLLCATTEALD*

FDHLEQLOTLDVTONPWHCDCSLT

Leucine Rich  Cysteine Rich
177 AA

CRISPR-Cas9 edited GP9 alleles: Predicted GPIX subunits

MPAWGALFLLWATAEATKDCPSPCTCRALETMGLWVDCRGH
GLTALPALPARTRHLLLANNSPRSL*

Leucine Rich 66 AA

MPAWGALFLLWATARATKDCPSPCTCRALETMGLWVDCRGII
GLTALPALPARTRHLLIANNS LPCPREPLTTCPSCRPSM*

Leucine Rich 80 AA

Figure 53. iPSCs GPZ-KO clone characterization.

A. Local alignment (ClustalW) of GP9 WT allele versus CRISPR-Cas9
heterozygous derived alleles. * means nucleotide conservation; - means
nucleotide disruption. B. Comparison of GPIX-WT protein and in silico
predicted proteins translated from each single edited allele. Protein length
and structure is indicated (SP-signal peptide; ED-extracellular domain; TD-
transmembrane domain; CD- cytosolic domain). * means stop codon. Non-
conserved protein structure and amino acid sequences are highlighted in
red.
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was disrupted. Therefore, we predicted the generation of a KO

in silico (Figure 53, panel B).

1.2.4. Functional validation of the Bernard-Soulier

Syndrome Type C disease model.

After this in silico prediction, we had to confirm this
phenotype in vitro. iPSCs were differentiated into MKs and
platelets and analyzed by flow cytometry, demonstrating the
lack of GPIX after 21 and 36 days for MKs (Figure 54, panel
A) and platelets (Figure 55, panel A), respectively. GPIX*
populations were ~90% for WT and totally absent for GP9-KO
iPSC derivatives (Figure 54 & Figure 55, B panels).

A All ok C R1: 7AAD R2: CD34 R2: CD41 R2: GPIX
ol e
g =
O 3
®) Rl = 2 s i
% All events: FS; R1: 7AAD y R2: CD34 R2: GPIX
o , 7 e
o ¥
o o
7A00 c:)u" S cnu
B Figure 54. iPSC differentiation towards mature
100 kA megakaryocytes.
— 80 A. Representative flow cytometry dotplots of
&,\i 60 WT and GP9-KO mature megakaryocytes,
(00] + 0 where it is represented Forward Scatter (FSC),
m b2 7AAD (viability staining), CD34 (HSCs marker),
(\qj o 20 CD41 (megakaryocytic marker) and GPIX
ap o 0 expression. B. Quantitative representation of
a Wk GPIX* cells.
)
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— .
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~ 60 of WT and GP9-KO mature platelets, where
;< 40- it is represented Forward Scatter (FSC),
8 20 CD41 (megakaryocytic marker) and GPIX
o expression. B. Quantitative representation
0- of GPIX* platelets.
R ~O
o

Stem Cells.

One of the most typical signs of BSS is

macrothrombocytopenia, which refers to a low platelet count

but with large platelet size. We then analyzed platelets

phenotype using ImageStream. This technique allowed us to

capture an image of each individual event, so we were able to

observe not only the fluorescence signal but also the platelet

size.
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WT Human
platelets

GP9-KO

The platelets generated from in vitro cultured IPSCs
were slightly smaller than human platelets, but they co-
expressed mature surface platelet markers, CD41 and GPIX
(Figure 56). Interestingly, platelets generated from GP9-KO
cells exhibited a larger size and the absence of GPIX,
confirming the BSS phenotype and demonstrating the potential
of iPSCs as a disease model to replicate the biological origin
of BSS from HSCs. The creation of this disease model would
allow us to evaluate how the expression of our lentiviral

construct is affected throughout a differentiation process.

Brightfield

Figure 56. Representative ImageStream images of human platelets and
platelets generated from iPSCs.

Platelets derived from WT and GP9-KO models showing their size, CD41
(Blue) and GPIX (Red) surface expression in each case and merged channel.
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2. Objective 2: Design and development of reporter and
therapeutic GPIX-lentiviral vectors able to rescue GPIX
expression and complex functionality in

megakaryoblastic KO models.

LVs are powerful tools for expressing an exogenous
gene into the genome of a host cell. They are one of the most
successful therapies among gene therapy treatments and are
perfect candidates to treat different HSCs malignancies!'®. The
aim of this study is to develop a curative treatment for BSS type
C. According to its monogenic cause and GP9 DNA length, this
disease is a perfect candidate for LV-gene therapy curative

treatment.

Consequently, our first aim was to develop LVs that
correct GPIX deficiency by the overexpression of WT human
GP9. In addition, restricting its expression to the
megakaryocytic lineage was a prerequisite in order to
approach our strategy to the clinical practice. For this reason,
we studied the behavior of 3 different well-characterized MK-
specific promoters: mPf4, hGP6 and hGP9'82,
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2.1. Design and development of GPIX lentiviral

vectors.

2.1.1. Selection of a tissue-specific promoter for

megakaryocytic gene expression.

To determine which tissue-specific promoters were
most effective for our gene therapy strategy, we investigated
the expression of eGFP in megakaryoblastic cellular model
DAMI. Cells were transduced with pRRL-lentiviral vectors
carrying these different promoters and found that eGFP
expression under the hGP9 promoter was the least functional,
reaching low MFI levels (Figure 57; A-B). However, MFI levels
were similar between the mPf4 and hGP6 promoters, with a
much higher percentage of transduced cells under the hGP6
promoter. Due to its human origin, smaller size, and higher
percentage of transduced cells, we selected the hGP6
promoter as our preferred promoter for the development of
GPIX gene therapy tools.
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Figure 57. Comparison of megakaryocytic promoters.

A. Representative flow cytometry dot plot comparison of DAMI cells
transduced with different LVs. Each LV express eGFP under the regulation
of three different megakaryocytic (mPF4, hGP6 and hGP9). Right dotplots
indicate the percentage (%) of eGFP positive cells and left dotplots indicate
Mean Fluorescence Intensities (MFI) of eGFP signal. B. % of positive cells
vs. MFI representation of these three different promoters.
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2.1.2. Generation of the therapeutic cassette
hGP6(p)-GP9.

Therefore, we designed a therapeutic cassette
consisting of hGP6L(p) followed by the complete WT CDS of
human GP9 (hGP9). Modified primers containing compatible
RE sites were used to amplify both hGP6L(p) and hGP9
sequences, as described in “Primer design and PCR
reaction.”. After RE digestion of the amplified sequences to
create compatible ends and subsequent ligation, we performed
a new PCR amplification of the fully ligated product. This new
transgene was then cloned into an intermediate vector,
increasing the number of RE sites flanking our transgene and
facilitating the cloning process.

Figure 58. Colony analysis
MVII ND D ND D ND D of intermediate vectors.

Agarose gel with non-

- . . e
= - %0 gy "0 o digested (ND) and digested

(D) plasmid harboring
M4 El 1450 hGPEp)-GP9 transgene of

(p)GP6-GP9 transgene

1450bp length. MVIIl (DNA
molecular weight marker
V).

The product resulting from the digestion of the plasmid
with transgene-flanking enzymes revealed that it had an
approximate length of 1450 bp, which was the sum of both
individual sequences (hGP6(p) and hGP9) (Figure 58). Then,
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to confirm this result, the construct was validated by Sanger

sequencing.

2.1.3. Development and construction of diverse
designs for therapeutic and reporter vectors.

Looking into our final LV gene-therapy constructs, we
designed two distinct LVs that we would employ with different
purposes. On one hand, we created a Reporter Vector (R-
GPIX), with final purpose of achieving a co-expression of eGFP
together with GPIX, so we could evaluate how effective was
the transduction according to eGFP levels. On the other hand,
and with a clinical purpose, we designed a therapeutic vector
(T-GPIX) that would correct GPIX deficiency without any

reporter protein, something necessary for the clinical practice.

To create the R-GPIX vector, we used the SE-IS2-GFP*
LV as backbone 176. As mentioned above, this LV harbors a
SFFV(p)-eGFP cassette. In this case, we could check the cell
transduction in megakaryocytic and non-megakaryocytic
lineages due to its SFFV constitutive promoter. For the T-GPIX
vector, the SFFV-eGFP cassette was removed from the R-
GPIX. In both cases, our LV backbones included an insulator
sequence (SAR2-HS 650) that prevents epigenetic silencing
after genomic integration'’. As shown in Figure 59, we used
these backbones (Reporter Empty Vector harboring SFFV(p)-
eGFP cassette (R-EV) and a Therapeutic Empty Vector (T-
EV), respectively) as negative controls.
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Reporter Empty Vector (R-EV)
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Therapeutic Empty Vector (T-EV)

Reporter Vector (R-GPIX)

R-GPIX-I

R-GPIX-II
R-GPIX-IIl
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R-GPIX-IV
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Therapeutic Vector (T-GPIX)
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oy
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Figure 59. Schematic view of all lentiviral vector designs.

Left panel illustrates on the top the reporter empty vector (R-EV) , and all
the designs based on the co-expression of GPIX and eGFP (R-GPIX),
alternating the position and orientation of the therapeutic cassette (h GP6-
GP9) respect the reporter cassette (SFFV-eGFP). Right panel shows the
therapeutic empty vector (T-EV) and all the possible combinations based
on the orientation of the therapeutic cassette. LTR: Long Terminal Repeat;
SFFV: Spleen Forming Focus Virus; IS2: Insulator 2; eGFP: enhanced Green

Fluorescent Protein; pA: polyA tail.

Several LV vectors were developed using these two

backbones (R-EV and T-EV). Our objective was to assess the

best GPIX expression in different designs based on the

orientation and relative position of the therapeutic cassette in

relation to the reporter cassette for R-GPIX (Figure 59-Left).

In the case of the T-GPIX we designed both possible

orientations of the cassette. Additionally, we also incorporated

a polyA tail in the 3’-5’ orientation to enhance its translation to

protein. We avoided including this sequence in the 5-3’

orientation since the LTR already contains a polyA tail, and
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adding an additional one would disrupt its function (Figure 59-
Right).

Then, we performed confirmation digestions using Pvul
and Ncol REs (refer to Figure 60). These enzymes were
chosen for their ability to generate different cuts within and
outside of the therapeutic cassette. Depending on the location
and orientation of the cassette with respect to the reporter
cassette, different digestion patterns were observed,
confirming each construction. The resulting digestion patterns
confirmed the successful cloning, and we subsequently carried
out Sanger sequencing and LV production for each construct.

R-GPIX T-GPIX

N N

N N\
o+ Nt \x
QQ ,O? ,‘,OQ\

< <

N N
& é’d‘ o?\+
& [ Q:

5163 4706
5526 — ... A606

2870 3427
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1882 1671

1489
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Figure 60. Digestion patterns of built LVs.

Agarose gels showing the resulting bands released from the confirmation
digestions for each possible design, R-GPIX (left gel) and T-GPIX (right gel),
using the Pvu/and Ncol restriction enzymes.
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2.1.4. Functional evaluation of the different
lentiviral vector designs in a GP9-KO

megakaryoblastic model.

We assessed the efficacy of GPIX recovery for each R-
GPIX and T-GPIX construct by using DAMI GP9-KO cells,
which lack GPIX expression. Megakaryocytic background of
the cells allowed functional LVs to restore GPIX expression.
Additionally, reporter vectors should co-express eGFP,
demonstrating their suitability for co-expressing both proteins

and enabling transduction tracking via eGFP.

Figure 61 illustrates the expression patterns for each
construct. For R-GPIX, with same LV titer, all of our constructs
expressed eGFP to a high percentage, but the MFI was higher
in cases where the therapeutic cassette preceded the reporter
cassette. Interestingly, we observed a clear position effect on
GPIX expression. When the therapeutic cassette preceded the
reporter cassette, GPIX expression was observable, but it was
not detectable when the order was reversed. Furthermore, we
noted that the orientation of the therapeutic cassette affected
GPIX expression. When the cassette was in the positive
strand, expression was lower, whereas when it was in the
antisense orientation, GPIX expression was clearly superior
(17.50% vs. 64.83%).
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Reporter Vector designs

R-GPIX-I R-GPIX-Il

4 )

L0y 64839 m Reporter
Cassette

Therapeutic
u Cassette

Therapeutic Vector designs

T-GPIX-l T-GPIX-I T-GPIX-1II
T-EV —) e 4

GPIX expression

eGFP expression

Figure 61. Analysis of the different lentiviral constructs by flow cytometry.
Representative flow cytometry dot plots whose belongs to DAMI WT, GP9-

KO and GP9-KO cells transduced with all the designed lentiviral vectors.
Top panel shows R-EV and the four R-GPIX designs. Bottom panel shows
T-EV and the three-design tested. Flow cytometry dot plots show double
positive populations for GPIX (Y-axis) and eGFP (X-axis).

For T-GPIX constructs, as expected, eGFP expression
was not detectable. We observed different percentages of
GPIX expression depending on the orientation of the
therapeutic cassette (18.00% vs. 5.52% for positive and
negative strands, respectively). However, to improve GPIX
expression in our therapeutic design, we incorporated a poly-
A tail sequence in the antisense orientation (T-GPIX-Il), and

we observed a clear improvement in GPIX expression,
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achieving levels similar to those of the best R-GPIX LV (R-
GPIX-II).
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Based on these data, we selected the lentiviral designs
summarized in Figure 62, which produced the most effective
GPIX expression when the therapeutic cassette was in the
antisense orientation for both T-GPIX and R-GPIX constructs.
In the case of R-GPIX LVs, the therapeutic cassette was more
effective when positioned before the reporter cassette. In the
case of our T-GPIX design, the incorporation of a polyA tail
sequence improved GPIX expression. We continued our

research with these sets of vectors.

Reporter Empty Vector (R-EV) Therapeutic Empty Vector (T-EV)
Reporter Vector (R-GPIX) Therapeutic Vector (T-GPIX)

Figure 62. Schematic representation of selected lentiviral vectors.

The Reporter Empty Vector (R-EV), the Therapeutic Empty Vector (T-EV), and
the chosen lentiviral vectors that can express GPIX therapeutically (T-GPIX;
Therapeutic Vector) or co-express it with eGFP (R-GPIX; Reporter Vector).
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2.1.5. Functional evaluation of selected designs in
cell lines with non-megakaryoblastic

background.

The next phase of our research involved investigating
the specificity of LVs in various human cell lines that were not
of megakaryocytic origin. We transduced 293-T (embryonic
kidney cells), THP-1 (monocytic origin), and Jurkat
(lymphocytic origin) cell lines with our four LV vectors (Figure
63 for the Reporter LV and Figure 64 for the Therapeutic LV).

We analyzed eGFP and GPIX expression in these cells
using flow cytometry over a period of 28 days. As expected,
eGFP expression was detected in all three cell lines
transduced with R-EV or R-GPIX vectors due to the
constitutive SFFV(p)-eGFP regulation, and it remained stable
throughout the period of analysis. However, we observed no
expression of GPIX on the cell membrane after transduction
with R-GPIX or T-GPIX. This indicates that the synthesis,
transport, and location of GPIX on the plasma membrane
require recognition of the megakaryocytic-specific promoter
hGP6L and/or the presence of the remaining subunits of the
GPIb-V-IX complex.
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Figure 63. Analysis of tissue specific expression of GPIX after R-GPIX LVs

transduction.

Evaluation of eGFP constitutive expression and GPIX tissue specific

expression in four cell lines from different lineages transduced with R-EV

and R-GPIX and compared with DAMI WT cells (pink). Cell lines analyzed:

Jurkat (lymphocytic lineage), THP-1 (monocytic lineage) and 293-T cells

(embryonic kidney).
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GPIX expression: Therapeutic Vector
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Figure 64. Analysis of tissue specific expression of GPIX after T-GPIX LV
transduction.

Evaluation of GPIX tissue specific expression in four cell lines from different
lineages transduced with T-EV and T-GPIX LVs and compared to DAMI WT
cells (pink). Cell lines analyzed: Jurkat (lymphocytic lineage), THP-1
(monocytic lineage) and 293-T cells (embryonic kidney).
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2.2. Genetic rescue of GP9-KO cellular models by

GPIX-lentiviral transduction.

The development and identification of our GPIX-
expressing LVs led us to test their functionality in GP9-KO
disease models generated in the previous research objectives.
Specifically, we assessed their ability to rescue GPIX
expression in DAMI GP9-KO and MEG-01 GP9-KO cells,
which are two different types of megakaryoblastic cell lines.
The genetic correction of GPIX expression in both cellular
models would confirm the suitability of our gene therapy tools
for reversing GPIX expression in a megakaryoblastic

background.

Moreover, if exogenous GPIX expression was achieved,
we could confirm whether it can assemble with other
components of the GPIb-V-IX receptor, and determine whether
VWEF-binding capability is regained, thus correcting the
receptor functionality in vitro. This would represent a major
step towards developing an effective gene therapy for BSS

type C.

In addition, we have developed an iPSC-based disease
model that accurately reproduces main BSS characteristics.
Using our GPIX LVs to correct the GP9-KO mutation in this
model would provide further evidence of the LVs suitability for

reversing the disease characteristics, including the large size
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and GPIX location, and ultimately addressing the underlying

biology of the disease.

2.2.1. Analysis of GPIX expression in WT, GP9-KO
and GP9-KO megakaryoblastic transduced cells.

2.2.1.1. Evaluation of GPIX stability over one month

period post-transduction in DAMI GP9-KO cells.

As demonstrated, we utilized DAMI GP9-KO as a
cellular tool to screen LVs expressing GPIX. However, we
proceeded to analyze the genetic stability of GPIX expression
over 28 days for all four LVs (Figure 65). Throughout the
analysis (day 7 to day 28), we observed a relatively high and
stable transduction of the reporter vectors, with approximately
~80% eGFP of positive cells and 750 units of MFI in both R-
EV and R-GPIX (Figure 65, panel A).

Predictably, only R-GPIX successfully restored GPIX
expression, reaching ~50% and ~170 units on day 7, and
demonstrating a progressive increase in GPIX expression over
time (~75% of positive cells and 830 units on day 28) (Figure
65, A). Likewise, the T-GPIX vector gradually restored GPIX
expression, increasing from 40% to 52%, and finally to 73%
(p<0.05) over time, with their correspondent MFI values of 130,
180 and 600 MFI units, respectively. In contrast, the T-EV did
not recover GPIX expression (Figure 65, B). Furthermore,
neither T-EV nor T-GPIX expressed eGFP.
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Figure 65. Evaluation of eGFP and GPIX expression and stability over 28

days.

A. Percentages of eGFP (Green bars) and GPIX (Red bars) positive cells and

MFI values for DAMI

GP9-KO transduced with R-EV and R-GPIX. B.

Percentages of GPIX positive cells and MFI values for DAMI GP9-KO
transduced with T-EV and T-GPIX. ns: non-significant; * p<0.05; *p<0.01;

**p<0.001.
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2.2.1.2. Endpoint GPIX expression analysis in MEG-01
GP9-KO cells.

We also evaluated the effects of LVs in MEG-01 GP9-
KO cells, as shown in Figure 66. After 28 days of analysis, we
observed a high transduction efficiency (98% eGFP
expression) for both R-GPIX and R-EV constructs.
Interestingly, the MFI ratio value was higher for R-GPIX than
R-EV, with values of 1.2 and 1.0, respectively (Figure 66, A).
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Figure 66. Evaluation of eGFP and GPIX expression levels in MEG-01 WT,
GP9-KO and GP9-KO transduced with R-EV, R-GPIX, T-EV and T-GPIX.at day
28 post transduction.

A. Percentages (%) of eGFP (Green bars) positive cells and MFI ratio respect
R-EV levels. B. Percentages (%) of GPIX (Red bars) positive cells and MFI
ratio values respect MEG-WT. ns: non-significant; * p<0.05; **p<0.01;
***p<0.001; *** p<0.0001.
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Moreover, we found that the GPIX expression rate was
excellent in both R-GPIX and T-GPIX vectors, achieving about
98%. We calculated the ratios relativized to WT and obtained
values of 0.75 and 0.55, respectively, demonstrating the
effectiveness of these LVs. However, as expected, both R-EV
and T-EV constructs did not recover GPIX expression, as

shown in Figure 66, B.

2.2.1.3. Analysis of GPIba externalization in the presence
of exogenous GPIX: Reassembly of GPIb-V-IX.

Then, we investigated whether genetic rescue of GPIX
in these BSS models restored the externalization of GPlba,
which contains the VWF domain, responsible for the receptor's
binding capacity. Figure 67 depicts GPIX (left) and GPlba
(right) protein levels for MEG-01 WT, GP9-KO and GP9-KO
transduced with each LV. When GP9-KO cells were
transduced with R-EV or T-EV, GPIX nor GPlba could not be
detected. However, when the BSS model was transduced with
R-GPIX or T-GPIX, exogenous GPIX is expressed, and,
consequently, GPIba was restored to the surface, indicating
that exogenous GPIX assembled with the other components of
the receptor, and the full complex was repositioned on the

surface, recovering its natural conformation.
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Figure 67. Overlapped histograms showing GPIX and GPlba levels for MEG-
01 WT, GP9KO and GP9KO transduced cells with R-EV, R-GPIX, T-EV and
T-GPIX.

2.2.1.4. Determination of genetically rescued GPIX

subunit localization in the plasma membrane.

Finally, we evaluated the expression and localization of
GPIX in both GP9-KO cell models following lentiviral
transduction using the ImageStream platform (Figure 68; A-
B). DAMI and MEG-01 GP9-KO cells transduced with R-EV
and R-GPIX constructs displayed a homogenous nuclear and
cytosolic expression of eGFP. However, only the cells
transduced with R-GPIX restored GPIX expression, which was
localized in the plasmatic membrane like in DAMI and MEG-01
WT cells. Similarly, when DAMI and MEG-01 GP9-KO cells

were transduced with T-GPIX, they regained the natural

Page259
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Figure 68. Lentiviral vectors restore GPIX expression in plasma
membrane.

Representative single-cell images taken by ImageStream of WT, GP9-KO
and GP9KO cells transduced with R-EV, R-GPIX, T-EV and T-GPIX for
DAMI (A) and MEG-O1 (B). Channels indicate the localization and
expression levels for Hoechst (nucleic DNA, cyan), eGFP (Green) and GPIX
(Red). The last channel corresponds to the merged channels, except for
the brightfield.

Taken together, our results demonstrate that our
lentiviral constructs are tissue-specific, allowing GPIX
expression in the megakaryocytic lineage. Furthermore, these
gene therapy tools successfully restored the localization and
WT expression levels of GPIX in GP9-KO megakaryoblastic
BSS cellular models.
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2.3. Analysis of GPIb-V-IX complex functionality in
WT, GP9-KO and GP9-KO megakaryoblastic

transduced cells.

As described before, it is well characterized that one of
the most important GPIb-V-IX functions lies in its ability to bind
VWF. GPIlba harbors an extracellular VWF-binding domain
and is the responsible subunit to stablish the GPIb-V-IX/VWF
interaction. The absence of GPIbp or GPIX subunits lead to
GPIlba disappearance from cell surface in DAMI and MEG-01
KO-models reproducing BSS phenotype.

In the previous subobjective “2.2. Genetic rescue of
GP9-KO cellular models by GPIX-lentiviral transduction.”,
we demonstrated the significant impact of our LVs in rescuing
GPIX expression in megakaryoblastic GP9-KO models.
However, to provide conclusive evidence that this genetic
rescue not only restores subunit expression, localization and
proper assemblage with other components of the complex, it is
essential to investigate whether the full receptor regains its
functionality. For this reason, it is necessary to verify that our
rescued GPIb-V-IX complex can recognize VWF in the same
way than the original WT complex, so we would be recovering

its natural functionality as well.
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2.3.1. Comparison of GPlba surface protein levels
between MEG-01 and DAMI cells.

To assess the role of the GPIba subunit in recognizing
VWEF, we analyzed GPlba expression levels and localization in
WT and GP9-KO cells using flow cytometry and ImageStream
(Figure 69 and Figure 70). Thus, we compared the MFI and
cell percentage of GPIba in DAMI and MEG-01 cellular models
(Figure 69). Notably, MEG-01 WT cells displayed the highest
MFI and percentage values via conventional flow cytometry, as
well as a clear distribution of GPIba in the plasma membrane
by ImageStream compared to DAMI WT cells (Figure 70). In
contrast, both GP9-KO BSS cellular models lacked GPlba
expression on their cell surface. Thus, due to the higher
expression levels of GPlba in MEG-01 cells, we considered

them to be the optimal model for testing VWF binding capacity.

100+
80 -~ MEG-01 WT

60 -—]— DAMI WT
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Figure 69. GPlIba subunit expression levels in DAMI vs. MEG-O1.

Comparison of the percentage of positive cells vs. Mean Fluorescence
Intensity (MFI) for GPIba subunit expression in MEG-O1 and DAMI WT and
GP9-KO models.
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Figure 70. GPlba subunit expression and localization in DAMI vs. MEG-
o1.

Representative ImageStream images for DAMI and MEG-O1 individual
cells indicating Hoechst (Cyan), CD41 (Blue) and GPlba (Pink) expression
levels. The last channel corresponds to the merge of the other channels,
except for the briahtfield.
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2.3.2. Evaluation of genetically rescued GPIb-V-IX

receptor functionality

2.3.2.1. Analysis of genetically

receptor binding capacity to soluble von Willebrand factor.

Next, we evaluated cellular binding capacity to VWF by
flow cytometry (Figure 71). We demonstrated that while MEG-
01 WT cells bound VWEF efficiently, we could not detect VWF
binding for MEG-01 GP9-KO cells. Remarkably, MEG-01 GP9-
KO cells transduced with LVs expressing GPIX (R-GPIX and
T-GPIX) recovered their VWF binding capacity (p<0.0001),
reaching similar levels than MEG-01 WT cells. In contrast,
MEG-01 GP9-KO cells transduced with their empty vectors

counterparts were not able to bind to VWF (Figure 71).
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These results indicates that exogenous GPIX

constitutes functional GPIb-V-1X complexes capable to interact

with VWF molecules in vitro.

Figure 71. Flow cytometry VWF
binding analysis.

Relative frequency of VWF* cells in
WT, GP9-KO cells and GP9-KO
cells transduced with R-EV, R-GPIX,
T-EV and T-GPIX. Percentages were
acquired by flow cytometry and
relativized to WT percentage. ns:
non-significant; ***p<0.001; ****
p<0.0001.

rescued GPIb-V-IX
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2.3.2.2. Evaluation of ristocetin induced agglutination for

genetically rescued GPIb-V-IX receptor.

Since ristocetin induces platelets agglutination in the
presence of VWF via GPlba®, we aimed to test whether
megakaryocytic cells expressing GPIb-V-IX complex exposed
to ristocetin and VWF could agglutinate by bridging GPlba-
VWF-GPIlba Figure 72, A). However, due to the large size of
the cells, the traditional RIPA assay does not work and

therefore an adapted assay was developed.

Here, cells were incubated with ristocetin and VWF for 2
minutes under stirring conditions, followed by sedimentation
under static conditions. We could observe a clear difference in
the sedimentation curve between MEG-01 WT and GP9-KO
cells using a light transmission aggregometer (Figure 72, B,
left panel). MEG-01 WT cells sedimented faster due to the
rapid formation of agglutinates, while MEG-01 GP9-KO cells
showed higher transmittance percentage (less sedimentation
rate) from minute 6 to the end of the analysis (15 minutes).
Importantly, MEG-01 GP9-KO rescued with GPIX expressing
LVs (R-GPIX and T-GPIX) showed similar or even higher
agglutination properties than MEG-01 WT cells. End-point data
for each lentiviral transduction is shown in Figure 72, B, right
panel. Comparison of reporter vectors, R-EV vs R-GPIX, (80%
vs. 60% transmittance, respectively), demonstrated a higher
sedimentation rate after the genetic rescue. Similarly, MEG-01
GP9-KO transduced with the therapeutic vector (T-GPIX),
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transduced cells.
achieved percentages of transmittance identical to MEG-01
WT cells.
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Figure 72. Ristocetin induced agglutination.

A. Example of a 100X image of WT and GP9-KO cells previously incubated
with a VWF-Ristocetin mixture over a 15-minute period. B. Associated
sedimentation curves showed as differential sedimentation rate (AS). End
point data were transferred to right panel, where we indicated the
differences for each pair: WT vs. GP9-KO; R-EV vs. R-GPIX and T-EV vs. T-
GPIX. *p<0.01; *** p<0.0001.
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Analysis of adhesion capability in presence of botrocetin
for genetically rescued GPIb-V-IX receptor.

Then we investigated the adhesion capability to surface
coated VWF using botrocetin as a promoter of the GPlba-VWF
interaction (previously described in Results CHAPTER
IV1.3.3.2). MEG-01 WT cells incubated with EDTA and a
mixture of VWF and botrocetin were able to bind to VWF-
coated well surface (Figure 73, top left panel). In order to
establish the specificity of this interaction, the addition of the
GPIba-blocking antibody 6B4 was performed?’®.

In the presence of 6B4 blocking antibody, cells were
unable to recognize and attach to VWF-coated surfaces,
having the same behavior as MEG-01 GP9-KO cells lacking
GPIba (Figure 73, top central and right panels). MEG-01
GP9-KO cells transduced with GPIX expressing vectors (R-
GPIX and T-GPIX) regained VWF binding capacity, while the
specificity of the interaction was demonstrated with 6B4
blocking antibody (Figure 73, middle central and right panels
for R-GPIX; bottom central and right panels for T-GPIX). In
contrast, MEG-01 GP9-KO cells transduced with empty
vectors (R-EV and T-EV) failed to bind to coated VWF (Figure
73, middle and bottom left panels). Furthermore, in these
images, we can observe the agglutination pattern among cells,
which tends to form clumps in the presence of botrocetin and

VWE, exhibiting a similar effect to that which affects platelets.
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WT+6B4

R-GPIX+6B4

T-GPIX+6B4

Figure 73. Immunocytofluorescence of cells incubated with botrocetin on a
VWF coating.

Merged channels of phalloidin (Red), DAPI (Blue) and GFP (Green) can be
observed when cells adhere to VWF. The first row shows the VWF-binding
behavior of WT cells, WT cells incubated with 6B4, GPlba-blocking antibody
and GP9-KO cells. The second and third rows illustrate cells behavior when
GP9-KO cells were transduced with R-EV, R-GPIX and R-GPIX+6B4 (second
row) and T-EV, T-GPIX and T-GPIX+6B4 (third row).

To quantitatively analyze this cellular attachment to
VWEF-coated surfaces, we performed at least three

independent replicates for every cellular model and

experimental condition (Figure 74).
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Figure 74. Relative cell attachment quantification.

The bars represent the number of VWF-adherent cells relative to VWF-
adherent WT cells. Data represent mean * SD for 3 independent
experiments. Statistical significance was assessed ANOVA one-way and
Holm-Sidak's Multiple Comparison test (**** p < 0.0001).

Altogether, we have demonstrated that lentiviral
transduction of GP9-KO cells with exogenous GPIX restored a
functional GPIb-V-IX able to interact through its GPlba subunit

with soluble or immobilized VWF.
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induced pluripotent stem cells.

3. Objective 3: GPIX-Lentiviral correction of Bernard-
Soulier Syndrome Type C induced Pluripotent Stemn
Cells and posterior differentiation to megakaryocytes
and platelets.

3.1. Analysis of GPIX reversion in megakaryocytes
and platelets produced from ftransduced GP9-KO

induced pluripotent stem cells.

As a first approach to analyze whether our LVs restores
GPIX expression, WT, GP9-KO and GP9-KO cells transduced
with R-EV, R-GPIX, T-EV and T-GPIX were differentiated to
MKs. WT and GP9-KO rescued MKs started to express GPIX
from D15 onwards, reaching maximum peak levels on D21,
following exactly same expression patterns as exhibited the
WT derived MKs (Figure 51). Then, we decided to study GPIX
expression by confocal microscopy of mature MKs seeded
over a fibrinogen coating, one of the main substrates of the
allb-BlIl'integrin (CD41-CD61 heterodimer).

In the Figure 75 we illustrate different magnifications of
WT, GP9-KO and GP9-KO rescued MKs over a fibrinogen
coating. Those MKs were capable of recognizing and
expanding over the coating, indicating that these cells express
functional CD41-CD61 heterodimers capable of binding to its
substrate. We then observed the distribution of phalloidin,
CD41, GPIX, and eGFP expression in the cells.
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To achieve this, we stained permeabilized cells to
observe both cytosolic and membrane expression. As shown,
phalloidin staining is consistent among the different conditions,
with stable expression and spreading over the coating as
integrins recognize their substrate. CD41 expression is also
stable and distributed over the cell surface and is easily
identifiable inside of microvesicles or granules within the

cytosol, as seen in brightfield.

It is important to note that R-GPIX and R-EV express
eGFP, as they harbor the reporter cassette, which is mainly
accumulated in the nucleus (as shown in Figure 75-B).
Interestingly, despite the exclusion of Hoechst or DAPI for this
experiment, cells with multiple nuclei are easily detectable in
brightfield, a typical characteristic of mature MKs. The role of
GPIX is significant, as WT cells express it in the same manner
as CD41, distributed over the cell and stored in granules.
Conversely, GP9-KO and GP9-KO transduced with EVs do not
express GPIX, as expected (Figure 75-A). In contrast, T-GPIX
and R-GPIX transduced cells recover the expression and
distribution pattern of GPIX, indicating the functionality of the
vectors (Figure 75; B-C).
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Figure 75. Immunocytofluorescence of mature megakaryocytes produced
from differentiated iPSCs spread over a fibrinogen coating.

Each cell line is illustrated with 20X and 40X magnifications, showing
brightfield, phalloidin staining (Blue), CD41 (Red), eGFP (Green), GPIX
(Pink). Last channel is the result of all merged channels except for
brightfield. A. Comparative of differentiated megakaryocytes produced from
iPSCs WT vs GP2-KO. B. Comparative of differentiated megakaryocytes
produced from iPSCs GP9-KO transduced with R-EV vs R-GPIX. C.
Comparative of differentiated megakaryocytes produced from iPSCs GP9-
KO transduced with T-EV vs T-GPIX.

Next, we evaluated the effectiveness of our GPIX-
expressing LVs by flow cytometry. The cells were transduced
with eGFP reporter (R-EV and R-GPIX) and therapeutic
vectors (T-EV and T-GPIX). They were then differentiated into
MKs and platelets (Figure 76 and Figure 77) and analyzed.
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induced pluripotent stem cells.

The MKs generated from R-EV and R-GPIX transduced
IPSCs expressed similar percentages of eGFP-positive cells
(~60% for R-EV and ~70% for R-GPIX) (Figure 76-A, green
bars). However, the eGFP-positive events in platelets
generated from them were lower (~60% for R-EV and ~40%
for R-GPIX) (Figure 77-A, green bars). Both R-GPIX and T-
GPIX LVs were effective in restoring GPIX expression in both
MKs and platelets (~70% and ~80%, respectively) (p<0.0001)
(Figure 76 and Figure 77, A panels, red bars). GPIX MFI
ratio values were similar between MKs and their derived
platelets for R-GPIX (0.64 vs. 0.71). Interestingly, while the
rescued GPIX percentages were similar in the case of T-GPIX,
their MFI ratios relative to WT were higher in rescued platelets
than in rescued MKs (0.49 vs. 0.64 MFI ratio, for MKs and
platelets, respectively) (Figure 76 and Figure 77, B, red bars).
In all cases, the percentages indicated us a good transduction
efficiency, but the MFI ratios indicated that the protein levels

were lower than WT (in both MKs and platelets).

Page275

DEVELOPMENT OF GENE-THERAPY TOOLS FOR BERNARD-SOULIER SYNDROME TYPE C TREATMENT



RESULTS.
Objective 3: GPIX-Lentiviral correction of Bernard-Soulier Syndrome Type C induced Pluripotent

Stem Cells and posterior differentiation to megakaryocytes and platelets.

A eGFP GPIX
—_ [ | |
8‘2 ns
a.)" ns ek ok
E 1004 kKK — n.:*** |
5 80 P *k Kk _:LL
(@)
> 60
[0
g 0]
§ 204 'L‘ ns
1
= 0— '_1?‘ T — T T T T T T
& ~\ S & N\ ~\
SHRELEFTE LT €00 T8
&K & A & ¢ at
B eGFP GPIX
[ [ |
ns
ﬂ 1 25_ 3k % k
; ’ ok ok |m‘ sk ok
0O 1.004 — ES =
o F 3k % %k %k
> < 0.75- ' =
X o
§ . 0.50-
< =
o 0.254 ns
(TH] ns —1
= 0.00 T T T T T T T T T T T T
O A F A & OD DS
“ég”"qf"é&f"c;? Q\Q%-ij‘éz«f&‘éz
& T e & T T

Figure 76. Rescued lentiviral GPIX expression in iPSC-GP9-KO-derived
megakaryocytes.

Top panel shows the percentage of MKs (CD4 1+) expressing eGFP or GPIX
on day 21, while the bottom panel displays the MFI ratio relativized to R-
EV (eGFP) and WT (GPIX) values for WT, GP9KO or GPIKO cells
transduced with LVs.
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Analysis of GPIX reversion in megakaryocytes and platelets produced from transduced GP9-KO
induced pluripotent stem cells.
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Figure 77. Rescued lentiviral GPIX expression in iPSC-GP3KO-derived

platelets.

Top panel shows the percentage of platelets (CD41*) expressing eGFP or

GPIX on day 21,

while the bottom panel displays the MFI ratio relativized

to R-EV (eGFP) and WT (GPIX) values for WT, GP9-KO or GP9-KO platelets
produced from cells transduced with lentiviral vectors.

In all

cases, the dynamics of megakaryocytic

differentiation in GPIX rescued iPSCs GP9-KO were similar to
IPSCs WT with GPIX expression appearing from day 15

onwards (data not shown).
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3.2. Size determination in genetically rescued
platelets produced from iPSCs GP9-KO.

Finally, we analyzed platelet size and GPIX expression
and localization by ImageStream (Figure 78). As shown,
human platelets isolated from healthy donors are slightly
bigger than platelets produced from WT iPSCs (3.3 vs. 2.6 um,
p<0.0001, respectively). Notably, both of them co-express
CD41 and GPIX on their surface, indicating their platelet
nature.  Interestingly, IPSC-GP9-KO-derived platelets
reproduced not only GPIX absence, but also their larger size
in comparison with WT counterparts (6.70 vs. 2.6 um). iPSC
GP9-KO transduced with reporter vectors generated eGFP
positive platelets. R-EV maintained larger size and the
absence of GPIX expression like non-transduced platelets
from iPSCs GP9-KO. Very importantly, platelets derived from
GPIX transduced iPSCs GP9-KO recovered GPIX expression
in their surface and reduced their size reverting the main
characteristics of platelets from BSS Type C patients (Figure
78, A-B).
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Figure 78. Analysis of the platelet size and protein expression in human
platelets and platelets produced from iPSCs WT, GP9-KO and GPS-KO
transduced with R-EV, R-GPIX, T-EV and T-GPIX.

A. Size expressed in pm for each platelet type. B. Representative
ImageStream images of human platelets and platelets generated from all
our iPSC models showing their size, cytosolic eGFP expression (Green),
CD41 (Blue) and GPIX (Red) surface expression in each case. Data represent
mean * SD for at least 3 independent experiments. Statistical significance
was assessed with ANOVA one-way plus Dunnett's Multiple Comparison
test. (**** p<0.0001).
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Taken together, we have demonstrated that GPIX

expressing LVs are very effective restoring GPIX expression
and size of platelets generated in vitro from this novel BSS

Type C cellular model.
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Corroboration of pathogenic variants from two unrelated Bernard-Soulier Syndrome Type C

4. Objective 4. Genetic-Rescue of isolated hematopoietic
stem cells from Bernard-Soulier Syndrome patients
carrying different pathogenic variations and posterior

differentiation to megakaryocytes and platelets.

All the data presented clearly demonstrates that our
GPIX-LVs are functional in terms of reversing GPIX
expression, localizing on the cell surface, and assembling
within the GPIb-V-IX receptor complex, allowing for its full
exteriorization and functionality in recognizing VWF, one of its
main roles. Furthermore, we have successfully reversed GPIX
expression in MKs and platelets derived from iPSCs, resulting
in the production of normal-sized platelets rather than the

typical BSS giant platelets.

4.1. Corroboration of pathogenic variants from two
unrelated Bernard-Soulier Syndrome Type C

patients.

Our next aim was to evaluate these gene editing tools in
HSCs from BSS Type C patients, our future target cells for ex
vivo therapy. Because of the extremely small number of BSS
patients available, we only had accessed to two different BSS
Type C Spanish and Portuguese patients carrying p.W71S and
p.F55S mutations, respectively. We sequenced GP9 locus
from DNA isolated from peripheral mononuclear blood cells

and confirmed their mutations (Figure 79).

patients.
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Both patients carried different missense mutations
associated with GP9. Specifically, one mutation involved a
nucleotide change from TCT to TTT, resulting in the
substitution of phenylalanine (F) with serine (S) at position 55
in the protein sequence. The other mutation involved a
nucleotide change from TGG to CGG, resulting in the
substitution of tryptophan (W) with arginine (R) at position 71
in the protein sequence. Both missense mutations may alter

the protein's three-dimensional structure, affecting its stability,
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Figure 79. Sanger sequencing analysis of BSS Type C patients.
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Electropherogram alignment of GP9 DNA sequences from two different
Bernard-Soulier Syndrome patients carrying the pathogenic variants F55S
and W71R against its WT sequence.
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patients.

activity, and interaction with other subunits, and prevent GPIX

migration to the cell surface.

4.1.1. Platelet analysis and phenotypical

confirmation of Bernard-Soulier Syndrome.

Next, we examined the platelets of both BSS patients
and confirmed the absence of GPIX on the membrane surface
by ImageStream and flow cytometry (Figure 80 and Figure 81;
respectively). We also observed larger platelets than normal,

consistent with previous findings in the literature83-186,
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Brightfield CD41 GPIX Merge

GPOWT
platelets

GP9-F55S
patient platelets

GP9-W71R
patient platelets

Figure 80. ImageStream platelets analysis from BSS Type C patients.

Representative ImageStream platelet images from donor and BSS patients
indicating size and expression of CD41 (Blue) and GPIX (Red) surface
markers. Last channel is the result of the merge of these channels except
for brightfield.
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Figure 81. Flow cytometry dot plots obtained from BSS W71R, F55S
patients and donor platelets showing CD41 expression profile and GPIX
expressing platelets from this first population.

A. Non-stained donor and BSS platelets. B. Healthy vs. W7 1R platelets. C.
Healthy vs. F55S platelets.

patients.
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4.2. Genetic rescue in megakaryocytes and
platelets produced from transduced non-mobilized
HSCs from both Bernard-Soulier Syndrome Type C

patients.

Considering the characteristics of the disease, we
decided to isolate HSCs from non-mobilized peripheral blood
samples rather than bone-marrow biopsies. The extremely
reduced number of circulating CD34* cells purified (~50.000
cells/50 mL blood) forced us to focus our efforts on a single
vector. R-GPIX was selected because allowed us to follow
transduction efficiency and GPIX recovery by flow cytometry
and ImageStream. CD34" isolated HSCs from both patients
were expanded, transduced with R-GPIX and differentiated to

MKs/platelets for 10 days.

Non-transduced MKs neither express eGFP nor GPIX,
while transduced cells re-established GPIX
expression/localization together with eGFP cytoplasmatic
expression (Figure 82, upper panel). For platelets analysis,
mature MK culture supernatants were collected, platelets were
enriched by centrifugation, labeled with CD41 and GPIX and
analyzed by Image Stream (Figure 82, bottom). In this case,
platelets derived from non-rescued HSCs showed larger size

and absence of GPIX, whereas platelets produced from
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transduced HSCs showed smaller size and expressed GPIX in
the surface and eGFP in the cytosol.
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Genetic rescue in megakaryocytes and platelets produced from transduced non-mobilized HSCs

from both Bernard-Soulier Syndrome Type C patients.
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Figure 82. Rescued HSC-derived megakaryocytes and platelets derived
from BSS Type C patients.

ImageStream events corresponding to differentiated megakaryocytes and
platelets obtained from transduced and non-transduced W7 1R-BSS-HSCs
and F55S-BSS-HSCs, respectively. Top panel shows MKs from W71R
patient and bottom panel shows platelets from F55S. Channels indicate the
localization and expression levels for Hoechst (nucleic DNA, cyan), eGFP
(Green), CD41 (Blue) and GPIX (Red). The last channel corresponds to the
merged channels, except for the brightfield.

We compared the average diameter of healthy patients'
platelets with those from both BSS patients and matched them
with platelets produced from non-transduced and transduced
differentiated F55S HSCs. Consequently, a quantitative study
was conducted, and remarkably, platelets produced from non-
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transduced HSCs exhibited the exact same size as those from

the patients (both BSS patients). Moreover, what makes it even
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Syndrome patients carrying different pathogenic variations and posterior differentiation to

megakaryocytes and platelets.

more intriguing is that platelets derived from transduced HSCs
not only reverted the giant phenotype but also produced
platelets with the exact same size as those from healthy donors
(Figure 83).
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Figure 83. Comparison of platelet diameters from healthy donors, BSS
patients and produced from transduced and non-transduced differentiated
F55S-HSCs.

Representation of platelet size showed by their diameter (um) belonging to
platelets from a human healthy control, W7 1R and F55S both BSS patients,
and those produced from non-transduced and R-GPIX transduced F55S
isolated and differentiated CD34+.cells. Data represent mean % SD.
Statistical significance was assessed with ANOVA one-way plus Tukey
Multiple Comparison test (ns = non-significant, **** p < 0.0001).

Our results collectively demonstrate that lentiviral-
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mediated therapy reinstates GPIX expression in MKs and

platelets derived from primary HSCs isolated from patients with

MARTINEZ-NAVAJAS, G; JULY 2023



Genetic rescue in megakaryocytes and platelets produced from transduced non-mobilized HSCs

from both Bernard-Soulier Syndrome Type C patients.
BSS Type C. Furthermore, our R-GPIX also generates
platelets of normal size, effectively reversing the giant
phenotype. Consequently, these findings provide further
confirmation of the therapeutic potential of this approach for

treating Bernard-Soulier Syndrome Type C.
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5. Objective 5. Generation and characterization of

Bernard-Soulier Syndrome GP9 null murine model.

We have successfully demonstrated that our LVs are
capable of restoring GPIX expression in megakaryoblastic
cells, MKs, and platelets produced from iPSCs. Additionally,
the lentiviral exogenous GPIX assembled with the other
components of the receptor, allowing for its full conformation
and restoring its functionality. Although these experiments
validate our LVs as a successful gene therapy tool to reverse
BSS Type C and serve as a preclinical model, we would like to
reverse the disease in vivo to fully validate our gene therapy

tools and complete our preclinical studies.

5.1. Analysis and comparison of hGP9 and mGp9

genes and their amino acidic sequences.

Firstly, we decided to compare hGP9 with its murine
version, mGp9, to assess their genetic structures and protein
sequences to develop a BSS Type C model that could mirror
the human version. As illustrated in Figure 84, although murine
gene differ with the human version composed of three exons
and the murine version composed of two exons, the CDS

length is exactly the same in both cases.

When we aligned their amino acid sequences, we found

that the proteins are 86% similar, with 72% identity (meaning

Page29o

that many amino acid residues are in the same location in both

proteins) and most of the different amino acids maintained
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Analysis and comparison of hGP9 and mGp9 genes and their amino acidic sequences.

highly similar properties to the original. However, if the GPIX
subunits are too different, they may not be able to assemble
with the murine GPIb-V-IX receptor subunits, which would
prevent us from using this model to assess the functionality of

our gene therapy tool.
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: Amino acid with strong similar properties
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Figure 84. Comparative at genetic and amino acid levels between AGP9 and
m@Gp9.

Genetic structure and percentages of similarity and identity between amino
acid sequences are indicated. * Amino acid conservation; : amino acid with
strong similar properties; . amino acid with weak similar properties.
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5.2. Development of a GP9™ murine model.

Based on these findings, we designed and developed a
Gp9™ murine model to test the efficacy of our GPIX-LVs in
restoring platelet function and syndrome reversal in vivo. Our
KO strategy involved using two sgRNAs that targeted the
upstream and downstream regions of the CDS, which allowed
us to create a full deletion. Additionally, we provided a single-
stranded oligodeoxynucleotide (ssODN) to facilitate the HDR,
which included two homology arms that flanked the CDS

(Figure 85, schematic design).

Gp9_WT_Allele; PCR_product: 963 bp

FW CDS: 534nuclectides - 177 AA
5 - ‘\ Cas@,-" { Casg/" 3
1 = - I
! - - RV
CRISPR-Cas9 HDR _arm_ 5 HDR _arm_3’

Gp9 KO_Allele; PCR_product: 252 bp

FW

5 - HDR_arm_5' : _
E1 e E2: HDR_arm_3’ ¥ rooonp

—

RV 250bp —

Figure 85. CRISPR-Cas9 deletion strategy for mGp9.
Usage of two sgRNAs to delete completely the mGp9 coding exon 2.

Positioned PCR primer pairs and agarose gel with resulting PCR products
of WT and Gp9-KO specimens are shown. FW: Forward; RV: Reverse. HDR:
Homology Directed Repair; CDS: Coding DNA sequence.
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parameters.

To create the murine knockout, we collaborated with Dr.
Manuel Sanchez Martin, head of the transgenic facility at the
University of Salamanca. Dr. Sanchez Martin microinjected the
gene-editing tools over mouse zygotes and was easily
achieved by conventional PCR, due to the chosen primer pair
amplified 963 bp of the WT sequence, while it only amplified
252 bp when the mouse harbored both mutated alleles

(homozygous mutation) (Figure 85, agarose gel).

5.3. Hemogram analysis from Gp9™' murine model
and its comparison with WT hematological

parameters.

The identification and isolation of the murine model has
allowed us to expand our mouse colony to a sufficient number
of individuals for conducting experiments. While awaiting
further colony expansion, we conducted a preliminary study by
analyzing the hemogram of several Gp9™! mice at 6 months
age and compared it with reference values for the same WT

murine model.

Our analysis has revealed that our murine model
accurately reproduces the key characteristics of human
Bleeding Severity Score (BSS), as summarized in Figure 86.
The murine model exhibited a decrease in platelet count
(~950,000 vs. ~180,000 platelets/uL in WT and Gp9!,
respectively) and demonstrated an increase in platelet size, as

indicated by Mean Platelet Volume (MPV) in the hemogram.
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The MPV values indicated that the platelets in the murine
model were approximately 2.2 times larger in volume
compared to the WT mice (~5.0 vs. ~11.2 fL). Notably, the
Gp9" murine model did not exhibit any sex-based differences
in blood cell production, as the blood parameters were similar

between male and female individuals.
Considering that the murine model accurately replicates
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Figure 86. Platelet comparatives between WT and Gp9™" mice.

A. Comparative of platelet blood counts. B. Comparative of mean platelet
volume

the BSS phenotype in vivo, we anticipate that these mice will
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develop disease symptoms similar to those observed in

humans, including altered clotting capability.
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parameters.

Our next steps involve purifying and isolating HSCs from
bone marrow extracted from the mouse tibia and femur,
expanding and transducing these cells in vitro, and reinfusing
the treated HSCs into recipient Gp9-KO mice. The disease will
be reversed once the platelet count, size, location, and
functionality of the GPIb-V-IX receptor are corrected in the
mouse. Tail bleeding assays will help us confirm the disease
reversal, and we will monitor these processes over time to
assess the long-term stability of our therapeutic gene therapy
tools. Achieving full reversion would serve as a comprehensive
preclinical study for the treatment of BSS Type C and allow us
to progress to the clinical phase for reversing this congenital

disease in the next future.
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It is well known that GPIb-V-IX, localized on the plasma
membrane of megakaryocytes and platelets, is the result of the
assembly of 4 subunits: GPlba, GPIbB, GPIX and GPV. These
subunits exhibit a stoichiometry of 2:4:2:1 and are stabilized
through transmembrane domain interactions, disulfide bonds
between GPIba and 2-GPIbB molecules and GPIbB and GPIX
also exhibit extracellular interactions’”'8’. Finally, GPV is
weakly associated to GPIb-IX by transmembrane interaction
with GPlbab?.

Typically, BSS is described as an autosomal recessive
disease, being necessary to have both alleles mutated to
develop the syndrome (biallelic BSS). While no pathogenic
variants have been associated to GP5 to date, it is well
reported that homozygous or compound heterozygous
mutations affecting GP1BA, GP1BB or GP9 originates BSS
type Al, B or C, respectively. In these cases, the GPIb-V-IX
receptor appears as truncated, dysfunctional, or absent at the

outer membrane®’,

Historically, mammalian (CHO) and human cell lines
(293T, K562, L cells...) have been utilized to replicate GPIb-V-
IX receptor formation and biology. CHO cells have gained
popularity in the biotechnology industry due to their ability to
efficiently produce human cellular proteins containing
posttranslational modifications, such as glycosylations¢8. As a
result, they have emerged as the primary platform for analyzing
GPIb-V-IX receptor assembly and the effects of diverse

mutations identified in BSS patients. This has been
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accomplished by transfecting all subunits or a subset of
subunits along with the one containing the specific variant of

interest189-194,

However, it is important to note that the resulting
expressions obtained through these cell lines may not
accurately represent the physiological conditions. This is
because the unknown number of plasmid copies of each
subunit, driven by non-physiological promoters, are being
investigated within a non-human environment and/or different

epigenetic backgrounds.

By utilizing CRISPR-Cas9 editing tools, we successfully
performed knockout experiments for each individual subunit
coding gene (BSS driver genes and GP5) and observed the
migration patterns of every subunit except for GPV, which we
could not obtain specific antibody. In general terms, our data

contrast with the information available in the literature.

Interestingly, we discovered that the expression of
GPlba is highly dependent on the presence of other subunits,
as it is undetectable in both GP1BB-KO and GP9-KO cellular
models. Consistent with our findings, Dong et al., analyzed
receptor stability in CHO cells, where co-transfection
experiments of a, a/IX and a/f did not serve to detect GPlba
externalization, while a/B/IX allowed its transport’®>. The
absence of either of these subunits results in the targeting and

degradation of GPIba in the lysosomes.
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In line with these findings, GPIX and GPIba were absent
in MKs and platelets from a BSS type C patient carrying a
homozygous deletion of the entire GP9 gene®. In contrast,
BSS patients carrying the W127X mutation in GP9, originally
described in Japan®®, exhibit a deficiency of GPIX expression
while displaying residual surface expression of GPIbal®’.
Subsequently, Takata et al. quantified GPlba relative MFI
expression compared to healthy controls, revealing that it
ranged from 7-11% in this group of BSS patients!®4. Despite
the reduced expression level of GPlba, platelets from W127X
patients were capable of binding to immobilized VWF under
high-shear conditions in vitro. Furthermore, in a BSS type C
patient carrying the p.Phe55Ser variant, Noris et al. confirmed
reduced GPlba expression using three different antibodies®®.
The percentage of GPlba positive platelets ranged from 41.5%
to 86.6%. However, when calculating the relative expression of
GPIba compared to WT using each antibody, we observed
expression levels ranging from 8-11%. Consistent with our
findings, several studies have reported reduced GPlba
expression, with less than 10% relative expression, in all
analyzed BSS patients, regardless of the disease-causing
variant®199.200 |n the case of our GP1BA-KO models, we
observed relative GPlba expression levels of 11-13%. It is
important to consider this data because, in many cases,
studies describe "decreased expression compared to WT"

without acknowledging that the protein may be entirely absent,
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as evident in our KO models, and what they are observing is

residual and/or unspecific fluorescence.

According to our data, GPIbf is indispensable for the
assembly of the entire complex. In its absence, none of the
remaining three subunits can be detectable at the outer
membrane. In contrast, when the absent subunits are GPIX or
GPlba, GPIbB can be visible to a greater or lesser extent in cell
surface, ranging from 0.3-0.5 expression ratio relativized to WT
for both KOs. In line with our results, in BSS type B patients
the GPIb-V-IX complex is fully absent>3193.201 |dentical surface
expression data were obtained from a patient with Velocardial
Syndrome (hemizygous microdeletion of 22gq11.2 containing
the GP1BB locus) carrying a p.Pro96Ser mutation in the other
GP1BB allele®®?,

Our data also indicates that GPIX can migrate to the
outer membrane in absence of GPlba (GP1BA-KO),
nevertheless, its transport it is dramatically affected (ratio of
0.05 respect WT expression). However, it requires GPIbp, in
its absence it cannot be externalized. This fact is supported by
Minkov et al., who described two BSS patients who were
siblings and carried a heterozygous compound mutation
(frameshift (c.1601_1602delAT) and nonsense (c.1036C>T))
that affects GP1BA, abolishing its fully expression. Similarly,
GPIX expression could be observed in some BSS type Al
patients containing homozygous or compound heterozygous
variants in  GP1BA?203204 Additionally, overexpression

experiments in CHO cells show that co-transfection of mutant
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GP1BA, with WT-GP1BB and WT-GP9 leads to a decreased
GPIX expression in comparison to CHO cells expressing WT-
GP1BA. In contrast, when WT-GP1BA, WT-GP9 and variant
p.Asn64Thr GP1BB were co-transfected, none of the subunits
could be detected'®, suggesting GPIbB-GPIX co-

migration193.202,205,

It is important to note that our KO designs were
specifically engineered to truncate the proteins in the
extracellular N-terminal domain of GPlba, GPIbB, and GPIX.
Consequently, only the primary section of the extracellular
domains were conserved. This fact holds significant
importance because our KO models replicate the assembly
process in the absence of almost the entirely subunit.
However, it should be noted that patient-specific assemblies
may differ from our data due to the presence of missense or
nonsense mutations occurring at various locations within the
protein. These variants may not affect the domains that
potentially play a crucial role in the interaction between
subunits like could be transmembrane domains. Thus, this fact
would explain the presence of aberrant GPIb-V-IX receptors.

As mentioned in the Introduction Chapter, thirteen
pathogenic variants associated to GP1BA and fourteen in
GP1BB can be found in dominant inheritance, characterized
by pseudo-functional receptors and inducing mild or
asymptomatic forms of BSS2%, however, the underlying basis
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of this mechanism is not understood. These variants are mainly

associated with the LRR domains of both subunits, that in the
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case of GPIba coincides with the LBD, responsible for VWF
binding. Interestingly, patients with Velocardiofacial Syndrome
typically exhibit symptoms caused by a hemizygous
microdeletion within human chromosome 22q1l1, specifically
involving the GP1BB gene. This deletion commonly results in
the manifestation of 50% functional receptors and, in some
cases, intermediate platelet size??’. Surprisingly, these
patients do not exhibit clear bleeding tendencies. In such
cases, the protein product is generated from a single healthy
allele, leading to only a partial quantity available for receptor
formation, which explains the reduced expression. Conversely,
in the case of monoallelic forms of BSS, we hypothesize that
the issue lies not in quantity but in quality. Depending on
whether the monoallelic BSS affects GPIba or GPIbB, both
healthy and aberrant subunits would be produced. As a result,
the aberrant subunits would compete with their healthy
counterparts during receptor assembly. Of particular interest is
the case of GPIbB, as its stoichiometry (2 molecules per
receptor) could generate a wider range of phenotypes:
aBPBMIX (healthy), apHpBAIX (potentially non-functional), and
aB”BAIX (non-functional) [BY: healthy subunit; BA: Aberrant
subunit]. Indeed, supporting evidence for this hypothesis was
obtained by Kurowaka et al. when they co-expressed various
ratios of healthy and aberrant (p.Tyr88Cys) GP1BB genes with
healthy copies of GP9 and GP1BA, resulting in different
receptor phenotypes?®®. Once again, our megakaryoblastic

models would be way more suitable to study these hypotheses
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due to its two-alleles well defined condition. If this would be
confirmed, it may be necessary to take it into account for future
gene-therapy treatments for missense subunits which could
compete with the new synthesized and therapeutic ones.

Next, we have analyzed the enigmatic GP5 subunit,
which is one the most abundant glycoproteins on platelets
surface, however its role is not fully understood. We decided to
investigate its contribution to GPIb-IX assembly in a human
megakaryoblastic background. To do that, we performed a
GP5nl with CRISPR-Cas9, by deleting a fragment which
harbored the ATG, that resulted in the obstruction of GPV
protein translation. Flow cytometry expression analysis in
MEG-01 and DAMI cells revealed that the absence of GPV did
not affect the expression of GPIba and GPIX, while the
expression of GPIbB was significantly reduced in terms of
percentage. In terms of MFI, the reduction ratio was 0.60
compared to WT expression. This observation is controversial.
Different authors who studied Gp5"l murine models did not
observe any decrease in the expression of the GPIb-V-IX
complex. However, it is important to note that they did not
analyze the individual subunits; instead, they employed an
antibody targeting the GPIb-IX complex as a whole.
Consequently, if the epitope of the antibody was binding to
either GPIX or GPlba subunits, their data and our findings
regarding receptor biology would align2°920,

Concerning the assembly of GPV within the complex, it

has been described that BSS patient platelets do not exhibit
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externalization in the absence of other subunits?1212,
However, while some authors have reported residual levels of
GPV within the membrane through co-transfection
experiments in CHO cells?3, other authors have failed to
detect it independently, necessitating the presence of the
remaining subunits for externalization?'. Despite we were
unable to analyze GPV expression due to the unavailability of
the antibody, we consider that our cell models can provide
more realistic information regarding the contribution of other
subunits to GPV externalization and anchorage to the

membrane.

Controversial data regarding the functionality of GPV
murine models has also been reported. While Kahn et al. did
not observe any alterations compared to WT mice in terms of
thrombocytopenia, giant platelets, thrombin response, and
VWEF binding capacity 2°°, Ramakrishan et al. uniquely found
differences in low-dose thrombin responses?'®. However, in
both cases, VWF binding remained unaffected. In our
experiments, the reduction of GPIbpB led us to focus on
functional assays based on VWF binding, where we observed
a decreased response with ratios of 0.72 and 0.85 for soluble
and adhered binding experiments, respectively. These
differences could be attributed to variances in the binding
characteristics between murine GPIb-V-IX receptor and
hVWEF, as the authors employed a different assay while we
measured hVWF-hGPIb-V-IX interactions. Despite the lack of

correlation between these observations, the reduction we

MARTINEZ-NAVAJAS, G; JULY 2023



observed may not be sufficient to be detectable or significantly
impact platelet functionality in a clinical setting, potentially
resulting in an asymptomatic condition. Therefore, it is
reasonable to confirm that mutations in GPV do not manifest
in BSS as reported by other authors?'1215216  However, these
discrepancies in observations make the study of this
glycoprotein, one of the most abundant on the platelet surface,
particularly interesting as it is not well understood.

The development of disease models using human cell
lines that constitutively express the receptor on their surface
represents a significant advancement and may be a more
widely accepted approach for analyzing the GPIb-V-IX
receptor than traditional experiments performed in CHO
mammalian cells or human cell lines. Our megakaryoblastic
models offer several advantages in investigating receptor
formation and specific pathogenic variants. These models
possess the natural ratio of two alleles for each gene, maintain
the regulation of their own promoter, and retain the epigenetic
background of megakaryoblastic cells. Additionally, we can
observe  GPIb-V-IX complex localization, complete
agglutination experiments or perform VWF-coating assays in
the presence of ristocetin or botrocetin. By utilizing LVs,
traditional CRISPR-Cas9 combined with HDR or new
technologies based on CRISPR-Cas9 systems like prime or

base editors, specific mutations can be introduced in specific
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localizations within the genes, thus, real effects could be

explored. Therefore, we could study both biallelic and
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monoallelic BSS specific mutations respectively. Similarly, WT
DAMI, MEG-01 or iPSCs could be genetically edited becoming
useful tools to study other diseases affecting megakaryocytes
and platelets, such as Glanzmann Thrombasthenia, platelet-
type von Willebrand disease or Scot Syndrome?!’, among

others.

Regarding BSS type C, it has been widely reported that
mutations affecting GP9 are the most common subtype of
BSS’7159 Multiple studies have convincingly shown that
lentiviral-based gene therapy represents a viable approach for
correcting BSS type Al and Type B. However, despite the
significant frequency of pathogenic variants associated with
this gene, no therapy has been explored for correcting BSS

type C to date.

The initial investigation into the suitability of LVs as
potential gene therapy tools for correcting BSS was conducted
by Shi et al.?'8, They demonstrated that these vectors could be
utilized to generate chimeric GPIb-V-IX receptors. In their
study, they modified the GP1BA gene by incorporating a
hemagglutinin tag (HA-Tag) and controlling its expression
through a megakaryocytic promoter. The researchers
transduced megakaryoblastic cells expressing GPIb-V-IX with
these LVs. Flow cytometry and immunoprecipitation
techniques were employed to detect HA-GPIb-V-IX, revealing
that the transgenic HA-GPIlba could effectively compete with
the WT GPIba for integration into the assembled receptor. This

discovery provided evidence that exogenously overexpressed
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individual subunits could assemble and integrate within the
receptor, thereby highlighting the potential of LVs for treating
BSS type A12%8 .

Having confirmed its therapeutic power, same research
group decided to transduce CD34*-HSCs cells isolated from
Gplba™! mice using these gene therapy tools. The transduced
cells were then transplanted into lethally irradiated Gplba™!
mice. Normal sized and functional circulating platelets
expressing hGPlba indicated the reversion of the BSS
phenotype. This finding postulated lentiviral-based gene
therapy as a promising approach for treating patients with
mutations in GP1BA®,

Similarly, Strassel et al. successfully reversed BSS type
B in Gplbb™! mice using the same ex vivo strategy¢°. In this
instance, LVs were engineered to over-express hGP1BB
under the constitutive EF7a promoter. The expression of GPIb-
V-IX in the treated mice, along with the recovery of VWF
binding, demonstrated the functional effectiveness of LV

approaches in correcting BSS type B in a mouse model*.

As observed, various authors have demonstrated the
effectiveness of LVs as potent tools for restoring GPIb-V-IX
expression in BSS type Al and B. Given the length of GP9
DNA, its monogenic etiology, and its higher frequency
compared to other BSS types, it emerges as a prime candidate
for correction using LVs and, consequently, gene therapy for

the treatment of this disease.
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In our research, we have developed a novel series of
self-inactivated LVs specifically designed for reverting BSS
type C. To achieve a durable and curative treatment with
lifelong expression of GPIX, our approach targets the source
of abnormal megakaryocytes and, subsequently, platelets, by
focusing on HSCs. Targeting HSCs offers the advantage of
ensuring a permanent and stable correction over time due to

their ability to replenish the bone marrow?!37:219,

LVs have also revolutionized the field of transgenic
animals, increasing the creation efficacy through the
integration of their cargo, reducing the time-consuming and
laborious technology that characterizes the traditional
pronucleus microinjection??®, Nowadays it is employed to
create transgenic mice, sheep, dogs, cow, among other
mammals. For example, Wang et al. generated a eGFP
transgenic mice who did not experience epigenetic silencing,
having a linear correlation between gene expression and

number of integrations??L.

However, that is not the common situation regarding
transgene expression and stability in transgenic animals. It is
reported that heterogenous expression and epigenetic
silencing by promoter methylation can occur when transgenes
were delivered by LVs. In these studies, it existed a negative
correlation between CpG methylation levels and transgene
expression. Extensive hypermethylation induces gene
silencing by impeding the binding of the transcription

machinery. For instance, Liu et al., generated eGFP transgenic
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sheep where eGFP was regulated by CMV promoter, and
methylations levels ranged from 34.7-83% in the tested
tissues???. Tian et al., developed another transgenic sheep
where they were expressing a tricistronic LV for three
fluorescent proteins mediated by 2A peptide under the
regulation of CMV promoter. In this case, both, CMV promoter
and fluorescent protein sequences were highly methylated,
thus, impeding their transcription. These authors attributed this
extensive methylation pattern to 2A peptide viral origin?23,
Hofmann, et al., also observed hypermethylation of both,
promoter and CDS in transgenic pigs?2*. Similarly, Wen et al.
experienced hypermethylation of the CDS in liver when

creating a transgenic mouse for the hTTR gene??,

These authors postulated that these differences might
be influenced by the number of integrations and the position
where this integration takes place. Sauvain et al. could
demonstrate that LVs integration mechanism had affinity for
actively transcribed regions of fertilized zygotes?2¢. However, it
is important to consider that the open chromatin regions found
in a zygote may differ from those in a differentiated cell due to

variations in transcription activities exhibited by different cell
types.
Interestingly, Herbst et al.??” observed significant

hypermethylation in the SFFV promoter of transgenic mice
expressing SET binding protein and eGFP. However, they
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found that the lack of transgene expression in mice was

unlikely to be dependent on the integration site of the lentiviral
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vector. This conclusion was supported by several findings.
Firstly, in a study involving 15 different mice with individual
lentiviral vector integrations at various genomic sites, as well
as in the offspring of five selected mice, transgene expression
was not detected. Secondly, the genomic regions surrounding
the integration sites showed the ability to transcribe
endogenous genes, which was observed in the offspring of
three different transgenic mice. Lastly, they observed similar
silencing of the promoter region in differentiating embryonic
stem cells in vitro and adult hematopoietic stem cells in vivo
when the lentiviral vector carried promoters derived from
viruses. However, when internal promoters were utilized, this
methylation did not occur, enabling successful transgene

expression.

Thus, viral-derived promoters are susceptible to
recognition by methylating defense mechanisms, resulting in
their silencing, whereas endogenous promoter sequences
remain mainly unsilenced and are more desired for achieving

stable expression of the transgenes.

In order to avoid the epigenetic silencing phenomenon,
a proposed approach for achieving long-term expression
involves the combination of insulator elements with tissue-
specific endogenous promoters to protect the transgene from
the methyltransferases. Zhang et al., investigated the effects
of different promoter sequences on the methylation levels of
transduced P19 cells (stem carcinoma cells) using LVs

expressing eGFP??8, They compared the SFFV viral promoter,
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EF1a human promoter, and A2UCOE sequence (containing
dual divergently transcribed promoters within a methylation-
free CpG island)??°. After 44 days, SFFV showed extensive
methylation on CpG islands, EF1a had intermediate levels,
while A2UCOE effectively protected the transgene from
methylation. The authors attributed the loss of expression to
methylation rather than culture imbalances, comparing the
ratio of integrations to eGFP expression. They found that
although the ratio of vector copy numbers remained stable, the
percentage of eGFP decreased. To confirm the protective role
of A2UCOE, the authors inserted a shorter version of A2UCOE
upstream of SFFV, which resulted in reduced methylation. This
experiment further supported the protective function of
A2UCOE. The same experiments were performed in vivo using
transduced HSCs at 3 and 6 months post-engraftment, yielding
similar results and indicating the protective role of the A2UCOE

sequence.

Similarly, the chicken B-globin locus control region HS4
element, has been utilized to flank transgenes. However, the
effectiveness of this approach has been limited, providing only
partial protection and being dependent on the specific cell type.
Moreover, incorporating the cHS4 insulator within lentiviral
vectors can lead to a notable decrease in production efficiency,
thereby reducing its usefulness for gene therapy
applications?3%231, Years later, Benabdellah et al., developed
an improved version of this methylation blocking system that

we have incorporated within our LVs, the HS4-SAR insulator
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(SE-IS2 system)?®2. This is a chimeric insulator which
comprises a SAR element, characterized by its binding
properties to the nuclear matrix and defining independent
chromatin domains, and a reduced version of the well-
characterized HS4 insulator. This new system offered a less
evident titer diminishment, maintained the barrier activity and
protected the transgene expression. Importantly, this effect
was maintained during the expansion and differentiation of
hESCs.

Interestingly, our LVs demonstrated functionality by
restoring GPIX expression in GP9-KO cells. In line with
Benabdellah, we observed no reduction in the expression of
the therapeutic cassette or the reporter cassette, this last
including the SFFV -viral- promoter regulating eGFP
production. These findings were also observed when LVs were
utilized to rescue the same model based on iPSCs. Throughout
the differentiation phase, which lasted for more than 36 days
until platelet formation, we did not observe any potential
epigenetic silencing of the T-GPIX nor R-GPIX construct,
highlighting the suitability of this design. However, it is crucial
to conduct long-term evaluations in an in vivo system to assess
the functionality of our therapeutic vector (lacking a viral
promoter) and understand the impact on the reporter vector,

which incorporates a viral promoter.
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Similar to our GP9-KO iPSC model, Mekchay et al.
conducted a study where they reprogrammed peripheral blood
mononuclear cells from BSS type Al and type B patients
(GP1BA and GP1BB) into induced pluripotent stem cells
(iPSCs), representing specific pathogenic variants associated
with the disease. The differentiated megakaryocytes (MKS)
and platelets derived from these iPSCs exhibited the
characteristic BSS phenotype. Upon transduction with GP1BA
or GP1BB-pTREG-lentiviral vectors, the MKs were able to
recover CD42B expression, with levels ranging from 18% to
42%, respectively 1%, It is worth noting the higher transduction
efficiency achieved by our GPIX-LVs in reversing the BSS

phenotype compared to pTREG-lentiviral vectors.

Proved the functionality of our gene therapy tools in all
our disease models, the next step was to further validate our
results in our target cells, HSCs from BSS patients. To do this,
we localized two patients carrying different homozygous
missense mutations associated to GPIX (p.Pheb55Ser,
p.Trp71Ser). It is reported that exist a small percentage of
CD34* circulating cells in non-mobilized peripheral blood?33-
235 50, we decided to isolate this population and transduce
them with our LVs. The small number of circulating cells only
let us to perform one experiment to assess if our LVs were
capable to restore GPIX expression in patients carrying GP9

missense mutations.

Initially, we characterized GP9 mutations by Sanger

Sequencing. Then, we confirmed BSS type C phenotype by
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ImageStream/Flow Cytometry GPIX absence. In our study we
have measured accurately the average size of healthy (3.3 um)
controls and BSS patients (6.4 um diameter). Despite BSS
platelets having an almost double diameter compared to
healthy platelets, it is necessary to calculate the area in order
to explain the reported increase in MFIl. The most appropriate
approximation would be the area of a circle, considering their
discoid morphology. Using the formula A = mr?, which
represents the surface area of a circle, we can estimate the
surface area where antibodies would bind in the absence of
permeabilization. These values would amount to 8.56 um? for
healthy platelets and 32.17 umz for BSS platelets, resulting in
a 3.75-fold increase in surface area, what correlates with the
ratios previously reported. Interestingly, and similarly to what
is reported from different authors 183-186.194 in platelets from
BSS patients, CD41, as long as other platelet integrins, have
higher MFI values than healthy controls, ranging between 3-4

times.

Then, we isolated CD34* cells from non-mobilized
blood, transduced with R-GPIX to assess the transduction
efficiency and differentiated to MKs and platelets. We could
confirm that, despite the reduced number of starting cells and
the complexity of the protocol, we could recover CD41-GPIX
expression in MKs and platelets when these cells were
transduced with the GPIX-LV. Non-transduced cells did not
express GPIX neither their platelets, as expected.

Furthermore, obtained platelets from non-transduced cells
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exhibited giant size (BSS), while transduced cell produced
normal sized GPIX* platelets, similar to those from healthy

donors.

The findings that this work yields for the usage of GPIX-
LVs to revert BSS phenotype together with previous studies,
also propose this disease as a potential candidate to be cured
by ex vivo gene therapy treatments on hematopoietic stem
cells.

However, despite our good result, proving its
functionality in an in vivo model where to analyze the recovery
of the physiological parameters would provide invaluable
information regarding the suitability of this approach. Animal
models provide valuable tools for studying platelet dysfunction.
Platelets, being anucleate cytoplasmic fragments, cannot be
easily manipulated using conventional in vitro strategies

commonly employed for cultured cells >4,

One of our concerns would be the possibility that
transplanted BSS patients could develop platelet
refractoriness overtime, because of the continuous production
of rescued platelets expressing functional and externalized
GPIb-V-IX complex. Platelets refractoriness is a dramatic
platelet count reduction that occurs after receiving platelet
transfusions. It can be caused by immune or nonimmune

factors (bleeding, splenic sequestration, etc.)2%.
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against HLA class I, ABO, human platelets antigens (HPA) and
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drug-dependent antibodies have been described?3. These
antibodies interact with antigens located on the outer
membrane of transfused platelets. Consequently, these
conjugated platelets are removed from circulation. HLA class |
antibodies are the most frequently detected in multitransfused

patients (23%) and the main cause for immune-mediated.

Our autologous transplantation proposal avoids the
production of these kind of antibodies, however, we cannot
discard the appearance of antibodies against GPIb-V-IX
complex. So far, 35 HPA antibodies have been identified in
multitransfused patients, in lower frequency than previous
ones (2-8%)%%. Among them, antibodies against GPIb-IX and
GPV have been noted.

Unlike HLA class | antibodies, the presence of HPA
antibodies has not been associated with platelet
refractoriness?37:238, HPA antibodies may only pre-exist in
those BSS patients who previously received any platelet
transfusions and the facility to develop them may be related to
the grade of receptor impairment. Interestingly, in the case of
Glanzmann Thrombastenia, severity of alloimmunization
against llb-1lla integrin varies accordingly to the severity of the
disease, distinguishing: Type | <5%; Type I, 5-20% and Type
[l >20% of non-functional integrin on the platelet membrane.
The major severe alloimmune response is associated with less

integrin externalization, thus Type 12%.
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Then, a screening test to confirm the presence of all
these antibodies should be recommendable before proposing
autologous gene therapy approaches for BSS treatment. In
addition, periodic screening tests, focused on antibodies
against GPIb-V-IX complex, would allow us to monitor the
generation of new antibodies after HSC autologous

transplantation.

Immune-mediated refractoriness has been described in
BSS type Al animal model®®. Lentiviral-based gene therapy
expressing human GPIba was effective to rescue BSS type A1
phenotype in Gplba™" mice. However, secondary
transplantation experiments showed a transitory platelet
refractoriness in 1 out of 8 transplanted animals. This animal
developed antibodies against the human GPlba at week 17,
just during the platelet count drop. However, the animal
progressively recovered normal platelet count and the
antibodies were no longer detectable 4 weeks later. Preclinical
experiments in BSS type C animal models will be required to
evaluate our concern, due to the low number of clinical data
about alloimmunization in BSS patients available. Additionally,
they would provide important information regarding the
specificity, effectiveness and biosafety of these gene therapy

tools in vivo.

We have successfully developed a GP9" murine model
that accurately replicates the characteristic features of reduced
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platelet count and increased platelet volume (Giant platelets).

Remarkably, these findings align with a previously reported
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GP9"l murine model by the International Mouse Phenotyping
Consortium %7, although it was primarily developed for
research purposes and made available to the scientific
community without in-depth analysis'®’. Similarly, murine
models with Gplba™ and Gplbb™! mutations have also been
instrumental in recreating macrothrombocytopenia and the
absence of the GPIb-V-IX receptor, faithfully reproducing key
aspects of the human disease. It is presumed that our murine
model will likewise exhibit impaired assembly of the GPIb-V-IX

receptor.

In addition, conducted genetic rescue experiments in
these models, which proved crucial in confirming the ability of
human subunits to assemble within the murine GPIb-V-IX
receptor®%:154160 The reversion of tail bleeding time and the
alleviation of macrothrombocytopenia in both cases provided
strong indications of disease reversion. Notably, a recently
developed zebrafish Gp9™!' model also displayed
thrombocytopenia and bleeding tendencies, which were
reversed upon microinjecting hGP9 mRNA into embryos of the
knockout model*®®. Although no gene therapy approaches
have been attempted in BSS type C models thus far, these

findings offer promising data for our future experiments.

Our final goal is to go into the clinical trial phase after
demonstrating the fully reversal or alleviation of the disease.
Presumably, GPIX-expressing LVs would restore the
assembly of the receptor GPIb-V-IX, despite of the subunit

differences in species.
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In summary, this research has provided insights into
GPIb-V-IX assembly and has developed a novel gene therapy
tool capable of correcting BSS type C for the first time. This
approach involves expressing the native form of hGP9 under
the regulation of the megakaryocyte-specific promoter hGP6L.
The LV designed in this study successfully restored GPIX
expression in GP9-KO models, including megakaryoblast cell
lines, induced pluripotent stem cells, and hematopoietic stem

cells derived from two different BSS type C patients.

The genetic rescue achieved in this research resulted in
the recovery of GPIX-WT expression levels, proper
localization, complete receptor assembly, and functionality in
terms of VWF recognition. Furthermore, experiments
conducted with pluripotent stem cells and hematopoietic stem
cells from patients demonstrated the reversal of platelet size

abnormalities.

To further advance the research, a Gp9ul murine model
was developed to accurately replicate the
macrothrombocytopenia phenotype and the absence of the
receptor on the surface of megakaryocytes and platelets.
Future experiments will focus on assessing the stable
expression of our therapeutic cassette and evaluating the
reversal of macrothrombocytopenia as well as the recovery of
tail bleeding time. These crucial experiments will serve as a

foundation for evaluating the clinical feasibility of these gene
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therapy tools.
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~English~

1. CRISPR-Cas9 system successfully induced mutations
in DAMI and MEG-01 cells which interrupted the coding
sequence of GP1BA, GP1BB and GP9 genes, or
abolished the full translation of GP5, thus, creating

knock-outs for each single subunit.

2. GPlba is the most sensitive subunit, as it is unable to
reach the membrane surface in the absence of GPIbf
or GPIX.

3. GPIbp is indispensable for GPIb-V-1X assembly, and in
its absence, none of the remaining subunits can be
detected on the membrane. Furthermore, GPIbf is the
only subunit capable of partial externalization without

the presence of the other subunits.

4. GPIX is only observed in association with GPIb3, and
its plasma membrane transport is significantly affected
by the absence of GPIba.

5. While GPV is not essential for GPIb-IX assembly, its
absence leads to reduced externalization of GPIbf3 and
a slight impact on the overall receptor functionality in

terms of binding and adherence to VWF.

6. Designed self-inactivating GPIX-Lentiviral vectors

showed megakaryocytic-specificity in human cell lines.
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7. Genetically rescued GP9-KO cells successfully

reassembled the entire GPIb-V-IX receptor and
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demonstrated functionality by binding VWF, in both its

soluble and adhered form, and allowed cell aggregation.

8. GP9-KO induced pluripotent stem cells accurately
mirrored the main features of Bernard-Soulier
Syndrome-HSCs, including differentiation to
megakaryocytes and platelets lacking GPIb-V-IX

receptor and exhibited an enlarged size.

9. GPIX-Lentiviral vector transduction reversed the
reassembly of GPIb-V-IX complexes and restored
normal-sized platelets in GP9-KO induced pluripotent

stem cells megakaryocytic derivatives.

10.Ex vivo differentiation of non-transduced CD34* HSCs
from two unrelated Bernard-Soulier Syndrome type C
patients generated megakaryocytes and giant platelets

lacking GPIb-V-IX receptor on their surface.

11.Ex vivo differentiation of GPIX-transduced CD34* HSCs
from two unrelated Bernard-Soulier Syndrome type C
patients restored GPIX externalization in both
megakaryocytes and platelets and normalized platelet

size.

12.The Gp9™!' murine model reproduced the main features
observed in Bernard-Soulier Syndrome patients,

including reduced platelet count and giant platelets.
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1. El sistema CRISPR-Cas9 indujo mutaciones en las
células DAMI y MEG-01, interrumpiendo la secuencia
codificante de los genes GP1BA, GP1BB y GP9, o
anulando la traduccion completa de GP5, creando asi

knock-outs para cada subunidad.

2. GPIba es la subunidad mas sensible, ya que no puede
llegar a la superficie de la membrana en ausencia de
GPIbB o GPIX.

3. GPIbp es indispensable para el ensamblaje de GPIb-V-
IX, y en su ausencia, ninguna de las subunidades
restantes se puede detectar en la membrana. Ademas,
GPIbp es la unica subunidad capaz de externalizacion

parcial sin la presencia de las otras subunidades.

4. GPIX solo se observa en asociacion con GPIbB, y su
transporte en la membrana plasmatica se ve

significativamente afectado por la ausencia de GPIba.

5. Si bien GPV no es esencial para el ensamblaje de
GPIb-IX, su ausencia conduce a una reduccién en la
externalizacion de GPIbB y un ligero impacto en la
funcionalidad general del receptor en términos de unién

y adherencia al VWF.

6. Los vectores lentivirales autoinactivantes de GPIX
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lograron su  expresion restringida al linaje

megacariocitico.
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7. Las células GP9-KO genéticamente rescatadas
reensamblaron con éxito todo el receptor GPIb-V-IX y
demostraron funcionalidad al unirse al VWF, tanto en
su forma soluble como adherida, y permitieron la

agregacion celular.

8. Las células madre pluripotentes inducidas GP9-KO
reflejaron con precision las caracteristicas principales
del sindrome de Bernard-Soulier en células madre
hematopoyéticas, incluyendo la diferenciacion a
megacariocitos y plaquetas que carecen del receptor

GPIb-V-IX'y presentan un mayor volumen plaquetario.

9. Latransduccion con el vector lentiviral GPIX permitio el
reensamblaje del complejo GPIb-V-IX y recuperé el
tamafio normal en las plaquetas producidas a partir de
megacariocitos diferenciados procedentes de células
madre pluripotentes inducidas GP9-KO.

10.La diferenciacion ex vivo de células madre
hematopoyéticas CD34* no transducidas de dos
pacientes no emparentados con el sindrome de
Bernard-Soulier tipo C generé megacariocitos y
plaguetas gigantes que carecian del receptor GPlb-V-

IX en su superficie.

11.La diferenciacibn ex vivo de células madre

hematopoyéticas CD34* transducidas con GPIX de dos
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pacientes no emparentados con el sindrome de

Bernard-Soulier tipo C restaurd la externalizacion de
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GPIX tanto en megacariocitos como en plaquetas,

normalizando el volumen plaquetario.

12.El modelo murino Gp9™" reprodujo las caracteristicas
principales observadas en pacientes con el sindrome
de Bernard-Soulier, incluyendo la reduccion del
recuento de plaquetas y el incremento del volumen

plaguetario.
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