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ABSTRACT 

Platelets are a reservoir of effector proteins involved in crucial processes such as hemostasis 

and thrombosis. They circulate in the bloodstream in a resting state until they become activated 

by environmental cues. Activation induces a cascade of events including degranulation with the 

release of proteins and other bioactive compounds from secretory organelles. The alpha (α) 

granules are the most abundant of these secretory organelles and contain the majority of 

effector proteins that platelets secrete. Therefore they are of interest to us, so we aimed to 

target transgenic proteins to platelet α-granules for their site-specific release upon platelet 

activation. The proof of principle of α-granule targeting was primarily conducted on donor-

derived megakaryocytes (MKs) due to the limitations of platelet biogenesis from in vitro cultures. 

Moreover, platelets are cellular fragments of MKs which biosynthesize most of the proteins that 

are packaged in platelet α-granules. These properties make MKs an appropriate model for our 

approach.  

To further our aim, hematopoietic stem and progenitor cells (HSPCs) were transduced with 

murine platelet factor 4 (mPF4) promoter-driven 3rd generation SIN lentiviral vectors to restrict 

transgene expression to the MK lineage. For the sorting and storage of proteins in α-granules, 

target proteins were coupled to short peptide sorting signals derived from the platelet cytokine 

RANTES (RSD vector) or from the platelet surface receptor P-selectin (TDCT vector). Using this 

platform, we showed that vector transduction had no major effect on the differentiation status of 

the cells since the MKs generated showed high CD41+/CD42b+ mature surface marker 

expression (up to 70%) which was similar between mock and transgene-expressing cells. 

Moreover, the cells showed typical MK morphology and polyploidy in microscopic analyses. 

Most importantly, our targeting vectors were able to effectively target d2eGFP to MK α-granules, 

as demonstrated by high colocalization efficiency of up to 80% with two different α-granule 

proteins. We further proved the adjustability of our vector platform by incorporating the coding 

sequence of IFNα into the RSD vector to target the cytokine to α-granules for therapeutic 

translation. We showed high colocalization efficiency of IFNα with P-selectin+ α-granules in 

human MKs, in addition to the secretion of quantifiable amounts of IFNα from thrombin-activated 

human MKs and in vivo-generated platelets from a murine bone marrow transplantation model.  

As we ultimately wanted to use human induced pluripotent stem cells (iPSCs) as a standardized 

cell source for MK and platelet production, we aimed to establish an efficient iPSC-MK 

differentiation protocol. While we produced MKs with typical morphology and surface marker 

profiles, the efficiency of MK output was still quite low even with cytokine modifications. In order 
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to optimize the protocol further, we applied a forward programmed (FOP) iPSC cell line with 

integrated doxycycline-inducible transcription factors GATA1, FLI1, TAL1. In our hands, the 

FOP iPSCs produced higher amounts of mature MKs upon gene induction than our standard 

iPSC lines. Our work therefore provides a platform upon which more advanced studies on α-

granule targeting to the MK lineage with iPSCs as a cell source can be built. In this work, we 

have also highlighted the potential of alternative therapeutic applications of gene-modified 

platelets beyond the scope of supplementing donor-derived transfusion units or the treatment of 

hematological disorders.  
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1 INTRODUCTION 

1.1 Hematopoiesis 

Hematopoiesis is the process of blood formation yielding mature myeloid and lymphoid cells. 

Hematopoietic stem cells (HSCs) in the bone marrow (BM) undergo increasingly lineage-

restricted differentiation towards intermediate progenitors prior to lineage commitment. Along 

the myeloid branch of hematopoiesis, the common myeloid progenitor (CMP) gives rise to two 

bi-potent progenitors: granulocyte/monocyte progenitors (GMPs) and megakaryocyte/erythroid 

progenitors (MEPs). Lineage-committed GMPs further differentiate towards macrophages and 

granulocytes, while megakaryocytes (MKs) and erythrocytes are generated from the MEP. The 

lymphoid cells: T, B and NK cells are derived from the common lymphoid progenitor (CLP). The 

fate decisions directing the differentiation of one cell-type or another are primarily governed by a 

combination of transcription factor and cytokine-mediated induction of HSCs. Although 

hematopoiesis is physiologically concentrated in the BM during adulthood with HSCs as the 

source for all blood cells, this is not the case during embryogenesis prior to BM formation1,2. 

Gastrulating embryos need blood cells for growth and survival and therefore generate these 

cells in transient yet overlapping primitive and definitive waves in extra- and intra-embryonic 

sites. The primitive wave occurs only in the blood islands of the yolk sac and is associated with 

the emergence of erythroid, macrophage and megakaryocytic lineages, which are derived from 

HSC-independent precursors. Here, hematopoietic cells bud from the yolk sac endothelium by 

the process of „endothelial-to-hematopoietic transition‟ that is regulated by Runt-related 

transcription factor 1 (Runx1)2. The expression of other transcription factors, notably T-cell acute 

lymphocytic leukemia 1 (TAL1), Lim domain only 2 (LMO2), GATA-Binding protein 1 (GATA1) 

and friend of GATA1 (FOG) function in the induction of this first hematopoietic wave1. The 

second wave is initiated in the yolk sac with the production of definitive erythro-myeloid 

progenitors (EMPs) from hemogenic endothelium (HE) which seed intra-embryonic sites such 

as the fetal liver, spleen and thymus once the blood circulation develops. HE from the aorta-

gonad-mesonephros region of the aorta then serves as the direct source of HSCs which 

eventually take over post-natal definitive hematopoiesis in the BM3.  

1.1.1 Megakaryopoiesis 

Megakaryocytes are the largest (50 – 100 µm) nucleated blood cells in the body, and invariably 

also the rarest accounting for less than 0.1% of BM cells under steady-state conditions4. The 

primary inducer of MK differentiation is thrombopoietin (THPO) which is secreted from the liver 
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and confers its effects by signaling through its myeloproliferative leukemia virus oncogene (Mpl) 

receptor. The differentiation process from HSC to MEP to MK-lineage commitment involves a 

stepwise increase in size and cytoplasmic content as well as DNA ploidy as the cell progresses 

through intermediate developmental stages (megakaryoblast, promegakaryocyte) (Figure 1.1). 

Terminally differentiated MKs undergo cytoplasmic remodeling, producing pseudopodia called 

proplatelets, which extend through BM sinusoids to shed their small (2 µm) anuclear platelet 

progeny into the bloodstream (Figure 1.1). Evidence for the spatio-temporal co-occurrence of 

MK and erythroid progenitors during embryogenesis has been supported by in vivo 

developmental studies on murine embryos as well as in vitro assays using embryonic stem cells 

(ESCs). From as early as embryonic day (E) 7.25 in the mouse, primitive erythroid colony-

forming cell (EryP-CFC) and megakaryocyte colony-forming cell (Meg-CFC) are found in the 

yolk sac having the potential to produce primitive erythroblasts or small MK colonies, 

respectively. Meg-CFC expands between E8.5 – E10.5 producing primitive MKs (GP1bβ+, 

CD41+)  that are low in ploidy and can shed platelets into the circulation starting at E10.55. 

These fetal reticulated platelets are morphologically different than adult platelets showing a 

larger size, a small number of alpha (α) granules and an extensive open canalicular system 

(OCS)5,6. At this early developmental stage, platelets secrete angiogenic factors which support 

the closure of lymphatic vasculatures7,8. Alongside the emergence of definitive early erythroid 

burst-forming unit (BFU-E) and the later colony-forming unit (CFU-E) which produce mature 

enucleated erythrocytes, there are also definitive Meg-CFC precursors in the fetal liver5, further 

supporting the common MEP of both cell types. Moreover, Fujimoto et al. were able to 

recapitulate the two waves of hematopoiesis in vitro using a co-culture system of murine ESCs 

with OP9 stromal cells to produce MKs and platelets9. Their system produced smaller quantities 

of platelets from small low ploidy MKs between d8 – d9, while greater quantities of platelets 

from larger higher ploidy MKs were generated between d13 – d16. Primitive and definitive 

hematopoiesis are differentially regulated by the transcription factor c-Myb1,2,6, which also 

directs lineage specification of the MEP towards MKs or erythrocytes. Researchers found that c-

Myb-/- mouse fetuses contained primitive but not definitive erythrocytes and died of anemia by 

E15.5, whereas definitive MK progenitors had restrictive proliferative capacity and still produced 

normal amounts of platelets up to E12.5 but became thrombocytopenic at E15.56. Furthermore, 

microRNA (miR)-150 reduces c-Myb expression to drive the MEP fate towards MKs over 

erythrocytes10,11, with miR-150 action being amplified by THPO12.   
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Figure 1.1 | Schematic representation of megakaryocyte development. Hematopoietic stem cells 
(HSCs) undergo myeloid differentiation to produce megakaryocyte/erythroid progenitor (MEP) as the 
direct precursor to the lineage-committed megakaryoblast. There is a gradual increase in size, 
cytoplasmic contents and DNA ploidy from megakaryoblast to promegakaryoblast to mature 
megakaryocytes. Terminally differentiated cells rearrange their cytoplasm and develop proplatelets which 
shed platelets into the blood through bone marrow sinusoids. Figure adapted after Noetzli et al.

13
 

In conjunction with THPO, several transcription factors are involved in early and late 

megakaryopoiesis. A key transcription factor involved in all phases of MK development is 

GATA1 which is expressed in erythrocytes, mast cells and MKs. In concert with its cofactor 

FOG114, GATA1 is crucial for the early lineage bifurcation between GMPs and MEPs15, the 

maturation of MEPs16,17 and subsequent erythroid and MK development. Indeed, hematopoietic 

progenitors with high GATA1 expression were found to be more responsive to THPO 

stimulation18. In addition, the Ets transcription factor friend leukemia virus integration 1 (FLI1) 

cooperates with GATA1 to regulate MK maturation19,20. Aberrations in GATA1 function lead to 

numerous pathologies such as anemia, impaired MK proliferation and polyploidisation17 or the 

development of acute megakaryoblastic leukemia (AML)21. A hemizygous loss of FLI1 as 

observed in Paris-Trousseau syndrome, causes thrombocytopenia with enlarged platelets 

bearing granule defects in patients19, while targeted disruption of the FLI1 gene in mice results 

in embryonic lethality20. Moreover, the MK transcriptional program of GATA1, nuclear factor 

erythroid 2 (NF-E2) and FLI1 are increased by overexpression of TAL122. TAL1 plays a key role 

in hemangioblast specification23, the stimulation of primitive erythrocyte and MK progenitors24, 

as well as enhancement of MK lineage development22,24. Late megakaryopoiesis is primarily 

regulated by the transcription factor NF-E2 which is important for MK cytoplasmic maturation 

and platelet production25,26. Similar to GATA1, NF-E2 is expressed in erythrocytes, mast cells 

and MKs25. Mice lacking NF-E2 become anemic and thrombocytopenic despite having adequate 

numbers of BM MKs and subsequently die of hemorrhages in the first days of life27,28. 

Interestingly, NF-E2 seems to function independent of THPO for the final stages of MK 
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differentiation, that is, thrombopoiesis27. There are also other instances where THPO is 

dispensable for MK differentiation due to modest compensatory mechanisms by other cytokines 

such as stem cell factor (SCF), Interleukin (IL)-6 and stromal cell-derived factor 1 (SDF-1) which 

function through THPO-independent signaling complexes29. The pathway responsible for the 

transduction of THPO/Mpl signaling is the JAK/STAT pathway29–31, however, deletion of Jak2 in 

the MK lineage results in thrombocytosis, rather than thrombocytopenia due to dysregulated 

THPO turnover30. In addition to this, THPO-/- and Mpl-/- mice retain a marginal amount of MK and 

platelet production capacity32–34. These animals develop normally but are thrombocytopenic with 

a reduction in MK progenitors, have lower ploidy MKs and reduced numbers of hematopoietic 

stem and progenitor cells (HSPCs). This highlights the essentiality of THPO for MK progenitor 

cell proliferation and differentiation33, in addition to Mpl‟s regulation of THPO availability to 

HSPCs34. Another interesting phenomenon of unconventional MK differentiation is observed 

with MKs being directly generated from HSCs bypassing intermediate progenitors35–37. This 

especially holds true during stress-induced hematopoiesis, where MK-biased38 and platelet-

biased HSCs39 rapidly exit a quiescent state and enter the cell cycle to produce MKs and 

platelets38,39.  

1.1.2 Thrombopoiesis 

Under physiological conditions, each MK produces approximately 2000 platelets which have a 

roughly 8-10 day turnover in humans40. Platelets fulfill the thrombotic and hemostatic needs of 

the body, while also contributing to a number of other functionalities including angiogenesis and 

innate immunity. Several lines of evidence support the notion that the maturation state of MKs is 

correlated to the efficiency of platelet production – the higher the ploidy, the more platelets 

produced41–44. Polyploidisation itself is a highly complex and tightly regulated process for the 

cell. As MKs develop and start to synthesize platelet proteins, nuclear endomitosis ensues with 

functional duplication of diploid DNA within the same nuclear envelope45. There is also 

functional gene amplification of proteins46 but normal mitosis is disrupted (abortive cytokinesis) 

so no new daughter cells are produced. This process is also accompanied by the development 

of a large membranous network of cisternae continuous with the plasma membrane called the 

demarcation membrane system (DMS). The function of the DMS is to increase the surface area 

of MKs to facilitate platelet production and provide a source of proplatelet and platelet 

membranes47,48. Early models of thrombopoiesis postulated that nascent platelets were 

demarcated into zones by the DMS and released by fragmentation of the MK cytoplasm49–51. 

However, with advanced scientific methodologies and greater research into the field, comes 
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broader acceptance of the proplatelet model of platelet biogenesis where platelets are de novo 

assembled within proplatelets52 and then released (Figure 1.1). The cytoplasmic 

rearrangements undertaken by mature MKs are mediated by microtubules which translocate to 

the cell cortex to initiate proplatelet formation. Proplatelets undergo complex elongation, 

bending and branching processes producing circular platelet buds at their tips53. Dynein motor 

proteins provide the motile forces for proplatelet microtubules to slide relative to one 

another53,54, while cytoplasmic kinesins associate with granules and other organelles for their 

transport over microtubules into proplatelets53,55. This process is amplified and repeated until the 

MK is entirely transformed to proplatelets which then crosses the BM sinusoids into the 

bloodstream, followed by platelet release. MKs are consumed by this process and the remaining 

nuclear mass is degraded by apoptosis56,57. 

The successful maturation of MKs, formation of proplatelets and subsequent trans-endothelial 

migration for platelet release are regulated by NF-E226–28 and other transcription factors as well 

as a variety of soluble factors and physical components within the complex BM environment. In 

this context, the Rho GTPases, play a key role in the cytoskeletal dynamics of MKs. This is 

evidenced by reports of a regulatory circuit of Cdc42 and RhoA to coordinate MK polarization 

which is a prerequisite for proplatelet release, as well as trans-endothelial platelet biogenesis58. 

The authors revealed that these Rho GTPases function antagonistically as „go‟ (Cdc42) and 

„stop‟ (RhoA) signals to localize polarized MKs to BM sinusoids and prevent whole cell 

migration, respectively. The chemotactic agent SDF-1, binds to its CXCR4 receptor to trigger 

the migration of MKs from the endosteal niche towards BM sinusoids, whereby physical contact 

with BM endothelial cells also promotes MK maturation59. The activity of SDF-1 can be 

augmented by the pro-inflammatory cytokine IL-1β56 or by stimulation of the vascular endothelial 

growth factor receptor 1 (VEGFR1) pathway60. The extra-cellular matrix protein fibrinogen also 

promotes proplatelet formation and platelet release61,62. Lipid mediation by sphingosine 1-

phosphate (S1P) and its receptor (S1pr1) function as important guidance cues to direct 

proplatelet elongation in the circulation to shed platelets59, while sphingolipid dysregulation 

leads to thrombocytopenia63. Also, a DMS lipid was shown to specifically interact with Rho 

GTPases47, further highlighting the interdependence of MK structural dynamics with efficient 

terminal differentiation.  Finally, shear forces provided by blood flow are essential for the 

shedding of platelets53,64.  
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1.1.3 Alternative Megakaryocyte Functions 

Although MKs are classically associated with platelet biogenesis, there‟s a growing body of 

research outlining their alternative biological functions. In addition to supporting the 

differentiation of other BM-resident cells such as osteoblasts65,66 and plasma cells67,68, MKs 

secrete the matrix proteins: laminin, Type IV collagen and fibronectin, which contribute to the 

BM‟s physical architecture69. Moreover, the physical association of HSCs and MKs is of 

functional importance to the maintenance of the BM hematopoietic niche. In this context, the 

paracrine effects of MK-derived platelet factor 4 (PF4) on HSC quiescence have been 

reported70,71. Indeed, the PF4 secretion is specifically from MKs not platelets70,71, neither is the 

regulation of HSC quiescence due to PF4 acting indirectly on endothelial or mesenchymal 

cells70. Other cytokines such as insulin-like growth factor binding protein-3 (IGFBP-3) and 

insulin-like growth factor-1 (IGF-1) directly enhance HSC proliferation72.  Gorelashvili et al. also 

recently used elegant 3D imaging techniques on mouse BM as well as in silico methods to shed 

new light on the role MKs play in reducing migration of HSCs and neutrophils within the BM73.  

Another auxiliary function of MKs has been described in the context of infection and immunity. 

Since platelets are mediators of innate immunity, it is reliable to speculate that under certain 

circumstances the parental MKs themselves may act as immune cells, even though there is still 

limited research into this function of MKs. Thus, MKs were shown to endocytose fluorescently-

labeled ovalbumin (OVA), process it to generate immunogenic peptides and present them on 

the surface of major histocompatibility complex (MHC) class I molecules74. This induced an 

OVA-specific CD8+ T-cell activation which was observed in vitro and in mice in vivo; and the 

OVA peptides as well as OVA-MHC I complexes were transferred to proplatelets in vitro. On the 

other hand, the processing of self-peptides can also lead to autoimmunity as observed in 

immune thrombocytopenia (ITP)74. More recently, Campbell and colleagues highlighted a novel 

up-regulation of the antiviral immune protein interferon-induced transmembrane protein 3 

(IFITM3) in human MKs and platelets in response to dengue virus or influenza infection75. 

Interestingly, this action of MKs was robust enough to confer antiviral immunity onto bystander 

MKs as well as HSCs. Similar to platelets; the MK surface is composed of numerous receptors 

such as peroxisome proliferator-activated receptors (PPAR β/δ/γ) which are involved in 

inflammation76–78 and immune co-stimulatory molecules such as CD40L78,79. In addition, MKs 

secrete immunomodulatory cytokines and chemokines including IL-1, transforming growth factor 

(TGF)-β and CXCL180,81 which undoubtedly contribute to MKs‟ immune functions. These cells 
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are not developed as traditional immune cells but they do play a part in immune surveillance in 

the BM and potentially the entire body, by transferring these traits to their platelet progeny. 

1.1.4 Platelet Structure and Functions 

Platelets (also called thrombocytes) contribute to primary hemostasis with 1.5-4x105 cells/µl of 

blood in a healthy individual. They circulate in the blood in a resting state until they become 

activated by endothelial damage or environmental cues, inducing structural rearrangements that 

allow them to release proteins and bioactive compounds, attach to the sub-endothelial matrix to 

form a thrombotic plug, as well as to recruit other platelets and inflammatory cells to the injury 

site. These actions are mediated by the highly specialized platelet structure with its numerous 

cell surface receptors and integrin complexes, in addition to an OCS, a dense tubular system 

(DTS) and secretory granules (Figure 1.2). The main receptor complexes for adhesion proteins 

are GPIb-IX-V (CD42b/CD42c-CD42a-CD42d) for von Willebrand Factor (vWF); GPIIb-IIIa or 

integrin αIIbβ3 (CD41/CD61) for fibrinogen, fibronectin and vWF; GPVI or integrin α2β1 

(CD49b/CD29) for collagen; and α6β1 for laminin82. There are also PAR1 and PAR4 receptors 

for thrombin as well as thromboxane receptors. Collectively, these surface molecules mediate 

signal transduction events upon ligand binding to propagate platelet activation processes. Each 

of the three secretory granules – α-granules, dense granules and lysosomes, are specialized to 

carry distinct cargo. The largest and most abundant are α-granules (50-80/platelet) containing 

adhesive proteins, chemokines, cytokines and growth factors; dense granules (3-8/platelet) 

contain small molecules such as ATP, ADP, serotonin, calcium, histamine and phosphates; 

while lysosomes contain acid hydrolases for the digestion of phagocytic and cytosolic 

substances83. The OCS is an invaginated system of the platelet plasma membrane that 

provides additional surface area for platelets upon activation and spreading, while the DTS is 

representative of smooth endoplasmic reticulum84,85.  
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Figure 1.2 | Schematic representation of the platelet structure. The platelet surface is comprised of 
numerous surface receptors and integrin complexes (indicated in black), which transduce the signals 
necessary for platelet activation processes upon binding of corresponding ligands (indicated in orange). 
Platelets do not contain a nucleus but other internal organelles are: secretory granules (α- and dense 
granules, lysosomes), mitochondria, open canalicular system (OCS) and dense tubular network (DTN). 
GP – Glycoprotein, PAR – protease-activated receptor, TXA2 – Thromboxane A2 receptor, α – alpha, β - 
beta. Figure adapted after Zapata et al.

82 

During vascular injury, activated platelets secrete growth factors such as platelet-derived growth 

factor (PDGF), fibroblast growth factor (FGF) and TGF-β which function in the activation and 

recruitment of inflammatory cells (e.g. macrophages, neutrophils) to initiate tissue repair and 

wound healing86. Angiogenesis, tissue regeneration and remodeling are also mediated by 

platelet proteins such as VEGF and epidermal growth factor (EGF), with these processes 

occurring in parallel to the initiation of the coagulation cascade. To complete the platelet 

activation process, platelet-derived coagulation factors (FV, FXI, FXIII) combine with their 

plasma counterparts, and platelet-secreted pro-thrombin gets cleaved to its active form 

thrombin, in addition to the release of kininogens to enhance the intrinsic clotting cascade86. 

Thrombin then initiates the cleavage of fibrinogen to fibrin, which forms a stable clot by the 
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cross-linkage of mesh fibers. Platelets also secrete anti-coagulation (e.g. anti-thrombin, C1-

inhibitor) and anti-angiogenic proteins (e.g. endostatin, angiostatin) to attenuate the activation 

processes84,86, thereby allowing platelets to contribute to secondary hemostasis.  

Platelets have also been shown to participate in host defense by the secretion of chemokines 

with anti-microbicidal properties such as CCL5 (RANTES) as well as complement and 

complement-binding proteins to promote bacterial clearance. In addition to this, platelets can 

directly interact with viruses and other microorganisms. For example, platelet surface β-3 

integrins or toll-like receptors (TLRs 2,4,9) allow the cells to bind to viruses and engulf and 

process them in small endocytic vesicles, followed by fusion with secretory granules for viral 

clearance82. Moreover, virus-activated platelets have up-regulated P-selectin expression on 

their surface which in turn recruits macrophages to disseminate an immune response, including 

phagocytosis and lysis of the infected platelets82. Conversely, hyperactive platelet activation can 

induce or prolong inflammation by several mechanisms including enhanced P-selectin binding 

to P-selectin glycoprotein-1 (PSGL-1) on platelets, immune cells and endothelial cells84,87. 

These interactions result in enhanced platelet adhesion to activated endothelium, which in turn 

functions as a platelet activation signal and leads to degranulation with the secretion of 

proinflammatory and immunomodulatory chemokines such as PF4 (CXCL4) and RANTES. 

Furthermore, these molecules induce the recruitment and activation of endothelial cells and 

monocytes in addition to the differentiation of monocytes to macrophages82,84,88. In essence, 

these events function as feedback loops to perpetuate platelet activation and the inflammation 

cycle, and are the basis of the pathogenesis of atherosclerosis. Indeed, the selective deletion of 

platelet P-selectin89 and PF490 or pharmacological inhibition of other platelet chemokines91 was 

shown to reduce fatty lesions and plaque formation in murine models of atherosclerosis. 

Platelets have also been implicated in tumorigenesis by secreting pro-angiogenic proteins such 

as VEGF and angiopoietin to support neoangiogenesis for tumor growth92. Central to normal 

platelet activity as well as the aberrations leading to pathological outcomes, is the repertoire of 

antagonistic substances secreted from platelet α-granules. These organelles are therefore core 

mediators of global platelet functions.  

1.1.5 Protein Sorting to Alpha Granules  

Upon platelet activation, proteins are either secreted from α-granules to the environment, or 

incorporated into the platelet surface as transmembrane proteins such as P-selectin (not 

expressed on resting platelets) and integrin αIIbβ3. The composite of α-granule proteins are 

acquired by various mechanisms. Most of the mechanistic insights into how proteins are sorted 
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during α-granule biogenesis are elucidated by studies involving the VPS33B/VPS16B protein 

complex and the BEACH-domain containing protein NBEAL2 which are key coordinators of the 

process. Alpha granules bud from the trans-Golgi network (TGN), recycle through early 

endosomes and mature in multivesicular bodies (MVBs)93 prior to their transport to platelets 

along proplatelets54,94. The localization of the VPS33B/VPS16B complex to recycling 

endosomes is important for the post-Golgi sorting of α-granule proteins95, and defects in the 

complex causes arthrogryposis, renal dysfunction, and cholestasis (ARC) syndrome. ARC 

patients with mutations in VPS33B do not have α-granules in their platelets or have deficiencies 

in synthesized proteins96, while VPS33B-/- mutant mice have abnormal protein content in 

MVBs97. Since NBEAL2 is important for the maturation of nascent α-granules, defects in this 

protein causes grey platelet syndrome (GPS), which is characterized by protein sorting defects, 

enlarged platelets with no α-granules, and bleeding diathesis in affected patients98–100.  

There are also specific sorting signals which guide the proteins to the α-granules. P-selectin is 

dependent on the signal sequences in its transmembrane domain and cytoplasmic tail (TDCT) 

for effective sorting into α-granules at the TGN101–103. NBEAL2 also associates with P-selectin 

during α-granule biogenesis104. As P-selectin is also expressed in the Weibel-Palade bodies of 

endothelial cells, it was revealed that only the intracellular P-selectin domains and not TDCT are 

required for sorting in these cells101, thereby making TDCT a platelet-specific signal. For the 

soluble proteins PF4, Nap2 and RANTES, a four-amino acid (aa) sequence has been identified 

as the sorting signals necessary for their incorporation into α-granules105,106. However, not all 

proteins have identified sorting signals but there is a broader understanding of how they are 

sorted into α-granules. For example, fibrinogen is endocytosed at the plasma membrane of MKs 

or platelets by its αIIbβ3 integrin receptor107,108, while tissue factor is endocytosed by platelet 

OCS109. On the other hand, large proteins such as vWF and multimerin are sorted by a 

mechanism of self-assembly110,111. 

1.1.6 In vitro Models of Megakaryocyte Differentiation 

In an attempt to recapitulate megakaryopoiesis in vitro, researchers have utilized various cell 

types for differentiation including HSCs112,113, ESCs114,115, fibroblasts116,117, pre-adipocytes118,119 

and induced pluripotent stem cells (iPSCs)120–123. Notwithstanding, in vitro differentiation is not a 

trivial process and therefore researchers have to incorporate soluble factors such as cytokines 

and small molecules in their culture media; employ genetic aides such as the overexpression of 

transcription factors; or culture the cells on specialized matrices or feeder cells to improve the 

quality and efficiency of the MKs and platelets generated. Culture formats can be quite diverse 
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ranging from monolayer cultures123 to embryoid body (EB) cultures114, or a combination of 

both122. The ultimate application of the derived cells also determines whether or not xeno-free 

components might be utilized. Moreover, successful MK differentiation is no guarantee for 

successful platelet production, because platelet biogenesis is extremely difficult to model in vitro 

due to the highly complex nature of the process. In this regard, bioreactor systems have been 

established to help simulate BM dynamics such as shear stress to enhance platelet production 

from in vitro-derived MKs in clinically scalable numbers124–126.  

As previously mentioned in Section 1.1.1, cytokines can function during different stages of MK 

development in the presence or absence of THPO29. Here, the interleukin family of cytokines 

plays a key role in the in vitro production of MKs and platelets. In states of acute platelet need, 

the proinflammatory IL-1α was shown to induce MK rupture to enhance platelet release 

independently of THPO-induced thrombopoieis127. However, culture media supplemented with 

IL-6 and IL-11 worked synergistically with THPO to enhance MK maturation and 

polyploidisation41–44, while IL-3 was shown to increase the efficiency of MK production128,129. 

Interestingly, Takayama and colleagues revealed that supplementation of exogenous VEGF 

was sufficient to increase Mpl expression on MK progenitors within ES-sacs to enhance 

megakaryopoiesis and thrombopoiesis, whereas SCF, IL-6 and IL-11 had no effect in this 

setting114. The pharmacological THPO mimetic romiplostim (Nplate) and clinical-grade IL-11 

(operlvekin) could enhance MK generation from human iPSCs130. Moreau et al. demonstrated 

the high efficiency of MK and platelet production from forward programmed (FOP) iPSCs with 

overexpression of embryonic transcription factors GATA1, FLI1 and TAL1 („3TFs‟)122. This 

system was able to sustain MK production for up to 134 days without manipulation of gene 

expression levels of the 3TFs122, although FOP iPSCs have the potential to generate both 

erythrocytes and MKs whereby FLI1 regulation is necessary for lineage commitment131. On the 

other hand, Nakamura et al. overexpressed transcription factors involved in the regulation of 

senescence (BMI1, BCL-XL) and proliferation (c-Myc) from their immortalized iPSC MK cell line 

(imMKCL) to recapitulate megakaryopoiesis121. In this system, gene expression had to be tightly 

regulated by doxycycline induction to balance proliferative and apoptotic signals as well as to 

optimize consistent proliferation. 
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1.2 Induced Pluripotent Stem Cells 

One of the most noteworthy breakthroughs in stem cell research was achieved with the 

generation of iPSCs by Takahashi and Yamanaka in 2006132. They successfully overexpressed 

the transcription factors Oct3/4, Sox2, Klf4 and c-Myc („OSKM/Yamanaka factors‟) in murine 

fibroblasts to reprogram them to a pluripotent state132. These cells are capable of self-renewal, 

can be in vitro differentiated towards cells of all three germ layers (mesoderm, endoderm, 

ectoderm) and can form teratomas in vivo. This concept was extended to human cells a year 

later, which yielded similar results to the murine experiments, whereby the generated iPSCs 

were comparable to ESCs in pluripotent characteristics both in vitro and in vivo133,134. The 

significance of such a feat is that researchers now had a more ethically acceptable alternative to 

nuclear transfer into oocytes135 or fusion with ESCs136 for reprogramming somatic cells to 

pluripotent cells. This broadens the potential for regenerative medicine especially in the context 

of generating patient-specific iPSCs. Further advantages of using iPSCs as a cell source are: 

(a) they have unlimited regeneration potential (b) they are susceptible to modular gene 

modifications (c) they can be differentiated towards virtually any cell type (d) and they can be 

used in drug screening or as a disease modeling platform (Figure 1.3).  

Since the seminal work of Yamanaka and colleagues, researchers have refined the method, 

even moving away from the OSKM factors for reprogramming, substituting them for example 

with Oct4, Sox2, Nanog and Lin28 transcription factor cocktails for successful generation of 

human iPSCs134,137. The generation and use of iPSCs also poses some challenges which 

researchers have had to mitigate. In this regard, combining the zygote gene Zscan4 with OSKM 

factors was proven to reduce DNA damage repair and genomic instability which arises during 

reprogramming to improve the quality of iPSCs generated138. There are also epigenetic changes 

which arise in iPSCs which lead to the silencing of transgenes that can be transferred to 

differentiated cells139,140. Therefore, ubiquitin chromatin opening elements (UCOE) can also be 

incorporated into vectors to make iPSCs more susceptible to genetic manipulation141,142. 

Researchers have also transitioned from the use of retroviral vectors for reprogramming like 

Yamanaka and colleagues, to using non-integrating viral vectors such as Sendai virus143. From 

a clinical application perspective, safety concerns of contaminating iPSCs in differentiated cells 

threatening tumorigenicity or teratoma formation in patients have to be addressed. Therefore, 

the use of suicide genes as safety switches such as inducible caspase 9144,145 shows 

considerable promise for the clinical translation of iPSC-based therapies. It is projected that 
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usage of these cells will become more mainstream and will be increasingly utilized in all areas 

of research and development. 

 

Figure 1.3 | iPSC Technology. Somatic cells can be reprogrammed with OSKM factors (Oct3/4, Sox2, 
Klf4, c-Myc) to generate patient-derived or donor-derived iPSCs that are capable of (a) self-renewal, (b) 
further genetic modifications and (c) differentiation towards cells of all 3 germ layers. Differentiated cells 
can be utilized for (d) drug screening or disease modeling purposes, or (e-f) re-infused back to patients as 
a form of autologous cell replacement therapy in the case of patient-derived iPSCs. Figure adapted after 
Bellin et al.

146 

1.2.1 Hematopoietic Differentiation from iPSCs 

Numerous cell types such as cardiomyocytes137,147, neurons148 endothelial cells149, and 

hematopoietic cells (erythrocytes131, MKs120–123 and macrophages150) have been differentiated 

from iPSCs. Hematopoietic differentiation is of great importance due to the enormous 

contribution of blood cells to the maintenance of human health. Hematopoietic cells have the 

added advantage that they are easy to transfuse/transplant and don‟t require tissue integration 

like other cells. There are also well-developed procedures for isolating blood cells from donors 

and their subsequent re-transfusion which can be translated onto iPSC-derived blood cells as 
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well. However, iPSC-derived HSCs seem to show a myeloid differentiation bias149, have varied 

levels of engraftability151 and the maintenance of epigenetic memory in iPSC-derived cells have 

been described152,153. In a recent study by Tan et al., expression of the DNA-binding protein 

MLL-AF4 in iPSCs was demonstrated to be successful in generating both myeloid and lymphoid 

lineages in mice without bias for either lineage154. In addition to this, stimulation of the aryl 

hydrocarbon receptor on iPSC-derived HSCs can be used to modulate the fate decision of the 

MEP and by extension provide a flexible, consistent, and genetically traceable system for 

studying hematopoiesis at multiple defined stages of development155. In the absence of 

standardized approaches to model hematopoiesis from iPSCs, the efficiency of protocols are 

constrained by the starting cell source, reprogramming methods, culture formats and media 

compositions. This however, does not negate the benefits and potential of the use of iPSCs 

especially for the generation of patient-specific cells for therapeutic applications. 

1.3 Gene Therapy using HSCs 

Gene therapeutics is one form of advanced therapy medicinal products (ATMPs) that have been 

developed to treat various diseases in humans based on the modification of cellular genomes 

by different mechanisms. The concept of introducing new genes into HSCs was already 

exemplified in the 1980s with murine HSPCs156,157 and later transferred to human cells. The 

advantages of such an approach are that HSPCs can be transduced ex vivo, transplanted into 

recipients and then have the potential to give rise to gene-modified blood lineages. The first 

gene therapy approaches in humans were proposed for the treatment of monogenetic diseases 

which are often rare but can be life-threatening with limited treatment options except for bone 

marrow transplantation (BMT). However, a lot of patients do not have sibling BM donors and are 

put on waiting lists for years for HLA-matched donors, often succumbing to the disease before 

treatment can be administered. Therefore, a gene therapy approach of using the patients‟ own 

HSCs to restore cellular function offers a more curative approach. This was the case of one of 

the early human clinical trials for X-linked severe combined immunodeficiency (X-SCID), which 

is caused by mutations or loss of the common γ chain of the IL-2 receptor. This impairment 

affects the development of T and NK cells and therefore causes severe recurrent infections 

which can be fatal. Although gene therapy was able to successfully restore the immune system 

of the patients158,159, the initial use of a retroviral vector to introduce the coding sequence of the 

IL-2 receptor γ chain into the HSCs resulted in the development of leukemias in some patients 

which halted the clinical trial160. These severe adverse reactions were due to vector integration 

close to the promoter region of the proto-oncogene LMO2. Since then, the field has evolved 
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considerably and nowadays there are several viral vectors in clinical trials with improved safety 

features. 

1.3.1 Viral Vectors as Gene Therapy Tools 

Viruses play important roles in the balance of our biological ecosystems. They inject nuclear 

material (DNA or RNA) into host cells and use the host‟s cellular machinery to manufacture new 

virus particles, often killing the host cell in the process. Researchers have harnessed virus 

biology to engineer viral vectors that are capable of producing viral particles containing 

engineered transgenes rather than native viral particles. This phenomenon has formed the 

hallmark of gene therapy. The most common viral vectors used in clinical trials are derivatives of 

gamma-retroviruses, lentiviruses, adenoviruses or adeno-associated viruses (AAV). Each class 

boasts its own advantages and disadvantages as depicted in Table 1161.  

Table 1 | Classification of Viral Vectors 

Viral 
Vector 

Packaging 
Capacity 

Genome 
Integration 

Gene 
Expression 

Cell-type 
Specificity 

Advantages Disadvantages 

γ/α-
Retrovirus 
(ssRNA) 

8 kb Yes Stable 
Dividing 
cells only 

Low 
immunogenic; 
long-term gene 
expression 

Insertional 
mutagenesis 
potential 

Lentivirus 
(ssRNA) 

9 kb Yes Stable Broad 

Low 
immunogenic; 
long-term gene 
expression 

Insertional 
mutagenesis 
potential 

Adenovirus 
(dsDNA) 

8 kb No Transient Broad 
Efficient 
transduction of 
target cells 

Highly 
immunogenic 

AAV 
(ssDNA) 

5 kb No 
Transient/ 
stable 

Broad 
Low 
immunogenic; 
non-pathogenic  

Small packaging 
capacity 

 

The work presented here uses lentiviral gene transfer vectors162–164, and will therefore be 

explained in more detail. Lentiviruses belong to the Retroviridae family of viruses and are 

enveloped viruses comprised of the Human Immunodeficiency Virus-1 (HIV-1) genomic 

components, although other mammalian species derivatives exist. They are capable of reverse 

transcribing their single stranded (ss) RNA genome into double stranded (ds) DNA for stable 

integration into the host cell genome161,165,166. The organization of the HIV-1 genome and the 

derived lentiviral vector system are detailed in Figure 1.4. In order to modify the wild-type HIV-1 

as a vector delivery tool, the following changes are made: (i) the genes required for viral 



23 

 

assembly and processing to form infections particles are split onto separate helper plasmids 

(gag/pol, rev, envelope) which can be co-transfected into producer cell lines (e.g. 293T cells) 

with the vector plasmid encoding the gene of interest/transgene, (ii) only the vector plasmid 

carries the transfer vector sequence which is flanked by long terminal repeats (LTRs) and 

contain the packaging signal ψ for efficient packaging into viral particle  in the viral leader 

sequence, (iii) helper plasmids can be expressed from a promoter of choice and delivered 

transiently or stably inserted into the DNA of the packaging cell and (iv) there is a deletion of the 

U3 enhancer-promoter region of the 3‟ LTR which gets copied to the 5‟ LTR during reverse 

transcription, thereby conferring a „self-inactivating‟ (SIN) configuration of the transfer vector in 

which the transgenes are expressed from an internal promoter. These safety modifications are 

representative of the most current 3rd generation of lentiviral vector technology that is used in 

scientific research and clinical trials. Although 3rd generation SIN lentiviral vectors in principle 

are still prone to insertional mutagenesis, this occurs quite rarely and they are a safer choice for 

transducing dividing and non-dividing cells, thereby expanding the scope of their application. 

Moreover, prior to the initiation of clinical trials, viral vectors can be tested for toxicity or 

oncogenic potential using in vitro immortalization (IVIM) assays for example167,168.  
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Figure 1.4 | HIV-1 genome and the derived 3rd generation SIN lentiviral vector system. (A) Wild-
type HIV-1 encodes its complete structural (gag,pol,env) and enzymatic (tat,rev) proteins and virulence 
genes (vif,vpr,vpu), flanked by long terminal repeats (LTRs) comprised of unique region 3 (U3), repeat 
region (R) and U5 regions. The enhancer (E) and promoter (P) elements are contained within the U3 
regions and the tat protein functions in promoter activation. Other structural elements include the primer 
binding site (PBS), packaging signal ψ, splice donor (SD), central polypurine tract (cPPT) for efficient 
reverse transcription and rev responsive element (RRE) to which rev binds to stabilize unspliced viral 
mRNA and direct transcript export from the nucleus. (B) 3rd generation self-inactivating (SIN) lentiviral 
vector and helper plasmids derived from HIV-1. The system requires 4 different plasmids for lentivirus 
vector production. The transfer vector plasmid contains a deletion of the E/P elements in the U3 region of 
the 3‟ LTR that confers a SIN configuration that is copied to the 5‟ LTR during transcription. An internal 
promoter of choice drives the expression of the transgene and there is an additional woodchuck post-
transcriptional regulatory element (wPRE) to stabilize the RNA. The helper plasmids encode for gag/pol 
(packaging plasmid), rev (rev accessory protein plasmid) and env (envelope plasmid), all expressed from 
a promoter of choice. This 4 plasmid system with enhanced safety features ensures that replication-
competent and pathogenic HIV-1 virus particles are not produced, but rather only a gene transfer vector 
coding for specific genes of interest. Figure adapted after Sinn et al.

166
 and Schambach et al.

169
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1.3.2 Megakaryocytes/platelets in Gene Therapy 

Megakaryocyte- and platelet-based gene therapy is still in its infancy and usually only limited to 

hematological disorders. Unlike other terminally differentiated cell-types such as T cells, the 

inaccessibility of MKs in the bone marrow and the short lifespan of platelets in circulation and 

their lack of a genome pose challenges for their application as autologous ex vivo gene-

modified cell products. Therefore, ESCs /iPSCs/HSCs have to be transduced with gene transfer 

vectors and then differentiated towards MKs and platelets. In order to achieve clinically scalable 

cell numbers, researchers have had to incorporate various physical, chemical and genetic aides 

to increase the efficiency of in vitro-derived MKs and their progeny. Another challenge is the 

susceptibility of platelets to premature activation by handling during culture conditions that limits 

their direct transplantation in animal models. Alternatively, gene-modified HSCs or ex vivo-

generated MKs have been proposed for transplantation to allow for in vivo platelet 

biogenesis170,171. The HSPC source is also important for translation of gene-modified cells to the 

clinical setting. To steer away from donor-derived cells to more „off-the-shelf‟ cell products, the 

use of HLA-universal iPSCs was shown to be effective for the generation of low immunogenic 

MKs and platelets123.  

To ensure specific and optimal transgene expression in the MK lineage, lineage-specific 

promoters may be incorporated into vector constructs. In this context, the PF4 promoter was 

shown to have a strong expression in MKs and platelets172 and was used to generate transgenic 

mice to study MK and platelet function in vivo173,174. The platelet-specific integrin αIIb (ITGA2B) 

gene promoter was used to target FVIII to platelet α-granules in a canine hemophilia A model175; 

IL-24 to α-granules in a murine melanoma model176; OVA to MKs in a murine model of immune 

tolerance177; and for the correction of murine Bernard-Soulier syndrome178. Bernard-Soulier 

syndrome is an autosomal recessive disorder characterized by macrothrombocytopenia and 

platelet activation defects, resulting from various mutations including a point mutation in the 

GATA-binding site of the GPIb promoter disrupting functional GPIb-IX-V complex 

signalling25,58,178. Platelet transfusion is the standard of care for patients suffering from this 

disease, but complications from alloimmunization leading to platelet transfusion refractoriness123 

and limited access to HLA-matched donors for HSCT has necessitated the need for alternative 

therapeutic approaches such as gene therapy. This also holds true for other inherited platelet 

disorders with bleeding diathesis such as Glanzmann thrombasthenia (GT). Sullivan and 

colleagues were able to restore integrin αIIbβ3 expression on MKs derived from GT patient-

specific iPSCs by inserting a GPIbα-αIIb expression cassette into the AAS1 locus of the iPSCs 
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using zinc finger nucleases179. Also, the GPIbα promoter expressed from a lentiviral vector was 

used to restore Mpl function by correction of defective megakaryopoiesis as well as to increase 

the HSC pool in a murine model of Mpl-deficient aplastic anemia180.  

The vast majority of bleeding disorder-related gene therapies that have entered into clinical 

trials are for hemophilia A and B primarily using AAVs to deliver the coding information of 

therapeutic FVIII or FIX to the liver, respectively181. Also, gene therapy for Wiskott-Aldrich 

syndrome (WAS) clearly has seen considerable successes in clinical trials. WAS is an X-linked 

multi-symptomatic primary immunodeficiency caused by mutations in the WAS gene that 

encodes for the WAS protein (WASP)182. The pathophysiology of the disease ranges from 

recurrent infections, eczema, thrombocytopenia, hemorrhages, and in severe cases death. 

Numerous cell-types are affected because actin polymerization becomes disturbed in HSCs due 

to impairments in the WASP182. The specific effects on MKs involves reduced chemotactic 

migration and aberrant proplatelet formation which leads to reduced platelet production183. The 

standard treatment for the disease is BMT but an HSC-directed gene therapy approach to 

restore WASP function offers a more curative alternative. Gene therapy to correct the WAS 

phenotype has been done in phase I/II clinical trials employing gamma retroviral184,185 or 

lentiviral vectors186. In all cases, global cellular functions were restored including increased 

platelet counts. However, in initial trials the gamma retroviral vector resulted in insertional 

mutagenesis causing leukemias in patients after five years185, but the safer vector design of the 

SIN lentiviral vector has reported no clonal expansion or leukemia so far at three years follow-

up186.  

Overall, there is enormous potential for targeted gene therapies to the MK lineage. Platelets are 

involved in numerous physiological and pathophysiological processes; therefore their 

modification can lead to better health outcomes especially in patients suffering from rare 

diseases with poor prognosis or limited treatment possibilities. The distribution and numbers of 

platelets in the body also increases their efficiency to deliver therapeutics to specific sites. Their 

lack of nucleus also reduces their oncogenic potential. Notwithstanding, researchers have to 

continually refine protocols to overcome challenges that might arise such as mutagenesis from 

gene transfer vectors (especially if HSCs or MKs are transplanted), immune reactivity to 

transgene products or altered platelet function due to ectopic transgene expression. Once these 

issues are addressed, MKs and their progeny can be expected to be more widely applied in 

clinical settings far beyond the scope of hematological disorders.   
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2 AIM OF THE STUDY 

Novel and effective therapies including gene- and cell-based approaches are needed to meet 

the growing health demands of societies. For some time, platelet modification has been 

overlooked in this context, but in recent years platelet-based therapies have been on the rise. 

The unique physiology of platelets with their numerous surface receptors, secretory granules, 

and the ability to circulate in the bloodstream with in-tact granule cargo prior to activation makes 

them an attractive cell therapy target. Thus platelets are considered to be natural drug carriers 

which can mediate cellular processes at localized sites. Moreover, the process of sorting and 

packaging transgenic proteins into platelets‟ most abundant α-granules holds great promise for 

therapeutic applications. Therefore, the overall aim of this project was to harness these 

physiological capabilities of platelets, and enhance their functionality by targeting transgenic 

proteins to the α-granules for their site-specific release upon platelet activation. For this 

purpose, we designed 3rd generation SIN lentiviral vectors expressing their transgenes from the 

mPF4 promoter for MK lineage restriction. We also incorporated the sorting domains of 

RANTES (RSD) or the transmembrane domain and cytoplasmic tail (TDCT) of P-selectin, for 

targeting soluble proteins or membrane-bound proteins to the α-granules, respectively. Both 

RANTES and P-selectin are major α-granule proteins that are essential for platelet functions. 

The first work package was to investigate α-granule targeting in primary human HSPC-derived 

MKs, because MKs synthesize most of the proteins which are transferred to their platelet 

progeny. Proof of principle of this approach was done by first targeting GFP as a transgene to 

MK α-granules. We then aimed to expand the platform to target IFNα as a therapeutic protein, 

performing colocalization analyses on transgene-expressing MKs to evaluate the targeting 

efficacy of the vectors. Although donor-derived HSPCs are an acceptable source for in vitro 

megakaryopoiesis, they have limited proliferation capacity, standardization is difficult due to 

donor variability and their availability is constrained by access to consenting donors. Therefore 

the second work package was to establish an efficient iPSC-MK differentiation protocol to 

transfer the targeting concept to these cells. iPSCs are a viable alternative to HSPCs due to 

their potentially unlimited self-renewal, susceptibility to efficient and safe genetic manipulation, 

and unique differentiation potential among other advantages. In general, iPSC-MK protocol 

development is quite challenging and we endeavored to overcome our bottlenecks by cytokine 

modifications, and by genetic overexpression of megakaryopoiesis-related transcription factors 

using an iPSC line with integrated dox-inducible transcription factors GATA1, FLI1 and TAL1. 
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3 MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Instruments and Software 

Product Manufacturer 

HERA Safe KS Cell Culture Bench Thermo Fisher Scientific (Waltham, MA, USA) 

CO2 Incubator (cell culture) SANYO (Osaka, Japan) 

Incubator (bacteria) SANYO (Osaka, Japan) 

Heraeus Fresco 17 Microcentrifuge Thermo Fisher Scientific (Waltham, MA, USA) 

Heraeus Multifuge X3R Centrifuge Thermo Fisher Scientific (Waltham, MA, USA) 

Heraeus Multifuge 3SR+ Thermo Fisher Scientific (Waltham, MA, USA) 

Avanti J-26 XP Centrifuge Beckman Coulter (Krefeld, Germany) 

Centrifuge 5702 R Eppendorf (Hamburg, Germany) 

CytoSpin 4 Cytocentrifuge Thermo Fisher Scientific (Waltham, MA, USA) 

Celltron Shaker Infors HT (Bottmingen, Switzerland) 

Centromat® BS-1 Shaker (bacteria) Sartorius ( Göttingen, Germany) 

Mini Rocking Platform WT16 Biometra (Göttingen, Germany) 

Thermomixer Compact Eppendorf (Hamburg, Germany) 

Mastercycler Personal Eppendorf (Hamburg, Germany) 

Vortex Genie 2 Scientific Industries (Bohemia, NY, USA) 

Water bath Omnilab (Bremen, Germany) 

Nanophotometer NP80 Implen (München, Germany) 

StepOnePlus™ Real-Time PCR System Applied Biosystems (Waltham, MA, USA) 

Cytoflex S Flow Cytometer Beckman Coulter (Krefeld, Germany) 

FlowJo™ Version 10 Software BD Biosciences (Heidelberg, Germany) 

CKX31 Microscope Olympus (Hamburg, Germany) 

IX71 Fluorescence Microscope Olympus (Hamburg, Germany) 

cellSens Imaging Software Olympus (Hamburg, Germany) 

LSM 510, Axiovert200M Confocal Microscope Carl Zeiss (Oberkochen, Germany) 

Zen Blue Software Carl Zeiss (Oberkochen, Germany) 
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3.1.2 Consumables 

 

3.1.3 Commercial Kits 

DMi8 Inverted-3 Confocal Microscope Leica Microsystems (Wetzlar, Germany) 

LAS X Software Leica Microsystems (Wetzlar, Germany) 

ImageJ/FIJI Software National Institutes of Health (Bethesda, MD, USA) 

GraphPad Prism 9 GraphPad (San Diego, CA, USA) 

Product Manufacturer 

MicroAmp Fast Optional 96-well RT-PCR plates Applied Biosystems (Waltham, MA, USA) 

Multidish NUNCLON Delta SI (6 wells) Thermo Fisher Scientific (Waltham, MA, USA) 

Suspension plate (6, 12, 24, 96 wells) TPP ( Trasadingen, Switzerland) 

Tissue culture plate (6, 12, 24 wells) TPP ( Trasadingen, Switzerland) 

Tissue cell culture flask (25 cm2) TPP ( Trasadingen, Switzerland) 

Pipette tips (10, 20, 200, 1000 μl) Sarstedt (Nümbrecht, Germany) 

Serological pipettes (2.5, 5, 10, 25 ml) Sarstedt (Nümbrecht, Germany) 

SafeSeal micro tubes (1.5, 2 ml) Sarstedt (Nümbrecht, Germany) 

Falcon tubes (15, 50 ml) Sarstedt (Nümbrecht, Germany) 

Quali-PCR tubes Kisker Biotech ( Steinfurt, Germany) 

Coverslips (12 mm) Thermo Fisher Scientific (Waltham, MA, USA) 

SuperFrost Plus Microscope Slides Thermo Fisher Scientific (Waltham, MA, USA) 

Product Manufacturer 

GenElute Mammalian Genomic DNA Miniprep Kit Sigma-Aldrich (Seelze, Germany) 

Monarch DNA Gel Extraction Kit New England Biolabs (Ipswitch, MA, USA) 

NucleoBond® Xtra Maxi Kit Macherey-Nagel (Düren, Germany) 

QIAquick® Gel Extraction Kit Qiagen (Hilden, Germany) 

QIAquick® PCR Purification Kit Qiagen (Hilden, Germany) 

RevertAid H Minus First Strand cDNA Synthesis Kit Thermo Fisher Scientific (Waltham, MA, USA) 
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3.1.4 Chemicals and Solutions 

Alkaline Phosphatase Staining Kit II Stemgent (Glasgow, UK) 

Human IFN-α ELISA PRO kit Mabtech (Nacka Strand, Sweden) 

Human CD34 MicroBead Kit Miltenyi Biotech (Bergisch Gladbach, Germany) 

Product Manufacturer 

Phosphate-buffered saline (PBS), pH 7.4 CHEMSOLUTE® /Th.Geyer (Renningen, Germany) 

Bovine Serum Albumin (BSA) Carl ROTH (Karlsruhe, Germany) 

Ethylenediaminetetraacetic acid (EDTA) Thermo Fisher Scientific (Waltham, MA, USA) 

Propidium Iodide  (PI) Sigma-Aldrich (Seelze, Germany) 

RNAse A Sigma-Aldrich (Seelze, Germany) 

RNAse-free water Qiagen (Hilden, Germany) 

Triton-X-100 Carl ROTH (Karlsruhe, Germany) 

Paraformaldehyde (PFA) Carl ROTH (Karlsruhe, Germany) 

Ethanol Carl ROTH (Karlsruhe, Germany) 

Isopropanol Carl ROTH (Karlsruhe, Germany) 

Ampicillin Carl ROTH (Karlsruhe, Germany) 

dNTPs Thermo Fisher Scientific (Waltham, MA, USA) 

DNAse I Kit Thermo Fisher Scientific (Waltham, MA, USA) 

T4 DNA Ligase Thermo Fisher Scientific (Waltham, MA, USA) 

Agarose NEEO ultra-quality Carl ROTH (Karlsruhe, Germany) 

Midori Green Advance DNA Stain Nippon Genetics (Düren, Germany) 

Quick-Load® 1 kb Plus DNA Ladder New England Biolabs (Ipswich, MA, USA) 

TRIsure Bioline (Luckenwalde, Germany) 

Phenol-chloroform Carl ROTH (Karlsruhe, Germany) 

Glycogen Thermo Fisher Scientific (Waltham, MA, USA) 

TaqMan Universal Master Mix II Applied Biosystems (Waltham, MA, USA) 

SYBR Green PCR Master Mix Applied Biosystems (Waltham, MA, USA) 

May-Gruenwald‟s solution Carl ROTH (Karlsruhe, Germany) 

GIEMSA solution Carl ROTH (Karlsruhe, Germany) 
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3.1.5 Cell Culture Media and Supplements 

ROTI®-Histokitt mounting medium Carl ROTH (Karlsruhe, Germany) 

Dako Faramount mounting medium Dako (Carpinteria, CA, USA) 

Trypan blue Sigma-Aldrich (Seelze, Germany) 

Gelatin Sigma-Aldrich (Seelze, Germany) 

Collagenase IV Sigma-Aldrich (Seelze, Germany) 

Chloroquine 100 mM Gibco (Carlsbad, CA, USA) 

Hank‟s Balanced Salt Solution (HBSS) Gibco (Carlsbad, CA, USA) 

Biocoll Separating Solution Biochrom (Berlin, Germany) 

RetroNectin® Takara Bio Inc. (Shiga, Japan) 

Protamine Sulfate Sigma-Aldrich (Seelze, Germany) 

Product Manufacturer 

RPMI 1640 (1X) [+] L-Glutamine Gibco (Carlsbad, CA, USA) 

DMEM (1X) [+] 4.5 g/L D-glucose (High glucose) Gibco (Carlsbad, CA, USA) 

DMEM (1X) [+] 1.5 g/L D-glucose (Low glucose) Gibco (Carlsbad, CA, USA) 

DMEM  (1X) [+] 1.5 g/L D-glucose [+] L-Glutamine Gibco (Carlsbad, CA, USA) 

Knockout (KO) DMEM (1X)  [+] 4.5 g/L D-glucose 

            [+] Sodium Pyruvate [-] L-Glutamine 
Gibco (Carlsbad, CA, USA) 

IMDM [+] Glutamine [+] HEPES Gibco (Carlsbad, CA, USA) 

F12 Nutrient Mixture (Ham) [+] Glutamax Gibco (Carlsbad, CA, USA) 

GlutamMAX™ (100X) Gibco (Carlsbad, CA, USA) 

Protein Free Hybridoma Medium (PFHM) II Gibco (Carlsbad, CA, USA) 

StemSpan Serum-free medium (SFEM) StemCell Technologies (Vancouver, Canada) 

SFEM II StemCell Technologies (Vancouver, Canada) 

2-Mercaptoethanol 50mM (β-ME) Gibco (Carlsbad, CA, USA) 

MEM Non-Essential Amino Acids (NEAA) Gibco (Carlsbad, CA, USA) 

Chemically Defined (CD) Lipid Concentrate Gibco (Carlsbad, CA, USA) 
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3.1.6 Flow Cytometry Antibodies  

Flow cytometry antibodies were all human monoclonal antibodies and used in conjunction with 

mouse IgG isotype controls except for CD41/CD61 and Tra-1-60 which were IgM. 

Antibody Conjugate Manufacturer 

CD34 (4H11) PE eBioscience (San Diego, CA, USA) 

CD41 (HIP8) APC-Cy7 BioLegend (San Diego, CA, USA) 

CD41 (HIP8) BV510 BioLegend (San Diego, CA, USA) 

CD41/CD61 (PAC-1) FITC BioLegend (San Diego, CA, USA) 

CD42a (ALMA.16) PE BD Pharmingen™ (San Diego, CA, USA) 

CD42b (HIP1) PerCP BioLegend (San Diego, CA, USA) 

Human Albumin Baxter (Vienna, Austria) 

1-Thioglycerol (MTG) Sigma-Aldrich (Seelze, Germany) 

Sodium Selenite Sigma-Aldrich (Seelze, Germany) 

Human Insulin Sigma-Aldrich (Seelze, Germany) 

Human Holo-Transferrin Sigma-Aldrich (Seelze, Germany) 

Ethanolamine Sigma-Aldrich (Seelze, Germany) 

L-ascobic acid 2-phosphate Sigma-Aldrich (Seelze, Germany) 

Knockout Serum Replacement (KSR) Thermo Fisher Scientific (Waltham, MA, USA) 

Penicillin/Streptomycin (P/S) Thermo Fisher Scientific (Waltham, MA, USA) 

L-Glutamine (LG) Thermo Fisher Scientific (Waltham, MA, USA) 

Fetal Bovine Serum (FBS) Superior Merck Millipore (Cork, Ireland) 

Basic Fibroblast Growth Fcator (bFGF) Peprotech (Rocky Hill, NJ, USA) 

Rock inhibitor Y-27632 (RI) Tocris (Wiesbaden, Germany) 

Prostaglandin E2 (PGE2) Peprotech (Rocky Hill, NJ, USA) 

Doxycycline (Dox) Sigma-Aldrich (Seelze, Germany) 

DPBS [+]/[-] Ca2+, Mg2+ Gibco (Carlsbad, CA, USA) 
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CD45 (HI30) APC eBioscience (San Diego, CA, USA) 

CD61 (VI-PL2) APC BioLegend (San Diego, CA, USA) 

CD62P (Psel.K02.3) PE eBioscience (San Diego, CA, USA) 

TRA-1-60 (Podocalyxin) PE eBioscience (San Diego, CA, USA) 

SSEA4 (MC813-70) FITC eBioscience (San Diego, CA, USA) 

 

3.1.7 Immunofluorescence Antibodies 

Antibody Catalog Number Manufacturer 

OCT4 sc-5279 Santa Cruz Biotechnology (Dallax, TX, USA) 

TRA-1-60 MAB4360 Merck Millipore (Cork, Ireland) 

SSEA4 MAB4304 Merck Millipore (Cork, Ireland) 

Goat anti-rabbit IgM Alexa Fluor-488 A21042 Invitrogen (Carlsbad, CA, USA) 

Anti-von Willebrand Factor (vWF) 

Rabbit polyclonal (purified) 
ab9378 Abcam (Cambridge, UK) 

IFN-α Rabbit polyclonal (purified) 31101-1 Novus Biologicals (Wiesbaden, Germany) 

Donkey anti-sheep Alexa Fluor 488 A1101 Invitrogen (Carlsbad, CA, USA) 

Goat anti-rabbit Alexa Fluor® 647 A21245 Invitrogen (Carlsbad, CA, USA) 

Goat anti-mouse Cy3 A10521 Life Technologies (Carlsbad, CA, USA) 

Phalloidin Red 594 424203 BioLegend (San Diego, CA, USA) 

4,6-diamidino-2-phenylindol (DAPI) D9542 Sigma-Aldrich (Seelze, Germany) 
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3.1.8 Prepared Reagents 

 

3.1.9 Primers and Oligonucleotides  

Primers and single-stranded oligonucleotides were purchased from Eurofins (Hamburg, 

Germany) or Thermo Fisher Scientific (Waltham, MA, USA). All sequences are written in the 5‟ 

 3‟ direction. 

Primer Sequence 

mPF4 Fwd ATCCTGCTGCCAGCTACTAGTC  

IFNa_noSP_Fwd TCAGTCGACTGTGATCTCCCTGAG  

IFNa_noSP_Rev CTACGGTCCGTTATTCCTTCCTCCTTAATC  

IFNa_SP_Fwd GGATCGACCGGTTGCTGGAAGCTCTGCCGCAGCATGGCCTCGCCCTTTGCTTTACT 

IFNa_SP_Rev CTTAGCGGCGCGGGCCGGGTGATCGGTCCGTTATTCCTTCCTCCTTAATCTTTCTTGCAAG 

IFNA1 Fwd AGAAGGCTCCAGCCATCTCTGT  

IFNA1 Rev TGCTGGTAGAGTTCGGTGCAGA  

wPRE Probe 
CTGTGTTTGCTGACGCAAC (Designed by T. Maetzig, MHH) 

Labelling: 5‟-FAM, 3‟BHQ1 

Reagent Composition 

Albumin Polyvinylalcohol 

Essential Lipids (APEL) 

media 

33% IMDM, 33% F12 Max, 0.3% Phenol Red, 1% Glutamaxx, 1% Ascorbic 

Acid, 5% PFHMII, 1% rh ITS-Eth (10 µg/ml Insulin, 5.4 µg/ml Transferrin, 7 

ng/ml Sodium Selenite, 20 µg/ml Ethanolamine), 0.3% MTG, 5% human 

Albumin, 20.5% PVA mix (0.5 mg/ml PVA, 125 µg/ml CD Lipids) 

20X Tyrode‟s Buffer 2.73 M NaCl, 53.6 mM KCl, 238 mM NaHCO3, 8 mM Na2HPO4, 0.5 M 

HEPES 

MACS Buffer 2% FBS, 2mM EDTA in PBS 

PI staining solution 50 µg/ml PI, 0.1 mg/ml RNase A, 0.05% Trition-X-100 in PBS 

4% PFA 4% PFA in 96% PBS 

10% BSA 10% BSA in 90% PBS 

10x TBS 24.2 g tris, 203.3 g MgCl2, 0.3 g CaCl2, 0.1 g NaCl in 1 l H2O pH 7.6 

1x TBS-T 10% 10x TBS, 0.1% Tween20 in H2O 

0.5% Triton-X-100 0.5% Triton-X-100 in 99.5% PBS 
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wPRE Fwd GAGGAGTTGTGGCCCGTTGT (Designed by T. Maetzig, MHH) 

wPRE Rev TGACAGGTGGTGGCAATGCC (Designed by T. Maetzig, MHH) 

PTPB2 Probe 
ATGTTCCTCGGACCAACTTG (Designed by T. Maetzig, MHH) 

Labelling: 5‟-JOE, 3‟BHQ1 

PTPB2 Fwd TCTCCATTCCCTATGTTCATGC (Designed by T. Maetzig, MHH) 

PTPB2 Rev GTTCCCGCAGAATGGTGAGGTG (Designed by T. Maetzig, MHH) 

 

3.1.10 Cytokines and Enzymes 

Human cytokines were used in all experiments and were purchased from Peprotech (Rocky Hill, 

NJ, USA). Restriction enzymes and DNA polymerases were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA) or New England Biolabs (Ipswich, MA, USA).  

3.2 Methods 

All cells were cultured under standard conditions of 37°C and 5% CO2 with the exception of 

murine embryonic fibroblasts (MEFs), which were cultured at 37°C and 8.5% CO2. MEFs were 

transferred to standard conditions after seeding human induced pluripotent stem cells (iPSCs). 

3.2.1 Culture of iPSCs 

Human iPSCs were cultured as colonies on gamma-irradiated (30Gy) MEFs. Approximately 24 

h – 48 h prior to seeding the iPSCs, MEFS were seeded onto tissue culture plates (Nunc) 

coated with 0.1% gelatin in their normal culture medium (DMEM low glucose +LG, 100 U/ml 

P/S, 10% FBS, 1% NEAA, 0.2% β-ME). Following this, the MEF medium was replaced with 

iPSC medium (KO DMEM, 20% KSR, 100 U/ml P/S, 1% LG, 1% NEAA, 0.2% β-ME, 10 ng/ml 

bFGF) for seeding of the iPSCs. The cells were passaged by fragmentation of the colonies with 

collagenase type IV every 7 – 10 days onto new MEFs.  

3.2.2 Pluripotency characterization of iPSCs 

The pluripotent state of iPSCs was assessed by immunofluorescence detection of endogenous 

pluripotency genes and alkaline phosphatase activity as well as flow cytometry analysis of Tra-

1-60 and SSEA4 surface antigen expression. Alkaline phosphatase activity was determined 

using the Stemgent Alkaline Phosphatase Staining Kit II according to the manufacturer‟s 

instructions. Immunofluorescence staining was carried out according to standard protocols. 

Briefly, fragmented iPSCs were seeded in 12-well tissue culture dishes onto MEFs for at least 

48 h for colonies to form. Cells were fixed in 4% PFA for 20 min at RT then permeabilized with 
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0.1% Triton-X-100 for 10 min on ice. Three washing steps with PBS (+Ca2+,Mg2+) were done 

followed by blocking with 5% BSA for 20 min at RT. All antibodies were diluted in 1% BSA and 

250 µl staining solution added per well. Cells were incubated with primary antibodies (OCT4, 

Tra-1-60, SSEA4) diluted 1:250 for 30 – 60 min at RT or O/N at 4⁰C in the dark. The washing 

step was repeated. Cells were incubated with secondary antibodies (donkey anti-mouse AF546, 

goat anti-rabbit AF488) at a 1:400 dilution for 30 – 60 min at RT in the dark. Washing was 

repeated as described above. DAPI (1:5000) was added for nuclear staining for 5 min at RT in 

the dark. Cells were again washed as described and then stored in PBS (w/o Ca2+,Mg2+) until 

analysis. The pluripotency gene expression in iPSC colonies were detected using the Olympus 

IX71 fluorescence microscope and analyzed with the cellSens imaging software.  

3.2.3 Differentiation of iPSCs towards MKs 

In order to differentiate iPSCs towards MKs, an embryoid body (EB) protocol was adapted from 

Lachmann et al.150. Briefly, iPSCs were expanded without bFGF to direct the cells out of 

pluripotency. Cells were then subjected to forced aggregation by EB formation on an orbital 

shaker in the incubator for 5 days. EBs with a characteristic cystic morphology were selected for 

differentiation in APEL media + 50 ng/ml THPO, 50 ng/ml SCF, 25 ng/ml IL-3. The 

differentiation media was refreshed after 7 days. Dox (1 µg/ml) was added at this time point and 

kept in the media until the end of the differentiation. IL-3 was removed after 14 days and cells 

were harvested weekly from day 14 onwards for subsequent analyses.  

3.2.4 Isolation and culture of CD34+ HSPCs 

Peripheral blood mononuclear cells (PBMCs) were isolated from human umbilical cord blood, 

bone marrow or G-CSF-mobilized peripheral blood samples by gradient centrifugation using 

Biocoll at 400 x g without acceleration and deceleration for 40 min at RT. The PBMCs were then 

collected and washed with MACS buffer, followed by centrifugation at 300 x g for 10 min at RT. 

The cell pellet was resuspended in red cell lysis buffer and incubated for 3 min at RT, followed 

by another washing step with MACS buffer and centrifugation at 200 x g for 10 min at RT. The 

cells were again resuspended in MACS buffer and counted in order to determine the 

appropriate amount of antibody required for the purification of CD34+ HSPCs. The human CD34 

MicroBead Kit was used for the positive selection of CD34+ cells from PBMCs by magnetic cell-

sorting following the manufacturer‟s protocol. Briefly, cells were incubated with CD34 micro-

beads and FcR blocking reagent for 30 min at 4⁰C, washed by centrifugation as described 

above and the pellet resuspended in 500 μl MACS buffer.  The cells were then run over an 
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equilibrated separation column, the flow-through discarded and magnetically-labelled CD34+ 

cells were eluted into a new collection tube after removal of the separation column from the 

magnetic rack. Purified cells were cultivated in SFEM supplemented with 100 ng/ml Flt-3 ligand, 

100 ng/ml SCF, 50 ng/ml THPO, 2mM LG and 100 U/ml P/S. Cells were cultured at a density of 

1x106 cells in 1 ml medium per well in a 24-well tissue culture plate that was kept in a humidified 

chamber in the incubator.  

3.2.5 Transduction of CD34+ HSPCs 

After 24 h expansion, CD34+ cells were subjected to a single round of lentiviral vector 

transduction at defined multiplicity of infection (MOI). Transduction was performed in a 48-well 

tissue culture plate that was coated O/N at 4°C with 50 μg/ml RetroNectin®. After removal of the 

RetroNectin®, the plate was blocked with 2% BSA for 30 min at RT, and then washed with 

HBSS for 20 min at RT. Virus supernatants were diluted in SFEM to a final volume of 200 μl per 

well and the plate centrifuged at 2000 x g for 2 h at 32°C. Approximately 75% of the virus was 

removed and 1x105 cells in 200 µl SFEM was added to the respective wells, followed by 

centrifugation at 200 x g for 5 min at 32°C. Cells were returned to the incubator, washed and 

cultured in fresh media after 24 h. 

3.2.6 Differentiation of CD34+ HSPCs towards MKs 

Differentiation was initiated 4 – 5 days after isolation. Transduced and non-transduced CD34+ 

HSPCs were differentiated towards MKs and platelets in SFEMII + 50 ng/ml THPO, 25 ng/ml 

SCF, 7.5 ng/ml IL-6. Cells were cultured at a starting density of 5x105 cells/well in a 24-well 

format. After day 6, IL-6 was excluded from the differentiation media until the end of the 

differentiation period of 12 – 14 days. MKs were harvested every 3 – 4 days, washed with PBS 

and centrifuged at 300 x g for 5 min prior to the subsequent analyses.   

3.2.7 Immunofluorescence staining of MKs and confocal analysis 

Mature MKs were harvested, washed with PBS then centrifuged at 300 x g for 5 min. Cell 

pellets were resuspended in 1 ml MACS buffer and counted. For each staining condition: 5x104 

cells were spun onto a coverslip at 400 x rpm for 5 min in a CytoSpin 4 cytocentrifuge. 

Coverslips were oriented cell-side up in 24-well tissue culture plate for subsequent washing and 

staining. Cells were fixed in 4% PFA for 15 min, washed with PBS then permeabilized with 0.5% 

Trition-X-100 for 10 min. After rehydration with PBS, there was 1 h of blocking with 10% BSA. 

The entire staining procedure was carried out at RT and all antibodies were diluted in 0.05% 

TBS-T, wherein 250 µl staining solution was added to each well. Incubation with primary 
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antibodies anti-vWF (1:100), anti-human/mouse CD62P-PE (1:100) and Phalloidin (1:100) was 

carried out for 1h in the dark. After washing 3 times with TBST-T for 5 min each, incubation with 

secondary antibodies goat anti-rabbit IgG Alexa Fluor 647 (1:2000), goat anti-mouse IgG Cy3, 

donkey anti-sheep Alexa Fluor 488 (1:100) and nuclear counterstain DAPI (1:5000) was 

performed for 1 h in the dark. The washing steps were repeated as described followed by a 

single wash with deionized H2O to remove excess buffer. Washed coverslips were then 

mounted stained-side down onto glass slides in Dako mounting medium, allowed to dry 

overnight at RT in the dark and then transferred to 4⁰C for storage.   

Images were acquired with the Leica DMi8 Inverted-3 or Zeiss LSM 510, Axiovert200M confocal 

microscope using 63X or 100X oil immersion objectives and appropriate filter sets, respectively. 

Image processing was done with the Fiji image analysis software187. Colocalization analysis was 

done using the JaCoPx plugin188. The Rank Weighted Colocalization (RWC) algorithm of 

JaCoPx was applied to cell images using default thresholds in order to obtain a pixel and 

intensity correlation value from 0 – 1, where 0 represented no colocalization and 1 represented 

complete colocalization.  

3.2.8 Platelet isolation  

Platelets were isolated from in vitro-derived MKs by differential centrifugation, where MKs were 

pelleted at 120 x g for 10 min and the platelet-containing supernatant decanted to a new tube. 

To the platelets, 100 ng/ml PGE2 was added to prevent activation and the cells centrifuged at 

720 x g without acceleration and brakes for 10 min at 22⁰C. Platelet pellets were resuspended in 

1x Tyrode‟s buffer for subsequent analysis.  

3.2.9 Thrombin activation 

Harvested MKs were centrifuged at 100 x g for 15 min. Cell pellets were resuspended in SFEM 

and 2 U/ml thrombin added for activation in the incubator for 30 min. Following this, samples 

were taken for flow cytometry analysis of PAC-1-specific signal, or the cells pelleted at 300 x g 

for 5 min and the supernatants stored at -20⁰C for subsequent analysis by ELISA. The human 

IFN-α ELISA PRO kit was used to determine IFNα secretion in non-activated and activated 

cells. 

3.2.10 Flow cytometry 

The surface marker profiles of cells were analyzed by flow cytometry using the CytoFLEX f low 

cytometer with further data extrapolation by FlowJo™. Cells were processed by staining 100000 
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– 500000 cells resuspended in 100 – 150 µl MACS buffer with 1 µl of an appropriate antibody. 

Staining was performed for 45 min at 4⁰C, followed by washing with PBS before acquisition of 

fluorescence signals in appropriate channels. 

3.2.11 DNA content analysis 

In order to characterize the maturity of MKs, their DNA content was evaluated by PI staining. 

Due to inevitable cell loss during the staining process, a minimum of 8x105 cells were used. 

Harvested cells were centrifuged at 300 x g for 5 min at RT, the pellets resuspended in 1 ml 

PBS and then added dropwise with mild vortexing to 2.5 ml ethanol to achieve a final 

concentration of 70% ethanol. Ethanol fixation was carried out either O/N at -20⁰C or on ice for 

30 min. The cells were washed with PBS and centrifuged once more. The pellets were 

resuspended in 500 µl PI staining solution and incubated for 1 h in a 37⁰C water-bath. The 

washing step was repeated and the cell pellets resuspended in 500 µl PBS for flow cytometry 

analysis with acquisition of PI+ cells in the ECD/PE channel.   

3.2.12 Cytospins 

Harvested cells were spun onto glass slides at a density of 3x104 – 5x104 cells in 150 μl MACS 

buffer at 400 x rpm for 5 min in a CytoSpin 4 cytocentrifuge. The slides were air dried O/N at RT 

then stained with May-Gruenwald-Giemsa staining solution. The staining was such that slides 

were incubated for 5 min in May-Gruenwald‟s solution, washed with deionized H2O, then 

incubated for 20 min in GIEMSA solution diluted 1:20 in deionized H2O. A final washing step 

with H2O followed the staining procedure, after which the slides were allowed to air dry O/N at 

RT. The next day, coverslips were mounted onto the slides using ROTI®-Histokitt. Slides were 

imaged using the Olympus IX71 microscope and analyzed with the cellSens imaging software. 

3.2.13 Cloning of Lentiviral constructs 

A zero blunt vector containing the cDNA of human IFNα1 (provided by J. Fischer, AG Mortiz, 

MHH) was used as a template for the cloning of the IFNα constructs. Two different strategies 

were employed to generate either the construct targeting IFNα to α-granules using the human 

cytokine RANTES signal peptide and sorting signal, or the control vector with full length IFNα 

connected to an IRES-GFP. Both constructs were cloned into a SIN lentiviral mPF4.RANTES 

backbone (provided by C. Milde, AG Modlich, Paul-Ehrlich-Institute). In the first strategy, IFNα 

was PCR amplified from the zero blunt vector using primers introducing SalI/RsrII sites to 

include only the IFNα ORF and not its signal peptide. The PCR product was run on a 2% DNA 

agarose gel, excised and purified using the QIAquick® Gel Extraction Kit, then sub-cloned into a 
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pJET vector (provided by T. Maetzig, MHH) using T4 DNA ligase. Selected ampicillin-resistant 

clones (transformed in XL10 Gold E. coli) were verified by control digests after DNA isolation 

from overnight bacterial incubations in LB medium supplemented with 100 µg/ml ampicillin. 

Subsequently, IFNα was introduced into the mPF4.RANTES backbone by restriction digestion 

with SalI/RsrII and ligation. Successful ligation and generation of the 

RRL.PPT.mPF4.RANTES.IFNα-i-GFP.pre vector was confirmed by control digests using 

XhoI/BsrGI enzymes and sequencing with mPF4_forward primer.  In the second strategy, IFNα 

was PCR amplified using primers introducing AgeI/RsrII sites which retained the IFNα signal 

peptide but eliminated the RANTES sequence. The intermediate step of sub-cloning the PCR 

product into a pJET vector was bypassed, and instead, AgeI/RsrII-digested IFNα and 
mPF4.RANTES backbone were directly ligated and transformed in XL10 Gold E. coli. The 

verification of the cloned RRL.PPT.mPF4.IFNα.i-GFP.pre vector was done as described above.  

3.2.14 Production of lentiviral vector supernatants 

Plasmid DNA needed for all vector productions were prepared by incubating small amounts of 

plasmid glycerol stocks (50% glycerol, 50% bacteria culture) in 250 – 350 ml LB medium 

supplemented with 100 µg/ml ampicillin. After O/N bacterial growth at 37⁰C in a bacterial shaker 

set at 180 x rpm, plasmid DNA were isolated using the NucleoBond® Xtra Maxi Kit following the 

manufacturer‟s guidelines. The resulting plasmid DNA was transfected into human embryonic 

kidney (HEK) 293T cells using calcium phosphate. Briefly, 293T cells were seeded at a density 

of 12x106 cells on 15-cm cell culture plates in DMEM medium supplemented with 10% FBS, 100 

U/ml P/S and 20 mM HEPES. Transfection was carried out 24 h after seeding, with 20 μg 

pcDNA3.GP.4xCTE (encoding HIV-1 gag/pol), 12.5 μg pRSV-Rev, 5 μg pMD.G (encoding the 

envelope Vesicular Stomatitis Virus glycoprotein VSVg) and 12.5 μg of the vector plasmid in 

DMEM medium supplemented with 25 µM chloroquine. The transfection medium was replaced 

with fresh medium after 6 – 8 h. Supernatants were collected after 24 h and 48 h, filtered 

through 0.22 µm filter then concentrated by ultra-centrifugation at 10000 x g, O/N at  4°C. Virus 

pellets were resuspended in SFEM and stored at -80°C.  

3.2.15 Lentiviral vector titration 

Vector titers were determined by transduction of the murine fibroblast cell line SC-1 or the 

human megakaryocytic cell line MEG-01 (in the case of MK linage-specific promoters). Cells 

were seeded at a density of 1x105 cells/well in 12-well tissue culture plates. Culture media was 

supplemented with 4 μg/ml protamine sulfate to facilitate transduction. The lentiviral vectors 
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were added to the cells in 10-fold serial dilutions of 10-2, 10-3, 10-4 and 10-5 to a final volume of 1 

ml transduction medium per well. Vector titers were determined by flow cytometry analysis of 

GFP+ cells 3 days post-transduction using the formula depicted below. 

                                                        

 

3.2.16 Vector Copy Number (VCN) Determination 

In order to determine the genomic integration of transgenes in transduced cells, genomic DNA 

(gDNA) was isolated from cells that were cultured for 11 days post-transduction so as to attain 

biosafety level 1 status and to remove ectopic virus particles. The isolation was done using the 

GenElute Mammalian Genomic DNA Miniprep Kit according to the manufacturer‟s guidelines. 

The TaqMan-based PCR was run with 3 replicates per sample on a StepOne Plus thermocycler.  

Table 3.1 | Reaction mix for VCN PCR 

Reagent 
Stock 

Conc. 

Final 

Conc. 

Volume 

per well 

ABI TaqMan Fast Advanced Master Mix 2x 1x 7.5 μl 

wPRE primer mix 20 µM 660 nM 0.50 μl 

wPRE probe  20 µM 150 nM 0.11 μl 

PTPB2 primer mix 20 µM 660 nM 0.50 μl 

PTPB2 probe 20 µM 150 nM 0.11 μl 

DNA (50 ng/μl) – – 2.00 μl 

H2O – – 4.29 μl 

 

Table 3.2 | VCN PCR Program 

 Temperature 
Time 

(seconds) 
Cycles 

Step 1 50.0 ⁰C 02:00 1 

Step 2 95.0 ⁰C 00:20 1 
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Step 3 95.0 ⁰C 00:05 40 

Step 4 56.0 ⁰C 00:20 40 

Step 5 65.0 ⁰C 00:20 40 

 

3.2.17 Real-Time quantitative polymerase chain reaction (RT-qPCR) 

RNA isolation, reverse transcription and cDNA synthesis preceded gene expression analysis via 

RT-qPCR. All reactions were performed on ice. RNA extraction commenced with the 

resuspension of cell pellets in 500 μl TRIsure. To this, 300 μl phenol/chloroform was added, the 

mixture was vortexed for 15 s and centrifuged at maximum speed of ~17000 x g for 15 min at 

4°C. The aqueous upper phase was collected in a new tube, while the middle and lower phases 

were discarded. Afterwards, 500 μl isopropanol and 20 μg glycogen were added. The 

centrifugation step was repeated. Supernatants were discarded and the RNA pellets were 

washed with 500 μl 70% ethanol followed by centrifugation as described earlier. RNA pellets 

were air-dried, resuspended in 20 μl RNase-free H2O, and concentrations were determined 

using the NP80 Nanophotometer. The RNA were adjusted to a concentration of 1 μg in 

preparation for cDNA synthesis and stored at -80°C with the RNA stocks. 

RNA (1 µg)  were thawed on ice and DNAse digestion was performed by incubating the 

samples for 30 min at 37°C with 1 μl DNAse, 1 μl 10X DNAse I buffer and H2O filled up to 10 μl. 

The reaction was stopped by incubating the samples with 1 μl 50 mM EDTA for 10 min at 65°C. 

DNAse-treated RNA were then subjected to reverse transcription reaction using the RevertAid H 

Minus Reverse Transcriptase kit. The procedure was such that samples were first incubated 

with 1 μl Oligo(dT) primer for 5 mins at 65°C. Afterwards, 8 μl of reaction master mix containing 

4 μl 5x Reaction Buffer, 1 μl Riboblock RNAse inhibitor, 2 μl 10 mM dNTPs and 1 μl RevertAid 

reverse transcriptase was added to each sample. The reaction was incubated for 60 min at 

42°C, followed by 10 min incubation at 70°C to stop the reaction. The synthesized cDNA were 

stored at -20°C. RT-qPCR was performed using either SYBR green or TaqMan gene expression 

systems with 1:2 – 1:4 diluted cDNA templates. The PCR reaction was run in 2-3 replicates on a 

StepOne Plus Thermocycler.  

3.2.18 Animal experiments 

All animal experiments were performed at the Paul-Ehrlich-Institute in the group of Ute Modlich 

according to the German animal protection law and were approved by the local animal welfare 
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committee. Briefly, the isolation, transduction and transplantation of murine lineage marker-

negative (lin-) bone marrow cells were performed according to the group‟s standard protocols. 

C57Bl/6 mice (obtained from Janvier/Charles River Laboratories) were pre-conditioned with 7 

Gy, 137Cs-g rays, 0.036 Gy/s irradiation and transplanted via tail vein injection with a minimum 

of 5x105 cells one day after transduction with virus supernatants at defined MOI. Donor cells 

were derived from B6.129-Gt(ROSA)26Sor<tm4(ACTB-tdTomato,-EGFP)Luo>/J mice (mTmG 

marker mice)189. Animal handling, blood cell counts, chimerism analysis, platelet isolation and 

activation were performed according to standard protocols. 

3.2.19 Statistical analyses 

All data were analyzed using the GraphPad Prism 9 software and expressed as mean ± SD. 

Statistical analyses were done by applying t- tests or one-way analysis of variant (ANOVA) with 

appropriate post-hoc testing to extrapolated data sets. Statistical significance levels were 

indicated by P-values: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

3.2.20 Ethics statements 

 Human G-CSF-mobilized peripheral blood or bone marrow primary CD34+ HSPCs were 

obtained from consenting healthy donors at the German Red Cross (DRK, Frankfurt) 

with approval of the ethics committee (Approval number: 329-10). 

 Human umbilical cord blood was obtained from the Hannover Medical School from 

consenting healthy donors in collaboration with Prof. Dr. Constantin von Kaisenberg 

(Frauenklinik). Experiments were approved by the local ethics committee (Approval 

number: 1303-2012). 

 The iPSC lines hCD34iPSC11 (Cl11) and hCD34iPSC16 (Cl16) were generated at the 

Hannover Medical School from consenting healthy donors and approved for usage by 

the local ethics committee (Approval number: 7870_BO_K_2018).  

 The forward programming (FOP) technology is patented by Dr. Cedric Ghevaert and Dr. 

Mark Kotter of the University of Cambridge, UK (Patent PCT/GB2013/051600 and UK 

Patent Application No. 1619876.4). The FOP technology was used to generate iPSCs 

from previously described cell lines190, which were transferred to the Hannover Medical 

School under a Biological Material Transfer Agreement dated 31.07.2019.  
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4 RESULTS 4.1 Targeting proteins to α-granules using gene transfer vectors 

4.1.1 Design and production of suitable lentiviral vector constructs 

To enhance the functionality of platelets, we aimed to specifically target therapeutic proteins to 

their α-granules to allow for their site-specific release upon platelet activation. Proteins are 

sorted into α-granules by various mechanisms including the use of specific amino acid 

sequences that act as sorting signals for their transport and packaging into α-granules106, as 

detailed in Section 1.1.5. As we wanted to explore this physiological capability of platelets for 

our strategy, we aimed to first target the GFP marker protein to the α-granules to principally 

prove feasibility and efficacy of the approach. For this purpose, we designed 3rd generation SIN 

lentiviral vectors expressed from the murine platelet factor 4 (mPF4) promoter to restrict 

transgene expression to the MK lineage172, and also incorporated known sorting signals of two 

proteins ubiquitously expressed in platelet α-granules: RANTES and P-selectin. These vectors 

were designed to target soluble proteins (RSD vector) or transmembrane proteins (TDCT 

vector) to α-granules, for their secretion or presentation on the surface of activated platelets, 

respectively (Figure 4.1A). Two targeting constructs were generated, in addition to a control 

„dsGFP‟ vector which contains only the coding sequence of the fluorescent protein destabilized 

GFP (d2eGFP) without targeting sequences (vectors kindly provided by U. Modlich, Paul-

Ehrlich-Institute). The „RSD‟ vector consists of an N-terminal fusion of human RANTES protein 

with its signal peptide (SP) and 12 amino acid sorting signal to d2eGFP. Since the 

transmembrane domain and cytoplasmic tail (TDCT) of P-selectin is required for its sorting to α-

granules102,103, this 57 amino acid sorting signal was fused to d2eGFP at the C-terminus in the 

TDCT vector, while the signal peptide of P-selectin was fused to d2eGFP‟s N-terminus to 

ensure efficient post-translational processing (Figure 4.1A). In order to utilize the vectors in 

targeting experiments, we first produced virus supernatants in the 293T packaging cell line by 

co-transfection of the gene transfer vectors with lentiviral helper plasmids165, and concentrated 

the supernatants collected after 48 h and 72 h by ultracentrifugation (see also Section 3.2.14). 

Titration was done on the MEG-01 megakaryoblastic leukemia cell line, and transducing units 

calculated as infectious particles per milliliter (IP/ml) based on the formula outlined in Section 

3.2.15. All three vectors were produced at relatively high titers between 108 – 109 IP/ml (Figure 

4.1B). 
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Figure 4.1 | Gene transfer vectors for α-granule targeting. (A) Vector design of 3
rd

 generation SIN 
lentiviral vectors for targeting secreted proteins (RSD vector) or transmembrane proteins (TDCT vector) to 
α-granules, with a non-targeting control (dsGFP vector). All vectors are expressed from the mPF4 
promoter and encode d2eGFP as a transgene. The RSD vector incorporates the SP and sorting signal 
sequence of RANTES, and the TDCT vector includes the SP and P-selectin TDCT sorting sequence.    
(B) Virus titers of the 3 vectors. Bars represent mean±SD, n=3-5. SIN – self-inactivating, mPF4 – murine 
platelet factor 4, TDCT – transmembrane domain cytoplasmic tail, SP – signal peptide. 

4.1.2 Transgene expression in MEG-01 cells 

As a next step, we evaluated transgene expression from our vector constructs in MEG-01 cells. 

The cells were transduced with dsGFP, RSD and TDCT vectors at defined multiplicity of 

infection (MOI) of 1, 3, and 9, with untransduced „mock‟ cells included as negative controls. 

Vector copy number (VCN) analysis illustrated a MOI-dependent increase in vector integrations 

per genome for all three vectors, with some variance in VCN among the vectors (Figure 4.2A). 

The dsGFP cells reached the highest VCN ranging from 5 – 25, RSD cells showed the second 

highest VCN ranging from 1 – 10 and TDCT cells contained the lowest vector integrations with a 

maximum VCN of 5 at MOI 9 (Figure 4.2A). Similar to the VCN, the representative histogram of 

transduction efficiency based on GFP expression depicts a MOI-dependent increase with all 

three vectors (Figure 4.2B).  Upon further evaluation of the transduction efficiency (%GFP+ 

cells) against the mock-subtracted mean fluorescence intensity (ΔMFI), greater disparities were 

observed among the vectors (Figure 4.2C). There was a correlation between the percentage of 

GFP+ cells and ΔMFI at each MOI tested for all culture conditions, however the ΔMFI of RSD 

cells were only half that of dsGFP, while TDCT cells showed the lowest transgene expression of 

the three vectors (Figure 4.2C).  
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Figure 4.2 | Transgene expression in MEG-01 cells. MEG-01 cells were transduced with α-granule 
targeting vectors at defined multiplicity of infection (MOI) 1,3,9. (A) Vector copy number (VCN) analysis. 
(B) Representative histograms showing transduction efficiency. (C) Comparison of %GFP+ cells with 
associated ΔMFI of GFP+ cells at each MOI. Data represent mean±SD, n=3. ΔMFI – mock subtracted 
mean fluorescence intensity.  

Overall, our data confirmed efficient transduction and transgene expression from our targeting 

vectors as well as the non-targeting control in MEG-01 cells. The inferior results observed with 

TDCT compared to RSD may be as a result of steric hindrance of the larger TDCT targeting 

domain on the three-dimensional protein conformation of d2eGFP, thereby leading to lower 

transgene expression.  

4.1.3 In vitro megakaryopoiesis from primary human HSPCs 

After the vectors were characterized in the cell line, we transitioned to primary cells. Given the 

well-known problems associated with efficient in vitro platelet biogenesis, we decided to first 

establish the targeting in MKs which are the precursor cells for platelets. MKs synthesize a 

majority of the proteins that are packaged into platelet α-granules which therefore renders these 

cells as appropriate models for α-granule targeting experiments. To this end, we isolated CD34+ 

HSPCs from different cell sources, transduced them with the α-granule targeting and non-

targeting vectors, and then differentiated the cells towards MKs and platelets. This was 

achieved by employing the protocol depicted in Figure 4.3, which was modeled after previously 

described protocols191, and involved an initial cell expansion phase followed by a MK 

differentiation phase. The expansion culture was performed for six days and comprised of 
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HSPC isolation and vector transduction on retronectin-coated plates on the second day. Given 

the differences in transduction efficacy displayed by the vectors in MEG-01 cells, CD34+ HSPCs 

were transduced with RSD at MOI 20, TDCT at MOI 40 and dsGFP at MOI 5 – 20. 

Untransduced mock cells served as negative controls and were differentiated alongside vector-

transduced cells. Expansion culture was performed in SFEM media supplemented with 100 

ng/ml SCF, 100 ng/ml Flt-3 ligand and 50 ng/ml THPO for approximately six days. Following 

this, differentiation was induced for up to 14 days employing SFEMII media supplemented with 

50 ng/ml THPO, 25 ng/ml SCF and 7.5 ng/ml IL-6 (only until day 6). Cells were harvested from 

the differentiation cultures every 3 – 4 days for various analyses (Figure 4.3). Unless otherwise 

stated, flow cytometry analysis was performed on differentiation day (d) 3, d6, d10 and d12 

while other analyses were also performed on alternative days.  

 

Figure 4.3 | Schematic overview of HSPC expansion and differentiation. Primary (1⁰) human CD34+ 
Hematopoietic Stem and Progenitor Cells (HSPCs) were MACS isolated and transduced with lentiviral 
vectors then differentiated towards megakaryocytes (MKs) and platelets. 

In Figure 4.4, representative flow cytometry plots of CD34+ cells harvested from bone marrow 

(BM), G-CSF mobilized peripheral blood (PB) and umbilical cord blood (CB) are depicted 

following HSPC isolation showing the live cell population by SSC/FSC gating and the 

corresponding CD34+/CD45+ hematopoietic surface marker profiles. The gates were set based 

on the respective negative controls of each donor source. The CD34+ HSPCs from all three cell 

sources exhibited relatively high CD34+/CD45+ expression of 84.3% (BM), 86.1% (PB) and 

77.2% (CB), rendering them well-suited for use in the experiments to follow.  
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Figure 4.4 | Hematopoietic surface marker expression on HSPCs. Representative flow cytometry 
plots showing the live cell population of HSPCs isolated from bone marrow (BM), G-CSF mobilized 
peripheral blood (PB) and cord blood (CB), along with their CD34+/CD45+ surface antigen expression. 
Cells from each donor source were gated based on the respective negative controls. 

A primary readout for differentiation potential is the acquisition of lineage-specific surface 

marker phenotypes. Accordingly, we measured CD41 and CD42b expression on the surface of 

cells harvested during differentiation by flow cytometry. CD41 (GPIIb) is one of the earliest MK 

surface antigens denoting MK lineage commitment and is a sub-unit of the fibrinogen receptor 

(GPIIb-IIIa; CD41/CD61), while CD42b (GPIb) is one of the later antigens which forms part of 

the vWF receptor (GPIb-IX-V; see also Section 1.1.4). Therefore, in our experiments CD41+ 

expression alone was used as a marker for MK progenitors, whereas the co-expression of 

CD41+/CD42b+ on the surface of cells was used as a marker for mature MKs. When we 

analyzed these surface markers during differentiation, a gradual increase in the CD41+/CD42b+ 

cell population from d3 – d10 for both mock and vector-transduced cells was observed (Figure 

4.5). In spite of the slight reduction in the double positive cell population at d12, there was also a 

reemergence of the CD41+ progenitor population for mock, dsGFP, RSD and TDCT-expressing 

cells.  This indicated to us that perhaps the HSPCs were exhausted at that time-point and 

therefore the progenitors were not able to become fully mature due to the lifespan of the 

cultures.  
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Figure 4.5 | MK surface marker expression during differentiation. Representative flow cytometry plots 
showing CD41+/CD42b+ surface marker expression on HSPC-derived mock, dsGFP, RSD and TDCT 
cells on differentiation days d3, d6, d10 and d12 against isotype controls. 

To get a better overview of the megakaryocytic differentiation taking place in our cultures, we 

therefore summarized the surface marker expression of cells harvested between d10 – d14 

depending on when the experiment was terminated. As displayed in Figure 4.6, our cultures 

generated 30% - 80% CD41+ MK progenitors with no significant differences between mock and 

vector-transduced cells (Figure 4.6A). As obvious from Figure 4.6B, a vast majority of these 

cells appeared to represent mature CD41+/CD42b+ MKs, again with no significant differences 

between mock and vector-transduced cells. The considerable variability in differentiation 

efficacy in the individual experiments most likely can be attributed to HSPC donor variability but 

this did not impair successful in vitro megakaryopoiesis applying our differentiation protocol. 

Moreover, vector transduction did not negatively impact the acquisition of megakaryocytic 

surface antigens. 
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Figure 4.6 | Summary of surface marker expression on HSPC-derived MKs. MK surface markers on 
mock, GFP, RSD and TDCT cells harvested between d10 – d14 showing (A) %CD41+ MK progenitors 
and (B) %CD41+/CD42b+ mature MKs. Data represents mean±SD, n=5-6, ns – not significant, one-way 
ANOVA with Tukey‟s post-hoc test. 

We further assessed the transduction efficiency in the primary cells. Unless otherwise stated, 

„dsGFP‟ specifically denotes the mPF4.dsGFP vector, while „GFP‟ denotes control vectors with 

other promoters (SFFV.GFP, CBX3.EFS.iGFP). In the first instance, we examined the 

transgene expression during differentiation, where we observed a gradual increase in GFP 

expression from d3 – d12 for all our vectors (dsGFP, RSD and TDCT) as the mPF4 promoter 

became more active in correlation with the progress in megakaryocytic differentiation (Figure 

4.7A). When we compared the transgene expression in mature MKs (d10 – d14) between the 

targeting vectors and non-targeting controls, transduction efficiencies of up to 40% for GFP and 

RSD and up to 30% for TDCT were observed ( Figure 4.7B). Although there seemed to be a 

larger variation in the percentage of GFP+ cells with RSD, no significant differences among the 

vectors were noted. Furthermore, when we pre-gated on the GFP+ cell population, and analyzed 

the percentage of CD41+/CD42b+ cells within this population, it was clear most of these cells 

were representative of mature MKs (Figure 4.7C). Taken together, we demonstrated that 

although transduction efficiency in primary cells was modest, our gene transfer vectors further 

contributed to the generation of mostly mature transgene-expressing MKs in our cultures.  
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Figure 4.7 | Transgene expression in HSPC-derived MKs. (A) Representative flow cytometry plots 
showing transgene expression during differentiation from d3 – d12 for mock, dsGFP, RSD and TDCT 
cells. (B) %GFP+ vector-transduced MKs harvested between d10 – d14. (B) %CD41+/CD42b+ mature 
MKs (d7 – d10) that were positively transduced with the respective vectors. Data represents mean±SD, 
n=4-6, ns – not significant, one-way ANOVA with Tukey‟s post-hoc test. 

A key phenotypic characteristic of MKs is that they increase in DNA content to become polyploid 

and develop proplatelets as they terminally differentiate. Hence, we assessed the morphology of 

mature MKs harvested from our cultures by microscopic analysis of cytospins stained with May-

Gruenwald-Giemsa solution. Indeed, our results indicated that we were able to generate large 

polyploid MKs in cultures of mock, dsGFP, RSD and TDCT cells (Figure 4.8).  

 

Figure 4.8 | Morphology characterization of CB-MKs. Representative cytospin images of mock cells 
and transduced cells (dsGFP, RSD, TDCT). Scale bar = 50 µm. 
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These results were confirmed by flow cytometry analysis of propidium iodide (PI)- stained cells 

to quantify DNA content (Figure 4.9). Since peripheral blood mononuclear cells (PBMCs) are 

quintessentially diploid (2N), they were used as controls for gating the DNA copy number peaks 

shown on the representative histogram (Figure 4.9A). Multiple peaks were observed for mock 

and vector-transduced MKs from all three HSPC sources, with the highest DNA content in BM 

and PB-derived cells (up to 16N) with CB-cells showing up to 8N ploidy (Figure 4.9B). When we 

examined untransduced CB-derived MKs from three independent experiments in more detail, 

we observed on average 5% 8N, 18% 4N and 45% 2N PI+ cells (Figure 4.9C). These data 

suggested that terminal differentiation characteristics of MKs were acquired in all of our culture 

systems, but BM and PB-derived cells showed a higher potential of generating higher ploidy 

cells and thus probably more mature than their CB-derived counterparts.  

 

Figure 4.9 | DNA content analysis via PI staining. (A) Representative flow cytometry plots showing 
gating strategy for DNA content analysis of PBMCs as a diploid control (B) Representative histograms 
showing DNA content of mock, GFP, RSD and TDCT cells derived from BM, PB and CB HSPCs.          
(C) Summary of DNA content in untransduced CB-derived cells. Bars represent mean±SD, n=3.             
PI – propidium iodide, PBMCs – Peripheral Blood Mononuclear Cells. 
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Finally, we wanted to determine if we could achieve platelet production from our in vitro-derived 

MKs. Since we had greater access to CB samples and mostly used this donor source in our 

experiments, we isolated platelets by differential centrifugation from d14 CB-MKs and analyzed 

the cells for MK surface marker expression using donor platelets as a control. The donor 

platelets were 94.5% CD41+/CD42b+, while the CB-derived platelets were only 42.3% 

CD41+/CD42b+ (Figure 4.10). These results demonstrated that platelet generation using our 

protocol required optimization but nonetheless served as an adequate starting point. Since the 

scope of this work was primarily α-granule targeting which can also be assessed at the MK 

level, we did not further focus on platelet generation optimization. 

 

Figure 4.10 | Platelet generation from CB-MKs. Representative flow cytometry plots showing live cell 
gating and CD41+/CD42b+ surface marker expression on in vitro-generated platelets with donor platelets 
as a positive control. 

4.1.4 Immunofluorescence and confocal analysis of α-granule targeting 

In the earlier sections, we provided evidence for the efficacy of our targeting vectors in the 

successful generation of transgenic primary cell-derived MKs. As a next step, we wanted to 

specifically address the functionality of the vectors in targeting transgenes to MK α-granules. In 

this context, mature MKs were harvested between d10 – d14 and immunostained with 

antibodies against the characteristic α-granule marker proteins vWF and P-selectin. The cells 

were analyzed by confocal microscopy and images acquired using appropriate filter sets. 

Afterwards, a Rank Weighted Colocalization (RWC) analysis was performed on the images to 

determine the degree of colocalization between the transgene (GFP) and the α-granule marker 
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proteins (vWF, P-selectin). The output of this analysis gives values ranging from 0 – 1, where 0 

represents no colocalization and 1 represents complete colocalization, and was used as  

readout for targeting efficiency. The analysis was performed using the JaCoPx plugin188 of the 

FIJI imaging software187. Since mature MKs are characterized by extensive cytoskeletal 

networks which are involved in the trafficking of organelles such as α-granules to their platelet 

progeny, we wanted to first highlight the structural dynamics of the MKs by confocal microscopy. 

Therefore, we stained untransduced MKs as representative samples with phalloidin which labels 

actin filaments, and indeed the characteristic intricate actin networks within the cells were 

observed (Figure 4.11). 

 

Figure 4.11 | Immunofluorescence images 
of cytoskeletal networks in CB-MKs. 
Representative confocal images of three 
untransduced mature MKs with actin 
filaments visualized by phalloidin staining 
(yellow) and nuclear stain DAPI (blue). 
Images acquired with 63X oil immersion 
objective and a 1.5 digital zoom on a Leica 
DMi8 confocal microscope. Scale bar = 10 
µm.  

 

 

 

 

As previously mentioned, we also utilized additional GFP control vectors with different 

promoters to the mPF4 expressed from the dsGFP vector (see Section 4.1.3). Hence, we 

wanted to specifically investigate if there were observable differences in GFP transgene 

expression in MKs using the different non-targeting control vectors, but even more important 

how these compared against our targeting vectors (RSD, TDCT). The confocal images did in 

fact show differences in the distribution pattern of the GFP encoded by the different vectors 

(Figure 4.12). The non-targeting vectors showed a more diffuse GFP distribution pattern that 

was also observed in the nucleus and cytoplasm, in particular with the stronger expressing 

vectors SFFV. GFP and mPF4.dsGFP (Figure 4.12A). On the other hand, the targeting vectors 
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showed a more punctate/granular GFP distribution pattern that was restricted only to the 

cytoplasm (Figure 4.12B).  

 

Figure 4.12 | Immunofluorescence images of transgene expression in HSPC-derived MKs. Confocal 
images showing transgene expression (green) and nuclear stain DAPI (blue) in MKs transduced with     
(A) non-targeting control vectors with GFP expressed from different promoters and (B) targeting vectors 
with GFP expressed from mPF4 promoter. Images were acquired on a Zeiss LSM510, Axiovert200M 
confocal microscope with 100X oil immersion objective or a Leica DMi8 confocal with 63X oil immersion 
objective. Scale bars = 10 µm. 

One method of ascribing correlation between proteins expressed in immunostained cells is to 

analyze the fluorescence plot profiles of the two fluorescent markers defining the proteins in 

relation to each other. We did this using SFFV.GFP and RSD-transduced cells that were stained 

with anti-vWF and anti-P-selectin antibodies (Figure 4.13). By selecting a region of the cells 

(indicated by white arrows), we plotted the fluorescence intensities of the expressed proteins in 

that region, showing the degree of overlap of the GFP transgene with the α-granule proteins. 

The overlapping vWF signal (red) with GFP (green) is shown as yellow on the merged images in 

Figure 4.13A,B, with the corresponding fluorescence plot profiles next to the images. Likewise, 

the overlapping P-selectin signal (red) with GFP (turquoise) is shown as white on the merged 

images in Figure 4.13C,D, with the corresponding fluorescence plot profiles next to the images. 

This analysis highlighted obvious differences between the SFFV.GFP control and RSD targeting 

vector with both α-granule proteins. SFFV.GFP cells showed no yellow areas of colocalization 

between the GFP encoded by the vector and vWF+ α-granules, and there were almost no 

overlapping GFP and vWF fluorescence signals on the plot profile (Figure 4.13A). The opposite 

was true for RSD cells which showed large yellow areas of colocalization between GFP and 
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vWF+ α-granules, in addition to almost completely overlapping GFP and vWF fluorescence 

signals (Figure 4.13B). Similar results were detected for the P-selectin-stained cells. Here, some 

areas of colocalization between GFP and P-selectin in SFFV.GFP cells were observed, which 

was also detectable on the plot profile with scattered areas of fluorescence signal interactions 

(Figure 4.13C). However, a higher GFP/P-selectin colocalization was observed in RSD cells 

which also showed highly synchronous fluorescence interactions between GFP and P-selectin 

(Figure 4.13D).  

 

Figure 4.13 | Immunofluorescence images of transgene/α-granule colocalization in PB-MKs. 
Confocal images showing colocalization of GFP with vWF+ or Psel+ α-granules in cells transduced with 
the SFFV.GFP non-targeting vector or the α-granule targeting RSD vector. (A+B) Images show nuclear 
stain DAPI (blue), GFP (green), vWF (red) and merged areas of colocalization (yellow). Next to the 
images are the corresponding fluorescence plot profiles of GFP and vWF fluorescence intensities within 
the regions marked by the white arrows. (C+D) Images show nuclear stain DAPI (blue), GFP (turquoise), 
Psel (red) and merged areas of colocalization (white). Next to the images are the corresponding 
fluorescence plot profiles of GFP and vWF fluorescence intensities within the regions marked by the white 
arrows. Images were acquired with 100X oil immersion objective on a Zeiss LSM510, Axiovert200M 
confocal microscope. Scale bars = 10 µm. vWF – von Willebrand Factor, Psel – P-selectin.  

These results already provided a good first impression of the targeting capability of the RSD 

vector. However, we didn‟t want to only analyze specific areas of the cells, which in some 

contexts could be argued as being subjective. Therefore, we employed the RWC analysis to 

obtain data encompassing the entire cell. 
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The representative confocal images of d12 CB-MKs shows transgene expression (green), vWF 

(red) and P-selectin (yellow), with DAPI nuclear stain (blue) in mock and vector-transduced cells 

(Figure 4.14). All cells were positive for both α-granule marker proteins with bright orange areas 

of colocalization of the two proteins observed in mock cells. The dsGFP cells showed a diffuse 

GFP distribution pattern similar to what was observed in Figure 4.12A, and the merged image 

depicts the cell having of a yellow-orange appearance. The RSD and TDCT cells also 

resembled those in Figure 4.12B in the punctate GFP distribution pattern within the cells, and 

there were bright yellow areas of colocalization on the merged images (Figure 4.14).  

 

Figure 4.14 | Immunofluorescence images of transgene and α-granule protein expression in CB-
MKs. Confocal images showing GFP transgene expression (green) and α-granule proteins vWF (red), P-
selectin (yellow) with nuclear stain DAPI (blue) in mock and vector-transduced cells (dsGFP, RSD, 
TDCT). Images were acquired with 63X oil immersion objective of the Leica DMi8 confocal microscope. 
Scale bar = 10 µm. 
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When we proceeded with the quantification of transgene/α-granule colocalization, we observed 

significantly higher colocalization of RSD and TDCT with vWF+ and P-selectin+ α-granules 

compared to non-targeting GFP controls (****p<0.0001, Figure 4.15).  

 

Figure 4.15 | Summary of transgene/α-
granule colocalization in HSPC-derived MKs. 
Box whisker plots summarizing the 
colocalization of the GFP transgene in GFP, 
RSD and TDCT vector-transduced cells with α-
granule proteins. Clear boxes show 
colocalization with vWF+ α-granules and 
shaded boxes show colocalization with P-
selectin+ α-granules. Lines on boxes at median, 
n=8-28, ****p<0.0001, Mann-Whitney Test. 

 

 

 

 

 

We could therefore conclude that our targeting vectors were functional and allowed us to 

successfully target d2eGFP as a transgene to MK α-granules.  4.2 Targeting IFNα as a therapeutic cytokine to α-granules 

Having proven that we could effectively target d2eGFP to MK α-granules employing the RSD 

and TDCT gene transfer vectors, we then endeavored to target a potentially therapeutic protein 

to α-granules using our approach. We therefore opted for IFNα as a therapeutic cytokine whose 

anti-viral and anti-tumor effects have already been established for the treatment of major 

diseases192. Since we wanted the IFNα to be secreted, we modified our existing RSD vector to 

generate a fusion protein using the human cDNA of IFNα1 and the RANTES signal peptide and 

sorting signal. We also wanted to retain d2eGFP as a fluorescent marker and therefore 

separated it from the RSD/IFNα fusion protein by an internal ribosomal entry site (IRES) in the 

„RSD.IFNα‟ vector. As control, we cloned a non-targeted „NT.IFNα‟ vector comprised of the full 

coding sequence of IFNα1 without the RANTES targeting domain, which was also separated 
from d2eGFP by an IRES (Figure 4.16). See also Section 3.2.13 for the full cloning details. 
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Figure 4.16 | IFNα gene transfer vectors. Vector design of 3
rd

 generation SIN lentiviral vectors for 
targeting IFNα1 to α-granules using the RANTES sorting signal (RSD.IFNα vector) in addition to the non-
targeting control (NT.IFNα vector). Both vectors are expressed from the mPF4 promoter and also include 
the fluorescent marker d2eGFP separated from IFNα1 by an internal ribosomal entry site (IRES). 4.2.1 Transgene expression from IFNα vectors in MEG-01 cells   

Similar to what was previously done for the original gene transfer vectors, we first evaluated 

transgene expression from our constructs in MEG-01 cells. Following the transduction of the 

cells with the IFNα vectors at MOI 1, 2, 4 and 8, RSD.IFNα as well as NT.IFNα cells exhibited a 

comparable MOI-dependent increase in GFP expression (Figure 4.17A). Again we evaluated 

the percentage of GFP+ cells against the corresponding ΔMFI, and observed a correlated MOI-

dependent increase in both values. Although RSD.IFNα cells exhibited slightly higher ΔMFI than 

NT.IFNα cells at each MOI, the values were still appreciably high (Figure 4.17B). Since our new 

vector constructs now coded for two different proteins (IFNα and d2eGFP), we next wanted to 

assess IFNα mRNA expression in the MEG-01 cells by RT-qPCR. For this analysis, we included 

dsGFP-transduced cells as an additional control. The results demonstrated a MOI-dependent 

increase in IFNα mRNA expression for RSD.IFNα and NT.IFNα cells, while IFNα mRNA was not 

detected in dsGFP cells (Figure 4.17C). Therefore, we could conclude that our vectors were 

capable of translating IFNα protein with or without the RANTES targeting domain.  
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Figure 4.17 | Transgene expression in MEG-01 cells using IFNα vectors. MEG-01 cells were 
transduced with RSD.IFNα and NT.IFNα vectors at defined MOI 1,2,4 and 8. (A) Representative 
histograms showing transduction efficiency. (B) Comparison of %GFP+ cells with corresponding ΔMFI of 
GFP+ cells at each MOI. (C) IFNα mRNA expression in RSD.IFNα and NT.IFNα cells at each MOI, with 
mock and dsGFP-transduced cells as controls, n=1. ND – not determined. 4.2.2 Megakaryocytic differentiation from HSPCs transduced with IFNα vectors 

Employing the protocol introduced before (see Figure 4.3), we transduced CB-derived HSPCs 

with RSD.IFNα and NT.IFNα vectors at MOI 40, and then differentiated the cells towards MKs 

using untransduced cells as mock controls. We first evaluated d2eGFP transgene expression in 

CB-MKs during differentiation from d3 – d12. The representative flow cytometry plots illustrated 

in Figure 4.18A displays a continuous increase in the GFP+ cell population from d3 – d10, 

reaching up to 17% for RSD.IFNα cells and 12% for NT.IFNα cells. However, the GFP+ cell 

population was reduced by around 5% at d12 for both sets of vector-transduced cells. The 

summarized results also exemplified the same trend in the percentage of GFP+ cells (Figure 

4.18B) and ΔMFI of GFP+ cells (Figure 4.18C) during the course of the differentiation.  
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Figure 4.18 | GFP transgene expression in CB-derived MKs. (A) Representative flow cytometry plots 
showing transgene expression during differentiation from d3 – d12, and the summarized (B) transduction 
efficiency (%GFP+ cells) and (C) ΔMFI of GFP+ cells. Data represents mean±SD, n=3 from 2 donors. 

In parallel to transgene expression, we also analyzed MK surface marker expression during 

differentiation and observed a gradual increase in the mature CD41+/CD42b+ MK cell population 

as the differentiation progressed (Figure 4.19A). Congruent to what was observed for our other 

targeting constructs (see Figure 4.5), the double positive population was reduced between d10 

– d12, while the CD41+ progenitor population started to increase again at d12. There were up to 

60% MK progenitors (Figure 4.19B) and up to 60% mature MKs (Figure 4.19C) generated at the 

peak of the differentiation at d10. These findings indicated that from d6 onwards, the majority of 

the cells were mature with only a few progenitors remaining. Of note, no differences were 

observed in the differentiation potential between mock and vector-transduced cells.  
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Figure 4.19 | Surface marker expression on CB-MKs during differentiation. (A) Representative flow 
cytometry plots showing MK surface marker expression during differentiation from d3 – d12, and the 
summarized (B) %CD41+ MK progenitors and (C) %CD41+/CD42b+ mature MKs. Data represents 
mean±SD, n=3 from 2 donors.  

When we assessed proliferation by the number of cells harvested between d5 – d12, we 

observed an increase in the cell output up to d10 followed by a decrease thereafter for all 

conditions investigated (Figure 4.20). Therefore, the undulations in the surface marker 

expression during differentiation can be correlated to the natural proliferation capacity of the 

cells. As it was reported that exogenous IFNα administration can impair megakaryopoiesis193, it 

was reassuring for us that our data revealed that IFNα transgene expression from our vectors 
was not detrimental to the cells.   

  

Figure 4.20 | Proliferation curve of CB-MKs 
during differentiation. Graph showing the 
proliferation rate of mock and vector-
transduced cells (RSD.IFNα, NT.IFNα) from 
d5 – d12 of differentiation. Error bars 
represent mean±SD, n=3 from 2 donors.  
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We also performed morphology characterization by cytospin staining which illustrated the 

presence of polyploid MKs within mock, RSD.IFNα and NT.IFNα differentiation cultures (Figure 

4.21).  

 

Figure 4.21 | Morphology analysis of CB-MKs. Representative cytospins of mock, RSD.IFNα and 
NT.IFNα MKs. Scale bar = 50 µm.  

Taking into account the overall differentiation capacity of all culture conditions, our data clearly 

indicated that vector-transduced HSPCs were equally capable as mock cells in generating 

terminally differentiated MKs with high surface marker expression and morphological 

characteristics associated with lineage specification.   4.2.3 Assessment of IFNα targeting to α-granules 

In order to determine the α-granule targeting efficiency of the RSD.IFNα vector as compared to 

the NT.IFNα control, we performed immunofluorescence staining on d12 CB-MKs as previously 

done for the RSD and TDCT targeting vectors (see Section 4.1.3). For these experiments, α-

granules were visualized by staining only with an anti-P-selectin antibody (yellow), IFNα 

transgene expression was visualized by staining with an anti-IFNα antibody (red) while GFP 

transgene expression was directly visualized in the 488 channel of the Leica confocal 

microscope without antibody staining (green) (Figure 4.22). The confocal images confirmed the 

presence of high ploidy MKs in mock and vector-transduced cells and the punctate appearance 

of P-selectin marking the α-granules in all cells. However, the differences between RSD.IFNα 

and NT.IFNα were not as distinct based on the confocal images as both sets of transduced cells 
showed similar punctate distribution patterns of GFP and IFNα (Figure 4.22).  
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Figure 4.22 | Immunofluorescence images of transgenes and P-selectin expression in CB-MKs. 
Confocal images showing GFP transgene expression (green)  IFNα transgene expression (red), α-
granule protein P-selectin (yellow) and nuclear stain DAPI (blue) in mock and vector-transduced cells 
(RSD.IFNα, NT.IFNα). Images were acquired with 63X oil immersion objective of the Leica DMi8 confocal 
microscope. Scale bar = 10 µm. 

To gain a better and more quantifiable understanding of transgene expression in the CB-MKs, 

we performed RWC analysis on the confocal images as detailed in Section 4.1.4 (Figure 4.23). 

Since we now had a vector system that coded for two different proteins, we included additional 

analyses to what was shown in Figure 4.15. To assess α-granule targeting efficiency, we 

investigated the colocalization of each transgene (d2eGFP and IFNα) with P-selectin+ α-

granules. To our surprise, there was also a high colocalization of GFP with P-selectin in 

RSD.IFNα and NT.IFNα cells (Figure 4.23A). This anomaly may be reasoned by the different 

modes of detection of the transgenes since IFNα was detected indirectly by antibody staining 

while this was not necessary for visualization of GFP. The differences in the pixel and 

fluorescence intensities of both transgenes used to compute the RWC could have therefore 

influenced the output. More importantly, the presence of the RANTES targeting domain in the 

RSD.IFNα vector was effective in targeting IFNα to P-selectin+ α-granules with significantly 

higher colocalization compared to the NT.IFNα control (**p<0.01, Figure 4.23B). These findings 
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support the conclusion that we are able to successfully target IFNα as a therapeutic protein to 
MK α-granules.  

 

Figure 4.23 | Colocalization 
analysis of CB-MKs. Box 
whisker plots showing 
colocalization of (A) GFP 
transgene with P-selectin+ α-
granules and (B) IFNα 
transgene with P-selectin+ α-
granules in CB-derived MKs. 
Line at median on box plots, 
n=8, ns – not significant, 
**p<0.01, Mann-Whitney Test.  

 4.2.4 Megakaryocyte activation and IFNα secretion 

A primary readout for platelet functionality is the cells‟ responsiveness to agonist-mediated 

activation. This can be achieved by exogenous administration of substances such as thrombin 

which binds to PAR receptors on the cell surface, and elicits a conformational change of the 

GPIIb-IIIa complex (integrin αIIbβ3, CD41/CD61). This initiates an activation cascade resulting 

in platelet-platelet adhesion and degranulation among other processes (see also Section 1.1.4). 

Although these receptors are also present on the surface of MKs, there have been only a few 

reports of agonist activation tests performed on MKs194,195. Nevertheless, we wanted to test this 

in our system for two reasons: (i) to see if CB-MKs could be activated with thrombin and release 

the contents of their α-granules and (ii) to quantify IFNα secretion at the MK level. We therefore 

harvested d12 CB-MKs and incubated them with 2 U/ml thrombin for 30 mins, then pelleted the 

cells by centrifugation and took the supernatants for ELISA. For flow cytometry analysis of 

activation potential, a sample of mock cells was stained with a PAC-1 antibody which detects 

the conformation change of the GPIIb-IIIa complex. Indeed, our results demonstrated that upon 

thrombin activation, there was an increase in the PAC-1-specific signal to 13.1% in comparison 

to the non-activated cells with 1.3% PAC-1-specific signal (Figure 4.24A). The response of the 

cells to thrombin activation was also evident in the IFNα secretion results shown in Figure 

4.24B. There was a significantly higher amount of IFNα secreted in activated versus non-

activated MKs for the targeting and non-targeting vectors (****p<0.0001). Interestingly, the 

secretion of 200 pg/ml IFNα from activated RSD.IFNα cells was almost matched by the roughly 
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170 pg/ml IFNα secreted from activated NT.IFNα cells (Figure 4.24B). The difference between 

the targeting and non-targeting vectors in activated MKs was also not significant. 

 

Figure 4.24 | Thrombin activation of CB-MKs. (A) Representative flow cytometry plots of untransduced 
CB-MKs showing PAC-1-specific signal (B) ELISA results of IFNα secretion from non-activated (NA) and 
activated (A) mock, RSD.IFNα and NT.IFNα MKs. Data represents mean±SD, n=3 from 2 donors, 
****p<0.0001, one-way ANOVA with Tukey‟s post-hoc test.  

These observations contradicted our initial expectation of significantly higher IFNα secretion 

with RSD.IFNα since this vector specifically targeted the protein to the α-granules. In fact, our 

hypothesis was that NT.IFNα cells would show a similar level of IFNα secretion whether or not 

they were activated. Despite these unexplained results however, we could show that we could 

indeed activate MKs using thrombin, and that these cells were able to secrete quantifiable 

amounts of IFNα.  
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4.2.5 Validation of IFNα targeting in a murine BMT model 
In the previous sections, we provided evidence for transgene expression and targeting 

efficiency of the RSD.IFNα vector in human CB-derived MKs. Our data confirmed that vector 

transduction neither impaired megakaryopoiesis nor damaged mature MKs, so we next wanted 

to investigate this in an in vivo setting using mice as a suitable animal model. In collaboration 

with Ute Modlich‟s group (Paul-Ehrlich-Institute), lineage marker negative (Lin-) HSPCs were 

isolated from the femurs, tibias and hip bones of mTmG marker mice189. These mice represent a 

useful model to differentiate between donor and recipient cells since cell membranes – including 

that of platelets - are labeled with dTomato. Lin- HSPCs were subjected to two rounds of 

retronectin-based transduction with RSD.IFNα virus supernatants at defined MOI of 2.5 – 5. 

Following this, vector-transduced cells were transplanted via tail-vein injection into pre-

conditioned C57Bl/6 recipient mice. Non-transplanted mTmG donor mice served as controls. 

Blood samples were drawn four weeks post-transplant (Post-Tx), and the platelets isolated for 

activation assays and determination of chimerism between donor and recipient cells.  

Figure 4.25A outlines the experimental set-up described above. Chimerism was evaluated by 

flow cytometry, where platelets were identified as CD41 positive and then the percentages of 

cells expressing dTomato (mTmG donor) and FITC (C57Bl/6 recipient) recorded within this 

population (Figure 4.25B). We observed a high level of chimersim of up to 94% between the 

donor and recipient platelets in addition to relatively high transduction efficiency of up to 60%. 

These observations were reflective of the success of the transplant as well as the ability of 

RSD.IFNα-transduced murine primary cells to generate platelets in vivo. These data are also in 

agreement with our group‟s previous findings that the mPF4 promoter-driven SIN lentiviral 

vectors supported  high transgene expression during megakaryopoiesis172.  
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Figure 4.25 | Application of RSD.IFNα vector in a murine BMT model. (A) Schematic representation 
of the experimental outline. BM Lin

-
 cells isolated from mTmG donor mice were transduced with 

RSD.IFNα virus supernatants at defined MOI 2.5 – 5. Transduced cells were transplanted into C57Bl/6 
recipient mice by tail-vein injection and platelets isolated from the blood of the mice 4 weeks post-
transplant (Tx). Platelets were activated by thrombin and IFNα ELISA performed on the supernatants.   
(B) Representative flow cytometry plots of a transplanted mouse showing gating strategy to determine 
platelet chimerism by dTomato+/FITC+

 
surface marker expression that distinguishes donor cells 

(dTomato) and recipient cells (FITC). BMT – Bone Marrow Transplant, Lin
-
 - lineage marker negative. 

For conclusive validation of the IFNα secretion from human primary cell-derived MKs after 

thrombin activation, we also stimulated platelets isolated from the mice. Platelets were activated 

with 0.1 U/ml thrombin, and then we measured the efficiency of activation by flow cytometry as 

well as ELISA determination of IFNα and GFP secretion in the supernatants of non-activated 

versus activated platelets (Figure 4.26). For these experiments, mTmG mice were used as 

controls for the IFNα ELISA, whereas eGFP mice (transplanted with eGFP control vector-

transduced BM cells) were used as controls for the GFP ELISA. Upon thrombin stimulation, 

MKs secrete α-granule proteins into the DMS from which they diffuse out into the extracellular 

space, this also includes transmembrane proteins like P-selectin194. On the other hand, 

activated platelets present P-selectin on their surface which is also a very specific indication of 

activation since this transmembrane protein is not expressed on the surface of resting 

platelets84. Using anti-CD41 and anti-P-selectin (CD62P) antibodies, we showed that non-
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activated platelets only expressed the MK-lineage surface marker CD41 (99.52%) whereas the 

activated platelets expressed both CD41 and CD62P (99.45%), thereby supporting the 

specificity and success of agonist activation (Figure 4.26A). Our ELISA results demonstrated 

high IFNα secretion of approximately 15000 pg/ml from activated RSD.IFNα platelets, while 

IFNα secretion from activated platelets of the non-transplanted controls was not detected. In 

transgene-expressing platelets, there was a significant increase in IFNα secretion from activated 

cells compared to non-activated cells (****p<0.0001, Figure 4.26B). Even more striking was that 

the amount of IFNα secreted from the transgene-expressing platelets (Figure 4.26B) was up to 

75-fold higher when compared to activated human MKs generated from our in vitro cultures 

(Figure 4.24B). This therefore highlights the more professional role of platelets in α-granule 

content secretion compared to their precursor cells. Furthermore, the GFP secretion in non-

activated and activated states was roughly the same, demonstrating that GFP release from the 

platelets was not dependent on activation. There was also a significant difference between IFNα 

and GFP secretion levels for activated RSD.IFNα platelets (****p<0.0001, Figure 4.26B). These 

findings confirmed that IFNα was specifically targeted to platelet α-granules, but not d2eGFP. 

 

Figure 4.26 | Thrombin 
activation of murine 
platelets. (A) 
Representative flow 
cytometry plots of a 
transplanted mouse 
showing CD41 and 
CD62P surface marker 
expression on non-
activated and activated 
platelets. (B) ELISA 
results showing IFNα 
and GFP secretion from 
non-activated (NA) and 
activated (A) platelets of 
non-transplanted control 
mice and mice 
transplanted with 

RSD.IFNα-transduced 
cells. Data represents 
mean±SD, n=3-5 per 
group, ****p<0.0001, 
one-way ANOVA with 
Tukey post-hoc test. ND 
– not detected. 
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Taken together, our results not only confirmed efficient in vivo megakaryopoiesis using our 

RSD.IFNα gene transfer vector, but also the precision of targeting IFNα to platelet α-granules 

with its subsequent regulated release by agonist-mediated activation. No adverse effects from 

IFNα expression during the BMT were observed in the animals and the high platelet chimerism 

further supported the in vivo tolerability of the vector-transduced cells. Moreover, our strategy of 

sequestering a potent cytokine such as IFNα within α-granules of the megakaryocytic lineage 

was proven effective in circumventing unwanted IFN-related side-effects on the cells and their 

functionality in vitro and in vivo.  

4.3 Establishment and optimization of iPSC-MK differentiation  

Donor-derived HSPCs are a relevant source for in vitro megakaryopoiesis but the differentiation 

cultures have a short lifespan and there are challenges in standardization due to donor 

variability which was also exemplified in the present work (see Sections 4.1.3 and 4.2.2). 

Therefore, the advantages of iPSCs as a potential donor-independent cell source offer greater 

promise for achieving efficient in vitro megakaryopoiesis. Several groups including our own 

have established iPSC differentiation protocols for the in vitro generation of blood 

cells122,123,137,150. By utilizing an EB-based differentiation protocol, our group has successfully 

generated macrophages and granulocytes in vitro150. The protocol consists of four main steps: 

(i) iPSC co-cultivation on MEFs (ii) undirected differentiation/mesoderm induction via EB 

formation on an orbital shaker (iii) hematopoietic specification and (iv) terminal differentiation. 

The advantage of this protocol is that mature cells can be harvested weekly for up to three 

months150. Since MKs and macrophages develop along the same myeloid branch of 

hematopoiesis, we hypothesized that we could achieve MK generation from iPSCs by adapting 

the existing protocol and simply changing the media and cytokines to drive megakaryopoiesis. 

This protocol is depicted in Figure 4.27. Briefly, iPSCs were cultured on irradiated MEFs in ESC 

medium with 10 ng/ml bFGF, then fragmented and kept in suspension in ESC medium with 10 

µM ROCK Inhibitor (Y-27632) to induce EB formation on an orbital shaker set at 85 rpm for five 

days. These first two steps of the differentiation were the same as for macrophage generation, 

while the following two steps differed in media and cytokine exposures. After EB formation, EBs 

with a large cystic morphology were manually selected and transferred to adherent plates in 

megakaryocytic specification conditions in APEL media with 50 ng/ml THPO, 50 ng/ml SCF and 

25 ng/ml IL-3. This resulted in the formation of myeloid cell forming complexes (MCFCs) which 

attached to the bottom of the plate and continuously shed differentiated cells into the 

supernatant. Cells were kept in megakaryocytic specification conditions for 14 days, at which 
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point the first harvest was made. The media conditions were then adjusted by removal of IL-3 to 

produce more terminally differentiated cells (Figure 4.27). 

 

Figure 4.27 | Schematic overview of iPSC-MK differentiation. Human induced pluripotent stem cells 
(iPSCs) were co-cultivated on murine embryonic fibroblasts (MEFs) for 10 days and then dissociated for 
embryoid body (EB) formation on an orbital shaker for 5 days. EBs were manually selected and 
transferred to megakaryocytic specification conditions for 14 days for initiation of MK differentiation, and 
then terminal differentiation conditions from d14 onwards. The first harvest of cells was made on d14 and 
continued weekly. Differentiation was carried out in a 6-well format and the plate was refreshed with 
media and cytokines at each harvest. 

4.3.1 Standard iPSC-MK differentiation   

Following the protocol shown in Figure 4.27, we differentiated two human iPSC clones 

established in our group towards MKs: hCD34iPSC11 (Cl11) and hCD34iPSC16 (Cl16)150,196. As 

a first step, we evaluated MK-specific surface marker expression on the cells, where CD41 

served as a progenitor marker while CD61 and CD42a were used to identify more mature cells. 

The representative histograms showing surface marker expression on d21 harvested cells 

illustrated that for both iPSC clones, there were greater shifts in the CD41 and CD61 

populations relative to isotype controls, while the CD42a population remained largely 

unchanged (Figure 4.28A).  Upon summarizing the results of four differentiations, it became 

apparent that the cultures were not able to sufficiently and consistently generate cells for 

analysis at each weekly harvest (Figure 4.28B,C). The highest percentage of CD41+ MKs was 

achieved on d28 with up to 18% Cl11 MK progenitors and up to 28% for Cl16. There was a 

general increase in CD41 expression as the differentiation progressed but only until d28 as 

there were less than 1% CD41+ MKs on d35 for both iPSC clones, with the exception of one 

Cl16 culture which showed 6% CD41+ at this time-point (Figure 4.28B). When we assessed the 

mature MK surface marker phenotype of triple-positive expression of CD41, CD61 and CD42a, 

we observed that an increase in MK progenitors did not necessarily translate to an increase in 

the generation of mature cells (Figure 4.28C). Between d14 – d28, there were on average 2% 
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CD41+/CD61+/CD42a+ MKs for Cl11 and Cl16, although there was one Cl16 culture which 

produced approximately 7% mature MKs. Similar to what was observed for the MK progenitors, 

mature MKs were below 1% on d35 (Figure 4.28C).  

 

Figure 4.28 | Surface marker expression on iPSC-MKs during differentiation. (A) Representative 
histograms showing CD41, CD61 and CD42a MK surface marker expression. (B) %CD41+ MK 
progenitors and (C) %CD41+/CD61+/CD42a+ mature MKs derived from Cl11 and Cl16 iPSCs during 
differentiation from d14 – d35. Bars represents mean±SD, n=4. 

In addition to surface marker expression, we also examined the morphology of the cells 

generated in our cultures by cytospin staining of terminally differentiated cells. Although the 

percentage of mature MKs was low for both iPSC clones, we were still able to generate 

phenotypically polyploid MKs (Figure 4.29). Both Cl11 and Cl16 produced large MKs, however 

there were also a lot of macrophages and to a lesser extent other myeloid cells present in the 

cultures (indicated by black arrow heads; Figure 4.29).  
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Figure 4.29 | Morphology analysis of iPSC-derived MKs. Representative cytospins of Cl11 and Cl16 
MKs. Black arrow heads indicate macrophages and other myeloid cells. Scale bar = 50 µm.  

In general, the inefficiencies of our protocol in generating MKs with low and heterogeneous 

surface marker expression, loss of viability by d35, and the presence of other contaminating 

myeloid cells led us to acknowledge that optimization was necessary.  

4.3.2 Cytokine modifications for iPSC-MK protocol optimization 

Cytokines provide fundamental instructive signals for cellular development in vivo and in vitro. 

We therefore hypothesized that modifying our protocol by not just exploring different cytokine 

combinations, but also adjusting the duration of their presence in the differentiation media was a 

practical and easily applicable method of optimization. Our standard macrophage protocol 

includes IL-3 and M-CSF for hematopoietic specification150, and in adapting the protocol for MK 

generation we did not eliminate IL-3 as it was shown to also promote megakaryopoiesis128,129. 

We rather reasoned that keeping this cytokine in the media for seven days instead of the 

standard 14 days could enhance the MK output, while diminishing other myeloid lineages. In 

addition to this, literature supports the use of IL-6 and IL-11 in combination with THPO to 

enhance in vitro MK generation41–44. Hence, we included these cytokines in the differentiation 

media to examine their effects. Four differentiation conditions were created: the media 

conditions „MK1‟ and „MK2‟ contained the standard cytokine combination of 25 ng/ml IL-3, 50 

ng/ml THPO and 50 ng/ml SCF, whereas „MK3‟ and „MK4‟ also included 10 ng/ml IL-6 and 10 

ng/ml IL-11 (Figure 4.30). In addition, we reduced the presence of IL-3 in the megakaryocytic 

specification step to seven days (MK1, MK3) or maintained it for 14 days (MK2, MK4). 
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Figure 4.30 | Schematic overview of iPSC-MK differentiation with cytokine modifications. iPSCs 
were differentiated towards MKs in 1 of 4 media conditions: MK1, MK2,MK3 or MK4. Cytokines were kept 
in the media for the standard 14 days (MK2, MK4) or reduced to 7 days (MK1, MK3) for megakaryocytic 
specification. Standard cytokine conditions were THPO, SCF and IL-3 (MK1, MK2), with IL-6 and IL-11 
included as additional supporting cytokines (MK3, MK4). Cytokine concentrations: 50 ng/ml THPO, 50 
ng/ml SCF, 25 ng/ml IL-3, 10 ng/ml IL-6, 10 ng/ml IL-11.  

Applying these modifications, we differentiated iPSCs towards MKs in the respective media 

conditions and performed differential count analysis on cells harvested between d21 – d35 of 

differentiation (Figure 4.31). The differential counts were performed on cytospins by manual 

counting and morphological categorization of 100 cells within the same field of view on the slide. 

Counting areas were selected at random. The results showed that of the total percentage of 

hematopoietic cells produced, macrophages and other myeloid cells such as myeloblasts and 

neutrophils dominated around 80% of the cultures, while megakaryocytic cells were less than 

20% irrespective of the media condition (Figure 4.31A). This was observed for both Cl11 and 

Cl16. Macrophages were the most abundant cell-type across all media conditions for Cl16, 

while this was only the case for the MK1 condition with Cl11 cells, which showed slightly higher 

frequencies of other myeloid cells in MK2, MK3 and MK4 conditions (Figure 4.31A). We then 

wanted to specifically evaluate the MK-type cells that emerged in the cultures, where 

megakaryoblasts („MK blasts‟) represented progenitors, promegakaryoblasts („Pro-MK‟) 

represented intermediate cells and „Mature MK‟ represented mature polyploid cells (Figures 1.1; 
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4.31B). This analysis highlighted more pronounced differences between media conditions and 

iPSC clones. The highest percentages of MK-type cells produced by Cl11 were MK blasts (up to 

10%), followed by Pro-MK (up to 6%) and mature MK (up to 4%) across all media conditions. 

However, the MK3 and MK4 conditions generated more MK-type cells than the MK1 and MK2 

conditions (Figure 4.31B). Contrary to this, the MK2 condition generated the highest percentage 

of MK-type cells from Cl16 with up to 8% MK blasts and around 3% Pro-MK and mature MK. 

With the exception of MK blasts in the MK1 condition (up to 6% of cells), all other 

megakaryocytic cells generated in MK1, MK3 and MK4 conditions were on a similar level and 

below 4% (Figure 4.31B). 

 

Figure 4.31 | Categorization of iPSC-derived cells employing cytokine modifications. (A) % 
ofHematopoietic cells and (B) % of MK-type cells generated from Cl11 and Cl16 iPSCs in differentiation 
conditions MK1, MK2, MK3 and MK4. Bars represents mean±SD, n=3 technical replicates. 

Taken together, these data revealed that even with the various cytokine modifications to 

enhance MK output, we were still unable to reduce the generation of other myeloid cells in our 

cultures. Our initial results using the standard culture condition (MK2) in Section 4.3.1 (Figure 
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4.28B,C) confirmed the findings of the present analysis that both iPSC clones generated mostly 

MK progenitors and limited numbers of mature MKs (Figure 4.31B). Moreover, the addition of 

IL-6 and IL-11 to the differentiation media (MK3, MK4) seemed only to have a positive effect on 

Cl11 megakaryopoiesis. Finally, the adjustment of IL-3 duration for megakaryocytic specification 

showed mixed results with cytokine-mediated effects on Cl11-derived cells rather resulting from 

IL-6 and IL-11 exposure, and no distinct IL-3 effects were observed for Cl16-derived cells. 

Overall, our protocol was sufficient to generate some MKs but required more robust 

optimization.  

4.3.3 Transcription factor overexpression for iPSC-MK protocol optimization 

Given the limited success of our standard iPSC-MK differentiation protocol even with cytokine 

modifications, we next investigated the overexpression of transcription factors to optimize 

megakaryocytic differentiation because gene regulatory networks are important drivers of cell-

fate decisions. As outlined in Section 1.1.1, several transcription factors are involved in different 

phases of megakaryopoiesis. In this context, the group of Cedric Ghevaert (University of 

Cambridge) had shown that the specific overexpression of GATA1, FLI1 and TAL1 („3TFs‟) 

could generate forward programmed (FOP) iPSCs that were capable of producing large 

quantities of high-quality MKs and platelets122. We therefore established a collaboration with the 

Ghevaert group and received FOP iPSCs for use in our differentiation studies. These iPSCs 

called „iBobC‟, were forward programmed employing a doxycycline (dox)-inducible lentiviral 

vector system coding for the 3TFs, where gene expression could be induced by the addition of 

dox during megakaryocytic differentiation (Figure 4.32).   

 

Figure 4.32 | Schematic overview of forward programming to generate iBobC iPSCs. The iBobC 
iPSCs were forward programmed (FOP) by lentiviral vector-mediated overexpression of the 3 
transcription factors (3TFs) GATA1, FLI1 and TAL1. Gene expression of the 3TFs can be induced in 
iBobC iPSCs by addition of doxycycline (dox) for efficient differentiation of MKs and platelets. 
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As a first step, we characterized the iBobC iPSCs for pluripotency before proceeding further 

with differentiation studies. Thus, we investigated the endogenous expression of the 

pluripotency genes OCT4, Tra-1-60 and SSEA4, and observed positive expression of these 

genes by immunofluorescence staining (Figure 4.33A). We further evaluated surface antigen 

expression of Tra-1-60 and SSEA4 by flow cytometry which showed an up-regulation of these 

pluripotency markers (Figure 4.33B). As an additional readout for pluripotency of iBobC iPSCs, 

we also demonstrated alkaline phosphatase activity which is used as a biomarker for stem cells 

(Figure 4.33C).  

 

Figure 4.33 | Pluripotency characterization of iBobC iPSCs. (A) Immunofluorescence images of 
iBobC iPSCs stained with antibodies against pluripotency genes Oct4 (red), Tra-1-60 (red), SSEA4 
(green) and nuclear stain DAPI (blue). Brightfield images are shown in grey. Images were acquired with 
10X objective of the Olympus IX71 fluorescence microscope, scale bars = 100 µm. (B) Representative 
histograms showing Tra-1-60 and SSEA surface marker expression. (C) Representative image of alkaline 
phosphatase staining. Image was acquired the 4X objective of the Olympus IX71 fluorescence 
microscope, scale bar = 200 µm. 

In order to proceed with differentiation studies, we had to modify our standard protocol slightly to 

include the addition of doxycycline to the media. We also opted to harvest the cells starting at 

d21 since our earlier studies employing our standard iPSC clones suggested that this was an 
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optimal time-point at which cells were more consistently generated in our cultures (see Figure 

4.28). As a result of this, we replenished half of the media on d14 and adjusted to the 

appropriate cytokine concentrations. Similar to the standard protocol, IL-3 was also eliminated 

on d14. This modified protocol is shown in Figure 4.34.  

 

Figure 4.34 | Schematic overview of MK differentiation from iBobC iPSCs. The modified protocol for 
the generation of MKs from iBobC iPSCs included the addition of 1 mg/ml doxycycline (dox) to the culture 
media from d7 onwards. A half media change was performed on d14 with appropriate cytokine 
adjustment and the first harvest of cells was on d21.  

We then performed a side-by-side comparison of Cl11 against iBobC iPSCs to assess their MK 

differentiation capacity. In this regard, we first evaluated the expression of megakaryocytic 

surface markers during differentiation as previously described (see Section 4.3.1). We observed 

a positive shift in the MK markers CD41, CD61 and CD42a for iBobC cells in the presence or 

absence of dox (+/- dox conditions), whereas Cl11-derived cells showed very little surface 

marker expression at d21 (Figure 4.35A). The Cl11 cells lost viability after d21 and were not 

able to be analyzed for the remainder of the differentiation. Throughout the differentiation, there 

were more iBobC-derived MKs generated in the dox-on versus the dox-off condition (Figure 

4.35B,C). The percentage of CD41+ MKs was the highest at d21 with 35% of the iBobC+dox 

cells, about 7-fold higher than in the iBobC-dox cultures. The percentage of CD41+ MKs in the 

iBobC cultures dropped considerably at d28 but increased again at d35 in both dox-on and dox-

off conditions (Figure 4.35B). This trend was also observed when we assessed the mature 

surface marker phenotype (CD41+/CD61+/CD42a+) of these cultures. Here, there were 12% 

mature iBobC+dox MKs at d21, 5% at d28 and 7% at d35 which were 6-fold, 5-fold and 2-fold 

higher than iBobC-dox MKs, respectively (Figure 4.35C).  
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In addition, we wanted to compare Cl11 against iBobC cells for surface marker expression on 

terminally differentiated cells that were harvested from the differentiation cultures at d28 and 

then sub-cultured in the same media and cytokine conditons for an additional 7 days. Since 

there were no Cl11 cells in the present differentiation beyond d21, the data from a previous 

differentiation (see Figure 4.28) was plotted against iBobC+dox cells for comparison (Figure 

4.35D). Expectedly, we observed an increase in surface marker expression for Cl11 and 

iBobC+dox cells after sub-culturing in cytokines for an additional week, and again the 

iBobC+dox cells showed 7-fold higher MK progenitor and mature surface marker phenotype 

than Cl11 cells (Figure 4.35D).  

 

Figure 4.35 | Surface marker expression on iBobC iPSC-derived MKs during differentiation. The 
iBobC iPSCs +/- dox  and Cl11 iPSCs were differentiated towards MKs and analyzed for MK-specific 
surface marker expression. (A) Representative histograms showing CD41, CD61 and CD42a expression 
on the surface of d21 MKs. (B) %CD41+ MK progenitors and (C) %CD41+/CD61+/CD42a+ mature MKs 
on differentiation days d21, d28 and d35. (D) Surface markers on terminally differentiated MKs harvested 
on d28 and further maturated for an additional 7 days. Cl11 cells from a previous differentiation culture 
were plotted against iBobC+dox of the present analysis for comparison, n=1. 
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These data confirmed that using the iBobC iPSCs in combination with dox induction of relevant 

transcription factors for megakaryocytic differentiation, could greatly enhance our cultures over 

the MK output achieved with our Cl11 and Cl16 iPSC lines. Furthermore, we analyzed the 

morphology of terminally differentiated iBobC MKs by cytospin staining and observed the 

presence of mature polyploid MKs in the cultures irrespective of dox-mediated induction of the 

three transcription factors (Figure 4.36).  

 

Figure 4.36 | Morphology analysis of iBobC iPSC-derived MKs. Representative cytospins of iBobC- 
MKs from dox-on or dox-off cultures. Scale bar = 50 µm. 

Finally, we performed a side-by-side comparison of the overall efficiency of our iPSC-MK 

differentiation using the three iPSC lines. We first compared the quantity of cells that were 

harvested from d21 – d35 and observed up to three-time higher cell output with iBobC+dox cells 

than in our cultures from Cl11 and Cl16 described in Sections 4.3.1 and 4.3.2 (Figure 4.37A). As 

a next step we evaluated the yield of megakaryocytic progenitors and mature MKs generated 

from the respective cultures by calculating the percentage of surface antigen-expressing cells 

relative to the live cell population as measured by flow cytometry. Here, we found that our 

protocol yielded between 2% - 30% MK progenitors with Cl11 and Cl16, while there were 75% - 

95% progenitors with iBobC cells in the dox-on condition (Figure 3.27B). Also, the frequency of 

mature MKs generated was between 1% - 6% for Cl11 and Cl16, whereas dox-induced iBobC 

iPSCs generated between 30% - 75% mature MKs (Figure 4.37C).  
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Figure 4.37 | Comparison of standard iPSCs vs. iBobC iPSCs during MK differentiation. (A) Cell 
output (B) %Yield of MK progenitors and (C) %Yield of mature MKs harvested on differentiation days d21, 
d28 and d35. The standard iPSC clones Cl11 and Cl16 (n=2-4) are compared against iBobC+/-dox (n=1). 

Taken together, our data confirmed that the overexpression of suitable megakaryopoiesis-

related transcription factors were sufficient to significantly enhance in vitro megakaryopoiesis 

more robustly than cytokine modifications alone by applying our standard differentiation 

protocol. Thus the present findings may serve as a good platform to build upon for further iPSC-

MK protocol development which may later on be combined with our α-granule targeting 

approach.  
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5 DISCUSSION 

The overall focus of this work was the targeting of transgenic proteins to the α-granules of 

megakaryocytes and platelets with the long-term aim of therapeutic applicability. To this end, we 

exploited the specific cell biology of megakaryocyte and platelet differentiation and maturation. 

Megakaryocytes fragment their granule-rich cytoplasm upon terminal differentiation to form 

platelets. The human platelet proteome is comprised of approximately 4000 different proteins 

with only about 15% variation among healthy adults197. The α-granules are the largest and most 

abundant protein repositories in platelets which makes them ideal organelles for ectopic protein 

expression. By employing 3rd generation SIN lentiviral gene transfer vectors, we investigated the 

targeting of the fluorescent protein d2eGFP as well as a therapeutic protein IFNα to the 
megakaryocytic lineage. Our studies were primarily performed using in vitro-generated human 

MKs, with some data added from in vivo-generated platelets of mice transplanted with vector-

transduced murine lin- HSPCs. This approach was chosen for two main reasons: (i) MKs 

synthesize most of the proteins which are destined for their platelet progeny and (ii) platelet 

biogenesis from in vitro cultures are technically challenging and not as efficient as MK 

generation. Thus, the in vitro generation of MKs to a functional stage appeared sufficient to 

address many relevant research questions before allocating resources to optimize platelet 

biogenesis. Along similar lines, MK protein lysates were proven to be a source of platelet growth 

factors which could be applied in regenerative therapies, instead of platelet lysates which are 

more difficult to acquire from donor-dependent or independent sources198. Moreover, the utility 

of MKs themselves as a viable therapeutic source in advanced cellular therapies should not be 

overlooked. Although we performed the α-granule targeting experiments with donor-derived 

HSPCs as a cell source, we ultimately wanted to use human iPSCs as a potentially donor-

independent cell source. This is in line with our efforts to produce more universally applicable 

gene-modified cells from a standardized cell source that may prevent alloimmunizations as 

observed with donor-derived sources. Therefore, the latter part of this work focused on the 

establishment of an efficient MK differentiation protocol from iPSCs.   

5.1 Transgene targeting in megakaryocytes and platelets  

For the targeting of proteins to α-granules, we considered the safety features of the 3rd 

generation SIN lentiviral vector to be the most suitable vector technology for our approach. This 

vector platform boasts several advantages including the ability to transduce both dividing and 

non-dividing cells, large transgene packaging capacity and clinical translation potential. Our 

previously published vectors expressed from the mPF4 promoter were shown to facilitate high 
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transgene expression in the murine megakaryocytic lineage both in vitro and in vivo172. Similar 

to other megakaryocyte-specific gene promoters, the PF4 promoter contains evolutionarily 

conserved DNA-binding motifs to which transcription factors such as GATA1, ETS1, FLI1 and 

ELF1 bind to regulate megakaryocyte gene expression199. Given that the murine PF4 is also 

active in human cells, the same gene transfer vectors can be used in murine and human 

experiments to direct megakaryocyte-specific gene regulation („transcriptional targeting‟). The 

findings of this present study supports this since the differentiation of human HSPCs towards 

megakaryocytes and platelets was successful employing mPF4-driven gene transfer vectors. 

The generated cells exhibited high lineage-specific surface markers (CD41+/CD42b+) and other 

phenotypic (polyploid MKs) and functional characteristics (agonist activation) in accordance with 

their lineage specification.  

Our targeting strategy involved the development of two different vector configurations using the 

sorting domains of known α-granule proteins RANTES (RSD) and P-selectin (TDCT), for the 

targeting of secreted or membrane-bound proteins to α-granules, respectively. This follows a 

similar approach by Du et al. who utilized a lentiviral vector encoding the vWF signal peptide 

and propeptide D2 sorting domain (SPD2), for targeting human B-domain-deleted FVIII 

(BDDFVIII) to platelet α-granules in dogs as a therapeutic intervention for hemophilia A175. The 

advantage of our approach over theirs however, is that we use much smaller targeting 

sequences (RSD=12 aa, TDCT=57 aa versus vWF D2=400 aa), which promotes better protein 

folding and gives us more flexibility in targeting therapeutic proteins of different sizes and 

functional classes. This is an especially important consideration for making the best use of the 

8-10kb packaging capacity of lentiviral vectors166. Indeed, Du and colleagues performed their 

studies with three different lengths of the human ITGA2B gene promoter and underscored the 

higher specificity of expression from the shorter promoter fragment in conjunction with vWF 

SPD2175. Another novelty of our approach is that presentation of P-selectin on the surface of 

activated platelets is a very specific marker of efficient platelet activation, thus the presentation 

of TDCT-targeted proteins on the platelet surface is also a direct measure of platelet activation.  

Notwithstanding, our results did highlight some inefficiencies with the TDCT vector in terms of 

d2eGFP transcription compared to the RSD vector. Both vectors showed relatively similar 

transduction efficiencies but fluorescence intensities from the expressed transgene were lower 

with TDCT compared to RSD when tested at the same MOI in MEG-01 cells. In applying the 

vectors in primary cells, we therefore transduced the cells with double the MOI of TDCT virus 

supernatant that was used for RSD to adjust for the lower transgene expression from TDCT. A 
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possible explanation for this could be the different design of the protein fusion in both vectors. In 

the RSD vector, the RANTES signal peptide and sorting signal were fused to the N-terminal 

region of d2eGFP. In other words – it has a C-terminal GFP-tag. In the TDCT vector, P-

selectin‟s signal peptide was fused to the N-terminal region of d2eGFP to facilitate proper 

protein folding, while the TDCT targeting domain was fused to the C-terminal region of d2eGFP 

which classifies the fusion protein itself as a N-terminal GFP-tag. In reverse transcription 

microarrays, it has been described that C-terminal-tagged GFP fusion proteins were better in 

preserving the subcellular localization of the native proteins than N-terminal fusions200. One 

reason for this is that N-terminal GFP tagging of a protein can cause the signal sequence at the 

N-terminus to be masked if the signal peptide is located at the N-terminus of the protein. In our 

case, this does not apply since the signal peptide of P-selectin itself was located at the d2eGFP 

C-terminus. Thus it appears more likely that there might have been minor steric effects of TDCT 

on the protein conformation of d2eGFP. On the other hand, the fact that our studies highlighted 

statistically significant levels of colocalization of TDCT-targeted transgene with α-granule 

proteins in HSPC-derived MKs, exemplifies the preservation of the sorting function by the fusion 

protein. The functionally active site required for P-selectin to sort proteins to α-granules is 

contained within its transmembrane domain and cytoplasmic tail102,103 and therefore a fusion 

similar to the RSD vector would not be advised. Additionally, a tissue factor and TDCT fusion 

protein was shown to be efficiently sorted to secretory granules in AtT20 cells, and once 

secreted, tissue factor was still functional as a cofactor for the Factor VIIa-catalyzed cleavage of 

Factor X102. Therefore, we do not necessarily consider the lower transgene expression from the 

TDCT vector as observed in our hands to be a problem for our application. However, it is within 

our future plans to test whether the presentation of TDCT-transgenes on the surface of 

activated platelets is also efficient since this was not able to be done at the MK level. Moreover, 

it is also not clear if the same effects would be observed when another transgene is expressed 

from the TDCT vector.  

Our proof of principle studies with d2eGFP as a transgene expressed from RSD and TDCT 

vectors highlighted successful colocalization of the transgene with MK α-granules when 

compared to non-targeting vector controls. In our system, transgene colocalization with vWF+ 

and P-selectin+ α-granules was taken as a primary readout for targeting efficiency. In principle it 

would have been sufficient to use only one α-granule marker protein, but we initially opted to 

use both due to conflicting reports on the protein composition of α-granules. Some groups 

reported that certain proteins were sorted into distinct subsets of α-granules201,202, while others 
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reported that all α-granules were homogenous in their protein content203,204. Notwithstanding, 

more advanced studies to investigate distinct protein localization within α-granules are beyond 

the scope of our research focus. What was important for us was that we obtained microscopic 

evidence revealing the differences in transgene localization using α-granule targeting vectors 

versus non-targeting controls.  

When we expanded our targeting platform to express IFNα from the RSD vector, we again 

observed high transgene/α-granule colocalization. In this case, only P-selectin was used as an 

α-granule marker protein. Our new targeting vector now encoded both d2eGFP and IFNα as 

transgenes but only the IFNα was targeted to α-granules employing the RANTES sorting 

domain. The confocal images of immunostained MKs revealed the presence of both transgenes 

but the visual differences in transgene expression between the targeting vector and non-

targeting control were not as striking as with RSD and TDCT. This may be related to the indirect 

detection of IFNα by antibodies as compared to endogenous GFP detection without antibody 

staining. Nevertheless, the colocalization analysis revealed statistically significant higher 

targeting efficiency of IFNα to P-selectin+ α-granules when compared to the non-targeting 

control. Unexpectedly, there also seemed to be a high level of colocalization of the non-targeted 

d2eGFP with α-granules when it was expressed by an IRES co-expression strategy – albeit 

without statistical significance. The incorporation of IRES elements in bicistronic vectors allows 

for the co-expression of transgenes by both 5‟cap dependent- and independent mRNA 

translation205,206. This is normally an efficient process, as confirmed by co-expression of both 

d2eGFP and IFNα from the vectors. Therefore, the increased d2eGFP colocalization with MK α-

granules may also be related to the different modes of transgene detection by confocal 

microscopy which could have influenced the sensitivity of the RWC algorithm used to perform 

the colocalization analysis.   

We chose IFNα as a transgene because it is a potent cytokine with established anti-viral and 

anti-tumor properties which have already been applied in clinical settings192,207,208.  Since our 

long-term goal is to also apply IFNα therapeutically, it was important for us to illustrate that it 

could be released from α-granules in quantifiable amounts. We achieved this by thrombin-

induced activation of human HSPC-derived MKs as well as platelets isolated from transplanted 

mice. The MK results demonstrated the cells‟ responsiveness to thrombin stimulation, producing 

approximately 200 pg/ml IFNα from activated MKs which was significantly higher than the 

roughly 40 pg/ml from non-activated MKs. These data are in agreement with previous reports of 

thrombin-induced secretion of α-granule proteins from MKs194,195, although the response to 



86 

 

activation is different than with platelets. It has been described that thrombin-activated MKs 

secrete α-granule proteins into their demarcation membrane system which is continuous with 

the extracellular space209194, whereas platelets undergo more drastic morphological changes, 

granule fusion and release their entire protein content directly to the extracellular space or 

incorporate membrane-bound proteins on their surface209,210. The more professional role of 

platelets in degranulation and protein secretion was also demonstrated in our studies, where 

IFNα secretion was markedly higher from activated murine platelets with up to 15000 pg/ml of 

the protein detected in the supernatants. Moreover, IFNα was not detected in the supernatants 

of non-activated platelets, thereby indicating efficient packaging of the cytokine in platelet α-

granules. To put this into further context, platelets physiologically do not produce IFNα like e.g. 

plasmacytoid dendritic cells (pDCs) which are suited for this puropose211,212, yet we were able to 

produce IFNα within roughly the same orders of magnitude like pDCs by targeting the cytokine 

to platelet α-granules using our RSD.IFNα gene transfer vector. Our results also demonstrated 

the targeting and release of only IFNα but not d2eGFP from platelet α-granules upon thrombin 

stimulation. These data provide conclusive evidence of the precise targeting by the RSD.IFNα 

vector which uniquely encodes both a targeted and a non-targeted transgene. Most notably, 

none of the known detrimental effects of IFNα on megakaryopoiesis193 were observed in our in 

vitro MK studies or in our mouse model at four weeks post-transplant. In fact, there was a high 

donor chimerism in platelets in the mice without indications of increased inflammation that is 

normally associated with high concentrations of IFNα in the circulation212. These findings further 

confirm the efficacy of our targeting approach to allow for the regulated secretion of IFNα from 

α-granules to minimize unwanted immuno-pathologies, and thus convey effective therapeutic 

functionality in times of need. As a next step, we envision to investigate the functionality of IFNα 
expressed from our gene transfer vector in a disease setting in vivo such as a virus challenge in 

mice. 

5.2 Efficacy of primary cells as a cell source for in vitro megakaryopoiesis 

Our results demonstrated efficient MK generation from HSPCs of three sources: bone marrow, 

G-CSF-mobilized peripheral blood and umbilical cord blood. Whether d2eGFP- or IFNα-

expressing vectors were used to transduce the primary cells, this did not impair differentiation 

towards MKs with relatively high CD41+/CD42b+ surface marker expression (up to 80%). There 

was effective polyploidisation of the cells with BM- and PB-derived MKs reaching up to 16N 

DNA content and CB-derived MKs reaching up to 8N. Cellular morphology was confirmed by 

cytospins and immunofluorescence staining, where MKs displayed characteristic multi-lobulated 
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nuclei, extensive actin networks and the presence of vWF+ and P-selectin+ α-granules. In 

addition to this, CB-MKs were also able to generate at least a certain amount of platelets. 

Overall, our differentiations supported the expansion and maturation of HSPC-derived MKs. 

Consistent throughout our studies however; were donor variability issues which resulted in the 

harvest of mature cells between days 10 – 14, rather than on a defined termination day. While 

there was a continuous rise in mature cells up to day 10, this population decreased thereafter 

with a concomitant increase in the CD41+ progenitor cell population. This indicated to us that the 

HSPCs lost viability, and therefore the progenitors were not able to continue the maturation 

process.  

Several attempts have been undertaken to extend the lifespan of donor-derived HSPCs in vitro 

by addition of small molecules such as resveratrol to culture media213. Depending on the 

research question however, long term cultures might not be necessary. For example, uncultured 

HSPCs and 7-day cultured MKs that were transplanted in NOD/SCID mice were sufficient to 

induce rapid human platelet production in vivo214. It must also be noted that the efficacy of in 

vivo platelet production may vary depending on the culture time requirements for different HSPC 

sources215,216. One must also consider the access to consenting donors for the different HSPC 

sources and how this might affect research progression or outcomes. Since hematopoietic cells 

are BM-derived, these might be seen as the best source of HSPCs to recapitulate the system in 

vitro, but acquiring BM samples is the most complex methodology and involves invasive surgical 

procedures. The collection of G-CSF-mobilized PB is less invasive than BM, but it can be time 

consuming and investing in the necessary apheresis equipment can be expensive. Also, in 

certain settings such as pediatric patients, long-term side-effects from the G-CSF administration 

required for HSC mobilization cannot be ruled out completely. Acquiring CB samples may be 

the simplest of the three methodologies, but they represent more immature HPSCs compared to 

adult BM and PB sources. Furthermore, the total yield of CD34+ HSPCs in CB samples is 

profoundly lower than even PB sources129, which constrains the downstream application of 

these cells. In this context, pooled CB-derived HSPCs were reported to be used in HSCT to 

account for the low stem cell yield217. All things considered, primary cells are still a good and 

viable source for modeling hematopoiesis in vitro and allow for multi-lineage engraftment in 

transplantation experiments214. In addition, the transfusion of MKs generated from donor-derived 

HSPCs can lead to efficient in vivo platelet production which can be favorable to restore 

hemostatic balance after ablating procedures such as chemotherapy or in thrombocytopenic 

patients. In support of such applications, researchers have demonstrated the pre-clinical 
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efficacy of cryopreservable CB-derived MKs as a suitable cell product for functional in vivo 

platelet production218.  

5.3 Challenges and promises of in vitro megakaryopoiesis from iPSCs  

In this study, we described the establishment of a protocol for the in vitro generation of MKs 

from human iPSCs. By adapting an already established protocol for macrophage and 

granulocyte generation150, we were able to achieve up to 28% CD41+ MK progenitors and up to 

6% CD41+/CD61+/CD42a+ mature MKs using two of our standard iPSC clones. The protocol 

incorporated THPO, SCF and IL-3 as cytokines for the directed differentiation of iPSCs towards 

MKs for 14 days, with removal of IL-3 from the media to facilitate terminal differentiation 

thereafter. Based on our previous experience with granulocyte and macrophage generation, the 

protocol was originally designed to provide a weekly harvest of terminally differentiated cells for 

at least two months. However, this was not possible for MK generation and the cultures rather 

lasted for a maximum of 35 days. We also used a non-commercial version of APEL media 

which was first described by Ng et al.219 and has since been widely used for iPSC hematopoietic 

differentiations123,150. APEL media with its serum- and animal component-free composition 

boasts several advantages, in particular for later translation to clinical applications, and 

efficiently supporting hematopoietic differentiation. Thus it appeared well-suited for application in 

our studies. In addition to this, EB-based differentiation protocols such as the one used by us 

have quite commonly been described for MK and platelet generation from 

iPSCs121,122,130,198,220,221. Three-dimensional EBs serve as a reproducible source of mesodermal-

induced lineages when combined with specific lineage factors; they provide structural and 

enzymatic support for cell generation; and protocols can be easily standardized by starting with 

a defined number of input iPSCs. Taking all these things into consideration, we clearly expected 

that our iPSC-MK differentiation protocol would have been more efficient than it turned out. For 

the most part, protocol development is a highly complex process that requires an adequate 

match of culture format, media composition and supporting factors to the cell-type employed, as 

well as fine-tuning the concentration of added factors and the precise timing of the duration of 

each phase of differentiation.  

In an attempt to overcome the inefficient MK generation using our protocol, we opted first for a 

cytokine-mediated optimization strategy and then for a transcription factor overexpression 

approach. Our results showed that although IL-6 and IL-11 cooperated with THPO and SCF to 

increase the percentage of megakaryocytic cells in one of our iPSC clones, megakaryoblasts 

were the most abundant MK cell-type generated irrespective of the cytokine modification. 
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Moreover, cytokine modifications were not sufficient to off-set the more than 80% predominance 

of macrophages and other myeloid cells generated in our cultures from both iPSC clones. 

However, this phenomenon of producing other myeloid lineages within MK-directed 

differentiations is not unique to our system. Even the highly efficient EB-based MK generation 

(30% - 90% mature cells) described by Liu and colleagues also produced other myeloid cells 

(1%) and erythrocytes (<2%)130. This isn‟t surprising since MEPs and GMPs originate from the 

same common myeloid progenitor. Thus, robust methods allowing for efficient lineage 

bifurcation are necessary for successful in vitro hematopoiesis. Employing complex cytokine 

cocktails for this purpose can be expensive and labor intensive to fine tune cytokine 

concentrations, combinations and duration that recapitulate the in vivo scenario. Alternatively, 

the modulation of gene programs by the overexpression of lineage-specific transcription factors 

provides a more cost-effective and viable approach once the programs operating in vivo are well 

understood and can be mimicked in vitro. Indeed, a recently published study has illustrated the 

improvement of in vitro megakaryopoiesis from murine iPSCs by the induction of GATA1 and 

Pbx1 expressed from tet-inducible retroviral vectors at distinct stages of differentiation221. 

In our hands, the use of a dox-inducible human iPSC line that was forward programmed (FOP) 

with MK-lineage transcription factors (GATA1, FLI1, TAL1) proved more efficient than our 

standard iPSC clones in MK generation. The dox-induced genes in FOP iPSCs were sufficient 

to increase the overall cell output from our cultures up to 3-fold higher as compared to our 

standard iPSC clones. Also, the percentage yield of MK progenitors and mature MKs increased 

up to 2.5-fold and 8-fold, respectively, using FOP iPSCs. The original publication of the FOP 

technology by the Ghevaert group employed a constitutive expression of the genes which 

sustained MK generation for up to 90 days with >95% MK progenitors and >50% mature 

MKs122. They were also able to produce functional platelets but with lower efficiencies than their 

precursors. In our system, up to 35% MK progenitors and 12% mature MKs were generated 

from the FOP iPSCs and even though there were still viable cells at day 35, the myeloid cell 

forming complex precursor structures from which the cells were shed lost viability thereafter. 

This may be one of the drawbacks of our system because unlike the Ghevaert group‟s 

combined use of EB formation and monolayer differentiation, we relied on the generation of 

cells from the intermediate progenitor complexes. Future improvements to our protocol could be 

to add doxycycline more regularly such as at 2 – 3 day intervals rather than weekly to maintain 

consistent induction of the genes. Also, lowering the concentrations of THPO and SCF may be 

considered when using FOP iPSCs since over-stimulation of the megakaryocytic program by 
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high cytokine concentrations and transcription factor overexpression has been demonstrated to 

reduce differentiation capacity due to cell exhaustion122. In fact, Dalby et al. showed that early 

MEP lineage commitment was transcription factor-mediated and independent of cytokine 

exposure, with cytokines rather supporting the expansion and maturation of already-committed 

cells during later stages of differentiation131. In essence, the authors concluded that cytokines 

can be instructive for differentiation but they normally play their role further along the 

differentiation program after gene programs have already been initiated131.  

There are considerable challenges in achieving high yields of iPSC-derived MKs and platelets 

with high quality and functionality. Similar to the in vivo scenario where additional cellular cues 

are required to drive platelet biogenesis, the same applies to in vitro-derived cells since 

researchers with well-established protocols for iPSC-MK generation are still challenged by 

inadequate platelet production121,122,126,130. Moreover, the rarity of MKs compared to other 

hematopoietic cells also impacts their generation from iPSC-derived HSPCs in spite of the 

higher myeloid lineage potential conferred to these multipotent progenitors149. Besides this, 

iPSC-derived cells have been reported to resemble the primitive/early definitive phenotype 

observed during embryonic hematopoiesis, rather than the definitive adult hematopoiesis 

occurring in the bone marrow222. Along these lines, there is experimental evidence for the 

recapitulation of primitive yolk-sac tissue-resident macrophage phenotype in iPSC-derived 

macrophages223,224. In the context of the megakaryocytic lineage, such a primitive phenotype of 

iPSC-HSPCs might also explain some of the inefficiencies observed with our differentiation 

protocol since primitive Meg-CFCs have a high capacity for expansion, but produce low 

amounts of low ploidy MKs and low amounts of platelets that are morphologically different from 

adult platelets5,9. It was also reported that iPSC-derived erythrocytes fail to make the fetal (ε- or 

γ-globin) to adult hemoglobin (β-globin) switch225–227, which could indicate a primitive phenotype 

of iPSC-derived megakaryocytic cells owing to the common MEP shared by MKs and 

erythrocytes. By contrast, Uchida et al. were able to produce high β-globin-expressing 

erythrocytes by differentiating the cells from iPSC-derived bone marrow stromal cells153. These 

authors entertained the hypothesis that iPSCs are more efficiently differentiated to target cells 

when they are also derived from a similar source due to the maintenance of epigenetic memory 

in iPSCs152,153.  

Despite the complexities involved in iPSC-based hematopoiesis, iPSCs still represent a front-

runner as a pluripotent stem cell source to generate functional blood cells. The high amenability 

of iPSCs to gene editing by technologies such as CRISPR/Cas or zinc finger nucleases, or gene 
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modifications by the use of gene transfer vectors as in our case, is advantageous for corrective 

gene therapy applications or the generation of enhanced cell therapy products for example. 

From a cell therapy standpoint, iPSC-derived MKs and platelets possess great potential228 and 

can be generated from limited numbers of input iPSCs. The infusion of megakaryocytes or their 

progenitors have already been proven to be safe in humans171,229 and this may also be applied 

to iPSC-derived products. iPSC-derived MKs can be irradiated to improve safety before 

infusion, but their transfusion can cause a time delay in the production of platelets to participate 

in the required biological functions170. Nevertheless, due to the inefficiencies of in vitro platelet 

biogenesis, the direct transfusion of megakaryocytes rather than platelets may be a faster 

clinical reality especially when considering expandable megakaryocyte cell lines from which 

master cell banks can be generated121. Another point to consider is the functional integrity of 

iPSC-derived platelets. Here, researchers have reported that iPSC-derived platelets are larger 

than donor-derived platelets126,170, but there have been conflicting reports on the overall 

functionality of these cells which were described to be less efficient than their blood donor 

counterparts170 or just as efficient126. However, these findings were largely dependent on the 

culture systems used by different groups and a definite evaluation is still pending.  

Differentiation protocols for in vitro megakaryopoiesis from iPSCs are becoming more refined 

with the advent of improved technologies. To achieve clinically relevant numbers, bioreactor 

systems126,230 or advanced biomaterials such as collagen scaffolds231 or interpenetrating 

networks232 offer promising strategies for the efficient production of MKs and platelets. In this 

regard, we can easily envision up-scaling of our differentiation cultures since our group has 

already done this for macrophages employing a similar protocol as we adapted here for iPSC-

MK generation224. As a long-term perspective, application of our gene-modified platelets to the 

clinical setting may be achieved by generating them under aseptic good manufacturing 

practices, optimizing storage conditions to maintain their functional integrity and potentially 

apply irradiation to improve safety of the cell product. This goal is clearly within our reach since 

autologous iPSC-derived platelets were already used in a phase I clinical trial for aplastic 

anemia233,234. Finally, in allogeneic situations, the clearance of iPSC-derived MKs or platelets by 

immune cells may have to be mitigated to improve the half-life of the cells in circulation. Here, 

clodronate liposome depletion of macrophages170 as well as genetically engineering HLA-

modified iPSCs have been evaluated to lower clearance of the transfused cells by the immune 

system123.  
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6 OUTLOOK 

In the present work, we demonstrate the feasibility of using gene transfer vectors for the 

targeting of transgenic proteins to the α-granules of megakaryocytes. Since these are the 

precursor cells for platelets, the transferred α-granules loaded with transgenic cargo can 

enhance platelet functionality as unique drug carriers for gene- and cell-based therapies. The 

anuclear nature of platelets and the ability to keep proteins hidden from circulation within their α-

granules adds to their suitability as attractive low immunogenic cell products. Platelets are also 

involved in a myriad of biological processes besides the formation of thrombotic plugs and 

hemostatic maintenance which broadens their relevance for various therapeutic indications. The 

MK-lineage restriction of transgenes encoded by the RSD and TDCT vectors also provide a 

targeted therapeutic approach. Our adjustable vector system with the use of two different α-

granule protein targeting domains (RANTES sorting signal or P-selectin‟s TDCT), expands the 

scope of application of our vectors. In certain circumstances, a physically localized protein that 

would only be present at the target site may be more beneficial for therapeutic efficacy and in 

this context; presentation of therapeutic proteins on the platelet surface is achievable with the 

TDCT vector. For example, membrane-anchored clotting factors may be ideal for sequestering 

cofactors from the circulation to increase thrombosis at an injury site. On the other hand, the 

secretion of proteins from RSD-transduced cells can lead to systemic dissemination of the 

protein potentially with higher concentrations at localized sites of platelet activations which may 

be more advantageous. In these situations, the secretion of cytokines for example, can be 

effective in rapid reduction of the pathogenesis while also facilitating the recruitment of other 

immune cells with lower off-target effects in other tissues for long-term efficacy. Even though the 

majority of studies addressing the in vitro derivation of MKs and platelets are in the context of 

developing donor-independent platelet transfusion units, our work has added to the increasing 

body of research highlighting alternative therapeutic roles of these cells. We successfully 

demonstrated the efficacy of α-granule targeting in HSPC-derived MKs employing d2eGFP and 

IFNα as transgenes. The potential of transferring the targeting approach to human iPSCs that 

are specialized for MK/platelet production by overexpression of transcription factors GATA1, 

FLI1 and TAL1 was also shown. Altogether, this work serves as a solid platform to build upon 

with more advanced studies on α-granule targeting vectors as well as optimization of in vitro 

megakaryopoiesis using iPSCs as a cell source.  
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