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Bernard-Soulier syndrome (BSS) is a hereditary macrothrombocytopenia caused by defects in
GPIb-IX-V complex. The mechanism of large platelet formation remains unclear. Currently,
megakaryocytes (MKs) can be generated from induced pluripotent stem cells (iPSCs) to study platelet
production under pharmacologic or genetic manipulations. In this study, we generated iPSC lines from
2 patients with mutations in different genes (GP1BA and GP1BB: termed BSS-A and BSS-B, respectively),
iPSCs were then differentiated into MKs and platelets. /n vitro iPSCs-derived platelets were stained for
circumferential tubulin and measured the diameters (N = 500 per condition). BSS-iPSCs produced
abnormal proplatelets with thick shafts and tips, as well as larger platelets with mean diameters + SD
of 4.34+0.043, 3.88+0.045 and 2.61+0.025 pm from BSS-A, BSS-B and normal iPSCs, respectively
(p<0.001). Overexpression of the GPIb in BSS-A-iPSCs using a lentiviral vector containing GP1BA gene
improved proplatelet structures and decreased platelet sizes (3.184+0.078 pm [corrected BSS-A],
4.453+0.096 um [BSS-Al, p<0.001) however the transgene was not expressed in BSS-B-
iPSCs. Subsequently, IL-10L and blebbistatin were used to explore BSS pathogenesis. The IL-10-induced
MK rupture yielded larger platelets from normal iPSCs and there was no further increase in sizes of BSS-
iPSCs-derived platelets. Furthermore, adding blebbistatin, a myosin Il inhibitor, reduced the platelet
sizes derived from BSS-iPSCs (3.20+0.035 vs. 4.38+0.046 um [BSS-A], 3.09+0.033 vs. 4.48+0.047 um [BSS-
B], p<0.001). Combining of blebbistatin and IL-1 decreased the mean sizes of BSS-iPSC-derived platelets
(4.43+0.110 vs. 3.34+0.090 um [BSS-A], 4.60+0.103 vs. 3.20+0.089 pm [BSS-B]). Moreover, we constructed
BSS-iPSC tubulin-GFP reporter lines which will be a useful tool for future studies of iPSC disease models.
In conclusion, BSS-iPSCs could be used as a model for giant platelet disorders. Our data suggest that
GPIb-IX-V is not necessary for IL-1Q induced platelet production, but likely involved in the proplatelet

formation which is related to a myosin function.
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CHAPTER |
INTRODUCTION

1.1 Background and Rationale

Bernard-Soulier Syndrome (BSS) is a severe bleeding disorder. Symptoms of
BSS are variable depending on individuals but usually exhibit during early childhood.
Clinical features of BSS patients are similar to other disorders of platelet dysfunction.
These symptoms include mucocutaneous bleeding, gastrointestinal hemorrhage,
purpuric skin bleeding and prolonged or heavy menstruation (menorrhagia) in female.
Laboratory findings are characterized by prolonged bleeding time, low platelets count
and presence of giant platelets on blood smears. Flow cytometry for Glycoprotein (GP)
Ib/IX/V reveals a severe reduction or deficiency and platelet aggregation shows a failure

of platelet to agglutinate when induced with ristocetin. *

BSS is an autosomal recessive macrothrombocytopenia caused by the
defective in genes that encode for a group of linked proteins on platelets surface,
GPIb-IX-V, a von Willebrand factor (VWF) receptor. They are composed of 4 genes
(GP1BA, GP1BB, GP9, and GP5). Mutations of GP1BA are most commonly found in BSS,
whereas mutations in GP5 do not lead to BSS because GP5 is not required for the
expression of the complex but GPlba, GPIbP, and GPIX are gathered in the
endoplasmic reticulum (ER) before exposure on platelet surface. The platelet GPIb-IX-
V complex not only plays an important role in platelet activation but also plays a part
of cytoskeletal binding via its C-terminal cytoplasmic tail to an actin filament network.
Lacking of this complex on the cell surface results in large platelets. BSS Patients have
normal numbers of megakaryocytes in the bone marrow, but have evidence of
abnormal proplatelet formation and magakaryopoiesis.  The GPIb-IX-V complex may
influence the late stage of megakaryopoiesis during the same time of platelet receptor
expression. However, the mechanism of large platelet formation in this disorder is

poorly understood.



Currently, there has been no available immortalized cell line that can produce
platelet in vitro. There have been mouse models for megakaryocytes and platelet
diseases. However, animal models are extremely expensive to generate, maintain and
genetically modify. Furthermore, there are differences in mouse and human

hematopoiesis and the findings in mice may not be all applicable to humans.

Nowadays, induced pluripotent stem cells (iPSCs) technology is an important
tool to study in many research fields, such as diseases modelling, drug developing,
drug screening and cell-replacement therapy in regenerative medicine. Induced
pluripotent stem cells (iPSCs) are reprogrammed to an embryonic stem cell-like state
by introducing genes important for maintaining the essential properties of embryonic
stem cells (ESCs). The iPSC researches are now exploding in every sector of disease
and academic part. We can use the patient sample-derived iPSCs to study the
undefined disease pathogenesis in vitro. Therefore, in this study, we will use patient-

specific iPSCs to understand the pathogenesis of BSS and explore for novel therapy.

1.2 Research Questions

1. Do Bernard Soulier syndrome iPSC-derived megakaryocytes and platelets

resemble megakaryocytes and platelets from Bernard Soulier syndrome patients?

2. Can the transgene rescue in Bernard Soulier syndrome iPSC restore the large

platelet phenotype to normal phenotype?
3. Do cytoskeleton modifying agents affect sizes of BSS iPSC-derived platelets?

1.3 Objectives of the study

1. To generate a human iPSC model of Bernard-Soulier syndrome and

demonstrate the utility of human iPSC-derived model for a rare disease.
2. To study of BSS iPSC-derived platelets before and after genetic correction.

3. To explore new drugs for the treatment of BSS using iPSC model



1.4 Keywords

Induced pluripotent stem cells (iPSCs), Bernard soulier syndrome, Megakaryocyte,

Platelet, Macrothrombocytopenia

1.5 Conceptual Framework

1. Do BSS iPSC-derived megakaryocytes and platelets resemble megakaryocytes and platelets from
BSS patients?

Hypothesis: BSS iPSC-derived megakaryocytes produce abnormally large proplatelets and platelets in

vitro.

4

To generate a human iPSC model of BSS.

! !

BSS iPSC-derived megakaryocytes and BSS iPSC-derived megakaryocytes and
platelets resemble megakaryocytes and platelets are different from megakaryocytes
platelets from BSS patients. and platelets from BSS patients.

!

Can transgene rescue in Bernard Soulier syndrome iPSCs can restore large platelet phenotype to

normal phenotype?

Hypothesis: Expression of GPlb gene can restore platelet sizes.

W

To compare of BSS iPSC-derived platelets before and after overexpression of the GPIb gene.

\'4 W
After overexpression, BSS iPSC-derived After overexpression, BSS iPSC-derived
platelet sizes return to normal. platelets sizes do not change.

!



3. Do cytoskeleton modifying agents affect sizes of BSS iPSC-derived platelet?

Hypothesis: Cytoskeleton modifying agents can reduce sizes of BSS iPSC-derived platelets.

Y

To explore new drugs for the treatment of BSS and demonstrate the utility of human iPSC-

derived model for a rare disease.

W

W

Cytoskeleton modifying agents reduce sizes

of BSS iPSC-derived platelets

Cytoskeleton modifying agents do not

change sizes of BSS iPSC-derived platelets

1.6 Benefits and Applications

As the mechanisms of platelet production in health and diseases are still
undefined, the iPSC technology can produce an important knowledge in various
platelet diseases. The availability of patient-specific iPSC will yield the disease model
to understand the pathogenesis of the disease. It is also used for drug screening and

development. The gene correction may lead the way to autologous cell therapy for

monogenic and acquired disease.




CHAPTER Il
LITERATURE REVIEW

2.1 Bernard-Soulier Syndrome

Bernard-Soulier syndrome (BSS) was first described by Dr. Jean Bernard and Dr.
Jean Pierre Soulier in the year 1948. BSS is an inherited bleeding disorder that results
in thrombocytopenia and platelet dysfunction. BSS is extremely rare. It has been
estimated that this disease affects less than one person in a million based on case
reports from Europe, North America, and Japan. However, misdiagnosis and under-

reporting may affect this prevalence.’

2.1.1 Signs and symptoms

BSS is characterized by the presence of the low platelets number with large sizes
(macrothrombocytopenia). It is generally diagnosed in newborns or toddlers who
experience unusual bleeding symptoms, such as epistaxis, ecchymosis, menorrhagia,
gingival, gastrointestinal, muscular or visceral bleeding.® The clinical symptoms range
from mild to severe. In severe cases, bleeding events can happen in surgical
procedures or dental extractions or menstruations. Nonetheless, bleeding frequency

and severity may differ among individuals.

2.1.2 Laboratory findings

In BSS, the platelet counts can vary from mildly decreased to normal, usually
ranges from less than 80 to 100 x 10°/uL. The peripheral blood smear shows large
platelets. Bleeding time is prolonged.” The diagnosis can be confirmed by platelet
ageregation studies, flow cytometry and gene sequencing. By platelet aggregation, BSS
platelets will aggregate in response to epinephrine, collagen and ADP but they will not
aggregate in the presence of ristocetin.! This failure to agglutinate cannot be corrected
by the addition of normal plasma, therefore, we can discriminate BSS from von
Willebrand disease (VWD). Meanwhile, flow cytometric analysis of platelets is also
characteristic for BSS showing normal binding to CD41 (GP IlIb) and CD61 (GPllla)
antibodies, but defective binding to CD42a (GPIX), CD42b (GP Ibat), CD42c (GP IbB), and



CD42d (GPV) antibodies. Furthermore, for GP1BA, GP1BB, and GP9 gene sequencing,
including coding and noncoding regions, is necessary to confirm the platelet receptor

gene mutations.

2.1.3 Pathogenesis and pathophysiology

Bernard-Soulier syndrome is an autosomal recessive disorder, in which platelet
surface GPIb-IX-V complex is decreased or absent. These platelet glycoprotein
complex acts as a binding site for von Willebrand factor (VWF), which is necessary for
platelet aggregation by linking between platelet and sub-endothelial extracellular
matrix collagen fibrils at sites of injury. This interaction between the GPIb-IX-V complex,
VWF and collagen is crucial for platelet adhesion and subsequent platelet aggregation.
Losing of this protein complex will affect platelets plug formation causing bleeding
tendency. BSS mutations may be classified based on a biosynthesis defect or
functional defect.” Mutations of GPlba, GPIbB and GPIX genes result in BSS type A,

type B and type C, respectively.

2.2 Glycoprotein Ib-IX-V Complex
The glycoprotein (GP) Ib-IX-V complex is a crucial platelet receptor in initiating

and propagating hemostasis. It was first discovered in 1948.
Structure and functions

The GPIb-IX-V complex is a primary platelet adhesion receptor that consists of
four distinct transmembrane proteins, GPIbal (MW 135 kDa), GPIbPB (MW 26 kDa), GPIX
(MW 20 kDa) and GPV (MW 82 kDa), creating the functional receptor on the surface of
megakaryocytes. The four subunits are separately encoded by 4 genes mapping to
chromosomes 17p12 (GP1BA), 22q11.2 (GP1BB), 329 (GP5) and 3921 (GP9). The four
genes belong to the leucine-rich family of proteins and are exclusively expressed in
platelets under physiological conditions. They have a simple structure with the coding
sequence contained within a single exon, except for GP1BB which contains an intron

of 10 bases after the start codon. The GPIba form disulfide links to two GPIbB subunits,



GPV and GPIX proteins at a ratio of 2:4:2:1." (Figure 1) The surface expression of the
whole complex needs GPlba, GPIbB, and GPIX. Lack of a single subunit will affect
receptor synthesis except for GPV which is not necessary for receptor expression, or
VWF binding function. Knocking out the GPV in mice has no effect on megakaryocyte

(MK) ultrastructure, platelet production, size or GPIb-IX expression.

In the GPIb-IX-V complex, the main ligand-binding subunit is located in the
GPIba.. The adhesive ligands, including von Willebrand factor (VWF), thrombospondin,
counter receptors on endothelial cells (P-selectin) or leukocytes (integrinal,B,), and
coagulation factors (thrombin, factors Xl and XII, high-molecular-weight kininogen), bind

to the N-terminal ligand-binding region (His1-Glu-282).

The cytoplasmic domain of GPIb-IX-V interacts with multiple intracellular
binding partners, controlling platelet size/shape and/or signal transduction. The
interaction of GPIb-IX-V and filamin A, the cytoskeletal protein, has been reported to
control platelet size, shape change and adhesive function through a binding site
involving Phe568/Trp570 within the GPIba cytoplasmic tail. © In megakaryocytes,
filamin A controls normal platelet production and normal GPlbal expression on
circulating platelets. " Disruption of the link between cytoplasmic tail of GPlbat and
components of platelet membrane cytoskeleton may result in platelet size
abnormalities. As part of signaling transduction, human GPIb-IX-V interacts with
structural signaling proteins, such as calmodulin, 14-3-3( and the p85 subunit of
phosphoinositide 3-kinase.

Engagement of GPlbal by the VWF Al-domain initiates intracellular signaling
leading to inside-out activation of the platelet integrin, a,,B5 (GPllb-llla) that binds
fibrinogen or VWF and mediates platelet aggregation and clot contraction. GPlba also
binds to the integrin, B, (CD11b/CD18; Mac-1) on activated leukocytes in
inflammatory responses.® In experimental models, GPIba has been shown to regulate
venous, as well as arterial thrombus formation at lower or higher shear rates. In
addition to binding the VWF Al-domain, the regulation of thrombus formation may

possibly also be from interactions with coagulation factors (thrombin and factors XII/XI)



or other ligands localizing coagulation at the activated platelet surface, where
procoagulant phospholipids are expressed and procoagulant factors, such as
polyphosphates are secreted. Interestingly, platelet polyphosphates stored in both
dense granules and VWF/P-selectin—containing O-granules are released for binding to
VWF and facilitating its interaction with platelet GPIba. The various roles of GPIb-IX-V
complex that were mentioned above give us the facts that the deficiency or
defectiveness of this GPIb-IX-V complex are related to various processes in thrombosis

and hemostasis
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Figure 1: GPIB-IX-V complex structure'

After the first discovery of GPIb-IX-V complex, a lot of mutations in GP1BA,
GP1BB, GP9 which result in BSS were identified which classified into 3 groups. First,
missense mutations or short in-frame deletions/insertions. The second is nonsense
mutations and the last group is frameshift insertions or deletions. Most of the
mutations cause lower expression of GPIb-IX-V complex on platelets surface. Leading

to platelet dysfunction, inability to bind to VWF and platelet size abnormalities.’



2.3 Bernard Soulier syndrome in an animal model

BSS animal model has been reported in various studies. Ware et al,
demonstrated  that murine  model exhibited the BSS-like phenotype
(macrothrombocytopenia or giant platelets) after disruption of the a-subunit of gene
encoding for GPIb-IX-V complex. Human GPIbal expression by transgenic technology
could restored the BSS mouse platelets to the normal size. However, platelets count
was not restored to the normal level when compared with wildtype.” Furthermore,
megakaryopoiesis studies in mouse deficient of GPIbP exhibited some normal
megakaryocytes properties (number, differentiation, endoreplications) in bone marrow
but showed abnormal structure of thick peripheral zone and poor developed
demarcation membrane system. Mature megakaryocytes displayed abnormal
morphology of proplatelets which have fewer branches and thicker shafts. Besides that,
platelets sizes were abnormally large with thick tubulin rings.'

Gene therapy of BSS has been examined using lentiviral vector (LV). For
example, S. Kanaji et al'! introduced human GPIBA under control of the platelet-
specific integrin allb promoter (2blba). Lentiviral vectors containing human GP1BA were
transduced into hematopoietic stem cells (HSC) of GPIba null mouse and transplanted
into bone marrow after transplantation. The mouse cells could synthesize transgene
protein, human GPIbal (hGPlba), which was able to form the complex with mouse
proteins GPIbB and IX and the macrothrombocytopenia and bleeding phenotype in
BSS mice were rescued."! Meanwhile the role of GPIbB was studied in a Bernard-
Soulier mouse model lacking GPIbB subunit by transduced viral particles harboring
human GPIbB (hGPIbB) into GPIbb™" Sca-1* progenitors and transplanted into lethally
iradiated GPIbB™" mice bone marrow. The hGPIbB transplanted mice showed 97%
rescued of GPIb-IX expression in circulating platelets. This model also demonstrated
the crucial role of GPIb intracellular domain in GPIb-IX expression. For instance, the
removal of the GPIbB membrane proximal segment (D150-160) resulted in decreasing
of GPIb-IX expression leading to increased bleeding time and decreased thrombotic
tendency."

Although BSS animal models can represent the phenotypes of BSS, there are

some limitations of the use of mouse models as they do not reproduce all aspects of
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human disease conditions. Mice have small size bodies, short life-spans and the

disease progression which are different from humans.*

2.4 Megakaryocytes, proplatelets formation and platelets biogenesis

Platelets are the smallest anucleated cell fragments flowing in the blood
circulating system. The platelet diameter ranges from 1-3 um.** Platelets are involved
in many processes, such as hemostasis, wound healing, angiogenesis, inflammation,
and innate immunity. Platelets are produced from cytoplasm of megakaryocytes (MKs)
inside bone marrow. > MKs are developed from hematopoietic stem cells (HSCs) that
reside mainly in the bone marrow." MKs are rare cell population which represents
approximately 0.01% of total cells in bone marrow. The size of MKs is approximately
50-100 pum.

Platelet formation composed of two steps. The first step is MK maturation and
development which requires MK-specific growth factors. Thrombopoietin (TPO) is the
major cytokine promoting MK development from HSC precursors and control of
endomitosis causing mononuclear MK to become polyploid."” Nuclear proliferation
and enlargement of the MK cytoplasm occurs as MKs are filled with cytoskeletal
proteins, platelet-specific granules, and sufficient membrane to complete the platelet
assembly process. The second phase is relatively rapid and can be completed within
hours. During this phase, MKs generate platelets by remodeling their cytoplasm firstly
into proplatelets and then into preplatelets, which undergo subsequent fission events
to generate discoid platelets. The time that used all process is approximately 5 days
from MKs to complete polyploidization, mature and platelet releases.'*'**° The crucial
factors, which are related to platelets sizes, are proplatelet formation and ?'platelet
cytoskeleton proteins. Up to date, the platelet production can be classified into 2
pathways. Firstly, the classic mechanism of proplatelets formation occurred from TPO
drives of megakaryopoiesis. MK cytoplasm then produces long protrusion (proplatelets)
extending into bone marrow sinusoid and then fragmented into platelets. Platelets
released from this pathway have normal sizes. The goal of this pathway is to maintain
platelets number in blood circulation at a steady state. Second pathway is

megakaryocytes rupture which occurs in conditions with acute platelet needs, such as
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inflammations, infection, immune thrombocytopenia and traumatic blood loss. This
MK rupture produces larger platelet numbers, more than 20-fold compared to classic
pathway.”” MKs rupture is induced by interleukin-1a (IL-1a) which is released from
injured endothelium or activated platelets (Rider et al., 2013) IL-1a signaling activates
Caspase-3 pathway resulting in MK loosing membrane stability and leading to
membrane blebbing together with deregulation and organization of B1-tubulin. This

process causes larger platelet sizes with normal function.??
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Figure 2: The two models of platelets generation; proplatelet formation and MKs
rupture.?

Once platelets are released into the bloodstream, they survive 7-10 days. 2426
The production of platelets by megakaryocytes requires an intricate series of
remodeling events that result in the release of thousands of platelets from a single
megakaryocyte. Abnormalities in this process can result in clinically significant
disorders. Megakaryocytes cytoskeletal reorganization is the risky phase in platelets

production which is regulated by the major cytoskeleton proteins, tubulin and actin.
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Microtubule is involved in proplatelet extension and elongation process by the
polymerization of B1 and a-tubulin.?” The thickness and the diameter of microtubule
coil at the end of proplatelet are related to platelet size and its discoid shape.?®
Furthermore the microtubules cytoskeleton interacts with actin filaments. Actin
regulates proplatelet shaft bending and branching to increase the number of
proplatelet ends and platelet releases. In addition, actin-modulating proteins, such as
filamin and myosin may affect cytoskeletal remodeling and may regulate platelet
sizes.?® For example, myosin is an actomyosin filament/plasma membrane cross-linker
molecule which is necessary cytoskeleton protein for platelets shape change.”
Blebbistatin, a myosin Il inhibitor, affects MK membrane fragmentation from large to
normal sizes of pre-/pro-platelets. Myosin has been reported to destabilize
microtubule marginal bands that maintain resting platelet discoid shape ** via
contraction of actomyosin structures.’

In BSS, MK numbers in bone marrow are shown to be normal suggesting that
the cause of macrothrombocytopenia occurs in the final stages of platelet production.
MKs from BSS exhibit thicker peripheral microtubules, large proplatelet tip production
and vacuolated invaginated membrane systems. BBS platelets are associated with
abundant cytoplasmic vacuoles and abnormal concentration of membrane complex
in discrete zones. Understanding the molecular pathogenesis of these abnormalities

will give us deeper insights in the mechanisms of both abnormal and normal platelet

production.

2.5 Generation of platelets in vitro

Platelets are the progeny of megakaryocytes, a rare population of hyperploid
cells that reside in the adult bone marrow. Platelets are generated by the extension
of pro-platelet-Llike structures into the vasculature. These extensions shed thousands
of cell fragments into the circulation under shear forces of blood flow. ***° The
formation of MKs and platelets requires specific transcription factors, including GATA-
1, NF-E2, and SCL, which also play key roles in erythropoiesis. ***" In addition,
megakaryocyte numbers, maturation, and pro-platelet formation are dependent on

the growth factor, thrombopoietin (TPO) 38,39
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The first study of mature megakaryocytes generation from hESCs was reported
by Gaur et al* in 2006. The hESCs were differentiated on OP9 feeder cells which
supported the hematopoietic cell differentiation of mouse and human ESCs in vitro.
After 15-17 days of co-culture supplemented with TPO, these cells expressed MK-
specific surface antigens, including the lineage markers CD41a (integrin allb or GPIIb)
and CD42b (GPlbal) in the ESC-derived megakaryocytes. Anyway, no platelets could be
detected. ** After that, Takayama et al*! revised Gaur et al.*’ protocol by co-culturing
ESCs on either OP9 or C3H10T1/2 stroma for 14-15 days of differentiation and induced
with vascular endothelial growth factor (VEGF) which led to sac-like structures (ES-sacs)
formation. ES-sacs are consisted of a morphologically distinct outer layer of cells with
endothelial-like properties and a population of round hematopoietic-like cells
expressing shared markers of blood and endothelium, such as VE-cadherin and CD31,
as well as the hematopoietic cell-specific markers CD34, CD41a, and CD45. 2 These
hematopoietic cells have the capacity to form hematopoietic colonies in vitro. When
cultured for 24 days in medium that was supplemented with VEGF and TPO plus other
cytokines (interleukin [IL]-6, IL-11, and stem cell factor [SCF]), the hematopoietic
progenitors from ESC sacs formed megakaryocytes. In addition, megakaryocytes
obtained in this manner released platelets that expressed CD4la and CD61 (integrin
B3 or GPllla) and could be activated in response to ADP and thrombin. However, hESC-
derived megakaryocytes contained fewer granules and yielded far fewer platelets in
vitro than their normal counterparts in vivo (2-3 compared with ~1,000-3,000
platelets per megakaryocyte). 2*° In addition, the in vivo functions of the ES sac-
derived platelets have not been demonstrated.

In 2010 the generation of hiPSC-derived megakaryocytes and platelets with in
vivo functions by using hiPSCs derived from human dermal fibroblasts, instead of
hESCs, was reported.*! The platelet yield per megakaryocyte under these conditions
was improved by approximately two- to threefold, compared with their previous study.
The hiPSC-derived platelets were detectable in the circulation for at least 24 hours
after transfusion into irradiated NOD-SCID-/(2r¢”~ mice by using intravital microscopy
to observe the transfused platelets participating in the formation of blood clots after

laser-induced vessel injury.
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Figure 3: Megakaryocytes and platelet differentiation via ES-SAC. %

2.6 Disease modeling and correction of platelet-related disease

As megakaryocytes (MKs) and platelets can be generated from human ESCs and
iPSCs in vitro, this is a potential source of blood cells for clinical transfusion and a
promising tool for studying the human thrombopoiesis. Moreover, disease-specific
iPSCs are powerful models for elucidating the pathogenesis of hematological diseases
and for drug screening.

Disease modeling and gene correction of Glanzmann thrombasthenia,
congenital amegakaryocytic thrombocytopenia (CAMT) and Wiskott-Aldrich syndrome
(WAS) were recently reported. ** * CAMT is a disorder caused by mutations in the C-
mpl gene that lead to loss of TPO/MPL signaling. This disorder is phenotypically with
severe aberrant hematopoiesis and fatal prognosis. *° Due to the lack of primary cells,
it is extremely challenging to study bone marrow-derived progenitors for a greater
insight into the mechanism of action and potential targets of drug therapy. The CAMP
patient-derived iPSCs were created from the dermal fibroblasts. * These cells
displayed a characteristic inability to differentiate toward the megakaryocyte lineage.
This defect was attributed, in part, to dysregulated expression of FLI1, a megakaryocyte
specific transcription factor. Importantly, C-mpl retroviral delivery was sufficient to

restore megakaryocyte lineage specification of CAMT iPSCs.
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Besides that, mononuclear cells from the peripheral blood of two patients with
Glanzmann thrombasthenia were re-programmed into iPSCs and subsequently
corrected by gene therapy. * Glanzmann thrombasthenia is caused by mutations in
integrin allbPB3 leading to a platelet aggregation defect and can cause severe bleeding.
The corrected allb cDNA was inserted into the ‘safe harbor’ AAVS1 locus to minimize
potential endogenous activation and was driven by the GPlba promoter for
megakaryocyte-specific expression. Megakaryocyte differentiated from the corrected
cell lines were stained positive for the PAC-1 antibody when treated with platelet
agonists, suggesting that o,B5 was present on the cell surface and inducible to an
activated state. This study is an important first step to elucidate the efficacy of gene
correction for Glanzmann thrombasthenia in an effort to create iPSC-derived material
for syngeneic transplant.

There is a recent study of a model for Wiskott-Aldrich syndrome (WAS), an X-
linked recessive disorder with mutations in WAS protein (WASP) gene, a regulator of
actin cytoskeleton and chromatin structure in various blood cell lineages. The patients
present with microthrombocytopenia, complex immunodeficiency, autoimmunity, and
propensity for hematologic malignancies. Generation of induced pluripotent stem cell
(iPSC) from WAS patients exhibited defects in platelet production in vitro. WAS-iPSCs
produced platelets with irregular shapes and smaller sizes. In addition, abnormal
cytoskeletal rearrangement, F-actin distribution, and proplatelet formation were
observed under immunofluorescence and electron microscopy. Overexpression of
WASP in the WAS-iPSCs using a lentiviral vector improved proplatelet structures and
normalized the platelet sizes.

Finally, a study of magakaryopoiesis using the iPSCs model of BSS will identify
a requirement of GPIb-IX-V in proplatelet formation and platelet production with
normal size and shape. This study will provide a good indication that patient-derived
iPSCs model properly recapitulate defects in a human disease and the use of this
model will give knowledge of the mechanisms of megakaryocyte maturation and
platelet formation in order to improve diagnosis and investigate for new treatments in

the future.
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CHAPTER Il
MATERIALS AND METHODS

3.1 Generation of induced pluripotent stem cells (iPSCs) from Bernard Soulier
syndrome (BSS) patients

Following the iPSCs reprogramming protocol from Center for iPS Cells Research
and Application at Kyoto University (CiRA), whole blood samples were obtained from
BSS patients. Peripheral blood mononuclear cells (PBMCs) were separated from whole
blood by using Ficoll®-Paque Premium (GE Healthcare, Sweden) and gradient
centrifugation. After centrifugation, the PBMC layer was removed from the tube and
transferred to a new tube. PBMCs were washed with 1X PBS, resuspended in 5 ml of
PBMCs culture medium (StemSpan H3000, StemCell Technologies, USA) and then
counted for the number of cells. Extra PBMCs could be frozen down. PBMCs were
cultured at 2-4x10° cells/ml by adding 2 ml to each well of a non-TC treated 6-well
plate. 1.5 ml of PBMC culture medium was added into each well every 2-3 days. Cells
were cultured at 37 °C for 7-8 days in a CO, incubator with a water tray to maintain

the humidity.

On the day of nucleofection, cells were harvested and counted for the number.
The reprogramming method is by Lonza 4-D Nucleofector™ System using PBMCs 1 x
10° cells/vial. The episomal vector stock solution was prepared by premixing the four
vectors,  pCXLE-hOct3/4-shp53-F  plasmid  (Addgene  plasmid # 27077,
http://n2t.net/addgene:27077; RRID:Addgene 27077), pCXLE-hSK plasmid (Addgene
plasmid # 27078; http://n2t.net/addgene:27078; RRID:Addgene 27078), pCXLE-hUL
plasmid  (Addgene plasmid # 27080 ; http://n2t.net/addgene:27080
RRID:Addgene 27080) and pCXWB-EBNA1 plasmid (Addgene plasmid # 37624 ;
http://n2t.net/addgene:37624 ; RRID:Addgene 37624) for expression of OCT3/4, SOX2,
KLF4 and L-MYC, in equimolar amounts and set up a stock concentration of 0.83 pg
for each plasmid. (Total stock concentration of plasmids would be 0.6 pg/upL). The

nucleofection solution (Amaxa CD34" cell Nucleofector Kit, Lonza, Germany) was
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added to suspended cells. After that, nucleofection was performed using program
CD34 reprogramming. The cells were then plated onto MEF feeder cells in a 6 cm plate
with PBMC culture medium. On day 8, 10 and 12 the 1.5 ml of mTeSR™1 medium
(StemCell Technologies, USA.) was added and replaced on day 14, 17, 20, 23. On day

25 to 35, colonies of approximately 2 mm diameter were picked.

3.2 Induced pluripotent stem cell (iPSC) characterization
3.2.1 Reverse transcriptase Polymerase chain reaction (RT-PCR) for pluripotent
stem cell marker expression

Total RNA from undifferentiated BSS-iPSC lines and a control iPSC line were
isolated using TRI Reagent® RNA isolation reagent (Molecular Research Center, Inc.,
USA.). The cDNA from total mRNA was synthesized using RevertAid™ H Minus M-MuLV
(Fermentas, Glen Burnie, MD, USA) for RT-PCR. Endogenous pluripotency-associated
transcription factors SOX2, NANOG, cMYC, KLF4, OCT4 and house-keeping GAPDH genes
were amplified using CloneAmp HiFi PCR (Takara Bio Inc., China). PCR products were
visualized in 1% agarose gel. The separate primer sets for SOX2, NANOG, cMYC, KLF4,
OCT4 and GAPDH were used to confirm the expression of pluripotent markers Primers

used are shown in Table 1.
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Table 1: Primers sets used for RT-PCR.

Gene Primer Sequence Product | Reference
Size
(bp)
GAPDH | Forward: AAC AGC CTC AAG ATC ATC AGC 338 Takayama
Reverse: TTG GCA GGT TTT TCT AGA CGG et al”
OCT4 | Forward: GAA GGT ATT CAG CCA AAC GC 313 Lu et al*’

Reverse: GTT ACA GAA CCA CAC TCG GA

NANOG | Forward: ATA CCT CAG CCT CCA GCA GA 391 Takahashi
Reverse: CAG GAC TGG ATG TTC TGG GT et al®

SOX2 | Forward: GGG AAA TGG GAG GGG TGC AAA AGA GG 151 Takahashi
Reverse: TTG CGT GAG TGT GGA TGG GAT TGG TG etal®

cMYC | Forward: GCG TCC TGG GAA GGG AGA TCC GGA GC 328 Takahashi
Reverse: TTG AGG GGC ATC GCT GCG GGA GGC TG etal®

KLF4 | Forward: TGA TTG TAG TGC TTT CTG GCT GGG CTC C 397 Takahashi
Reverse: ACG ATC GTG GCC CCG GAA AAG GAC C et al®

3.2.2 In vitro differentiation of the iPSCs line

The in vitro pluripotent capacity of the BSS iPSC cell lines were tested by
spontaneous embryoid body (EB) differentiation. One ml of Matrigel (CORNING, USA.)
was added to the culture plate one to two days before iPSC reaching confluence. The
eighty percent confluent iPSCs were washed with 1 ml of 1XPBS and incubated with
0.5 ml of CTK solution consisting of 0.25% trypsin (Thermo Fisher Scientific., USA.), 0.1%
collagenase IV (Thermo Fisher Scientific., USA), 20% Knockout serum replacement (KSR;
Thermo Fisher Scientific, USA) and 1 mM CaCl2 in dH,O for 5-7 min. CTK was aspirated
and iPSC colonies were washed with 1XPBS for 2 times. The iPSCs were resuspended
to the clumps and cultured in ultra-low attachment wells (Sigma-Aldrich) to induce EB
formation. EBs were cultured for 21 days with EB medium consisting of DMEM/F12
(Hyclone, GE Healthcare Lifesciences, USA) supplemented with 20% FBS (Thermo
Fisher Scientific, USA), 1% nonessential amino acids (Thermo Fisher Scientific, USA), 0.1

mM B-mercaptoethanol (Thermo Fisher Scientific, USA), and 1% Antibiotic-Antimycotic
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(Thermo Fisher Scientific, USA) without basic fibroblast growth factor 2 (bFGF2) for
spontaneous differentiation to the three germ layers. Medium changes were performed
every 2-3 days. Immunocytochemistry was used to analyze the germ layer associated
markers: Nestin (BioLegend) for ectoderm, Brachyury (Abcam) for mesoderm and AFP

(Abcam) for endoderm at the end of differentiation.

3.2.3 Immunocytochemistry for pluripotent cell markers

BSS iPSCs were fixed with 4 % paraformaldehyde for 15 minutes at room
temperature and then permeabilized with 1XPBS supplemented with 0.3 % Triton X-
100 for 15 min. BSS iPSCs were then blocked in blocking solution (10 % goat serum
and 0.3 % Triton X-100 in PBS) for 30 minutes at room temperature and stained with
primary antibodies to Octd (Cell Signaling technology®), Nanog (Cell Signaling
technology®), Tra-1-60 (Cell Signaling technology®), and SSEA-4 (Abcam) at 4°C
overnight. Cells were then stained with the Alexa Fluor conjugated secondary antibody

(Molecular Probes, Invitrogen) for 1 hour.

3.2.4 Karyotyping
Chromosomal analysis of every iPSC line was performed by the Chromosome

Laboratory Center, Bangkok, Thailand.

3.3 In vitro megakaryocyte and platelet differentiation via ES-Sacs method

The BSS-iPSCs were co-cultured on C3H10T1/2 feeder cells in the presence of
vascular endothelial growth factor (VEGF) for 14 days. On the day 14 of differentiation,
ES-sacs were torn by needles then cells were collected and passed-through a 40 um
cell strainer. Subsequently, hematopoietic progenitors from ES-sacs were transferred
to feeder cells and cultures in megakaryocytes differentiating medium in the presence
of 100 ng/ml human thrombopoietin (TPO; R&D Systems), 50 ng/ml human stem cell
factor (SCF; R&D Systems) and 25 U/ml heparin (Sigma-Aldrich, St Louis, MO, USA). On

day 21, the non-adherent cells were collected and analyzed.
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3.4 Characterization of iPSC-derived hematopoietic progenitors, megakaryocytes
(MKs) and platelets
3.4.1 Flow Cytometric Analysis

Flow Cytometric Analysis of the surface molecules of progenitor cells separated
from ES-sacs were stained with APC-conjugated anti-human CD34 (BD Biosciences, San
Jose, CA, USA) and PerCP-conjugated anti-human CD45 (BD Biosciences) for

hematopoietic progenitor cell analysis on day 14 of differentiation.

FITC-conjugated anti-human CD41a (BioLegend) and PE-conjugated anti-human
CD42b (BioLegend) were used to detect megakaryocyte differentiation on day 21 of
differentiation and platelet-like particles on day 23 of differentiation. BD FACS Aria |l
(Becton Dickinson, Franklin Lakes, NJ, USA was used to analyze. For platelet analysis,
platelet-like particles in culture supernatant were gated using the same FSC and SSC

as normal platelets.

3.4.2 Immunocytochemistry

For platelet staining, platelet-containing supernatant containing 1 uM
prostaglandin E1 was centrifuged at 2,000 rpm. Platelet pellets were resuspended and

smeared onto the matrigel-coated coverslips and dried.

For proplatelet staining, iPSC-derived megakaryocytes on day 21 of culture were
reseeded onto matrigel-coated coverslips and cultured for 24 hours. Subsequently,
they were fixed with 4 % formaldehyde for 15 min at room temperature and
permeabilized with 1XPBS supplemented with 0.3 % Triton X-100 for 15 min.
Proplatelets and platelets were then blocked in the blocking solution for 30 min at
room temperature and stained with anti-a-tubulin (Abcam, Cambridge, MA, USA) and
phalloidin-FITC. (Molecular Probes, Invitrogen., USA.) One pg/ml DAPI (Molecular
Probes, Invitrogen, USA) was used for nuclear staining. All fluorescence images were
obtained using Axio Observer fluorescent microscopy (Carl Zeiss, Jena, Germany). The
shortest diameters of tubulin-stained discoid-shaped platelets were measured using

AxioVision Rel 4.8 (Carl Zeiss).
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3.5 Genetic correction of BSS-iPSCs using lentiviral infection

GP1BA or GP1BB cDNA was amplified and cloned into plvx-TRE3G vector using
In-Fusion HD (Takara Bio Inc., USA.). Vectors containing GP1BA or GP1BB were combined
with Lenti-X-packaging single shot (VSV-G) and co-transfected into Lenti-X 293T cell
line. Two days after transfection, the media were collected and filtered through a 0.45
um pore size filter. Harvested lentiviral supernatant was centrifuged at 25,000 rpm for
90 minutes to concentrate viral particles. Viral pellets were resuspended with Opti-

MEM (Invitrogen, USA.).

BSS-A-iPSCs were, supplemented with 6 pg/ml polybrene, infected by viral
pellets containing plvx-TRE3G-GPI1BA and plvx-EFla-Tet3G. BSS-B-iPSCs were,
supplemented with 6 pg/ml polybrene, infected by viral pellets containing plvx-TRE3G-
GP1BB and plvx-EFla-Tet3G for 8-24 hour. BSS-A-iPSCs and BSS-B-iPSCs containing
GP1BA and GP1BB gene clones, respectively, were selected by using puromycin
(Gibco™, Fisher Scientific, China) 0.5 pg/ml and geneticin (Gibco™, Fisher Scientific.,
Thailand) 80 pg/ml. They were then expanded and screened for doxycycline-inducible

expression.

For GPIb overexpression experiment, proplatelets and platelets were stained
with anti-a-tubulin (Abcam) and phalloidin-FITC. After that, cells were fixed,
permeabilized and blocked. One pg/ml DAPI (Molecular Probes, Invitrogen) was used
for nuclear staining. All fluorescence images were obtained using Axio Observer
fluorescence microscopy (Carl Zeiss, Jena, Germany). The shortest diameters of
tubulin-stained discoid-shaped platelets were measured by using AxioVision Rel 4.8

(Carl Zeiss).
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3.6 Construction of iPSC lines with a-tubulin reporter
3.6.1 crRNA tubulin and donor vector design

The crRNA tubulin was designed based on donor vector homology arm, which
was described by Roberts et al*’, using Custom Alt-R® CRISPR-Cas9 guide RNA design

tool (IDT). Designed crRNA sequence was shown below.
TUBA1B crRNA 5’-GATGCACTCACGCTGCGGGA -3’

AUl CRISPR/CAS9 system was obtained from Stem Cell and Cell Therapy Research Unit,
Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand. The commercially-
produced gRNA was used to ensure quality and consistency across the editing

experiments. (IDT, USA)

Donor vector; AICSDP-4: TUBAIB-mEGFP (Addgene plasmid # 87421;
http://n2t.net/addgene:87421; RRID: Addgene 87421) which has been used with locus-
specific CRISPR/Cas9 to add a mEGFP tag to the second exon of human TUBAIB in
WTC human induced pluripotent stem cells by the Allen Institute for Cell Science was

used in this study.*

3.6.2 Preparation of crRNA: tracrRNA duplex
Each RNA oligonucleotide (Alt-R CRISPR-Cas9 tubulin crRNA and Alt-R CRISPR-

Cas9 tracrRNA) was resuspended in Nuclease-Free Duplex Buffer to the concentrations
of 100 uM. The two RNA oligos were diluted to 10 uM final concentrations in a sterile
microcentrifuge tube for a 10 pl final volume, heated at 95°C for 5 min and allowed

to be cool to room temperature on the bench top (5-10 min).

3.6.3 Formation of the ribonucleoprotein (RNP) complex

The guide RNA (tubulin crRNA: tracrBNA duplex) and Cas9 enzyme were
combined in that nucleofector solution to dilute each component to the final
concentration 24 pmol in 50 pl. The mixture was gently swirled using a pipet tip while

pipetting and incubated at room temperature for 5-10 minutes.



23

3.6.4 Nucleofection

During the incubation time, BSS-iPSCs were prepared using StemPro Accutase
Cell Dissociation Reagent (Thermo Fisher Scientific., USA.) to dissociate into single cells
and counted to 1x10° cells per electroporation. BSS-iPSCs were washed with 0.5% BSA
(GE Healthcare, Austria), 2mM EDTA (Vivantis, Malaysia) in PBS and centrifuged at 1000
RPM for 5 minutes. The supernatant was removed as much as possible without
disturbing the pellet. Fifty pl of nucleofection solution were added (P3 Primary Cell
4D-Nucleofector™ X Kit L, Lonza, Germany) to suspend cells. The RNP complex was
co electroporated into the iPSCs cells along with a GFP donor plasmid specific to the
target  locus, AICSDP-4:  TUBA1B-mEGFP  (Addgene plasmid # 87421,
http://n2t.net/addgene:87421; RRID: Addgene 87421)

Nucleofection was performed using H9 program. The cells were then plated
onto in 35 mm Matrigel-coated plate with CloneR™ medium (STEMCELL Technologies
Inc., USA). GFP-expressed iPSCs were sorted by BD FACSAria Il (Becton Dickinson,

Franklin Lakes, NJ, USA).

3.7 Testing the effects of pharmacological agents on platelet production

In this study, iPSC lines from BSS patients were differentiated into MKs and
platelets. The pharmacological agents, 15 UM blebbistatin (Merck) or 50 ng/ml IL-1a
were added on day 19 and day 20 of MK differentiation, respectively. In vitro-derived
platelets were stained for circumferential tubulin and measured the diameters (N =
500 per condition). Moreover, blebbistatin was combined with IL-1a whereas
Blebbistatin was added 72 hours before IL-10. In vitro-derived platelets were stained

for circumferential tubulin and measured the diameters (N = 100 per condition
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CHAPTER IV
RESULTS

4.1 Generation of induced pluripotent stem cells (iPSCs) from Bernard Soulier
syndrome (BSS) patients

Studies using human cells were approved by the institutional review board of
the Faculty of Medicine of Chulalongkorn University and were conducted in
accordance with the Declaration of Helsinki. Peripheral blood mononuclear cells
(PBMCs) were obtained from two BSS patients and one unrelated normal individuals

then reprogramming into iPSCs using nucleofection of episomal vectors.

BSS-iPSC lines were generated from 2 patients with BSS mutations in different
genes (GP1BA and GP1BB: termed BSS-A and BSS-B, respectively). After reprogramming,
we obtained 13 clones and 14 clones of BSS-A and BSS-B, successively. The BSS iPSC
morphology showed the typical morphology of iPSCs that were compact colonies with
defined borders, small cells with high nuclear to cytoplasmic ratio and prominent

nucleoli. (Figure 4)
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Figure 4:iPSCs reprogramming from PBMCs of BSS patients,
(a.) PBMCs of BSS patients on MEF (DR4) feeder cell, (b.) iPSC colonies on day 10 after
reprogramming, (c.) On day 14-21 after reprogramming, iPSC colonies were picked into

a feeder free condition.

4.2 Characterization of iPSCs

4.2.1 Pluripotent stem cell markers expression by reverse-transcriptase

polymerase chain reaction (RT-PCR)

To detect pluripotent gene expression of OCT4, NANOG, SOX2, c-MYC and KLF-
4 in BSS-iPSCs, RNAs obtained from clone No.1 of BSS-A-iPSCs and clone No.4 of BSS-
B-iPSCs were subjected to PCR RT-PCR. The analysis revealed that the BSS-iPSCs
expressed stem cell marker genes that were OCT4, NANOG, SOX2, c-MYC and KLF-4,
similar to normal iPSCs. GAPDH gene as a housekeeping gene was also shown in the

Figure 5.
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Figure 5: RT-PCR analysis of stem cell marker genes in BSS-A-iPSCs, SS-B-iPSCs and
Normal iPSCs for expression of OCT4, NANOG, SOX2, c-MYC, KLF-4 and GAPDH. NC

indicated negative controls.

4.2.2 In vitro differentiation of the iPSC lines

In vitro differentiating capacity of iPSCs was tested by spontaneous embryoid
body (EB) differentiation. After dissociation of BSS iPSCs into small clumps, iPSCs
formed EBs showing spherical shapes. EBs were grown for 7 days in floating culture

and then seeded on gelatin-coated plate.

On day 7 of differentiation, there were cells migrating out of the EBs (Figure 3).
EBs were cultured until day 21. After that, EBs were fixed and stained by
immunofluorescence. Results showed that BSS iPSCs had the potential to differentiate
into three germ layers by expressing the representative markers of ectoderm (NESTIN;
NES), mesoderm (BRACHYURY; BRACHY) and endoderm (alpha-fetoprotein; AFP).

(Figure 4)
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Figure 6: In vitro differentiation of BSS-A and BSS-B iPSCs: Embryoid body (EB)
formation on DAY 7, 14 and 21 of BSS-A (a.) and BSS-B (b.)

Figure 7: Immunofluorescence staining of endodermal (AFP), mesodermal
(BRACHYURY) and ectodermal (NESTIN) markers of BSS-A (a.) and BSS-B (b.) embryoid
bodies



28

4.2.3 Immunocytochemistry for pluripotent cell markers

To characterizes the pluripotent protein expression, Immunofluorescent staining
of BSS-A-iPSCs (a.) and BSS-B iPSCs (b.) exhibited the expression of the intracellular
pluripotency markers (OCT4 and NANOG) and cell surface pluripotency markers (SSEA4

and Tra-1-60).

Figure 8: Immunocytochemistry (ICC) staining for the pluripotency protein markers

OCT4, and NANOG, SSEA4 and TRA-1-60 in BSS-A iPSCs (a.) and BSS-B iPSCs (b.)
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4.2.4 Karyotyping

To confirm the intact karyotype after generation of iPSCs, metaphase
chromosomes were analyzed. BSS-A-iPSCs and BSS-B iPSCs displayed a normal

karyotype.
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Figure 9: Metaphase karyotyping of BSS-A (a.) and BSS-B (b.)

4.3 In vitro megakaryocyte and platelet differentiation via ES-Sacs method

To investigate whether the defect of BSS iPSC-derived megakaryocytes during
maturation resemble phenotypes of patients’ megakaryocytes, BSS-iPSCs were
differentiated to megakaryocytes and platelets using ES-sacs method, according to the
Takayama protocol. BSS-iPSCs were co-cultured with 10T1/2 feeder cells. On day 10-
day 14 of differentiation, they showed a sac-like structure. After that the hematopoietic
progenitors (HPCs) from ES-sacs (day 14) were harvested and stained for CD34. The
result showed that HPCs inside in sacs expressed CD34, a hematopoietic stem cell

marker. (Figure 10)
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Figure 10: (a.) Upon ES-SAC differentiation, the sac-like structures were formed with
hematopoietic progenitor cells (HPCs) inside (b.) On day 14 of differentiation, HPCs
inside the sacs were harvested and stained for CD34. The normal, BSS-A and BSS-B
iPSC-derived HPCs expressed CD34.

Subsequently, the CD34" cells were seeded on the OP9 marrow stromal cell
line and after 5 days of culture (day 20 of differentiation), the CD41 and CD42 on
megakaryocyte cell surface were analyzed by flow cytometry. The result showed that
normal iPSC-derived megakaryocytes expressed CD41 and CD42 compared to BSS iPSC-
derived megakaryocytes which expressed only CD41 similar to the patients’ peripheral

blood platelets. (Figure 11a)

To study BSS-iPSCs derived proplatelets and platelets” morphology. On day 20
of differentiation, BSS iPSC-derived megakaryocytes were harvested from the OP9

feeder and then seeded on Matrigel-coated coverslip.
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On day 21, proplatelets formation were observed by staining with anti-Ot-
tubulin antibody and anti-phalloidin antibody. Both BSS-A and BSS-B iPSC-derived
proplatelets produced abnormal large proplatelets with thick shafts and tips compare
to those of normal iPSC-derived proplatelets. (Figure 11b) The BSS iPSC-derived
platelet diameters were measured on day 23 compared with normal iPSC-derived
platelets (n=500). The result showed that BSS iPSCs produced abnormally large
platelets with the diameters of 4.34+0.043 pym, 3.88+0.045 pm and 2.61+0.025 pm for
BSS-A, BSS-B and normal iPSCs, respectively (p<0.001). (Figure 11c)
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Figure 11: Megakaryocytes differentiation

>

(a.) On Day 20 of differentiation, MKs were harvested and tested for CD 41 and CD42b
expression. Normal iPSC-derived MKs exhibited CD41 and CD42b compared to BSS-A
and BSS-B iPSC-derived MKs which expressed only CD41. (b.) BSS-A and BSS-B iPSC-
derived proplatelets exhibited the thick tips (red arrow) and thick shafts (green arrow)
compared to normal iPSC-derived proplatelets. (c.) Platelets size determination
showed BSS-A and BSS-B iPSC-derived platelets had significantly larger sizes compared
to normal iPSC-derived platelets. (N=500)
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4.4 Genetic correction of BSS iPSCs and platelet sizes

BSS-A iPSCs were infected with lentivirus containing plvx-TRE3G-GP1BA vectors
with plvx-EF1a-tet3G. Using the same method, BSS-B-iPSCs were infected with lentivirus
containing plvx-TRE3G-GP1BB vectors with plvx-EFla-tet3G. Then, both BSS-iPSCs were
differentiated to megakaryocytes (MKs). The flow cytometry analysis on day 20 showed
the expression of CD42 in BSS-A iPSC-derived MKs in the doxycycline induced condition
compared with no doxycycline induction. (Figure 12) However, there was no

expression of GPIb in BSS-B-iPSCs derived megakaryocytes. (Figure 13).

After that BSS-A-iPSCs derived megakaryocytes which expressed CD42b were
separated for CD42-positive cells using magnetic separation method and differentiated
to proplatelets and platelets. CD42"BSS-A iPSC-derived proplatelets exhibited normal
proplatelet shafts and tips (Figure 14a) and platelets sizes were smaller than
uncorrected BSS-A (3.184+0.078 pm [corrected BSS-A], 4.453+0.096 um [BSS-A],
p<0.001) (h=100). (Figure 14b)
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Figure 12: Flow cytometry analysis of corrected BSS-A iPSC-derived MKs without (a.)

and with doxycycline induced gene expression (b.)
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Figure 13: Flow cytometry analysis of corrected BSS-B iPSC-derived MKs without (a.)

and with doxycycline induced gene expression (b.)
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Figure 14: Proplatelet formation (a.) and platelets size determination (b.) of corrected
BSS-A iPSC- derived proplatelets without and with doxycycline induced GP1BA gene

expression

4.5 Construction of iPSC with tubulin 1B alpha GFP reporter lines

To establish the iPSCs with tubulin green fluorescent protein (GFP) reporter line,
the second exon of human tubulin alpha 1b chain (TUBA1B) was tagged with GFP
fusion. After transfection with donor vector contained GFP-fused tubulin, BSS-iPSCs
were cultured in 35 mm dish until cells were approximately 80-90% confluent. iPSCs
were dissociated into single cell by ACCUTASE™ and GFP positive cells were sorted
and collected by flow cytometer and sorter. GFP positive cells were seeded into the
culture plate. After the BSS-iPSCs-tubulin GFP formed the colonies (Figure 14), BSS-
iPSC with tubulin GFP was differentiated into megakaryocytes and proplatelets by the
ES-SAC method. Result from the live image of iPSCs showed the expression of GFP
which can be observed for the microtubule structure during their differentiating
process to megakaryocytes and proplatelets. Therefore, we can obtain the BSS-iPSCs
line with GFP tubulin expression as a tool to study proplatelet formation in the future

(Figure 15).
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BSS-A iPSCs tubulin GFP BSS-B iPSCs tubulin GFP

Figure 15: Live cell images of iPSCs with tubulin-GFP: BSS-A iPSCs (Left) and BSS-B
iPSCs (Right)

Figure 16: Live cells images of BSS iPSC-derived HPCs on OP9 feeder cell on Day 15
of ES-SAC differentiation (Left) and BSS iPSC-derived proplatelet on day 21 of ES-SAC
differentiation (Right)

4.6 Pharmacological agent effects on platelet formation in vitro

To study the effect of pharmacological agents on BSS platelet production, 50
ng/ml of IL-1a was added BSS-derived megakaryocytes. The IL-10-induced MK rupture
from normal iPSCs significantly yielded larger platelets with the platelet diameters
2.643+0.026 vs. 3.262+0.038 of normal culture without IL-10t (p<0.001, N=500).
However, there was no significant change in the sizes of BSS iPSCs-derived platelets in

the presence or absence of IL-1at (4.343+0.043 vs 4.322+0.047, p=0.74 for BSS-A and
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4.369+0.052 vs 4.223+0.059, p=0.06 for BSS-B, N=500). (Figure 16a.) Furthermore,
adding 15 uM blebbistatin, a myosin Il inhibitor, to BSS iPSC-derived MKs decreased the
platelet sizes compared with the BSS cultures without blebbistatin. (3.20+0.035 vs.
4.38+0.046 um [BSS-Al, 3.09+0.033 vs. 4.48+0.047 pm [BSS-B], p<0.001). (Figure 16b.)
In addition, after added blebbistatin for 72 hours and then added IL-10ain the presence
of blebbistatin for 24 hours reveal the decreased size of BSS-iPSCs derived platelets
compared to BSS-iPSCs derived platelet without blebbistatin and IL-10t (4.43+0.110 vs.
3.34+0.090 pum [BSS-A], 4.60+0.103 vs. 3.20+0.089 um [BSS-B], p<0.001, n=100) (Figure
16c.)
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Figure 17: The determination of the mean sizes of iPSC-derived platelets from

normal, BSS-A or BSS-B cultures (a.) In the absence or presence of IL-10 and (b.) In

the absence or presence of blebbistatin (c.) combined blebbistatin and IL-1a

condition
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CHAPTER V
DISCUSSION

In this study, we generated a BSS model using patient-derived iPSCs technology
recapitulating the disease phenotypes. BSS megakaryocytes derived from iPSCs did not
express GPIb on cell surface and produced abnormally thick proplatelets shafts and
tips. In addition, BSS platelets derived from iPSCs exhibited larger diameters compared

with those derived from iPSCs.

In our study, we aim to correct the abnormal phenotype of BSS in iPSC disease
model, the BSS-A-iPSCs were infected with the lentiviral vector containing the GP1BA
gene and the BSS-B-iPSCs were infected with the lentiviral vector containing the GP18B
gene, after selection with antibiotics, the BSS-A iPSCs and BAA-B iPSCs which contained
GP1BA and GP1BB, respectively, were differentiated into megakaryocytes and platelets.
The doxycycline induced expression of GPIb in BSS-A-iPSCs with GPI1BA derived
megakaryocytes exhibited GPIb protein expression on megakaryocytes. Proplatelet
morphology and platelets sizes became smaller compared to uncorrected BSS-iPSCs.
However, the size of BSS iPSC-derived platelets did not decrease to the same size of
normal iPSC-derived platelets probably caused by the low level of GPIb expression
including with the CD42 positive cell separation step which may not isolate the pure

population of CD42 positive cells.

Unlike BSS-A, BSS-B iPSCs with GP1BB derived megakaryocyte did not express
GPIb on megakaryocytes in presence of doxycycline. No expression of GPIb protein on
megakaryocytes derived from BSS-B iPSCs could be caused by poor infection efficiency
or the improper amount of plvx-EFla-Tet3G and plvx-TRE3G-GP1BB or mixed iPSC
population which resulted in loss of inducibility after passaging. Reinfection or

reselection of BSS-B iPSCs through single colony selection wusing selective
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concentrations of puromycin and G418 may solve these problems. Moreover, DNA

sequencing is needed to verify that the BSS-B iPSCs contain the transgenic GP1BB.

In conclusion, the correction of BSS-A iPSCs were consistent with the BSS
animal models that showed that the transgenic expression of human GPIb in BSS could
rescue platelets size and decrease tail bleeding time.”'? Although, the mouse model
can represent some human BSS phenotypes but there are some limitations of the
mouse models. For example, mouse models do not always demonstrate the same

phenotypes as those observed in humans.*?

In 2015, Nishimura et al.? reported that IL-10,, an acute platelet releasing factor,
released and induced MK membrane changes to produce platelets rapidly instead of
the proplatelet formation pathway. This MK rupture process rapidly releases a large
quantity of big but functional platelets in case of acute inflammation or an acute
platelet need. To investigate platelet production via this pathway, based on this
previously reported experiment, IL-10 was added during MK differentiation from BSS
and normal iPSCs. The result showed that there was no difference in size of BSS-iPSCs
derived platelets with or without IL-10t suggesting that the mechanism of BSS large

platelet biogenesis did not involve the IL-10-MK rupture pathway.

MK cytoskeleton plays vital roles in proplatelet formation and platelet size
controls as mutations in cytoskeleton or cytoskeletal binding proteins result in various
kinds of hereditary macrothrombocytopenia. Spinler et al.”® reported that blebbistatin,
which is a myosin Il inhibitor, involved in myosin Il activity affecting MK membrane
fragmentation from large to normal sizes of pre-/pro-platelets. Myosin has been
reported to destabilize microtubules marginal bands that maintain resting platelet
discoid shape® via contraction of actomyosin structures.* Therefore, inhibition of
myosin |l by blebbistatin stabilized microtubules.®® Notably, it also caused giant
platelets of MYH-9 disorders to become significantly smaller.”* Our experiment also

demonstrated that the mean sizes of normal iPSC- and BSS iPSC-derived platelets were
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significantly decreased. From another experiment, in which blebbistatin was added for
72 hours then combined with IL-1a for 24 hours, also exhibited the decreased sizes of
BSS iPSC--derived platelets. Therefore, blebbistatin still inhibited myosin Il activity in

the presence of IL-1a.

These data suggested that GPIb-IX-V was likely involved in the proplatelet
formation not the MK rupture. However, both pathways were related to an inhibition
of myosin function. It is important to note that the experimental models of both MYH9
disorders and BSS were performed in the culture system without any shear stress. The

condition is different from the native in vivo environment.

Recently, there are many studies that use fluorescent protein reporter to
investigate the mechanism of platelet production. For instance, MKs maturation was
monitored by using B1 tubulin venus reporter line, which provided the system for high-
throughput drug screening.” In our study, we successfully established a BSS-iPSC
reporter line, which expressed tubulin-GFP fusion protein. This reporter line is the
useful tool, which enables us to visualize the different stages in proplatelet maturation
and platelet release including cytoskeletal rearrangements in order to elucidate the

pathogenesis of giant platelet disorders.

In summary, the iPSC is a good model of platelet production in BSS patients.
In the future studies, this system may be used to explore the pathogenesis of other
forms of macrothrombocytopenia and screen for novel therapeutic strategies for

diseases of platelet production.
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