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3 Introduction 
___________________________________________________________________ 

3.1.  From stem cells to platelets 

 

The human body holds a unique system to gain balance of functions between the 

compartments. Necessary players in this system are megakaryocyte (MK)-derived platelets 

(PLTs), which play an essential role in maintaining hemostasis. Hematopoietic stem cells 

(HSC) are the starting point of all blood cells, including MKs¹, and physiologically enable a 

lifelong production of the different blood cell lines². While it became apparent, that resting 

HSCs were maintained in the endosteal niche of the bone marrow
3
, megakaryopoiesis is 

regulated in the vascular niche under the influence of thrombopoietin (TPO)
4
. The process of 

megakaryopoiesis is not fully understood yet, but most likely the HSC give rise to the 

common myeloid progenitor (CMP), which further differentiates to the 

granulocyte/macrophage progenitor (GMP) and the megakaryocyte/erythrocyte-progenitor 

(MEP)
5,6

 [Figure1]. Other suggested pathways are for e.g. the bypassing of the common 

myeloid progenitor
6
 or the of the megakaryocyte/erythrocyte-progenitor (MEP)

7
, leading 

directly to a higher maturation step.  

 

 
 

Figure 1: Schematic representation of HSC differentiation and MK maturation. 
Hematopeoietic stem cells undergo a differentiation process through two possible pathways leading to 
mature MKs and PLTs. 
HSC: hematopoietic stem cell; CMP: common myeloid progenitor; GMP: granulocyte/macrophage 
progenitor; MEP: megakaryocyte/erythrocyte progenitor.  
 

 

During further differentiation, MKs can enlarge up to a diameter of 150µM 
8
. They undergo 

the process of endomitosis, which is believed to be caused by a repeated incomplete cell 

cycle
9
, in which DNA is replicated but mitosis remains discontinued. The result is a single, 

multilobulated, polyploid nucleus with DNA contents augmenting over 2N, 4N, 8N, 16N, 32N 
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and 64N up to 128N per cell
10

. The mature MK has the capacity to generate pro-platelets, 

the precursors to fully functional PLTs. It is believed, that fully developed MKs extend 

multiple, long branching processes, referred to as pro-platelets, into the blood vessels of the 

bone marrow sinusoids
11

. Various physiological characteristics in the bone marrow, like 

architecture of the extracellular matrix, bone marrow stiffness, vascular shear stress and 

endothelial cell contact are believed to have an influence on pro-platelet and PLT production 

efficiency
12

. An alternative theory suggests that mature MKs migrate to the lung, where they 

brake up to dispatch PLTs into the lung microvasculature
13

. In addition, Fuentes et al. 

described in 2010, that infused MKs in mice are mostly localized in the lung, appearing to 

release PLTs into the pulmonary vasculature
14

.   

 

3.2. Influence of cytokines on megakaryopoiesis 

 
In addition to suitable spatial circumstances for the differentiation of HSCs to MKs and PLTs, 

various growth factors and hematopoietic cytokines are needed. A range of cytokines have 

been identified to have an influence on a properly operating megakaryopoiesis, such as 

interleukin (IL)-3, interleukin (IL)-6, interleukin (IL)-11, stem cell factor (SCF) and 

thrombopoietin (TPO)
15

, whereby TPO has been recognized as the major regulator of 

proliferation and differentiation of human MK progenitor cells
16,17

. In 1995, Kaushansky et al. 

observed the prevention of complete maturation of IL-3-induced MKs after elimination of 

TPO
17

, which shows the elemental role of TPO in the MK development and maturation. In 

vivo, TPO is produced by liver and kidney and, among others, provided by osteoblasts and 

SNO cells (spindle-shaped-N-cadherin
+ 

osteoblasts) in the bone marrow
18,19

, targeting the 

MK-specific receptor c-Mpl. Various additional influences on megakaryopoiesis and PLT 

production were observed (e.g. the role of bone morphogeneic protein (BMP)-4
20

, 

Thrombin
21

 and von Willebrand factor (VWF)
5
), but will remain unexplained in this short 

overview. 

 

3.3. Transcriptional regulation of megakaryopoiesis 

 
A network of lineage-specific transcription factors plays an important role in regulating the 

differentiation of MKs in vivo. Various factors have been identified, including Runt-related 

transcription factor-1(Runx1) /AML-1, Gata1, friend of Gata1 (Fog1) and Fli1 (among other 

E-twenty six (ETS) factors)
22

. In short, the deletion of Runx1 was observed to lead to 

thrombocytopenia and affected megakaryopoiesis in mice, shown by Ichikawa et al. in 

2004
23

, suggesting the important role in MK development. Gata1 and its co-factor Fog1 play, 
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for instance, an essential role in promoting MK/erythrocyte differentiation
24

. Furthermore, the 

complete failure of an efficient megakaryopoiesis in Fog1-deficient mice was observed by 

Tsang et al. in 1998
25

. Fli1 is suggested to be a positive regulator of megakaryopoiesis, 

enhancing the activity of Gata1 on Gata1-responsive megakaryocytic promoters, and a 

negative regulator on erythroid differentiation, respectively
26

. The deletion of Fli1 in a mouse 

model was observed to lead to a loss of mature MKs, underlining the role of Fli1 in regulating 

hematopoiesis and hemostasis 
27

. 

 

3.4. The various functions of a PLT 

 

MK-derived PLTs or thrombocytes are anucleate blood cells, which are well known to have 

an essential role in thrombosis, wound healing and maintaining hemostasis since their first 

identification and further description by Guilio Bizzozero in the late 19
th
 century

28
. Usually 

circulating in a discoid form through the vascular system without adhering to the vessel wall, 

PLTs are activated by disruption of the endothelial layer continuity, followed by a radical 

change in structure and shape
29

. They become essential components in primary and 

secondary hemostasis. Furthermore, PLTs have the ability to recruit other cells through a 

variety of mediators, which are also used in the regulation of hemostasis
29

. In addition, PLTs 

are involved in the process of vasoconstriction, vessel repair and play a role in the promotion 

of atherosclerosis through inflammation
30

. Interestingly, increasing evidence underline the 

suspicion of PLTs supporting cancer growth and tumor metastasis, among others, through 

assisting neoplastic cells to evade apoptosis 
31,32

, which is why the application of low-dose 

antiplatelet drugs has been discussed in prevention and treatment of neoplastic diseases 

lately
33

. Eventually, over the last years, evidence for the importance of PLTs in the immune 

system emerged. PLTs have been recognized as enhancers of the immune cell functions, 

having the ability to interact with immune cells of the innate and adaptive immune 

response
34

. Furthermore, they play a major role in interacting with pathogens in the vascular 

system, revealing PLTs as first-line immune responders
34

. 

 

3.5. PLT pathology 

 

Physiologically, the human blood holds ~150,000-400,000 PLTs/µl, showing a diameter of 2-

3µm and a normal average lifespan of ~10 days
29

. A “normal” count of PLTs is a sensitive 

balance act, as increased numbers (thrombocytosis and thrombocythemia) can lead to 
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thrombosis, while decreased numbers (thrombocytopenia) and dysfunctional PLTs can 

cause severe bleeding complications. Thrombocytosis may arise due to a wide range of 

clinical conditions, including acute and chronic infections as well as neoplastic disorders, 

leading to an overproduction of PLTs
30

. Elevated PLT numbers also occur in essential 

thrombocythemia, a chronic myeloproliferative disorder, causing thrombotic complications 

such as vascular occlusions, but also hemorrhagic episodes
30

. Reasons for 

thrombocytopenia with PLT counts less than 150,000 PLTs/µl can be categorized in 

decreased PLT production, increased peripheral destruction as well as dilution and changes 

in distribution
30,35

. Decreased bone marrow PLT production can be subdivided in congenital 

causes, including a wide range of rare syndromes and genetic defects such as Bernard-

Soulier and Wiskott-Aldrich syndrome, as well as a number of acquired causes
35

. Acquired 

defects in marrow PLT production include a decrease in megakaryocytic precursors, for 

instance, due to autoimmune diseases, aplastic anemia, acute leukemia, infections, toxins 

and drugs
35

. A number of chemotherapeutic drugs as well as ionizing radiation can lead to a 

general bone marrow suppression of all blood cell precursor lines, while some drugs, 

estrogens and chlorothiazids for instance, lead to a direct impairment of megakaryocytic 

proliferation
35

. A common reason for mild thrombocytopenia is the consumption of alcohol, 

which suppresses thrombopoiesis through a multifactorial genesis
36

. Alongside a wide range 

of other causes, an instance for increased peripheral PLT destruction is Heparin-induced 

thrombocytopenia (HIT) caused by antibodies against PF4 (heparin/platelet factor 4) immune 

complexes in patients receiving heparin, which may lead to severe arterial or venous 

thrombotic events and thrombocytopenia
35

. In general, while patients with mild 

thrombocytopenia can be asymptomatic, severely reduced PLT counts increase the risk of 

spontaneous mucocutaneous bleeding, e.g. epistaxis, gingival bleeding and petechia, as 

well as life-threatening intraabdominal and intracerebral bleeding events
30

, requiring fast and 

effective treatment options.  

 

3.6. Current state of therapy for patients with thrombocytopenia 

 

Patients suffering from thrombocytopenia have an increased risk for bleeding complications 

as mentioned above, while severe bleeding events may occur in patients with PLT counts 

<10.000/µl. Currently, the transfusion of PLT concentrates, obtained from whole blood 

donations or single-donor apheresis, is the most efficient therapy for thrombocytopenia-

induced hemorrhage
37

. PLT transfusions can also be performed in patients with normal PLT 

counts, either to treat or to prevent bleeding
38

. Although PLT transfusion is a well-

established, effective and secure treatment for thrombocytopenic patients, there are still 
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some disadvantages and hazards to be considered with, which will be analyzed later on. An 

alternative therapy option for thrombocytopenia is the stimulation of megakaryopoiesis with 

the second-generation thrombopoietic growth factors and TPO receptor agonists romiplostim 

and eltrombopag, currently used as therapeutic options in patients with immune 

thrombocytopenia
37,39

. A further treatment option is the application of MK precursor cells, 

which will be explained later on. Alongside so far mentioned general treatment options for 

thrombocytopenia, there are various therapeutic approaches for the different underlying 

diseases leading to thrombocytopenia. For patients with immune thrombocytopenia, a 

hemorrhagic disease caused by antiplatelet autoantibodies, a number of therapeutic options 

are available, including the application of corticosteroids, IVIg and Rituximab
40

. Splenectomy 

is a surgical second-line treatment option for children and adults suffering from ITP, 

especially for adults non-responding to corticosteroids
40,41

. While the response rates in 

asplenic patients are encouraging, there are still risks such as thrombosis and infections to 

be considered
40

. Patients with HIT should not be treated with PLT concentrates in the first 

line
42

. A therapy with heparin anticoagulants need to be discontinued, while direct thrombin 

inhibitors are considered to be the first-line therapy for HIT patients
42

. 

 

3.7. Donated PLTs for transfusions are a limited source: possible alternatives 

 

Currently, the application of PLT concentrates is considered to be state of the art for the 

prevention and treatment of thrombocytopenia-induced hemorrhage. However, despite 

improved controls and leukocyte-depletion PLT transfusions are still accompanied by risks 

such as bacterial contamination, infections, allergies and immunologic reactions like 

transfusion associated graft-versus-host-disease (taGVHD)
38,43

. Since the availability of PLT 

concentrates is completely dependent on volunteer donors, the growing demand of 

transfusions is expected to be a major issue in the future
12

. Furthermore, required storage 

conditions at room temperature and a limited shelf-life of only 5 days complicate storage and 

supply possibilities
12

. To enable the production of donor-independent PLT concentrates 

various approaches of ex vivo PLT and PLT precursor manufacturing are under 

investigation. In general, PLTs need to be derived from cell sources suitable for a sufficient 

expansion as well as for a large scale production and suitable for a regulated manufacturing 

process aiming for a secure clinical application. The in vitro generation of PLTs can originate 

from CD34
+ 

cells derived from peripheral blood, umbilical cord blood, bone marrow and 

human embryonic stem cells (hESCs)
44

. Of particular importance nowadays are human 

induced pluripotent stem cells (hiPSCs) as a possible source for MK and PLT differentiation. 
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While peripheral blood-derived CD34
+ 

cells are still a donor-dependent source, hESCs and 

hiPSCs are a potential unlimited source
45

. Independent from volunteer donors, hESCs and 

hiPSCs are expandable in culture systems and renewable
45

. However, the origin of hESCs is 

a remaining ethical dilemma, wherefore adult-cell derived hiPSCs are consequently 

preferable.  

 

3.8. PLT generation from iPSCs 

 

HiPSCs are considered to be the encouraging source for donor-independent PLT 

concentrates in the future. In 2006, Takahashi and Yamanaka successfully generated 

induced pluripotent stem cells (iPSCs) from mouse embryonic and adult fibroblasts 

reprogrammed into an embryonic stage
46

. Therefore, fibroblast cell cultures were induced by 

using four defined transcriptional factors: Oct3/4, Sox2, c-Myc and Klf4
46

. In 2010, 

Takayama et al. generated hiPSC-derived MKs and PLTs, using human dermal fibroblasts 

as a cell source for iPSCs
47

. Since then, various groups reported successful differentiation of 

iPSC-derived MKs and PLTs. However, there are still hurdles to overcome. Cost-

effectiveness and concerns about a safe clinical application remain not deniable issues. 

Good manufacturing practice (GMP) conditions require iPSC-derived MKs and PLTs to be 

differentiated under defined, feeder- and xeno-free circumstances to avoid a possible 

contamination with xenogeneic pathogens
12

. Anyway, despite remaining obstacles, human 

iPSCs are the most promising stem cell source to support and replace completely donor-

dependent PLT production.  

 

3.9. PLT refractoriness 

 

A further necessity to replace PLT concentrates for the long term arises not only as a result 

of the dependency on a limited source but also due to side effects and undesirable 

immunologic reactions.  Apart from above explained general transfusion risks, byeffects and 

or a lack of transfusion effectiveness due to mismatches at human leukocyte antigen (HLA) 

and human platelet antigen (HPA)-loci remain a significant clinical problem. Transfusion-

related acute lung injury (TRALI) is related with a sudden emergence of a noncardiogenic 

pulmonary edema, associated with the transfusion of blood products
48,49

. Although the 

precise etiology of TRALI is unknown yet, HLA-antibodies are believed to play a role in the 

induction of an inflammatory response in the recipient
48

. PLT refractoriness is an inadequate 
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response to PLT transfusions, basically defined as an inappropriate PLT count increment 

after transfusion
50

. Etiologically, non-immune causes as well immune causes are inducting 

factors
50

. Non-immune causes include bleeding, fever, sepsis, drugs and disseminated 

intravascular coagulation (DIC)
51

. Immune causes enclose alloimmunization against human 

leukocyte or platelet-specific antigens, related to a previous pregnancy or repeated 

transfusions, resulting in the production of antibodies
50

. In case of anti-donor PLTantibody-

detection or suspicion in patients a HLA-typing is highly recommended and a HLA-

compatible PLT-transfusion is absolutely required
52

. It could be shown that transfusion of 

HLA-matched or cross-matched PLTs improved increments of PLT counts after transfusion 

in the treatment of alloimmunized patients
53

. To improve the management of PLT 

refractoriness, blood banks for HLA-matched or cross-matched PLTs are suggestive, but 

cost-intensive and difficult to implement due to the shortage of donors. Therefore, other 

strategies for the management of HLA-mismatch-related complications are required. 

 

3.10.  Silencing HLA class I expression 

 

The variable major histocompatibility complex (MHC respectively HLA) comprises over 160 

protein-coding genes and is essential for adaptive immunity
54

. PLTs express antigens of the 

HLA class I system (A, B, C) on their surface. HLA class II is mainly expressed on antigen-

presenting cells (APCs)
55

. As previously described, strategies to circumvent HLA-associated 

complications of PLT transfusion are highly desirable. It was detected, that HLA antibodies in 

PLT refractory patients target few epitopes of HLA class I molecules, wherefore PLTs 

without HLA class I antigens on the surface would be preferable
56

. Our group previously 

described the successful generation of HLA-deficient PLTs from CD34
+
 progenitor cells 

using a lentiviral-based system for the expression of a short-hairpin RNA (shRNA) targeting 

β2-microglobulin (β2m) transcripts
57,58

. With this RNA interference strategy a stable 

downregulation of HLA class I was achieved. In 2014, Feng et al. used iPSCs as a cell 

source for the generation of HLA-universal PLTs by knocking out β2-microglobulin with 

transcription activator-like effector nucelases (TALENs)
59

. This led to the absence of HLA 

class I transcripts on iPSC-derived PLTs. These are normally not a target for natural killer 

(NK) cells. Anyway, for other cells dependent on HLA expression for inhibiting NK cell 

cytotoxic activity a knockdown might be preferable to a complete absence of HLA on cell 

surfaces
60

. The next step for the previously described RNA interference strategy is the 

generation of HLA class I downregulated PLTs by using iPSCs instead of CD 34
+
 progenitor 

cells as the source of differentiation. 
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3.11.  Manufacturing and large scale production of iPSC-derived PLTs 

 

Apart from a suitable cell source for differentiation and the possibility of a universal 

application of differentiated PLTs there are still some hurdles to overcome until reach the 

goal of clinical application. One major challenge relates to the culture and differentiation 

protocol needed to achieve a sufficient amount of PLTs for a clinical application. First of all, 

the culture system starting with pluripotent stem cells ought to be xeno- and feeder-free, 

chemically defined, suitable for GMP and finally economic and cost-effective. The use of 

animal material in the iPSC culturing and differentiation process involves additional tests to 

exclude the transmission of pathogens for a safe clinical application. Animal-free and 

clinically defined settings enable a more cost- and time-effective manufacturing process and 

a consistent quality of manufactured cell products can be ensured
61

. Important components 

of the manufacturing process are the substrates used to which the cells are attached and 

culturing and differentiation media. A widely used substrate for adhesion culture of iPSCs is 

Matrigel (BD Biosciences)
61,62

. Containing a mixture of extracellular matrices extracted from 

Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells Matrigel is a feeder- but however not 

xeno-free substrate
61

. Regarding the remaining doubts concerning lot-to-lot variability and 

the risk of contamination an upcoming alternative consisted in xeno-free purified extracellular 

matrix (ECM) proteins, e.g. collagen and laminin
61,63

. Especially laminin isoforms laminin-

511, laminin-332 and laminin-111 seem to support attachment and self-renewal of iPSCs in 

an undifferentiated state
64

. Several other substrates, including synthesized surfaces, are 

available, but are not further analyzed now. In addition, relevant components of a sufficient 

manufacturing system are corresponding culture and differentiation media. Nowadays, a 

wide range of media for human iPSCs is commercially available. The International Stem Cell 

Initiative Consortium compared eight defined feeder-free media in 2010 using human 

embryonic stem cells
65

. Interestingly, most of the applied media did not ensure attachment 

and undifferentiated growth or expansion, respectively. Only mTeSR1 (STEMCELL 

Technologies) and StemPro (Invitrogen) supported stem cell culture, but however, both 

media contain bovine serum albumin (BSA) and are, in consequence, not xeno-free. At the 

present day, a variety of xeno-free media is also available, e.g. TeSR 2 (STEMCELL 

Technologies), Nutristem XF/FF (Stemgent) and StemMACS iPS Brew XF (Miltenyi Biotec). 

Still, a number of studies focus on tests to optimize the manufacturing process by combining 

different feeder- and xeno-free substrates and surfaces, media and, for the iPSC 

differentiation process, cytokine cocktails.  

A promising tool for the expansion of iPSC lines and iPSC-derived MKs and PLTs is the 

approach to recreate the human bone marrow architecture ex vivo. In 1991 Emerson, one of 
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the first describers of bioreactor technology, believed ex vivo bone marrow reconstruction to 

have huge impact on blood cell production
66

. Since then, a variety of groups reported 

advances in bioreactor manufacturing of blood cells, mainly in the production of red blood 

cells
67

. For the sufficient and stable production of platelets ex vivo are still engineering 

obstacles to overcome. However, promising technical approaches through a better 

understanding of in vivo PLT release and production have been made, e.g. by showing up 

shear stress dependence of PLT production
68,69,70

. The efficient use of technical optimized 

bioreactors enables a large-scale production of universal PLTs leading to a wide range of 

opportunities in the field of blood pharming.  

 

3.12.  Objectives 

 

The current state of the art for treatment of thrombocytopenia is the transfusion of PLT 

concentrates. However, donated PLTs for transfusions are a limited source. A promising 

solution is the in vitro production of blood products, specifically of fully functional PLTs, 

derived from stem cells. In this study, different culture conditions for the optimal 

differentiation of stem cell-derived MKs and PLTs are tested. The general objective is the 

optimization of MK- and PLT- differentiation to enable a clinically significant production of 

PLTs. Furthermore, iPSC-derived PLTs are intended to be HLA-universal to circumvent 

HLA-associated complications of PLT transfusion. Major aims of this study are defined as 

follows: 

 

1. Application of iPSCs as the selected stem cell source for MK and PLT differentiation. 

2. Generation of HLA-universal iPSCs under preservation of iPSC-pluripotency. 

3. Differentiation of HLA-universal PLTs with established protocols. 

4. Examination of different culture conditions (e.g. different matrices, various stem cell 

media, cytokines and cytokine- concentrations, growth factor- combinations) for 

optimal thrombopoiesis. 

5. Optimization of PLT-production to achieve a clinical significant amount of PLTs under 

regard of GMP-conditions.  

6. Characterization of MKs and PLTs through phenotypic, genotypic and morphologic 

assays. 

7. Functional examination and activity assays of iPSC-derived PLTs. 
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This study is supposed to contribute a sufficient and efficient protocol for the GMP-suitable 

in vitro generation of HLA-universal iPSC-derived MKs and PLTs. 
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4. Material and Methods 
___________________________________________________________________ 

4.1. Material 

4.1.1. Media 

 

Name Manufacturer 

APEL STEMCELL Technologies, Grenoble, 

France 

Dulbecco's Modified Eagle Medium 

(DMEM):F12 

Lonza, Basel, Switzerland 

E8 Life Technologies, Darmstadt, Germany 

hPSC Growth Medium DXF PromoCell, Heidelberg, Germany 

mTeSR-1 STEMCELL Technologies, Grenoble, 

France 

Nutristem Stemgent, Cambridge, MA 

StemMACS Miltenyi Biotech, Bergisch Gladbach, 

Germany 

StemSpan-ACF STEMCELL Technologies, Grenoble, 

France 

 

4.1.2. Cytokines 

 

Name Manufacturer 

Bone morphogenetic protein (BMP) 4 Peprotech, Rocky Hill, NJ 

Interleukin (IL)-3 Peprotech, Rocky Hill, NJ 

Stem cell factor (SCF) Peprotech, Rocky Hill, NJ 

StemSpan Megakaryocyte Expansion 

Supplement 

STEMCELL Technologies, Grenoble, France 

Thrombopoietin (TPO) Peprotech, Rocky Hill, NJ 

Vascular endothelial growth factor (VEGF) Peprotech, Rocky Hill, NJ 
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4.1.3. FACS antibodies 

 

Name Manufacturer 

Anti-CD41-APC/Cy7 BioLegend, San Diego, CA 

Anti-42a-PE BD Biosciences, San Jose, CA 

Anti-42b-PerCP BioLegend, San Diego, CA 

Anti-CD61-APC or FITC BioLegend, San Diego, CA 

Anti-CD62P-PE BD Biosciences, San Jose, CA 

Anti-HLA-ABC w6/32 APC or PE AbD Serotec, Düsseldorf, Germany 

Anti-CD271 (DeltaNGFR) APC Miltenyi Biotech, Bergisch Gladbach, 

Germany 

Anti-Tra-1-60  BD Biosciences, San Jose, CA 

Anti-SSEA-4 BD Biosciences, San Jose, CA 

Isotype APC BD Biosciences, San Jose, CA 

Isotype APC/Cy7 BioLegend, San Diego, CA 

Isotype PE BD Biosciences, San Jose, CA 

Isotype PerCP BioLegend, San Diego, CA 

 

4.1.4. Plates and coating 

 

Name Manufacturer 

Non Tissue Culture-Treated  Plates, 12 well Corning Incorporated, Corning, NY 

Low Attachment Plates, 24 well Corning Incorporated, Corning, NY 

Laminin-521 BioLamina, Sundbyberg, Sweden 

 

 

4.1.5. Lymphocytotoxicity assay 

 

Name Manufacturer 

Anti-HLA-A*02 antibody One Lambda, Canoga Park, CA 

Anti-HLA-A*23/24 antibody  One Lambda, Canoga Park, CA 

Anti-HLA-A*29 antibody One Lambda, Canoga Park, CA 

Rabbit complement  Bio-Rad, Dreieich, Germany 

FluoroQuench dye One Lambda, Canoga Park, CA 
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4.1.6. Kits for real-time PCR 

 

Name Manufacturer 

RNeasy mini kit Qiagen, Hilden, Germany 

High-capacity cDNA reverse transcription kit Applied Biosystems, Darmstadt, Germany 

 

 

4.1.7. Additional material 

 

Name Manufacturer 

Propidium iodide  Sigma-Aldrich, Steinheim, Germany 

Cytofix/Cytoperm BD Biosciences, San Jose, CA 

RNase A Sigma-Aldrich, Steinheim, Germany 

ROCK-Inhibitor/Y-27632 Merck Millipore, Darmstadt, Germany 

Dulbecco's Phosphate-Buffered Saline 

(DPBS) 

Lonza, Basel, Switzerland 

Dulbecco's Phosphate-Buffered Saline 

(DPBS) with calcium chloride and 

magnesium chloride  

Sigma-Aldrich, Steinheim, Germany 

TrypLE Express, no phenol red Life Technologies, Darmstadt, Germany 

Heparin Merck Millipore, Darmstadt, Germany 

Protamine sulfate Sigma-Aldrich, Steinheim, Germany 

Adenosine 5′-diphosphate (ADP) Sigma-Aldrich, Steinheim, Germany 

Thrombin Sigma-Aldrich, Steinheim, Germany 

Cytofix BD Biosciences, San Jose, CA 

4‘,6-diamidino-2-phenylindole (DAPI) nucleic 

acid stain 

Invitrogen, Karlsruhe, Germany 

 

 

4.1.8. Hardware 

 

FACSCanto flow cytometer and FACSDiva software (BD Biosciences, San Jose, CA) 

Olympus IX81 microscope (Olympus, Hamburg, Germany) with: 

- Digital B/W camera (Olympus) 

- CellM image software (Olympus) 
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4.2. Methods  

4.2.1. Culture of iPSCs 

 

The used cell source was the human iPSC line hCBiPSC2 derived from human cord blood 

endothelial cells as previously described
71

. Cells were kindly provided by Prof. Dr. U. Martin 

(LEBAO, Hannover). Several culturing conditions were tested to create the optimal 

circumstances to hold and expand the cell line. Eventually, iPSCs were transferred onto 

human recombinant Laminin-521 (BioLamina, Sundbyberg, Sweden) coated plates using 

either StemMACS (Miltenyi Biotech, Bergisch Gladbach, Germany) or mTeSR-1 

(STEMCELL Technologies, Grenoble, France) as a culture medium. Other tested media 

were Nutristem (Stemgent, Cambridge, MA), E8 (Life Technologies, Darmstadt, Germany) 

and hPSC Growth Medium DXF (PromoCell, Heidelberg, Germany). Passaging was 

performed at complete confluency by detaching the cells carefully with TrypLE Express (Life 

Technologies) and afterwards reseeding at a cell density of 50,000 cells/cm². Plates were 

incubated at 37° and 5% CO2. The supernatant was exchanged for fresh culture medium 

after 24 h. 

 

4.2.2. Generation of HLA-universal iPSCs 

 

For the generation of HLA-universal iPSCs we used the previously described lentiviral vector 

pLVTH encoding a short-hairpin RNA (shRNA) for β2-microglobulin silencing (shβ2m) and 

the enhanced green fluorescent protein (eGFP) as reporter gene for the transduction
58

. In 

addition, a vector encoding non-specific shRNA (shNS) was used as control. Furthermore 

our group cloned the expression cassette encoding shβ2m into the lentiviral vector 

pRRL.PPT.SF.DsRed.pre., whereas the SF.DsRed expression cassette was replaced with 

the sequence encoding for the truncated form of the low-affinity nerve growth factor receptor 

(∆LNGFR) under the control of the elongation factor-1α-short (EFS) promotor
72

. The safety-

enhanced “third-generation“ split plasmid packaging system
73

 and the pMD2G plasmid 

encoding for VSVg envelope protein were used for the production of 

pRRL.PPT.EFS.dLNGFR.shβ2m.pre.  

iPSCs were transduced in the presence of 8 µg/ml protamine sulphate (Sigma Aldrich, 

Steinheim, Germany) at 70% confluency. Vector-containing medium was replaced with fresh 

medium without vector after 8 hours of incubation. We measured the transduction efficiency 

by GFP- or ∆LNGFR-expression of the transduced cells. GFP-expression was verified by 

fluorescence microscopy and ∆LNGFR-expression was measured via flow cytometry using 
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an allophycocyanin (APC) labelled anti-CD271 antibody (Miltenyi Biotec). Cells were stained 

with an anti-HLA class I (w6/32) antibody conjugated with APC (AbCSerotec, Düsseldorf, 

Germany) to assess the expression of HLA class I antigen. The transduction efficiency was 

repeatedly reexamined through the process of iPSC-differentiation to ensure the steadiness 

of the transduction. Furthermore we examined pluripotency with antibodies aiming for the 

pluripotency markers Tra-1-60 and SSEA-4 (BD Biosciences, San Jose, CA), detected by 

flow cytometry.  

 

4.2.3. Differentiation of HLA-universal iPSCs into MKs and PLTs 

4.2.3.1. Main protocol 

 

For differentiation, iPSCs were seeded in a count of 50.000 cells/cm² on Laminin-521 coated 

plates either in StemMACS or in mTeSR-1 medium. Alongside shNS- and shβ2m-expressing 

iPSCs also non-transduced cells were used. To enable differentiation all cells were exposed 

to the same cytokines and growth factors, which were purchased from PeproTech (Rocky 

Hill, NJ). On day 0 medium was replaced by the respective culture medium, StemMACS or 

mTeSR-1, and APEL medium (STEMCELL Technologies) (1:1, vol:vol) containing bone 

morphogenetic protein (BMP4; 50 ng/ml) and vascular endothelial growth factor (VEGF; 50 

ng/ml). Medium was exchanged to APEL containing VEGF (50 ng/ml) and BMP4 (50 ng/ml) 

after 48 hours. After day 4, fresh APEL medium containing thrombopoietin (TPO; 50 ng/ml), 

stem cell factor (SCF; 50 ng/ml) and interleukin 3 (IL3; 25 ng/ml) replaced the old medium. 

After day 12, APEL medium containing TPO (50 ng/ml) and SCF (50 ng/ml) was used and 

changed half twice a week (Fig.2). On the days 12, 19, 26 and 33 cells from the culture 

supernatant were harvested very gently by rinsing the monolayer to analyze for the 

differentiation efficiency as described below.  
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Figure 2: Schematic representation of the iPSC differentiation protocol 
On day -1 iPSCs were seeded in a count of 50.000 cells/cm² on Laminin-521 coated plates either in 
StemMACS or in mTeSR-1 medium and cultured for 33 days. From day 0 cytokines were added as 
described in the upper row and APEL medium was used, beginning with 1:1 vol:vol mixed with the 
previous culture medium. On day 2, medium was completely changed to APEL. 

 

 

4.2.3.2. Low Attachment protocol, adapted from Lanza et al. 

 

Based on methods of Lanza et al. in 2014 we examined the addition of a further step to 

above explained main differentiation protocol
59

. After day 12 nonadherent cells from the cell 

culture supernatant were collected and seeded in low attachment plates (Corning 

Incorporated, Corning, NY). For 24-well low attachment plates 250.000 cells/well and 

500.000 cells/well were seeded in 500 µl StemSpan-ACF medium (STEMCELL 

Technologies) containing StemSpan Megakaryocyte Expansion Supplement (STEMCELL 

Technologies) and heparin (5U/ml) (Merck Millipore, Darmstadt, Germany). For the first 3 

days of culture ROCK-Inhibitor/Y27632, 5 µM, (Merck Millipore) was added. Cells were then 

centrifugated once and replated in fresh medium, which was from then on added twice a 

week. On the days 19 and 26 cells were harvested to analyze for the differentiation 

efficiency as described below. 
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4.2.4. Characterization of HLA-expressing and HLA-universal MKs and 

PLTs 

4.2.4.1. Flow cytometry 

 

On above mentioned time points, iPSC supernatant of non-transduced cells as well as 

shNS- and shβ2m-expressing cells was carefully harvested for flow cytometry analysis. For 

forward scatter (FSC) and side scatter (SSC) adjustments profiles of blood-derived PLTs 

from healthy volunteers were used to set the PLT gate for distinction of PLTs from MKs (Fig. 

2). Identical settings were used for all measurements. We detected iPSC-derived MKs and 

PLTs after staining with APC-cyanine 7 (Cy7)-labeled anti-CD41 (BioLegend, London, UK), 

phycoerythrin (PE)-conjugated anti-CD42a (BD Biosciences), peridinin chlorophyll (PerCP)-

labeled anti-CD42b (BioLegend) and APC-conjugated anti-CD61 (BioLegend), besides an 

isotype control, as previously described
58

. To separate MKs from PLTs cells underwent two 

centrifugation steps after staining. For pelleting MKs cells were centrifugated for 10 min at 

1000 rpm. Afterwards MKs and PLTs such as cell fragments were separated by a further 

centrifugation step at 1500 rpm. The aquisition by flow cytometry followed separately. 

Furthermore, for polyploidy analysis of MKs, propidium iodide (PI, Sigma-Aldrich, Steinheim, 

Germany) staining was performed. After staining with APC-Cy7-labeled anti-CD41 cells were 

washed with Dulbecco’s phosphate-buffered saline (DPBS; Lonza, Basel, Switzerland) and 

treated with cytofix/cytoperm (BD Biosciences) for 20 minutes, followed by a second washing 

step. Cells were then stained with PI staining solution (10µg/ml PI in DPBS) containing 

RNAse A (10 U/ml; Sigma-Aldrich) for further 30 minutes and acquired by FACS. In addition, 

we verified the transduction efficiency of the shβ2m-expressing cells by measuring the 

∆LNGFR-expression using an allophycocyanin (APC) labelled anti-CD271 antibody (Miltenyi 

Biotec).  Also, HLA class I expression of shNS- and shβ2m expressing MKs was evaluated 

by flow cytometry after staining with an anti-HLA class I (w6/32) antibody conjugated with 

either PE or APC (AbD Serotec). 

 

4.2.4.2. Real-time polymerase chain reaction 

 

We analyzed the mRNA levels of iPSC-derived progenitor cells and MKs as previously 

described
57

. In short, the high-capacity cDNA reverse transcription kit (Applied Biosystems, 

Darmstadt, Germany) was used to reverse transcribe total RNA isolated from differentiation 

cultures (RNeasy Mini Kit, Qiagen, Hilden, Germany) into cDNA. β2m transcript levels were 

measured by real-time-polymerase chain reaction (PCR). Our reference standard for 

normalization of mRNA levels was the constitutively expressed gene encoding 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Real-time PCR analyses were 

performed in triplicate. 

 

4.2.4.3. Fluorescence microscopy  

 

We assessed the morphology of iPSC-derived MKs and PLTs, transduced as well as non-

transduced, before and during the differentiation stages with an Olympus IX81 microscope 

(Olympus, Hamburg, Germany). Images were taken with a digital B/W camera (Olympus) 

and analyzed with the Xcellence Pro image software (Olympus). To validate polyploidy, MKs 

were firstly stained with a fluorescein isothiocyanate (FITC)-labeled anti-CD61 antibody and 

secondly stained with 4‘,6-diamidino-2-phenylindole (DAPI) nucleic acid stain (Invitrogen, 

Karlsruhe, Germany). Cells were acquired by fluorescence microscopy with a DAPI filter set. 

 

4.2.4.4. PLT activation assay 

 

PLTs generated from iPSCs were treated very carefully to prevent accidental activation. For 

the assession of PLT functionality, cells were harvested from the cell culture supernatant, 

centrifugated (1 step: 1000 rpm to discard MKs, second step: 1500 rpm to collect PLTs) and 

separated in two groups. The first part of the harvested PLTs was kept as a non-stimulated 

reference group and the second part was stimulated with adenosine 5‘-diphosphate (ADP, 1 

mM) and thrombin (1U/ml) for 1 min at RT. Immediately following after stimulation all PLTs 

were stained with anti-CD41-APC-Cy7 and anti-CD62P-PE for 15 min at RT. Analysis was 

performed by flow cytometry with above mentioned PLT settings. 

 

4.2.4.5. PLT aggregation 

 

For a further investigation of PLT functionality, we evaluate the capacity of PLTs to 

aggregate after stimulation. Therefore, iPSC-derived PLTs were divided in two groups. The 

first fraction was labeled with an FITC-conjugated anti-CD61 (GPIIIa) antibody and the 

second fraction was labeled with an APC-conjugated anti-CD61 antibody. After staining, PLT 

groups were mixed together and then split up in a sample for stimulation with above 

mentioned PLT agonists, ADP and thrombin, and a non-stimulated sample for control. 

Analysis was performed by fluorescence microscopy. 
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4.2.4.6. Complement-dependent cytotoxicity assay 

 

The human iPSC line hCBiPSC2 derived from human cord blood endothelial cells were 

typed positive for HLA-A*02 and HLA-A*29. We used viable shNS- or shβ2m- expressing as 

well as non-transduced MKs for the lymphocytotoxicity assay performance. Cells were 

incubated with the complement-binding donor-specific anti-HLA antibodies A02 and A29 

(OneLambda, Canoga Parc, CA). As a negative control non-specific anti-HLA antibody 

A23/24 (OneLambda) was used. After 1 hour of incubation at room temperature, 30 µl of 

rabbit complement (Bio-Rad, Dreieich, Germany) were added. After further 60 minutes 25 µl 

of FluoroQuench dye (OneLambda) were added to stain and fix the cells. Frequency of cell 

lysis was analyzed by flow cytometry after 20 minutes. 

 

4.2.5. Statistical analysis 

 

Statistical analyses were performed using two-tailed t tests run on GraphPad Prism 5 

software (GraphPad Software, San Diego, CA). Levels of significance were expressed as p-

values (*p ≤ 0.05 **p ≤ 0.01 and ***p ≤ 0.001). 
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5. Results 
___________________________________________________________________ 

5.1. Culture of HLA-universal iPSCs 

 

As a foundation for the successful differentiation of MKs and PLTs stable culturing and 

expansion conditions for iPSCs were needed. The best expansion conditions were 

observable after transfer onto the human recombinant Laminin-521 coated plates using 

either StemMACS or mTeSR-1 medium, whereby both media allowed a similar culturing and 

expansion process. Cell cultures in Nutristem medium, E8 medium and hPSC Growth 

Medium DXF were stable, but presented a slightly decreased cell expansion. 

 

5.2. Generation of HLA-universal iPSCs 

 

The generation of a HLA-universal iPSC line is an important development for cell based 

products derived from allogeneic iPSCs, since the high variability remains a significant 

obstacle for the application. Therefore, a successful transduction with lentiviral vectors 

encoding for the sequence for shβ2m as well as the stability of HLA class I silencing through 

the passaging process was needed. As above mentioned, we used a vector encoding non-

specific shRNA (shNS) as control for the vector encoding for the shβ2m sequence. We 

achieved a decrease of HLA class I expression by up to 87% at transcript level, comparing 

the transduction with a shβ2m encoding vector to the shNS expressing iPSCs (Fig. 4a). 

In addition, we achieved a significant reduction of HLA class I protein expression on the cell 

surface by up to 82% by downregulation of β2m transcript levels. Furthermore, the reduction 

remained stable for more than 10 passages (Fig. 4b). 
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Figure 4: Generation of a HLA-universal iPSC line. 
(a) Levels of β2m transcripts were measured by real-time PCR before and 5 days after transduction 
(Td). Shβ2m-expressing iPSCs show a decrease of HLA class I expression by up to 87% at transcript 
level in comparison to shNS-expressing iPSCs. The used reference standard for normalization of 
mRNA level is the constitutively expressed gene encoding glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). Mean ± SD are shown, n = 4, ***p ≤ 0.001. (b) Flow cytometry analysis of 

HLA class I expression levels, comparing shNS-expressing and shβ2m-expressing iPSCs. We 
observed mean fluorescence intensity (MFI) before transduction and after 2,5,10 and 15 passages (P). 
Downregulation of β2m transcript levels remained stable over 15 passages. 

Also we evaluated, if the transduction may affect the successful differentiation of iPSCs. 
 

 

5.3. Differentiation of HLA-universal iPSCs into megakaryocytes and platelets 

5.3.1. Low Attachment protocol 

 

We observed a decreased number of CD41
+
42a

+
 MKs and PLTs differentiated from iPSCs in 

comparison to our main protocol in a few experiments. Since we also observed an increasing 

Börger, Eicke, Wolf et al., Molecular Medicine, 2016 
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number of cell debris in our cultures during the differentiation process, we decided to focus 

on our main protocol.  

 

5.3.2. Generation of HLA-universal MKs 

 

A challenge in establishing a properly working protocol for the possible use in a clinical 

setting is the use of xeno-free and defined components. The introduced main differentiation 

protocol for iPSCs (Fig.2) allows this, whereby the culture medium mTeSR-1 is feeder-free, 

but not xeno-free. Therefore the following presented results refer to the application of iPSCs 

cultured in StemMACS medium. The results for the use of mTeSR-1 medium are similar. On 

day 19, we observed a mean of 58.0% ± 10.9% of CD41
+
CD42

+
 positive MKs differentiated 

from iPSCs transduced with the pLVTHm vector encoding shβ2m in our cultures (Fig. 5a and 

b).  
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Figure 5: Charakterization and frequencies of iPSC-derived MKs in flow cytometry. 
(a) Representative FACS plots of non-transduced, shNS- and shβ2m-expressing MKs, identified by 
expressed markers CD41 and CD42a. Analysis was performed on days 12,19,26 and 33. (b)  
Generation of CD41/CD42a/CD61

+ 
MKs. MKs were differentiated from non-transduced iPSC and 

iPSCs expressing a short hairpin RNA targeting β2m transcripts (shβ2m) or a non-specific shRNS 
(shNS) as a control. Culturing was observed for 33 days in total, analysis was performed on days 12, 
19, 26 and 33.  At least four independent experiments were taken to detect mean and SD of 
CD41/CD42a/CD61

+
 cell frequencies. 

 

 

 
The differentiation rates of non-transduced iPSC and shNS-expressing cells are similar. We 

detected rates by up to 51.3% ± 10.5% of CD41
+
CD42a

+
 MKs differentiated from shNS-

expressing iPSCs and 44.4% ± 14.7% for MKs differentiated from non-transduced iPSCs 

(Fig. 5a and b). In addition, these data show that shRNA expression and HLA 

downregulation do not impair the differentiation rates of MKs. Successfully differentiated 

MKs show typical characteristics during their maturation process: they become larger, 

polyploid and they have the ability to form pro-PLTs, which later on mature to PLTs. We 

monitored polyploidy and pro-PLTs by microscopic analysis (Fig. 6a) and confirmed it by flow 

cytometry analysis, using a propidium iodide staining (Fig. 6b). We detected DNA contents > 

8n in MKs derived from shNS- or shβ2m-expressing iPSCs as well as from non-transduced 

iPSCs. Propidium iodide staining results are exemplarily shown for shβ2m-expressing iPSCs 

(Fig. 6b).
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Figure 6: MK characterization: Polyploidy and pro-PLTs 
(a) Fluorescence microscopical analysis of non-transduced, shNS-expressing and shβ2m-expressing 
MKs (day 20). Arrows in the upper row highlight pro-PLT forming MKs (bright field). The lower row 
shows MKs presenting polyploidy nuclei (detectable DNA contents of more than 8n). (b) Flow 
cytometry analysis of polyploidy in CD41

+
 MKs, performed after a propidium iodide staining. 

Representative results exemplary shown for shβ2m-expressing iPSCs. Non-transduced as well as 
shNS-expressing MKs show similar results. 
 
 
 
 

 

 

Propidium iodide 

C
e
ll
 c

o
u

n
t 

Börger, Eicke, Wolf et al., Molecular Medicine, 2016 

Börger, Eicke, Wolf et al., Molecular Medicine, 2016 

a 

b 



 

25 

 

5.3.3. HLA- class I knockdown is stable in generated MKs 

 

As above explained, we achieved a significant reduction of HLA class I protein expression on 

the cell surface by downregulation of β2m transcript levels in iPSCs. In addition, the 

silencing has to remain stable during the differentiation process for a possible clinical 

application. On day 19 of differentiation, we observed a mean reduction of HLA class I 

expression of 65% on shβ2m-expressing MKs compared to shNS-expressing or non-

transduced MKs (Fig. 7). These results show the possibility to generate HLA-universal iPSC-

derived MKs, whose HLA class I downregulation remains effective during the differentiation 

process. 

 

 
Figure 7: HLA class I expression during differentiation process 
Flow cytometry analysis of HLA class I surface expression after staining with the HLA-specific antibody 
w6/32. Days 12, 19 and 26 are shown for non-transduced, shNS- and shβ2m-expressing MKs. Mean 
and SD were detected using three independent experiments (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05). The 
graph presents HLA-universal MKs to remain silenced for HLA class I.  
 

 

 

 

5.3.4. Generation of HLA-universal PLTs 

 

The PLT population was identified by the typical PLT markers CD41 (GPIIb), CD42a (GPIX) 

and CD61 (GPIIIa). The CD41
+
 population was selected and analyzed for the percentage of 

CD42a
+
CD61

+
 co-expression. At day 26 we successfully detected frequencies by up to 80.7 

± 11.5% of CD42a
+
CD61

+
 PLTs derived from shβ2m-expressing MKs (Fig. 8a and b). In the 

differentiation cultures of shNS-expressing or non-transduced MKs CD42a
+
CD61

+
 PLT 

frequencies by up to 77.0% ± 11.0% and 69.6% ± 20.6% were detectable.
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Figure 8: Generation of HLA-universal PLTs 
(a) The graph shows a iPSC-derived PLT population analyzed for the percentage of CD42a/CD61

+
 

expression. PLTs derived from non-transduced, shNS-expressing and shβ2m-expressing MKs were 
observed on days 19, 26 and 33. Presented are means and SD of four independent experiments. 
(b) Analysis was performed with PLTs differentiated from non-transduced, shNS-expressing and 
shβ2m-expressing iPSCs at days 19, 26 and 33. Representative plots are taken for each time point 
and condition showing a iPSC-derived PLT population selected positive for CD41, analyzed for the 
percentage of CD42a/CD61

+
 co-expression. 
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5.3.5. HLA-universal PLTs are functional 

 

To examine the functionality of HLA-universal PLTs derived from iPSCs, we stimulated them 

with the classical PLT agonists ADP and thrombin, observing their responding ability to 

extracellular stimuli. PLTs differentiated from shβ2m-expressing iPSCs upregulate the 

expression of CD62P significantly (43.5% ± 7.8%; p ≤ 0.01) after activation compared to the 

CD62P expression status before stimulation (15.3% ± 0.35%). Non-transduced and shNS-

expressing PLTs present similar CD62P expression (30.5% ± 4.6 and 30.5% ± 5.6%) after 

stimulation (Fig. 9a and b). 
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Figure 9: HLA-universal PLTs are functional.  
(a) Graph shows frequencies and upregulation of CD62P (P-selectin)-expression of non-transduced, 
shNS-expressing and shβ2m-expressing PLTs before and after stimulation with ADP and thrombin. 
For mean and SD of CD62P percentages we performed three independent experiments. ***p ≤ 0.001, 
**p ≤ 0.01. (b) Flow cytometry analysis of CD62P frequency upregulation after stimulation with ADP 
and thrombin, comparing PLTs derived from non-transduced iPSCs, shNS-expressing iPSCs and 
shβ2m-expressing iPSCs. 
 
 
 
 

In addition, we observed HLA-universal PLTs forming aggregates after stimulation with ADP 

and thrombin (Fig. 10). In summary, PLTs derived from HLA-universal iPSCs are functional.  

 
 

 
 
 

 
 

 
 

Figure 10: HLA-universal PLTs aggregate after stimulation 
Fluorescence microscopy images of PLTs before and after activation with PLT agonists ADP and 
thrombin, exemplary shown for PLTs derived from iPSCs expressing a β2-microglobulin specific 
shRNA (shβ2m). PLTs were either stained with FITC-conjugated anti-CD61 (GPIIIa) antibody (green) 
or with APC-conjugated anti-CD61 antibody (red). 

 

 

 

5.3.6. HLA-universal MKs are less targeted by antibodies in CDC 

 

The human iPSC line hCBiPSC2, which was used for the differentiation process, was 

genotyped for HLA-A*02 and HLA-A*29. To show the ability of HLA-universal MKs to escape 

antibodies specifically targeting the genotyped HLA antigens, we performed an antibody-

mediated complement-dependent cytotoxicity assay. Therefore MKs were incubated with 

specific anti-HLA-A*02 and anti-HLA-A*29 antibodies, whereby anti-HLA-A*23/24 antibodies 

were used as control. By using the non-specific control antibody anti-HLA-A*23/24 a mean of 

cell lysis rate of 4.2% was detectable in non-transduced MKs. In the presence of anti-HLA-

Non-activated Activated (ADP+Thrombin) 

shβ2m 

Börger, Eicke, Wolf et al., Molecular Medicine, 2016 



 

29 

 

A*02- and anti-HLA-A*29-antibodies cell lysis rate increased to 13.3% and 16.2%. 

Comparable to this result, cell lysis rate of shNS-expressing MKs increased to 17.4% using 

the anti-HLA-A*02-antibody and 13.4% using the anti-HLA-A*29-antibody. We successfully 

observed, that in presence of specific anti-HLA-antibodies, cell lysis rates of shβ2m-

expressing HLA-universal MKs were similar to those in presence of the non-specific antibody 

(Fig.11). In summary, it can be said that HLA-universal MKs have the capacity to escape 

antibody-mediated CDC. 

 

 

 
 
Figure 11: HLA-universal MKs escape antibody-mediated CDC 
Complement-dependent cytotoxicity (CDC) assay was performed with non-transduced as well as 
shNS-expressing and shβ2m-expressing MKs. Shown frequencies of cell lysis were measured by flow 
cytometry after use of specific antibodies anti-HLA-A*02 or anti-HLA-A*29 (iPSCs were genotyped for 
HLA-A*02 and anti-HLA-A*29) and anti-HLA-A*23/24, used as negative control. The graph represents 
means and SD of three independent experiments. *p ≤ 0.05. 
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6. Discussion 
___________________________________________________________________ 

6.1. Generation of functional iPSC-derived MKs and PLTs 

 

Momentarily, transfusion of PLT concentrates is the most efficient therapy for 

thrombocytopenia-induced hemorrhage
37

. Anyway, transfusion of PLT concentrates is still 

completely donor-dependent. Associated with an ageing population, PLT demand is 

expected to significantly increase. The necessity of voluntary donations will make it difficult 

to cover the requirements
74

. In conclusion, it is necessary to explore and establish alternative 

PLT sources. Therefore, our group and others searched for alternative cell sources and 

established strategies and protocols for in vitro production of PLTs. Promising cell sources 

for the in vitro generation of PLTs are human embryonic stem cells (hESCs)
44

 and human 

induced pluripotent stem cells (hiPSCs), since they are donor-independent and potential 

unlimited
45

. The origin of hESCs is a remaining ethical dilemma, wherefore hiPSCs were 

preferred in our experiments and were proved to be a suitable and well-expandable source 

for the establishment of a protocol for the generation of iPSC-derived MKs and PLTs. In this 

study, iPSC-derived PLTs are generated in defined, xeno- and feeder free conditions, 

suitable to facilitate their transfer into clinical application. The generated PLTs were shown to 

be fully functional in stimulation assays using ADP and thrombin as agonists. We observed 

iPSC-derived PLTs forming aggregates and expressing CD62P after stimulation with ADP 

and thrombin.  

 

6.2. Generation of HLA-universal PLTs 

 

Anyway, transfusion of PLT concentrates is associated with risks such as side effects and 

immunologic reactions. PLT transfusion refractoriness, basically defined as an inappropriate 

PLT count increment after transfusion
50

, can lead to hemorrhagic events. As the most 

important immune cause for refractoriness, alloimmunization against PLT antigens can be 

seen. To improve the management of PLT refractoriness, blood banks for HLA-matched or 

cross-matched PLTs are suggestive, but cost-intensive and difficult to implement due to the 

availability. Furthermore, it seems that up to 50 % of severe alloimmunized patients remain 

refractory after HLA-matched PLT transfusion
75

. In this context, generation of HLA-universal 

PLTs is a solution to prevent the serious clinical condition of PLT refractoriness. As 

previously described by our group, HLA-universal PLTs are competent to escape 

refractoriness conditions in vivo
58

. Similarly to these preliminary findings we have shown the 
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ability of HLA-universal iPSC-derived MK and PLTs to escape antibodies specifically 

targeting the genotyped HLA antigens in the antibody-mediated complement-dependent 

cytotoxicity assay. This reveals the capacity of HLA-universal PLTs to survive under PLT 

transfusion refractoriness conditions, implying that silencing HLA expression provides 

protection against HLA-specific alloimmune reaction. According to our findings, HLA 

silencing is preferable in comparison to a complete HLA knockdown in iPSCs, since a 

residual HLA class I expression seems to be needed for the prevention of NK cell 

cytotoxicity
76

. Encouragingly, differentiation capacity of iPSCs into fully functional MKs and 

PLTs is not affected by silencing HLA class I expression. A significant reduction of HLA class 

I antigens is still observable in iPSC-derived MKs and PLTs, respectively. 

 

6.3. Transfusion of HLA-universal PLT-precursors 

 

A feasible strategy to circumvent PLT transfusion for the treatment of thrombocytopenia-

induced hemorrhage is the application of MKs as PLT-precursors
77

. Fuentes et al. 

demonstrated that infusion of MKs resulted in increased PLT numbers in transfused mice. 

PLTs have shown a normal phenotype, presented typical surface markers and were 

demonstrated to be functional
14

. Limitations of this method consisted in the difficult ex vivo 

harvesting and expansion of MKs, which complicated the possibility of clinical application. 

Encouragingly, our protocol for the generation of plenty HLA-silenced MKs in vivo shows to 

be a good starting point for further trials. Lately, we indicated the ability of transfused HLA-

silenced iPSC-derived MKs to generate PLTs in a mouse model
78

. No side effects were 

detected and MK transfusion was observed to be well tolerated by the mice. In conclusion, 

MK transfusion can be seen as a feasible strategy to circumvent PLT transfusion. 

 

Interestingly, in the introduced mouse model iPSC-derived MKs were not detectable in the 

lung
78

. Different studies demonstrated, that infused MKs emigrate to the lung, releasing 

PLTs into the pulmonary vasculature
13,14

. Our results suggest, that MK-derived PLTs are 

generated in the peripheral circulation. Anyway, further assays and studies are needed to 

examine the exact mechanisms. 

 

In conclusion, this study demonstrates the efficient generation of iPSC-derived HLA-silenced 

MKs and PLTs in defined, xeno- and feeder free conditions. HLA- universal MKs and PLTs 

have the feasibility to become a respectable source for the treatment of alloimmunized 

thrombocytopenic patients and for further investigations leading to a clinical application. 
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6.4. Large-scale production of PLTs 

 

One of the hurdles left to overcome is the large-scale production of PLT numbers sufficient 

enough for the stable clinical application. Despite various achievements in the field of in vitro 

generation of MK- and PLTs no clearly evident path of large-scale PLT- production is 

available in the long term yet. The sufficient 2D in vitro production of PLTs is hardly 

practicable economically so far
79

 due to e.g. the restricted surface to volume ratio of 2D 

culturing systems and the expenditure of time needed for the manual passaging
80,81

. Leaving 

the field of static cultures a variety of fluidic 3D culturing systems in the sense of bioreactors 

for the large-scale production of PLTs from MKs derived from a variety of cell sources have 

been developed over the past years and decades
67

. Since the first descriptions of ex vivo 

bone marrow reconstruction
66

 multiple technical approaches have been achieved. During the 

evolution of PLT manufacturing bioreactor designs promising technical advances have been 

made through the better understanding of in vivo PLT release and production, e.g. by 

revealing the shear stress dependence of PLT production
68,69,70

. One of the latest bioreactor 

models by Blin et al. enabled the production of a large amount of fully functional PLTs with a 

high throughput of millions of MKs while exposing them to a high shear rate of 1,800/s
82

. In 

2016, Avanzi et al. used a bidirectional flow with a shear stress up to 70/s producing a 

clinically relevant scale of PLTs derived from human cord blood CD 34
+
 cells

83
. A small-sized 

PLT bioreactor-on-a-chip was introduced by Thon et al. in 2014
84

. Various complex 

physiological parameters including vascular shear tress, bone marrow stiffness, extracellular 

matrix composition and endothelial cell contacts were mimicked despite the small size of the 

bioreactor
84

. Abovementioned studies highlighted only a few examples of the latest 

achievements in PLT manufacturing technology by using a 3D system. 

Recently, our group showed the feasibility to produce high numbers of iPSC-derived MKs 

with microcarrier beads-assisted stirred bioreactors, leading to a production of 18.7 x 10
7 

MKs per 50 ml medium
85

. These iPSC-derived MKs were able to produce PLTs in vitro and 

in vivo in a mouse model, which provides a further opportunity to produce large numbers of 

MKs and PLTs in a scalable and standardized way
85

. 

 

6.5. Remaining obstacles in large-scale PLT manufacturing 

 

Nevertheless, there are still some hurdles to overcome. The presupposition for the efficient 

and affordable manufacturing of PLTs for clinical application is the transfer of research and 

laboratory achievements to commercial production conditions to meet the requirements and 

the demands of transfusion and regenerative medicine. A synopsis of feasible upcoming 
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milestones of bioreactor adaption for the commercial use is described by Thon et al. in 2017, 

for instance
86

. The enumeration includes e.g. automation of bioreactor flow control, use of 

biocompatible scalable materials and restriction of used media and cytokines in order to 

reduce costs. 

All in all, some day the stable and efficient use of technical optimized bioreactors will enable 

a large-scale production of universal platelets leading to a wide range of opportunities in the 

field of blood pharming. 

 

6.6. Clinical application 

 

Since ex vivo production of higher PLT amounts is limited so far, clinical studies focused on 

transfusion of in vitro generated MKs for clinical trials
87

. First transfusion of in vitro produced 

CD 34
+
 cell derived megakaryocytic progenitors to autologous recipients proceeded in 

1997
88

. In most of the patients a single allogeneic platelet transfusion was sufficient enough, 

since a positive correlation between rising doses of MK progenitor infusion and PLT recovery 

was observable. Adverse reactions or bacterial contaminations have not been observed in 

the study. Likewise, ABO- and HLA- matched megakaryocytic progenitor cells derived from 

cord blood were infused to 24 patients with advanced hematological malignancies in a phase 

I clinical trial by Xi et al. in 2012
89

. The primary end point was to evaluate safety and 

tolerance of infused megakaryocytic progenitors. Encouragingly, no adverse effects and no 

acute or chronic GVHD within one year of follow-up were observable at infused 

concentrations of up to a median value of 5.45 × 10(6)cells/kg of body weight. However, in 

the absence of platelet transfusion, platelet recovery was prompt in only 12 patients on day 

three
89

. 

Momentarily, a number of clinical trials are remaining, e.g. a phase I trial initiated by Eto et 

al. testing immortalized megakaryocyte progenitor cell lines (imMKCLs) from PSC-derived 

hematopoietic progenitors for their ability to produce PLTs in vivo
90,91

. Certainly, various trials 

are needed in the upcoming years to evaluate safety, tolerability and functionality of MK- 

(progenitor) and PLT- infusion for clinical application. However, so far described and other 

studies show the feasibility of using in vitro generated MKs and PLTs as an alternative 

product to donor-depending blood donations. 
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6.7. Tissue engineering and future outlook 

 

Observing optimized manufacturing and expansion conditions for iPSCs and iPSC-

differentiation, we are one step closer to the future of sufficient in vitro production of 

platelets. Blood pharming is one major key to support and replace donor-dependent blood 

donations in the future. In general, HLA variability remains a hurdle to the application of 

allogeneic cellular products. By HLA-silencing in vitro produced cells, HLA-associated 

complications of in vitro produced platelet transfusions can be avoided. Furthermore, HLA-

silencing of cell sources can create further opportunities for the field of tissue engineering.  

Though tissues and organs are containing different cell types and consist of a variety of 

layers, a generation of HLA-universal tissues is imaginable. In an assay to transfer the 

concept of HLA-silencing to tissue transplantation, our group generated a HLA-universal 

endothelial cell layer of a cornea
60

. Since the endothelium is the main attachment point 

between donor and recipient in solid organ, HLA-silencing of cells in the organ endothelium 

during reperfusion is supposed to lower and delay the allogeneic immune response
60

. The 

reduction of immunosuppressive therapy would be feasible in this scenario, leading to lower 

adverse side effects of immunosuppression regimens for patients.  

Also other application possibilities of HLA-silenced cells and HLA-universal endothelial cells 

particularly are feasible. In 2014, Wiegmann et al. described the successful HLA class I 

expression silencing of allogeneic human cord blood derived endothelial cells (HCBEC) for 

the coating of gas exchange membranes in the structure of a biohybrid lung
92

. This study is 

an encouraging example for the use of HLA-universal cells in bioartificial organ engineering 

as an alternative to donated organ transplantation. A further interesting application area is 

the field of vascular tissue engineering. Low immunogenic endothelial cells from peripheral 

blood and umbilical cord blood and vein were generated previously in cooperation with our 

group for the generation of tissue-engineered vascular grafts as an alternative to native 

vessels and tissue-engineered vascular grafts containing autologous cells
93

. In summary, 

these studies describe only a few potential application possibilities for HLA-universal cells in 

the promising field of tissue engineering. 

Although the generation of HLA-universal organs is still a vision, the concept of HLA-

silencing to circumvent immunogenicity of cells and tissues will make universal tissue 

engineering feasible one day. 
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6. Summary 
___________________________________________________________________ 

 Currently, transfusion of platelet (PLT) concentrates is considered to be state of the art for 

the treatment of thrombocytopenia. However, since the availability of PLT concentrates is 

completely dependent on volunteer donors the expected growing demand of transfusions is 

expected to be a major issue in the future. This situation is aggravated by the demographic 

change, difficult storage conditions of PLT concentrates and a limited shelf-life of only 5 

days. Furthermore, PLT transfusions are accompanied by risks such as bacterial 

contamination, infections and immunological reactions. A promising attempt to cover the PLT 

transfusion demand is the ex vivo PLT and PLT precursor production from stem cells. 

However, an additional issue in multitransfused patients is the life-threatening condition of 

PLT transfusion refractoriness, mostly caused by alloantibodies specific for human leukocyte 

antigen (HLA) class I epitopes. In this study, we have silenced the HLA class I expression to 

generate HLA-universal induced pluripotent stem cells (iPSCs), applicable as a renewable 

stem cell source for the generation of low immunogenic cell products. HLA class I 

expression was downregulated up to 82 %. Encouragingly, silencing remained stable during 

iPSC cultivation. Moreover, we successfully generated HLA-universal iPSC-derived 

megakaryocytes (MKs) and platelets in vitro by using a protocol with xeno- and feeder-free 

conditions for MK- and PLT-differentation. On day 19, differentiation rates of HLA- universal 

MKs and PLTs with means of 58 % and 76 % were observed, respectively. IPSC-derived 

MKs showed polyploidy with DNA contents higher than 4n, were able to form proPLTs and 

produce PLTs. Differentiated PLTs were observed to be fully functional. Remarkably, HLA-

universal MKs remained silenced for HLA class I expression and were able to escape 

antibody-mediated complement- and cellular-dependent cytotoxicity.  

All in all, in this study we generated fully functional HLA-universal iPSC-derived MKs and 

PLTs in good manufacturing practice (GMP)-compatible conditions. In vitro produced low 

immunogenic MKs and PLTs may become a feasible strategy to circumvent donated PLT 

concentrates some day and set a cornerstone to the promising field of blood pharming.
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11. Erklärung zum Eigenanteil der Arbeit 
 
 
Ich wurde um eine Stellungnahme bezüglich des Eigenanteils der Ergebnisse zu 
meiner Dissertation „Differenzierung von HLA-universellen induziert-

pluripotenten Stammzellen zu Thrombozyten“ gebeten, welche ich Ihnen hiermit 
gerne einreiche. 
 
Zur besseren Übersicht gliedere ich die Angaben zu den jeweiligen Eigenanteilen 
entsprechend den Kapiteln des Ergebnisteils. 
 
5.1. Culture of HLA-universal iPSCs 
Die Testung der verschiedenen Kulturbedingungen wurde größtenteils durch mich 
durchgeführt. Dies umfasst den Vergleich der Coatings, die letzten Endes zum 
Laminin-521 als Präferenz geführt haben sowie das Testen der Kulturmedien 
StemMACS, mTeSR-1, Nutristem. Zellkolonien in E8 medium und hPSC Growth 
Medium DXF wurden initial durch Frau Gras und Frau Aufderbeck betreut. 
 
5.2. Generation of HLA-universal iPSCs 
 
Die Transduktion mit lentiviralen Vektoren zur Generation der HLA-universellen iPSC 
wurde durch eine Kollegin durchgeführt. Die Testungen der HLA class I- 
Expressionen über die Zellpassagen per Durchflusszytometrie wurden von mir 
durchgeführt, im Einzelnen unterstützt durch Frau Eicke. 
 
5.3.1. Low Attachment protocol 
 
Die Testung der verschiedenen Varianten dieses Alternativprotokolls wurde durch 
mich durchgeführt. 
 
5.3.2. Generation of HLA-universal MKs 
 
Die Erstellung des Differenzierungsprotokolls für die Differenzierung von 
Megakaryozyten und Thrombozyten aus induziert-pluripotenten Stammzellen war 
meine Aufgabe, mit der Unterstützung meiner Betreuerin, Frau Gras. Ebenso 
schließt dies die Differenzierungen und Versorgung der vielen Kulturen über die 
gesamten jeweiligen Zeiträume (33 Tage pro Einzelkultur) ein. Dies schließt auch die 
jeweilige Phänotypisierung per Durchflusszytometrie zu den angegebenen 
Zeitpunkten ein. 
Parallele Differenzierungsansätze mit dem gleichen Protokoll wurden durch Frau 
Börger und Frau Eicke versorgt und entsprechend auch durch die genannten 
Kolleginnen der Durchflusszytometrie zugeführt. 
Die weitere Beobachtung und Dokumentation der Charakterisierungszeichen 
(Polyploidiedokumentation per Fluoreszenzmikroskopie, Aufnahme der pro-platelets) 
wurde durch mich durchgeführt, die Aufnahmen der pro-platelets unterstützte Frau 
Gras. Die Propidium Iodid-Färbungen führte ich durch. 
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5.3.3. HLA- class I knockdown is stable in generated MKs 
 
Die Dokumentation der HLA-class I- Expression per Durchflusszytometrie erfolgte 
durch mich, im Einzelnen unterstützt durch Frau Eicke. 
 
5.3.4. Generation of HLA-universal PLTs 
 
Der Eigenanteil entspricht dem der Megakaryozyten-Entwicklung.  
 
 
5.3.5. HLA-universal PLTs are functional 
 
Die Funktionalitätstestung der Thrombozyten per ADP und Thrombin wurden jeweils 
zur Hälfte von mir und zur Hälfte von Frau Eicke durchgeführt. Die Aufnahmen per 
Fluoreszenzmikroskopie unterstützte Frau Gras. 
 
 
5.3.6. HLA-universal MKs are less targeted by antibodies in CDC 
 
Die CDC-Assays wurden durch mich durchgeführt. 
 
 
 
 
Bezüglich der aufgeführten Abbildungen sind in sämtlichen Graphiken meine Daten 
enthalten. Zusätzlich mit eingeflossene Daten (wie z.B. durch die verschiedenen 
Differenzierungsansätze der Stammzellen sowie die anschließende FACS-Analyse) 
durch Frau Börger und Frau Eicke sind wie oben genannt. 
 
Für die Testung der Megakaryozyten im Mausmodell stellte ich nur die 
differenzierten Zellen zur Verfügung und war nicht am Mausversuch selbst beteiligt, 
daher findet sich der Mausversuch nur im Diskussions- und nicht im Ergebnisteil 
meiner Arbeit. 
 
 
Celle, den 22.07.2020 
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Christina Wolf 

 
 


