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Abstract

Platelets are generated by specialized cells called megakaryocytes (MKs) throughout
embryonic development and adulthood. In adult bone marrow, MKs form and release
proplatelets into circulation which mature into functional peripheral platelets. However,
platelet generation in embryos is not fully understood. This is due to limitations of existing
mouse models, challenges in handling fragile embryonic structures and lack of suitable
imaging methods. Our goal was to assess the physiological generation of platelets in

embryos.

We used flow cytometry to globally assess the different components of embryonic
megakaryopoiesis and thrombopoiesis. We quantified platelets in embryonic blood and
MKs in the fetal liver from wild type mice and mouse models of absent definitive
hematopoiesis with c-Myb deficient embryos, and deficient megakaryocyte differentiation
and thrombocytopenia with NFE2 deficient embryos. We found a dramatic increase of
platelet count from E13.5 to E14.5, which could be the result of an observed strong
increase in absolute MK number and further maturation with increasing fetal liver MK
ploidy. Embryos with absence of c-Myb showed normal peripheral platelet count and MK
numbers in fetal liver, although MKs had an immature phenotype. This finding suggests
that megakaryopoiesis and thrombopoiesis in the fetal liver could be of dual original from
yolk sac progenitors and later definitive hematopoietic precursors. Moreover, the master
regulator of MK differentiation, NFE2, appeared to have also a role in embryonic
thrombopoiesis. NFE2 deficient embryos presented with thrombocytopenia and increased

numbers of apparently less mature MKs.

Second, we developed a highly advanced protocol for direct visualization of embryonic
thrombopoiesis in vivo over time by adapting multiphoton intravital microscopy (MP-IVM)
in the fluorescent thrombopoietic reporter mouse model Rosa26 mTmG x Pf4 Cre. We
imaged directly platelet generation from MKs in the yolk sac and fetal liver identifying
various types of proplatelets at different stages of embryonic development. We found that
fetal liver MKs had higher thrombopoietic activity than yolk sac MKs. Embryonic platelets

were released from MKs either by proplatelet or by membrane bud formation. Membrane
11



bud formation seemed to be the predominant form of platelet generation.

Our modified embryonic flow cytometry protocol and our novel three-dimensional MP-IVM
protocol can be applied for studies of thrombopoiesis, hematopoiesis and other dynamic
developmental processes. Comprehending the underlying mechanism by which
embryonic platelets are generated could be critical to develop novel therapeutic strategies
for congenital defects of hematopoiesis and thrombopoiesis such as neonatal
thrombocytopenia. Our work could help to foster embryonic disease modeling beyond the

hematopoietic system.
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1. Introduction

1.1 Embryonic platelet function

Platelets are a crucial component of hemostasis in mammals. In adults, they are key
players for hemostasis and wound healing [1]. Platelets interact with leukocytes and
components of the coagulation system in close proximity to the vessel wall under
inflammatory conditions, mediating a complex process termed thromboinflammation [2].
Furthermore, they can contribute to immunity, infection control, but also cancer

development [2-5].

Presumably, platelets have a different structure, size and function in embryos. Embryonic
platelet functions are probably diverse, but less understood. Known examples are
hemostasis upon injury and bleeding [6], development of lymphatic and venous vessels

[7] and closure of ductus arteriosus [8].

There is lack of data how megakaryocytes (MKs) are generating embryonic platelets. Our
goal is to define the physiological process of platelet generation in the embryo and

compare its properties to canonical platelet generation in the adult bone marrow (BM).

1.2 Thrombopoiesis in bone marrow
In adult mice, platelets are produced by MKs in the bone marrow (BM). Besides, platelet

production could also be allocated to the lungs under thrombocytopenic conditions or
inflammation [9]. Megakaryopoiesis means the process through which megakaryocytes

are derived from hematopoietic stem cells (HSCs), mainly in the BM [10].

In steady state of hematopoiesis, megakaryocytes are derived through a series of
multipotent progenitor (MPP), common myeloid progenitor (CMP), and megakaryocyte-
erythroid progenitor (MEP) cells [11, 12]. MEP give rise to erythroid progenitors and
unipotent megakaryocytic precursors [13, 14]. These diploid MK progenitors will perform

sequential rounds of DNA replication in the absence of cell division, resulting in DNA

13



ploidy ranging from 2N to 128N [15]. This process is paralleled by growth of cell dimension
and protein levels. Finally, long extensions of the cytoplasm develop and are shed as
platelets into the circulation, which is the major form of platelet generation in the adult BM
[16].

In detail, mature MKs move near to the BM vascular sinusoids [17] and proplatelet-like
structures have been observed extending from MKs through junctions in the lining of blood
sinuses and therefore circulation [18]. Proplatelets have periodic platelet-sized swellings,
which will become mature platelets into circulation [19]. Moreover, Nishimura et al.[20]
showed that platelet release from megakaryocytes can be induced by interleukin-1a (IL-
1a) via a new rupture mechanism, which yields higher platelet numbers under stress

conditions.

1.3 Embryonic hematopoiesis and thrombopoiesis

1.3.1 Primitive and definitive hematopoiesis

Embryonic blood cell formation first occurs within the yolk sac (YS), where primordial red
blood cells and several classes of colony-forming units (CFUs)/hematopoietic progenitor
cells (HPCs) are found [21]. HSCs of the early stage originate within the major arteries of
the developing embryo, including the dorsal aorta, the vitelline and umbilical arteries [22].
HSCs are also found in the YS and placenta by E11.5 [23, 24]; nonetheless, it is still
unknow if this occurs through de novo generation within these structures or through inward
migration. Derived from mesoderm, hemogenic endothelium (HE) contributes to primitive

and definitive hematopoietic lineages [25].

HSC-independent hematopoiesis consists of two waves of hematopoietic progenitors that
emerge in the YS [26]. As shown in Figure 1.1, the first, ‘primitive’ wave contains of
primitive erythroid, megakaryocyte, and macrophage lineages. The second,
‘erythromyeloid progenitor’ (EMP) wave consists of definitive erythroid, megakaryocyte,

macrophage, neutrophil, as well as mast cell lineages [27].
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Figure 1.1 Hematopoietic ontogeny scheme of the embryo
Adapted from Palis J, 2016 [27]

HSCs rise from the aorta in the aorta-gonad-mesonephros (AGM) region as well as from
other large arterial vessels of the embryo. Some HSCs associated with the main
embryonic vasculature are derived from YS precursors [28]. Commonly, both EMP and
HSC arise from the HE [27]. HSCs migrate to the fetal liver (FL) [29], where they undergo
massive expansion and form the definitive hematopoietic lineages; by E16.5, they begin
to colonize the BM. In the BM, they will reside, self-renew and produce a continuous
supply of all blood lineages throughout adult life [25]. Apparently, the FL is a site of
hematopoietic cells from both primitive and definitive origin, which is presumably also the
case for megakaryopoiesis and thrombopoiesis. The relative contribution of both origins
to total blood cell populations is still unknown.

1.3.2 Embryonic megakaryopoiesis and thrombopoiesis

The first circulating platelets in the embryo are provided by primitive megakaryocytes [30],
which have a common progenitor with primitive erythrocytes in the YS [31]. At the
beginning, megakaryocyte-erythrocyte progenitors (MEPs) differentiate into MK

progenitor cells [13]. The first MK wave is detected in the YS, and characterized by the
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occurrence of diploid MKs [13]. MKs with higher ploidy are uncommon at this
developmental age. The second wave of hematopoiesis in the YS, and subsequently FL,

gives rise to MKs that are able to polyploidize, but are still smaller than adult MKs [16].

Previously, platelet biogenesis was believed to be a uniform, canonical process in the
adult BM and in the FL, meaning that MKs shed long proplatelets into the vasculature [16].
In fact, compared with adult thrombopoiesis, embryonic thrombopoiesis is less
understood. Some studies indicated the proportion of reticulated platelets of total platelets
is higher in contrast to the adult organism [32, 33], which could indicate a different form of
thrombopoiesis in the embryo. As such, dynamic development of MKs and their mode of
embryonic platelet production has not been studied in detail but could help understand
the potential differences between embryonic and adult thrombopoiesis. When and how
exactly thrombopoiesis emerges and proceeds in the embryo are unanswered questions.
Understanding the mechanism by which platelets are generated is critical and could lead
to novel strategies for the treatment of fetal or congenital diseases such as fetal

thrombocytopenia [34, 35].

Importantly, the methodologies used in previous studies have significant limitations with
regard to the observation and tracking of embryonic MKs and platelets. To better
understand how platelet production proceeds in the embryo, we studied imaging methods
for visualization and quantification of embryonic MKs and platelets in vivo.

1.4 Fetal liver development

As early as E8, the murine hepatic lineage is occurring in a portion of the ventral foregut
endoderm adjacent to the developing cardiac structures. While the embryo develops, the
endoderm forms a gut tube and the primordial liver structure moves to the midgut. The
liver diverticulum forms by E9 and expands into a liver bud by E10 [36]. During this period,
it is colonized by hematopoietic cells to become the major fetal hematopoietic organ. The
liver expands as embryo develops. By E15, hepatoblasts are differentiating into both

hepatocyte and biliary cells [36, 37].
16
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Figure 1.2 Schematic presentation of mouse liver development
(Adapted from Zorn, 2008 [36] ) Yellow, endoderm tissue; red, liver; green, gall
bladder.

At the end of prenatal stage, HSCs migrate from FL to BM and they reside there
throughout adulthood [38, 39]. The first functional long-term HSCs (LT-HSCSs) in the FL
can be found by 17.5 dpc (days post coitum) in mice [23, 38].

1.5 Influence of c-Myb on embryonic hematopoiesis

The c-Myb gene is essential for the development of definitive hematopoiesis in the
embryo. c-Myb was originally identified as an oncogene in two avian retroviruses that
induce leukemia [40, 41]. There are many studies investigating in vitro the function of c-
Myb, indicating that c-Myb is essential for the survival, proliferation as well as
differentiation of hematopoietic cells [41, 42]. It’s in vivo role for embryonic hematopoiesis
has been also studied. At E13, c-Myb deficient embryos appeared normal, which
suggested that c-myb is not essential for early hematopoietic development. By E15,
however, the mutant mice were severely anemic. These c-Myb deficient embryos died
thus due to lack of successful development of erythroid and myeloid lineages [43].
Importantly, overexpression of c-Myb constrains the differentiation of erythroid and

myeloid cell lines [41, 44].
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The role of c-Myb for thrombopoiesis, especially in the embryonic setting, is little
understood. c-Myb hypomorphic adult mice show higher MK progenitor numbers, while
early HPCs tend to differentiate into MKs [45, 46]. Accordingly, hypomorphic mutations of
c-myb can induce MK expansion in the fetus and more thrombocytosis in adults [45, 47,
48]. However, the MKs that develop in c-Myb deficient mice display a reduction in ploidy
[31, 46]. Moreover, the mechanisms of such effect it is not clear yet. This could due to

defects in maturation/differentiation as well as the cell cycle being altered [41].

1.6 Influence of NFE2 on embryonic hematopoiesis

The nuclear factor-erythroid 2 (NFE2) transcription factor was identified over 30 years ago
as a critical regulator for globin gene expression [49]. In mice, NFE2 is expressed in
hematopoietic tissues, for example FL, adult BM, and spleen [50]. On a cellular level,
NFE2 is mainly expressed in hematopoietic cells, including erythroid cells,

megakaryocytes, and mast cells [51-53].

NFEZ2 is very critical in regulating MK biogenesis and function [49]. In MKs, NFE2 is
important for maturation, transcriptional regulation, and platelet biogenesis [49, 54].

Transcription factor RUNX1 targets NFE2 and co-regulates MK [55]. In addition to
transcriptional regulation of genes involved in platelet biogenesis, NFE2 can increase the
accumulation of intracellular reactive oxygen species (ROS) [49, 56]. ROS can distinctly
regulate MK proliferation, differentiation, and maturation through influencing

microenvironment of the BM vascular niche and osteoblastic niche [57].

NFE2 knockout mouse were essential to elucidate the function in vivo. NFE2 knockout
mice lack circulating platelets, i.e., suffer from absolute thrombocytopenia. This leads to
the death of more than 90 % of NFE2-deficient pups because of peri/postnatal bleeding;

their MKs show no cytoplasmic platelet formation [58].

Interestingly NFE2 knockout mice that survive into adulthood do not die of hemorrhage or

show syndromes of bleeding, even though they lack almost completely peripheral
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platelets [58]. Accordingly, those mice have a severe deficiency in proplatelet production
[59]. Since they suffer from absolute thrombocytopenia but are otherwise viable if
surviving the perinatal period, other important factors of the coagulation system are likely

to compensate for this failure.

Although anemia was observed intermittently in surviving adult NFE2 knockout mice,
these mice appeared otherwise normal in other organ functions. Both sexes were fertile
[58]. However, the role of NFE2 for embryonic thrombopoiesis is less understood,

especially for early and mid-gestational thrombopoiesis in the FL.

1.7 Influence of thrombopoietin on thrombopoiesis

Kelemen and Tanos defined thrombopoietin (TPO) as a humoral substance responsible
for platelet production [60]. TPO is widely expressed in multiple organs, including liver,
kidney, and smooth muscle [61-63]. It is the main regulator of adult megakaryopoiesis and
thrombopoiesis [64-67].

TPO promotes differentiation of HSCs into the megakaryocytic lineage, in this way
stimulates platelet production [65, 66]. Mice treated with TPO have increased MK
numbers, size and polypoidization in the BM and elevated peripheral platelet level [66].
TPO has similar effect for in vitro BM cell culture. TPO-treated mice show higher
generation of granules, demarcation membranes and cytoplasmic fragmentations, in this

way generated more platelets [62, 68].

There are TPO receptor on MKs and platelets [69], which is known as the
myeloproliferative leukemia oncogene (Mpl) receptor. Mpl receptor binds and internalizes
TPO in situations of thrombocytosis [64, 65]. In thrombocytopenia, low levels of Mpl
receptor expression and therefore decreased TPO clearance facilitate an increase of
thrombopoiesis, as TPO is more abundant. Besides, the Mpl receptor plays a major role
in platelet homeostasis [64, 70].
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Even though TPO is predominantly produced at a constant rate in the liver, its level can
be regulated by platelet level. Folman et al. reported that the plasma TPO level is inversely
proportionate to circulating platelet counts [64]. Interestingly, in NFE2 knockout mice with

absolute thrombocytopenia, TPO level are not elevated. [58].

As a therapeutic agent in humans, TPO has been approved for use in certain patients with
thrombocytopenia [71]. Recombinant human TPO (rhTPO) can effectively stimulate MK

and platelet production after intravenous administration [72].

Whether TPO plays a comparably important role in embryonic thrombopoiesis is
unknown. In addition, it is not reported whether maternal TPO can cross the placenta

barrier thereby influencing fetal platelet biogenesis.

1.8 Intravital real-time imaging with multiphoton microscopy

Although embryonic megakaryopoiesis and thrombopoiesis is studied extensively, it is
limited by restrictions of intravital imaging. The majority of reports use ex vivo methods
such as histological staining or in vitro cell culture to study embryonic megakaryopoiesis
and thrombopoiesis. Obviously, these approaches are insufficient to study real-time and

intravital changes of the embryonic environment.

Multiphoton fluorescence light microscopy was invented by Denk, Webb and coworkers
[73]. This microscopy improved three-dimensional (3D) in vivo imaging of tissues and
organs dramatically. Two-photon excitation is a description of a fluorescence process. In
this process, a single fluorophore molecule got excited and generate two-photons [74].
Compared to single photon excitation, high power infrared lasers are applied to excite
fluorophores with 2 photons with twice the wavelength and half the energy [73, 75, 76].
This method presents several advantages over confocal microscopy. It enables a deeper
penetration depth through the tissue with less photo-bleaching and photo-toxicity.
Besides, it excites the fluorophore uniquely and accurately at the desired focal plane [75].

This helps limiting tissue damage and dramatically increases the viability of biological
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specimens [76].

These properties make multiphoton microscopy an optimal method for in vivo imaging of
living tissues over longer time periods. The combination of multiphoton intravital
microscopy (MP-IVM) and transgenic mice that express cell-specific fluorescence reporter
proteins has facilitated novel studies of pathologic alterations in the mammalian organism
[77]. MP-IVM can be widely used for imaging diverse and complex organ structures and
processes, such as megakaryopoiesis and thrombopoiesis in BM [18, 20] or platelet
generation in the adult lung [9, 17].

To date, in vivo studies investigating thrombopoiesis in the developing mouse fetus are
very incomplete due to the difficult handling and fragility of fetal organs for microscopic
studies. Besides, the mouse embryos are fairly small and strictly depend on maintaining
feto-maternal circulation. All these demands challenge experimental conditions of embryo

live imaging.

We applied MP-IVM to the embryo setting with transgenic fluorescent reporter mouse
strains to establish new imaging methods in murine YS and FL in a 3D, in vivo and real-

time setting.

1.9 Aim of the study

The aim of this doctoral thesis was to study characteristics of embryonic platelet
generation by megakaryocytes in different fetal organs. Therefore, we performed
extensive quantitative analysis of embryonic platelets and MKs in blood, YS and FL over
different stages of murine development to give a global view on embryonic thrombopoiesis
and its components. Furthermore, we used transgenic knock-out mice of c-Myb and
NFEZ2, key transcriptional factors for hematopoiesis and thrombopoiesis, to evaluate their
impact on embryonic thrombopoiesis. We applied advanced intravital real-time imaging
with MP-IVM to give evidence that embryonic thrombopoiesis is a dynamic process with

key differences compared to the adult organism. For this purpose, we had to establish a
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novel murine imaging model to study the dynamic processes of embryonic platelet
formation in vivo. This model and its complex technology enabled us to explore in detall

different modes of platelets generation.
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2. Materials and methods

2.1 Study approval
Animal studies were approved by the local regulatory agency (Regierung von Oberbayern,

Munich, Germany) with project number 55.2-1-54-2532-207-2016.

2.2 Mice
C57BL/6, Pf4-Cre (Stock No: 008535) [78], Rosa26 mTmG (Stock No: 007676)[79], c-

Myb (Stock No: 004757) [43] mice were obtained from The Jackson Laboratory (Boston,
MA, USA). All mice were on C57BL/6 background (after being backcrossed at least 5
generations). NFE2 mice (Stock No: 002767) were generated on a 129/Sv-C57BL/6 strain
background as previously described [4]. The mice were maintained and bred under
specific-pathogen free and fed standard mouse diet. All pregnant animals undergoing
procedures were over 10 weeks old. All mice were sacrificed after each surgery.

2.3 Timed mating and breeding strategy
Embryonic development was estimated as embryonic day 0.5 (E0.5) if a vaginal plug was

present the following morning after mating. Pregnant females were used for subsequent

experiments on indicated time points.

For flow cytometry experiments, we time mated C57BL/6 male and female mice to yield
embryos which served as the control wild type (WT) samples for the embryonic
thrombopoiesis analysis. We mated c-Myb +/- male and c-Myb +/- female mice to
generate homozygous c-Myb -/- embryos. Similarly, we mated NFE2 +/- male and NFE2
+/- female mice to generate homozygous NFE2 -/- embryos. We used homozygous c-Myb
-/- and homozygous NFE2 -/- embryos to investigate the influence of c-Myb and NFE2 on

embryonic thrombopoiesis.

For multiphoton in vivo microscopy, we crossbred Rosa26-mTmG and Pf4-Cre mice to

create Rosa26-mTmG x Pf4-Cre embryos for the use as a fluorescent reporter. Cre
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activity is essential for defining the spatial and temporal extent of Cre-mediated
recombination. Here with mTmG, this double-fluorescent Cre reporter mouse expresses
membrane-targeted tandem dimer Tomato (mT) prior to Cre-mediated excision and
membrane-targeted green fluorescent protein (mG) after excision. Besides, mG labeling
is Cre-dependent [78, 79]. In these mice, mT is expressed in cells without activation of the
Pf4 promoter as red fluorescent protein. mG is expressed in cells with Pf4 promoter
activation as green fluorescent protein. We time-mated male Rosa26-mTmG x Pf4-Cre
and female C57BL/6 mice to generate heterozygous Rosa26-mTmG x Pf4-Cre embryos
expressing the fluorescent marker mTmG under the control of the Pf4 promoter with

concomitant Cre expression.

2.4 Flow cytometry

Fetal liver

Figure 2.1 Schematic presentation of mother animal and embryo processing
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2.4.1 Blood collection, processing, and fluorescence staining
We performed flow cytometry analysis with peripheral blood. As shown in Figure 2.1, full

blood from the mother mice was taken by cardiac puncture with a syringe containing Acid-
Citrate-Dextrose (ACD, containing 39 mM citric acid, 75 mM sodium citrate, 135 mM
dextrose; 1:7 volume). The blood was kept on room temperature for further procedures.
Embryos at specific ages were isolated from pregnant mice. Collection of 2 uL of fetal
blood was performed through lateral neck dissection and added to 98 uL PBS for platelet
and reticulated platelet staining. Platelets within a total volume of 100 puL were stained
with the fluorescent-labelled antibody anti-CD42d-APC (1: 100, Biolegend, San Diego,
USA) for 25 min at room temperature. The sample was then diluted again with PBS to 400
uL. For reticulated platelet staining, 2 L of blood was diluted with 98 pL 4% formaldehyde.
Then the sample was stained with anti-CD42d-APC and thiazole orange (100 ng/ml,
SigmaAldrich, Poole, Dorset) for a further 25 min at room temperature. The sample was
diluted again with PBS to 400 pL.

2.4.2 Fetal liver isolation, processing, and fluorescence staining
The fetal liver was isolated from surrounding tissue by blunt dissection and set aside in a

solution of saline (NaCl 0.9%) on ice (Figure 2.1). With a 5 mL syringe paired with a 20-
gauge needle, the fetal liver was aspirated and expelled several times to dissociate the
tissue mechanically. The dissociated liver was filtered through a 70 pum cell strainer
(Miltenyl Bioec GmbH, Bergisch Gladbach, Germany). The filtered sample was

centrifuged at 300g for 10 min at 4°C. After centrifugation, the supernatant was discarded

and the cells were resuspended in 500 pL PBS for further procedure. 100 pL of cell
suspension were prepared for fetal liver cell number counting with a Neubauer counting

chamber (Paul Marienfeld, Lauda-Kdnigshofen, Germany).

Cell staining and flow cytometry analysis were done as previously described [80]. For MK
fraction assessment, we used 99 uL of the aforementioned cell suspension and stained
the cells with fluorescent-labelled antibodies anti-CD41-FITC (1:100, Thermo Fisher
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Scientific Company, San Diego, USA) and anti-CD42d-APC (1:100) for 30 minutes at 4°C

in dark. Then we washed the cells with 3mL PBS and centrifuged the cells with 300g for

10 min at 4°C. After centrifugation, the supernatant was discarded and the cell pellet was

resuspended with 400 pL PBS. After that the cells were transferred for flow cytometry.

For MK ploidy assessment, we used propidium iodide (PI) (Sigma-Aldrich, Taufkirchen,
Germany) to check the polyploidy extent. In experiment, we first stained 99 pL of cell
suspension with anti-CD41-FITC (1:100) and anti-CD42d-APC (1:100) and washed as
above. Afterwards, we resuspended the cells in 500 pL PBS and fixed the cell suspension
with 500 pL 1% paraformaldehyde (PFA, Pierce, Bonn, Germany) for 10 minutes on ice.

After fixation, cells were washed and resuspended with 500ul DNA staining buffer (1x

PBS + 2mM MgCI2 + 0.05% Saponin + 0.01mg/mL PI + 10U/mL RNase A) overnight at 4

°C. Then, after washing and resuspending with 400 pL PBS, the cells were transferred to

flow cytometric measurement.

2.4.3 Flow cytometry acquisition and analysis of peripheral blood and fetal liver
For platelet counting, 4 x 10% beads (Thermo Fisher, MA, USA) were added and blood

samples were transferred to a flow cytometer (Beckman Coulter, Gallios Flow Cytometer
773231AD). A total of 500 beads were counted. Acquired data sets were analyzed with a
dedicated flow cytometry analysis software (FlowJo LLC, Oregon, USA). Within this
software, platelets were gated and distinguished by forward scatter /sideward scatter
parameters and CD42d expression, as shown in results. Platelet counts were calculated
based on collected volume and counted number of cells. Reticulated platelets were
identified as a subpopulation of platelets exhibiting bright fluorescence with thiazole
orange staining, as shown in results. The fraction of reticulated platelets of the total
platelet population was then multiplied by the total platelet count to give the total
reticulated platelet count.[81] MKs were gated and distinguished by forward scatter
/sideward scatter appearance, CD41 and CD42d expression, as shown in results. Ploidy

analysis was performed as shown in results.
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2.5 Multiphoton intravital microscopy

2.5.1 Experimental setup

o «x (e

&5 Rosa 26-
Q C57BL/6 Timed mating mMTmGxPf4 Cre

Figure 2.2 Scheme of mice mating and experimental setup for yolk sac and fetal
liver live imaging

Timed mating was done with male Rosa 26-mTmG x Pf4 Cre mice and female wild type
mice. Pregnant mice were used for yolk sac (YS) and fetal liver (FL) multiphoton intravital
microscopy (MP-IVM). Embryos at E9.5-11.5 were suitable for YS imaging [82] and
embryos at E13.5-16.5 for FL imaging. Abdominal ultrasound was checked regularly to
monitor pregnancy.

A : placenta; «—: complete yolk sac with embryo inside; ¢: umbilical cord; +: fetal liver.
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2.5.2 Surgical preparation of dams and embryos for yolk sac and fetal liver
imaging

Surgery of pregnant mouse was performed under deep anesthesia by intraperitoneal

injection of midazolam (5 mg/kg body weight; Ratiopharm), medetomidine (0.5 mg/kg

body weight; Pfizer), and fentanyl (0.05 mg/kg body weight; CuraMed Pharma GmbH)

(MMF)

After anesthesia was initiated, the mouse was temporally kept in a sleeping box. For the
experiment, the anesthetized dam was fixed on the surgery plate by tapes fixing her arms
and legs. The surgery plate was placed on a heating stage. MMF was re-injected
intraperitoneally every half an hour to maintain the anesthesia. Eyes were covered with
cream (Bepanthen) to prevent drying. During the subsequent operation, anesthetic depth
was assessed regularly via toe pinch. When deep anesthesia was achieved, the surgical

procedure would start.

The abdominal skin was disinfected with Octenisept spray (Schilke & Mayr, Norderstedt,

Germany). A 1.5 cm skin incision was made on the lateral side of the abdomen, and
subsequently, the underside portion of the peritoneal membrane was cut. For imaging of
embryos, a single uterine horn containing several embryos was carefully exposed and
fixed on a plastic holder with a tissue adhesive (Histoacryl®). Warm saline and ultrasound
gel (SONOSID®) were added continuously to keep the hydration of the exposed uterus
and embryo. The uterine wall was cut, revealing the individual amniotic sacs, each
containing one fetus and the respective placenta. During the whole preparation and
imaging process, the embryo is connected with the mother through the umbilical cord to

maintain its circulation.

For YS imaging, the membranes surrounding the YS were carefully removed and cleaned.
Warm ultrasound gel was added to surround the embryo and YS to assure tissue
hydration. A holder with a coverslip was placed on the top of the exposed YS. For FL
imaging, YS and amniotic sac were cut to expose the fetus. The lateral abdominal skin of
the embryo was removed if it was too thick to reduce the light scattering and improve light
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penetration. Then, the preparation was moved to the microscope. During surgery, the
blood and liquid was absorbed by the tissue and cotton bud in time to avoid blurred
version.

The coverslip holders were customized by 3D printing technology thereby adjusting
coverslip size for the appropriate embryonic age and size. We designed the new holders

using computer-aided design (CAD) software (Autodesk® Fusion 360™), a biocompatible

plastic resin (MiiCraft BV-007A) and a 3D printer (MiiCratft).

Each surgical procedure was documented with the respective project number from the

regulatory agency.

2.5.3 Multiphoton intravital microscopy of yolk sac and fetal liver thrombopoiesis
The stage with the mother and embryo were located under the microscope objective. First,

expression of green fluorescent protein (GFP) was checked by epifluorescence mode with
fluorescence illumination (X-Cite 120Q) to select the appropriate embryos with Pf4-Cre
recombination. If the embryo expressed Cre recombinase, the MK and platelet would
successfully express GFP. This would enable subsequent MP-1VM for the identification of
MKs and platelets. However, in the absence of Cre recombination and thus no GFP

expression, embryos were not used for image acquisition.

A multiphoton microscope (LaVision Biotech) with an upright Olympus stand, all enclosed
in a custom-built incubator maintaining 37°C, was used for imaging. The microscope was
equipped with a Chameleon Ti:Sapphire laser (Coherent, Inc., Santa Clara, CA, USA) with
an output 900-1100nm range pulsed laser for excitation and four photomultipliers (PMTSs)
with simultaneous four channel acquisitions. Images were acquired using a CFI75 LWD
16X objective (Nikon) with saline (for YS) or ultrasound gel (for FL) as immersion medium.
Emitted fluorescent signals were collected by photomultipliers (PMTs). Images were
acquired using ImSpector software. Fluorescence excitation was provided by laser tuned
to 1100 nm with an optical parametric oscillator (OPO) for simultaneous excitation of
tdTomato. 800 nm excitation wavelength was used for imaging GFP. The power of the
laser and OPO were adjusted according to the thickness of scanning volume. The
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magnifications were recorded in each specific image. Image stacks (z-axis) were recorded
with 1.5 pm or 2 um step size with a total axial depth of 20-90 um tissue volume.
Sequential images were acquired as time lapse to allow observation of fetal blood flow
and real-time cell movements. During MP-IVM of anesthetized mice, periodic tissue
motion caused by heart beati and respiration induced significant shifts of the imaged
region. To adjust for the relevant tissue movement and displacement during MP-IVM, we
applied VivoFollow software (University of Bern) for real-time in vivo imaging stabilization
[17, 18]. Acquired images were analyzed using Imaris software (Bitplane). For videos with
excessive tissue motions, optional post-acquisition drift correction was performed with

Imaris Software.

2.6 Thrombopoietin injection

2.6.1 Thrombopoietin injection and animal processing

E11.5 E12.5 E13.5 E13.5
(E12.5) (E13.5) (E14.5) (E14.5)
l l X
TPO IP injection to
mother mouse AN
Y
'I’ | 1. Automated blood
Maternal blood ' é cell counting
Embryonic blood 2. TPO level test

Figure 2.3 Scheme of mice injection of thrombopoietin

TPO, thrombopoietin. IP injection, intraperitoneal injection

To check the effect of exogenous thrombopoietin (TPO), we timed mated BL6 male and
female mice. Pregnancy was confirmed by presence of vaginal plug the next morning after
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mating. We performed once daily intraperitoneal (IP) injections of recombinant murine
thrombopoietin (rmTPO, ImmunoTools) with a dose of 8ng per gram of mouse body weight
per day over three consecutive days. Accordingly, to measure blood cell count and TPO
level in mother animals of gestational age G13.5 and embryos of E13.5, the injection
would be performed on G11.5, G12.5 and G13.5 (Figure 2.3). The maternal blood was
then taken between 3-4 h after the last injection at day G13.5. The embryos were isolated
from dams at E13.5. Analysis was also performed on G14.5/E14.5 after three consecutive

injections.

2.6.2 Blood collection and automated blood cell count
Peripheral blood from the mother mice was taken by cardiac puncture with a syringe

containing ACD as described above. The blood was kept at room temperature for further

procedure.

Fetal blood was collected through lateral neck dissection and drawn up to a tube coated
with ethylenediaminetetraacetic acid (EDTA) (Sarstedt, Germany). The blood of all
embryos from one dam was collected one by one and gathered together. We gathered
blood of the whole litter to get enough volume for automated blood cell count as well as

serum isolation for TPO measurements.

Platelet count and mean platelet volume (MPV) were measured from 50 pL blood sample
by hematology analyzer ABX Micros ES 60 (HORIBA, Kyoto, Japan).

2.6.3 Serum thrombopoietin immunoassay
The remaining blood was centrifuged with 2000g for 20min. The supernatant (serum) was

collected for TPO level measurements. We performed immunoassay with Quantikine
Mouse Thrombopoietin ELISA Kit (R&D Systems, Minneapolis, USA) to measure serum
TPO levels. The experiment was performed according to datasheet of the manufacture.

This immunoassay detects both endogenous TPO and exogenous rmTPO.
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2.7 Statistical analysis

Statistical analyses were performed with GraphPad Prism software (San Diego, USA). In
figures, all data are presented as mean £ SEM. Error bars in figures indicate standard
error of the mean (SEM). An unpaired student ‘s t-test was used for comparison
between two groups. For comparison of multiple groups with one variable, one-way
ANOVA testing was performed. A p value less than 0.05 was considered statistically

significant.
P values are presented in figures as follows:

Table 2.1 P value presentation in figures. (Adapted from Prism User Guide)

< 0.0001 Extremely significant okl
0.0001 to 0.001 Extremely significant *rk
0.001to 0.01 Very significant *
0.01to 0.05 Significant *

2 0.05 Not significant ns

32



3. Results

3.1 Platelet and megakaryocyte counts in C57BL/6 (BL6) mother

animals and embryos
We measured platelet count in embryo peripheral blood from E11.5 to E18.5 to report
patterns of thrombopoiesis. As is known, the major source of MKs in embryo is fetal liver
[10, 16]. Here, we also report the MK patterns in fetal liver, including MK number and
ploidy in different developing stage. We also assessed the parameter in c-Myb and NFE2

mice. There, we use BL6 embryos and dams as wildtype (WT) control.

3.1.1 Gating strategy for platelet quantification

A
E14.5 embryonic blood

SSC

Ml popUAton
108

SSC

33



G14.5 maternal blood
o 150x =
(7))
m 100K =
10K = ‘°51
00 - IO‘]
;l -l 8 |OJ'}
8 ] m |0:1
(T8 -y o' 3 -y
-l i w0’
g s >
FSC-H CDh42d

Figure 3.1 Gating strategy of platelet quantification in maternal and embryonic
blood

Platelet counts are measured from 2 pyL blood volume by flow cytometry. Peripheral
platelets from maternal (A) and embryonic blood (B) were gated with the same gating
strategy. Platelets were defined as 1) low signal in forward scatter/sideward scatter
(FSC/SSC), 2) singlets by FSC width and 3) CD42d positive [9].
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3.1.2 Embryonic peripheral blood platelet count
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Figure 3.2 Platelet count in embryonic blood

We quantified the peripheral blood platelet count in embryos at different stages of
embryonic development. At E11.5, blood platelet count was lowest with 8.14 + 1.0*103/uL,
with continuing increase up to E14.5 (165.3 + 12.3*10%uL). A strong increase was
observed from E14.5 to E15.5 (333.1 + 21.4*103%/uL), with stable platelet counts until E18.5
(349.4 + 17.0*10%/pL). ****p<0.0001, one-way ANOVA test. The number of mother

animals (dams) and embryos are noted below the graph.
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3.1.3 Maternal peripheral blood platelet count
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Figure 3.3 Platelet count in maternal blood

We quantified the peripheral blood platelet count in mother animals at different stages of
gestation (G). At G11.5, maternal blood platelet count was lowest (620.8 + 65.7 x 103/pL).
At G16.5, maternal blood platelet count was highest (986.3 + 40.5 x 103/uL), although
statistical testing with the ANOVA test found no significant difference across gestational

age. The numbers of dams are noted below the graph.
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3.1.4 Forward scatter width of platelets from wild type maternal and embryonic

blood
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Figure 3.4 Forward scatter width of platelets from maternal and embryonic blood

Flow cytometry was used to measure forward scatter width (FSC-W) as a parameter for
particle size to estimate platelet size in embryonic and maternal blood [83]. The gating
strategy according to Figure 3.1 was used. In maternal blood, the mean FSC-W was 62.0
+ 0.1, which was significantly lower than the FSC-W of early embryonic platelets from
E11.5 (66.9 £ 0.6). With further embryonic development, FSC-W decreased to 62.4 + 0.1
(E18.5), which is more similar to maternal platelet FSC-W. Differences at development
were statistically significant with one-way ANOVA test (p<0.000). The number of dams

and embryos are noted below the graph.
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3.1.5 Gating strategy for reticulated platelet quantification
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Figure 3.5 Gating strategy for quantification of reticulated platelets in maternal
and embryonic blood

Newly formed platelets, so-called reticulated platelets, are anucleated but contain rough
endoplasmic reticulum and messenger RNA (mMRNA). Reticulated platelet exist in adult
mouse blood [84]. Reticulated platelet count is measured from 2 uL blood volume by flow
cytometry. Blood was stained with a fluorescent antibody against CD42d and with thiazole
orange (TO). Thiazole orange stains nucleic acids in platelet [85]. Maternal (A) and
embryonic blood (B) were gated with the same gating strategy. We used a comparable
gating strategy as Figure 3.1 with additional gating for thiazole orange (TO) positive

particles representing reticulated platelets.

3.1.6 Reticulated platelet fraction in embryonic peripheral blood
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Figure 3.6 Reticulated platelet fraction in embryonic peripheral blood

As seen in this figure, the majority of embryonic platelets is reticulated from E11.5 until
14.5. At E11.5, the fraction amounted to 79.4 + 4.5 % of all blood platelets. With embryonic
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development, the proportion decreased continuously to 16.0 + 1.4% at E18.5 (p<0.0001,
one-way ANOVA test). The latter value is comparable to the fraction of adult reticulated

platelets. Number of mother animals (dams) and embryos are noted below the graph.

3.1.7 Reticulated platelet fraction in maternal peripheral blood
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Figure 3.7 Reticulated platelet level in maternal peripheral blood.

We analysed reticulated platelet proportion in dams. Reticulated platelet fraction ranged
from minimum 8.2 + 1.2 % at G13.5 to maximum 12.5 £ 1.2 % at G11.5, although these
differences over gestational age did not reach statistical significance (p=0.34, one-way
ANOVA test). The numbers of dams are noted below the graph.
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3.1.8 Reticulated platelet count in embryonic peripheral blood
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Figure 3.8 Reticulated platelet count in embryonic peripheral blood

Reticulated platelet blood concentration was calculated from the overall peripheral blood
platelet count multiplied with the fraction of reticulated platelets in the embryo. In parallel
to the overall peripheral platelet count, reticulated platelet numbers were low at E11.4 (7.6
+ 1.3 x 10%/uL), with increasing numbers over time until E16.5 (155.3 + 14.0 x 103/uL).
After that, reticulated platelet counts decreased to 50.8 + 3.9 x 10%/uL at E18.5. p<0.0001,
one-way ANOVA test. The number of mother animals (dams) and embryos are noted

below the graph.
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3.1.9 Reticulated platelet count in maternal peripheral blood
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Figure 3.9 Reticulated platelet count in maternal peripheral blood

Reticulated platelet count of maternal blood ranged from minimum 62.2 + 0 x 103/uL at
G18.5 to maximum 91.9 + 8.0 x 10%uL at G11.5, although these differences over
gestational age were not statistically significant (p=0.27, one-way ANOVA test). The

numbers of dams are noted below the graph.
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3.1.10 Fetal liver growth
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Figure 3.10 Fetal liver cell numbers during embryonic development

Between E11.5 and E15.5, the fetal liver (FL) undergoes a period of accelerated growth
with rising FL cell numbers[36]. From as little as 0.05 + 0.02 x 108/uL of FL volume at
E11.5, the FL cell number expands by >700 fold to 35.7 + 1.6 x 10%/uL at E15.5. After this
exponential growth phase, FL cell numbers are stable until E18.5 (35.8 + 5.4 x 103/uL).
p<0.0001, one-way ANOVA test. The number of mother animals (dams) and embryos are
noted below the graph.
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3.1.11 Gating strategy for megakaryocyte quantification
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Figure 3.11 Gating strategy for quantification of fetal liver megakaryocytes

Using flow cytometry, we quantified megakaryocytes (MK) in FL. MKs from FL were
defined as 1) large FSC/SSC cells, singlets in FSH-H/FSC-W and double positive for the
thrombopoietic surface markers CD41 and CD42d [86].
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3.1.12Megakaryocyte proportion in fetal liver
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Figure 3.12 Fraction of megakaryocytes to total cell number in fetal liver

Fraction of megakaryocytes to the total cell number in the developing FL was assessed
by flow cytometry. The fraction of MKs of total fetal liver cells is low and decreases from
maximum 0.51 = 0.14 % at E11.5 to minimum 0.04 £ 0.0 % at E15.5, remaining on low
levels further on. p<0.0001, one-way ANOVA test. The number of mother animals (dams)

and embryos are noted below the graph.
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3.1.13Megakaryocyte cell number in fetal liver
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Figure 3.13 Absolute megakaryocyte cell count in fetal liver

Absolute megakaryocyte (MK) numbers per FL were calculated from the FL cell count
multiplied with the fraction of MK in FL. During FL development, total cell numbers strongly
increased as shown in Figure 3.10. In parallel, also fetal MK numbers rise significantly.
Absolute MK counts grew from 0.3 + 0.1 x 10° at day E11.5 to 26.1 + 4.5 x 10° at day
E18.5, a 87-fold increase of MK number. p<0.0001, one-way ANOVA test. The number of
mother animals (dams) and embryos are noted below the graph.
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3.1.14 Megakaryocyte cell size in fetal liver
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Figure 3.14 Megakaryocyte forward scatter width in fetal liver

Fetal liver MK FSC-W was lowest at E11.5 (94.5 £ 5.4) and increased the following days
up to 100.0 £ 1.3 at E13.5. From then on, a progressive decrease was observed until
E18.5 (95.1 + 1.4). These dynamic changes in FSC-W parameter were statistically
significant (p<0.0001, one-way ANOVA test.) Average number of embryos in this
experiment per dam was 4.8 embryos. The number of mother animals (dams) and
embryos are noted below the graph.
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3.1.15 Megakaryocyte maturation in fetal liver assessed by ploidy
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Figure 3.15 Ploidy analysis of fetal liver megakaryocytes by flow cytometry

Maturation of fetal liver MKs was assessed with ploidy analysis using propidium iodide
(P1) staining. The aforementioned MK gating strategy in flow cytometry was used to
identify MKs. Histograms were divided as approximated the different ploidy classes in
terms of DNA content. We set boundaries of DNA with markers between peaks with
geometric mean analysis[87]. The frequency of cells with each ploidy level was calculated
by dividing the number of specific ploidy cells by the total cell number in this histogram.
Representative analysis from ED16 shows the presence of MKs with different ploidy

ranging from 2N to 64N.

48



Percentage (%)

0-

100+
= 2N
4N
= 8N
50 16N
B 32N
64N
o © b O S b O

P ) P A P
Embryonic age

n (dams) 2 4 4 5 3 4 1
n(embryos) 10 20 20 21 15 20 5

o 2N
@ -~ 4N
S - 8N
g 16N
c
3 — 32N
o - 64N
v o—¢
%) (%) (%) (%) b <H (%)
P A S ) S

Embryonic age

n (dams) 2 4 4 5 3 4 1
n(embryos) 10 20 20 21 15 20 5

Figure 3.16 Assessment of megakaryocytes ploidy during fetal liver development
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FL MK ploidy was measured across embryonic development. Development of different
ploidy fractions is shown as bar graph (upper panel) and connected dots (lower panel)
The 2N MK fraction was highest at E11.5 with 43.3 + 4.9 % and decreased until E13.5
(20.7 £ 1.8 %) with stable fraction afterwards.

The 4N MK fraction was the dominant fraction at different embryonic age. At E11.5, the
4N MK fraction was 48.3 + 6.6 %. The percentage stage stayed at similar level until E18.5.
The 8N MK fraction was minor at E11.5 (0.3 £ 0.3 %) and increased to 6.8 £ 1.2 % at

E12.5 and 22.4 + 2.2 % at E13.5. The level kept stable afterwards.

The 16N MK took small proportion at E11.5 (0.4 £ 0.4 %) and E12.5 (0.4 + 0.1 %). The

fraction increased to 3.4 + 0.5 % at E13.5 and was constant afterwards.

The 32N and 64N MK proportion was very small (less than 1%) throughout the whole

embryo development.

The increase of 8N MK fraction paralleled with a decreased 2N fraction could hint to MK

maturation over time in the FL.

The number of mother animals (dams) and embryos are noted below the graph.
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3.2 Impact of c-Myb on embryonic thrombopoiesis

MKs in embryos originates from primitive hematopoiesis and definitive hematopoiesis. c-
Myb homozygous deficient embryos are lack of primitive hematopoiesis. It is known that
homozygous c-Myb -/- embryos are lethal at E15.5 due to severe anemia and hypoxia
[43]. We applied c-Myb transgenic mouse model and checked platelet and MK levels at
E14.5 to test the effect of primitive MKs absence.

3.2.1 Phenotype of c-Myb transgenic embryos

c-Myb +/+

Figure 3.17 Phenotype of c-Myb transgenic embryos

Images of E14.5 embryos with different c-Myb transgene genotypes. Heterozygous c-
Myb +/- male mice were time mated with heterozygous c-Myb +/- female mice to yield
different genotypes in embryos. c-Myb +/+ (left) and heterozygous c-Myb +/- (center)
embryos appear normal without signs of anemia. c-Myb -/- (right) are lacking definitive
hematopoiesis with thus smaller fetal livers and therefore appear pale due to severe
anemia.

(* yellow star) placenta

(= green arrow) smaller fetal liver in c-Myb -/- embryos
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3.2.2 Peripheral blood platelet count in dams and embryos with different c-Myb
genotypes
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Figure 3.18 Platelet count in c-Myb dams and embryos at E14.5
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We applied flow cytometry to check for differences in platelets and MKs numbers in
mother animals with different c-myb genotypes and their respective embryos at E14.5:
Homozygous c-Myb -/- embryos were compared to heterozygous c-Myb +/-, and c-Myb
+/+ embryos. We define BL6 embryos dams as wildtype (WT) control. Our WT dams were
compared to heterozygous c-Myb +/- dams. The analysis and gating strategy for platelets

was used as previously described (see Figure 3.1).

Embryonic platelet count in c-Myb -/- embryos (190.0 + 14.8 x 10%/uL) was similar as c-
Myb +/+ (173.3 + 19.0 x 10%/uL) and WT embryos (165.3 + 12.3 x 10%/uL), but significantly
lower than heterozygous c-Myb +/- embryos (287.3 + 16.1 x 10%/uL, p=0.02) (A). In
contrast, maternal WT and c-Myb +/- peripheral platelet counts were comparable (719.0
+94.4 x 103/uL vs 733 + 28.4 x 10%/uL, p=0.91) (B). The number of mother animals (dams)
and embryos are noted below the graph.

3.2.3 Platelet size in dams and embryos with different c-Myb genotypes
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B G14.5 platelet FSC-W in maternal blood
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Figure 3.19 Platelet forward scatter width in c-Myb dams and embryos at E14.5

To compare platelet size in embryos with different c-Myb genetic background, we used
the forward scatter width (FSC-W) parameter from flow cytometry analysis [83]. The

platelet gating strategy was previously shown in Figure 1.1.

In c-Myb -/- embryos platelets showed a lower FSC-W (64.2 £+ 0.3) as c-Myb +/- platelets
(65.0 £ 0.6, p=0.04) and c-Myb +/+ platelets (65.7 + 0.6, p=0.01). But it was similar with
BL6 (WT) platelets (64.0 + 1.5), indication no relevant impact on platelet size by c-myb

(A).

In c-Myb +/- maternal blood, the platelet presented almost identical FSC-W (61.8 + 0.5)
with BL6 mothers (61.8 + 0.3), indicating similar platelet size (B).

The number of mother animals (dams) and embryos are noted below the graph.

54



3.2.4 Reticulated platelet fraction in dams and embryos with different c-Myb

genotypes
A E14.5 embryonic blood reticulated platelet fraction
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Figure 3.20 Reticulated platelet fraction in c-Myb dams and embryos at E14.5
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Subsequently, we evaluated the fraction of reticulated platelets in embryos and dams with
different c-Myb background. The analysis and gating strategy as previously described was

used (see Figure 3.5).

The c-Myb -/- embryonic blood presented higher reticulated platelet fraction (56.5 + 1.9
%) than c-Myb +/- embryonic blood (46.3 £ 0.8 %, p<0.0001), although it was similar with
c-Myb +/+ (52.2 + 1.9 %) and BL6 (51 + 1.5 %) embryonic blood (A).

The reticulated platelet fraction in c-Myb +/- maternal blood (9.9 £ 1.3 %) was also similar
to the BL6 maternal blood (9.2 £ 1.3 %) (B).

These results show that c-Myb does not seem to have a profound effect on reticulated
platelet generation.

The number of mother animals (dams) and embryos are noted below the graph.

3.2.5 Reticulated platelet count in dams and embryos with different c-Myb
genotypes
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B G14.5 maternal blood reticulated platelet count
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Figure 3.21 Reticulated platelet count in c-Myb dams and embryos at E14.5

The reticulated platelet count is calculated by multiplying the platelet count with the
fraction of reticulated platelets.

In embryos (A), there was no significant difference between c-Myb +/- (107.9 £ 12.1 x

10%/uL), c-Myb +/- (133.2 + 8.2 x 103/uL), c-Myb +/+ (90.6 + 11.6 x 10%/uL) and BL6 (92.3
+ 9.4 x 103/uL).

The c-Myb +/- dams’ reticulated platelet count (63.3 + 10.1 x 10%/uL) was similar with BL6
dams (71.9 + 6.6 x 10%/uL) (B).

The number of mother animals (dams) and embryos are noted below the graph.
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3.2.6 Fetal liver cell numbers in embryos with different c-Myb genotypes
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Figure 3.22 Fetal liver cell numbers in c-Myb and BL6 embryos at E14.5

As previously described, the fetal liver size of c-Myb -/- embryos is smaller due to the lack
of definitive hematopoiesis, which contributes the majority of fetal liver cells during
embryonic development. Thus, fetal liver cell counts were significantly lower in c-Myb -/-
(1.8 £ 0.8 x 108 per fetal liver) than BL6 (19.7 + 1.6 x 10° per fetal liver, p=0.0001), c-Myb
+/+ (16.3 = 3.1 x 10° per fetal liver, p=0.001) and c-Myb +/- (17.4 + 1.7 x 108 per fetal liver,
p=0.0001) embryos.

The number of embryos is noted below the graph. n (BL6 dams) =6, n (c-Myb +/- dams)
=4,
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3.2.7 Megakaryocyte cell count in fetal liver of embryos with different c-Myb
genotypes
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Figure 3.23 Fetal liver megakaryocyte fraction and cell number in c-Myb and BL6

embryos at E14.5

We used flow cytometry to quantify cell numbers and MKs in FL by staining with specific
thrombopoietic surface markers CD41 and CD42d to detect MKs. A previously described

analysis and gating strategy for MKs was used (see Figure 3.11).

c-Myb -/- embryos had a significantly higher FL MK fraction (0.86 + 0.15 %) than BL6 (0.06
+ 0.00 %, p<0.0001), c-Myb +/+ (0.06 + 0.00 %, p<0.0001) and c-Myb +/- (0.10 + 0.01 %,
p<0.0001) embryos (A).

Total FL MK number was calculated by multiplying MK fraction with total FL cell count. c-
Myb -/- embryos had comparable absolute MK numbers (12.8 + 4.9 x10%/FL) in their fetal
liver as BL6 (10.8 + 0.9 x10%/FL), c-Myb +/+ (9.8 + 1.7 x10%/FL) and c-Myb +/- (16.8 + 1.3
x10%/FL) embryos (B). These results suggest that MKs in c-Myb -/- FL are not less than
other genotypes at E14.5.

The number of embryos are noted below the graph. n (BL6 dams) =6, n (c-Myb +/- dams)
=4,
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3.2.8 Megakaryocyte size in fetal liver of embryos with different c-Myb genotypes
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Figure 3.24 Fetal liver megakaryocyte forward scatter width in c-Myb and BL6
embryos at E14.5

The FSC-W of FL MK in c-Myb -/- (95.20 + 0.56) was significantly smaller than c-Myb +/-
(99.28 + 1.03, p<0.0001), c-Myb +/+ (99.33 + 0.12, p<0.0001) and BL6 FSC-W (99.24 +
1.31, p<0.0001). This implies that MKs in the FL of in c-Myb -/- embryos could be smaller,

representing potentially primitive, less mature MKs from a non-FL origin or primitive
hematopoiesis.

The number of embryos are noted below the graph. n (BL6 dams) =6, n (c-Myb +/- dams)
= 4.
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3.2.9 Megakaryocyte ploidy in fetal liver of embryos with different c-Myb

genotypes
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Figure 3.25 Assessment of fetal liver megakaryocyte ploidy in c-Myb embryos at
E14.5

Ploidy was assessed with flow cytometry using propidium iodide staining of MKs. A

previously described analysis and gating strategy was used (see Figure 3.15).

In all embryos (A), the majority of MKs were we found to have 2N and 4N. The 2N fraction

62



was lowest in c-Myb +/+ MKs (17.7 £ 0.8 %) and highest in c-Myb -/- MKs (35.9 £ 17.9
%). The 4N fraction was similar across all groups (between 44.8 £ 7.0% and 45.5 + 0.7
%). In contrast to 2N, the 8N fraction was lowest in c-Myb -/- MKs (16.8 + 9.6 %) and
highest in c-Myb +/+ (31.8 £ 0.5 %). The 16N fraction was low in all groups, ranging from
21+£1.2%1t04.5+0.3%. The 32N and 64N fraction was very small (less than 1%) in all

groups.

Therefore, we observed a strong trend that c-Myb -/- embryos contained MKs with lower
ploidy than c-Myb +/- and c-Myb +/+ embryos (B). This could represent a population of

primitive MKs from a non-fetal liver origin or primitive hematopoiesis.

Parts of the litter were used. Average number of WT and c-Myb embryos in this
experiment per dam was 3.5 and 5.5 embryos. The number of embryos are noted below
the graph. n (BL6 dams) =6, n (c-Myb +/- dams) = 4.

To conclude, even though c-Myb -/- embryos had smaller FL size and lower FL cell
numbers, they presented similar level of platelets and their reticulated forms in peripheral
blood. This could be explained by their similar absolute FL MK numbers compared with
the BL6 or c-Myb +/- embryos. These results confirmed that c-Myb has a strong impact
on definitive hematopoiesis, but showed that the role of c-Myb role for thrombopoiesis is
less important as potentially primitive thrombopoiesis is capable of producing sufficient
platelet numbers, therefore compensating any decrease or failure of definitive
thrombopoiesis. Furthermore, the FL contained smaller MKs with less ploidy, which could

represent primitive thrombopoiesis taking place also in the fetal liver at E14.5.
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3.3 Impact of NFE2 on embryonic thrombopoiesis
Transgenic NFE2-deficient mice are an established model for studying thrombopoiesis

and has been used in embryonic settings[49]. The transcription factor NFE2 is mainly
involved in thrombopoiesis and megakaryocyte differentiation. Homozygous NFE2 -/-
mice lack peripheral blood platelets and can die of hemorrhage. Less than 10% of the live
born homozygotes NFE2 -/- survive to adulthood, and surviving neonates are smaller than
littermates. Thus, the majority of NFE2 -/- mice die already in the perinatal or neonatal
period as a consequence of hemorrhage [58]. Adult homozygous NFE2-/- knock-out mice
show severely impaired platelet production [49, 88]. The major role of NFE2 is regulating
MK maturation and biogenesis of platelets. Here, we investigated the platelets and MKs

in embryo at E14.5 to clarify the effect of NFE2 on embryonic thrombopoiesis.

3.3.1 Phenotype of NFE2 transgenic embryos

NFE2 +/+ NFE2 +/- NFE2 -/-

Figure 3.26 Phenotype of NFE2 transgenic embryos

Heterozygous NFE2 +/- male mice were time mated with NFE2 +/- female mice. Images
of E14.5 embryos of NFE2 +/+ (left), NFE2 +/- (center) and NFE2 -/- (right) genetic
background are shown. Outward appearance of these different genotypes seems to be
comparable, particularly erythropoiesis in NFE2 -/- embryo is probably not severely
affected [58].
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3.3.2 Peripheral blood platelet count in dams and embryos with different NFE2

genotypes
A E14.5 embryonic blood platelet count
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Figure 3.27 Platelet count in NFE2 embryos and dams at E14.5
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We applied flow cytometry for the evaluation of embryonic platelet numbers in E14.5
embryos with different genetic backgrounds of NFE2. The gating strategy from previous
flow cytometry experiments for platelet identification and quantification was used (see
Figure 3.1).

In E14.5 embryos (A), NFE2 -/- resulted in severe thrombocytopenia with very low platelet
counts (15.9 + 3.2 x103%uL). In contrast, NFE2 +/+ (197.4+ 28.6 x10%uL) and
heterozygous NFE2 +/- littermates (170.3 + 20.9 x10%/uL) had normal platelet counts
compared to BL6 controls.

As for the dams (B), heterozygous NFE2 +/- mother animals showed comparable platelet
counts to BL6 mother mice (719.0 + 94.4 x 10%/uL vs. 644.6 + 58.8 x10%/uL, p=0.54).

The number of mother animals (dams) and embryos are noted below the graph.

3.3.3 Platelet size in dams and embryos with different NFE2 genotypes
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B G14.5 platelet FSC-W in maternal blood
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Figure 3.28 Platelet forward scatter width in NFE2 embryos and dams at E14.5

To compare platelet size in embryos with different NFE2 genetic background, we used
the forward scatter width (FSC-W) parameter from flow cytometry analysis [83, 89]. NFE2
-/- platelets showed a significantly higher FSC-W (67.2 + 0.9) than heterozygous NFE2
+/- platelets (64.3 £ 0.2), NFE2 +/+ platelets (64.2 £ 0.3), or BL6 embryonic platelets (64.0
+ 0.2) (A). This indicates that NFE2 -/- platelets are larger than their counterparts in WT
or heterozygous embryos.

In NFE2 +/- maternal blood, platelets presented similar FSC-W (62.1 + 0.3) compared
with BL6 (61.8 + 0.2) (B).

The number of mother animals (dams) and embryos are noted below the graph.
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3.3.4 Reticulated platelet fraction in dams and embryos with different NFE2

genotypes
A E14.5 embryonic blood reticulated platelet fraction
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Figure 3.29 Reticulated platelet fraction in NFE2 embryos and dams at E14.5
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We measured reticulated platelet fraction by flow cytometry as previously described (see
Figure 3.5). Heterozygous NFE2 +/- embryos displayed similar reticulated platelet fraction
(39.2 £11.0 %) compared with homozygous NFE2 -/- embryos (41.0 £10.8 %). In contrast,
BL6 (51.4 £ 7.7 %, p=0.01) or NFE2 +/+ embryos (54.9 + 14.2 %, p=0.02) showed a higher
reticulated platelet fraction at E14.5 (A).

Also, heterozygous NFE2 +/- mother animals showed a reduced reticulated platelet
fraction compared to BL6 mother animals (9.2 + 3.2 % vs. 4.8 £1.6 %, p=0.02) (B).

The number of mother animals (dams) and embryos are noted below the graph.

3.3.5 Reticulated platelet count in dams and embryos with different NFE2

genotypes
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B G14.5 maternal blood reticulated platelet count
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Figure 3.30 Reticulated platelet count in NFE2 dams and embryos at E14.5

The reticulated platelet count was calculated by multiplying the overall platelet count with
the fraction of reticulated platelets. As NFE2 -/- embryos were severely thrombopenic,
reticulated platelet count was very low (6.0 + 1.1 x103/uL) compared to NFE2 +/- (65.6 +
7.5 x10%/uL, p<0.0001), NFE2 +/+ (90.1 + 22.0 x10%/uL, p=0.0002), and BL6 embryos
(92.3 + 9.4 x103/uL, p<0.0001). NFE2 +/- embryos showed no significant difference with
NFEZ2 +/+ embryos in reticulated platelet count (p=0.24), but it was significantly lower than
that in BL6 embryos (p=0.04) (A).

For maternal blood and in accordance with the results from the previous fraction analysis,
the NFE2 +/- reticulated platelet count (30.3 + 4.7 x103/uL) was significantly lower than in
WT mice (63.6 + 10.1 x10%/uL, p=0.02) (B).

The number of mother animals (dams) and embryos are noted below the graph.

The analysis of reticulated platelets in NFE2 embryos shows that NFE2 could also have
a gene dose dependent impact on the generation of reticulated platelets. Already in
heterozygous embryos or dams, the fraction and count of reticulated platelets is lower

than in WT animals.
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3.3.6 Fetal liver cell number in embryos with different NFE2 genotypes
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Figure 3.31 Fetal liver cell number in NFE2 and BL6 embryos at E14.5

As we have already shown in a previous figure (Figure 3.31), the fetal liver of NFE2 -/-
embryos was similar in size compared with NFE2 +/- and NFE2 +/+ embryos. Accordingly,
the NFE2 -/- fetal liver cell counts (15.0 + 4.3 x10° per fetal liver) were also comparable
with NFE2 +/- (21.4 + 2.4 x10° per fetal liver), NFE2 +/+ (22.6 + 4.6 x10° per fetal liver)
and BL6 (19.7 + 1.6 x106° per fetal liver). This could suggest that hematopoietic lineages
beyond thrombopoiesis are not severely affected by NFE2 depletion.

The number of embryos are noted below the graph. n (BL6 dams) =6, n (NFE2 +/- dams)
= 6.
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3.3.7 Megakaryocyte cell count in fetal liver of embryos with different NFE2

genotypes
A E14.5 megakaryocyte fraction in fetal liver
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Figure 3.32 Fetal liver megakaryocyte fraction and cell number in NFE2 and BL6
embryos at E14.5

We used flow cytometry to quantify cell numbers and MKs in FL by staining with specific
thrombopoietic surface markers CD41 and CD42d. A previously described analysis and
gating strategy for MKs was used (see Figure 3.11). NFE2 -/- embryos showed a
significantly higher FL MK fraction (0.25 + 0.1 %) than NFE +/- (0.05 £ 0.01 %), NFE2 +/+
(0.05 £ 0.01 %) and BL6 (0.06 = 0.0 %) groups (A). In line with the previous observation
of MK fraction, the absolute MK number was higher in NFE2 -/- embryos (26.5 + 7.4 x 103)
than heterozygous NFE2 +/- (8.8 + 1.0 x 10%), NFE2 +/+ (10.6 + 2.4 x 10%) and BL6 (10.8
+ 0.9 x 10%) embryos (B).

Parts of the litters were used. Average number of BL6 and NFE2 embryos in this

experiment per dam was 4.3 and 5.2 embryos, respectively. The number of embryos are
noted below the graph. n (BL6 dams) =6, n (NFE2 +/- dams) = 6.
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3.3.8 Megakaryocyte size in fetal liver of embryos with different NFE2 genotypes
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Figure 3.33 Fetal liver megakaryocyte forward scatter width in NFE2 and BL6
embryos at E14.5

The fetal liver MK FSC-W in NFE2 -/- (90.0 £ 0.7) was significantly smaller than NFE2 +/-
(96.9 + 0.6), NFE2 +/+ (99.5 + 0.6) and WT (99.2 £ 0.3). Parts of the litters were used.
Average number of BL6 and NFE2 embryos in this experiment per dam was 4.3 and 5.2

embryos, respectively. The number of embryos are noted below the graph. n (BL6 dams)
=6, n (NFE2 +/- dams) = 6.
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3.3.9 Megakaryocyte ploidy in fetal liver of embryos with different NFE2 genotypes
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Figure 3.34 Assessment of fetal liver megakaryocyte ploidy in NFE2 embryos at

E14.5

MK ploidy was assessed with flow cytometry using propidium iodide staining of MKs. A
previously described analysis and gating strategy was used (see Figure 3.15). Across all
genotypes, the majority of FL MKs had 4N ploidy (A). There was a significantly higher
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fraction of 2N MKs in NFE2 -/- (41.34 + 16.23 %) compared with NFE2 +/- (30.69 =+ 6.11
%), NFE2 +/+ (24.85 + 2.41 %) and WT (25.70 £ 5.31 %) (p=xxx). The fraction of 4N MKs
in NFE2 -/- (43.91+ 13.97 %) was similar to NFE2 +/- (43.46 + 6.08 %), NFE2 +/+ (49.43
+ 4.81 %) and WT (45.18 + 5.85 %). In contrast, the fraction of 8N MKs in NFE2 -/- (11.32
+ 4.05 %) was significantly lower than NFE2 +/- (21.39 £ 6.75 %), NFE2 +/+ (20.29 + 4.57
%) and WT (21.48 = 7.03 %) (p=xx). The 16 n MK fraction in NFE2 -/- (2.92 £ 1.37 %) was
again comparable with NFE2 +/- (3.99 + 2.13 %), NFE2 +/+ (5.11 + 2.88 %) and WT (2.97
+ 1.88 %). In NFE2 -/-, the combined fraction of 2N+4N was 85% and 8N+16N was 14%,
which represented a significantly different proportion than NFE2 +/-.

The number of embryos is noted below the graph. n (BL6 dams) =6, n (NFE2 +/- dams) =
6.

To conclude, even though NFE2 -/- embryos were severely thrombocytopenic, they had
higher fetal liver MK counts with smaller MK size and less ploidy than their BL6 or NFE2
+/- counterparts. In NFE2 -/- embryos, there seems to be a larger fraction of immature
MKs compared to NFE2 +/-. These results confirm that NFE2 has a strong impact on

platelet production, probably by impairing MK maturation.
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3.4  Multiphoton intravital microscopy imaging revealed different
patterns of embryonic thrombopoiesis in yolk sac and fetal liver

There is yet no visual method in live embryos to show how platelet is generated and how
MKs are shedding. Here, we developed a protocol for intravital visualization of embryonic
thrombopoiesis over time by multiphoton intravital microscopy (MP-IVM) in Rosa 26
mTmG x Pf4 Cre embryos. We imaged platelet generation from MKs in the yolk sac (YS)
and fetal liver (FL) identifying various types of proplatelets at different stages of embryonic
development. Exceeding image acquisition technology enabled direct visualization of
platelet production from MKs into blood circulation in the three-dimensional environment
of the fetal liver over time (four-dimensional measurement). After analyse our video data,

we summarized the MK characters as well as shedding pattern in embryos.

3.4.1 MP-IVM for imaging of yolk sac and fetal liver structures and thrombopoiesis

A B

Green cells: MK progenitors, MKs and platelets

Figure 3.35 Representative examples of different megakaryocyte morphologies in

yolk sac and fetal liver
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Multiphoton intravital microscopy (MP-IVM) was applied for real-time imaging of YS and
FL. Optical section from a 3D z-projection of YS (A, E10.5, scan depth: 25.5 um) and FL
(B, E14.5, scan depth: 57 pum).

Symbols: white 1, MK; white A, MKs with large protrusion; white +, proplatelet. Dashed

line represents main vessel wall. Bar, 50 um.

MP-IVM showed parenchymal and vascular structures as well as cells of YS and FL. MKs
presented with different sizes and morphologies, and were distributed intravascular and
extravascular. Some MKs extended long protrusions or multiple mid-size protrusions,

whereas some MKs were circular without protrusion.
For YS imaging, we applied MP-IVM on embryos at E10.5 and E11.5. For FL imaging, we

applied MP-IVM on embryos from E13.5 to E15.5. Subsequently, we quantified the size
and morphology of YS and FL MKs.
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3.4.2 Analysis of megakaryocyte size by multiphoton intravital microscopy
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Figure 3.36 Megakaryocyte size in yolk sac and fetal liver

From MP-IVM datasets of live imaging, we measured the size of GFP+ cells with the
largest diameter > 7 um. GFP+ cells represent the megakaryocytic lineage due expression
of GFP+ under the specific control of the thrombopoietic-lineage reporter system PF4-
Cre. In YS, the diameter of MKs was 13.9 £ 0.2 um at E10.5, which was similar with that
at E11.5 (14.0 = 0.7 yum). In FL at E13.5, MK diameter was 21.4 £ 0.2 pum. This was
comparable to E14.5 (21.9 + 0.3 um). At E15.5, FL MK were significantly larger (25.7 £
0.4 pm). Overall, MKs were smaller in YS than in FL by MP-IVM.

The number of dams and embryos are noted below the graph.
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3.4.3 Quantification of yolk sac and fetal liver megakaryocyte concentration by
multiphoton intravital microscopy
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Figure 3.37 Megakaryocyte concentration in yolk sac and fetal liver

We measured the number of MKs per uL of imaged 3D dataset from MP-IVM. In YS, there
were more MKs at E10.5 (1045 * 128 cells per pL) than E11.5 (499 + 93 cells per pL,
p=0.009).

In FL, MK density decreasing from E13.5 (1621 + 252 cells per pL) to E14.5 (1519 + 207
cells per yL) and E15.5 (535 + 76 cells per pyL, p <0.0001). This decrease of MK

concentration was consistent with our findings in flow cytometry for both YS and FL.

The number of dams and embryos are noted below the graph.
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3.4.4 Different forms of platelet shedding from embryonic megakaryocytes:
Proplatelet formation and membrane budding

A

Figure 3.38 Representative images of proplatelet formation and membrane
budding from embryonic megakaryocyte
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We observed two distinct forms of platelet shedding from MKs by MP-IVM: As expected,
MKs showed conventional proplatelet formation by extending long membrane particles
into the vasculature (A). Detailed observation of resting MKs revealed a different from of
platelet generation by expelling smaller particles without long proplatelet formation, which

we termed membrane budding (B). These representative images are obtained from FL at
E15.5 by MP-IVM.

3.4.5 Prevalence of membrane bud formation and proplatelet formation of yolk sac
and fetal liver megakaryocytes
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Figure 3.39 Prevalence of membrane bud formation and proplatelet formation of
yolk sac and fetal liver megakaryocytes

Using MP-IVM, we assessed the presence of both membrane bud and proplatelet
formation from MKs, including MKs with and without a release event. We classified the
forms of platelet generation as membrane budding if the extension or membrane

protrusion was less than 10 um in length. Proplatelet formation was referred to as a
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membrane protrusion longer than 10 um. The fraction of each type of platelet generation

was calculated of all observed MKs.

Statistical comparison between membrane bud and proplatelet formation fraction at the
same age of embryos is shown with black lines. The fraction of membrane bud formation
was also compared between YS E10.5 and all other embryonic ages of YS and FL, as
shown with red lines in the figure. The number of dams, embryos and observed MKs are

noted below the graph.

In YS at E10.5, fraction of bud forming MKs was numerically higher than proplatelet
forming MKs (11.4 £+ 3.1% vs. 5.8 + 3.1%, p=0.25). However, at E11.5, the fraction of bud
forming MKs (18.4 £ 7.3 %) was 20x higher than the fraction of proplatelet forming MKs
(0.89 £ 0.89 %, p=0.03). In FL, the fraction of bud forming MKs was significantly higher
than the fraction of proplatelet forming MKs at E13.5 (32.2 £ 4.6 % vs. 3.5 £ 1.9 %, p=
0.0002), at E14.5 (29.1 + 2.0 % vs. 3.1 £ 1.8 %, p <0.0001) and at E15.5 (42.0 £ 4.9 %
vs. 6.7 £ 3.1 %, p <0.0001).

Overall, the fraction of bud forming MKs was higher in the FL than YS. The fraction of bud
forming MKs itself remained stable in the YS (p=0.60) and the FL (p=0.08). For proplatelet
formation, there were no difference at different embryonic age in YS (p=0.88) and FL
(p=0.43).

These results indicate that membrane bud formation and their release from MKs could be
a major contributor of platelet generation in both YS and FL. Proplatelet formation seems
to be a rather rare event in embryonic thrombopoiesis. As follows, we aimed at quantifying

the platelet release frequency by both forms of platelet generation.
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3.4.6 Prevalence of membrane bud release and proplatelet release from yolk sac
and fetal liver megakaryocytes
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Figure 3.40 Prevalence of membrane bud and proplatelet release from fetal liver
and yolk sac megakaryocytes

We analysed MP-IVM datasets from both YS and FL. We observed frequently definitive
membrane bud release events into the circulation. At the same time, we also observed
release events of large proplatelets into vasculature. The latter has been observed and
thus proposed as the major form of platelet generation in adult bone marrow [18].

Here, we showed the fraction of megakaryocytes with a membrane bud and proplatelet
release event from all present megakaryocytes within the MP-IVM dataset. Release

events were counted if the particle was visibly disconnected with increasing distance from
the MK cell body.

In YS, the fraction of MKs with membrane bud release (3.0 + 1.7 %) was similar to
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proplatelet release (1.2 £ 1.2 %) at E10.5. At E11.5, there was a numerical increase in
membrane bud release (4.7 £ 3.2 %) compared to E10.5, which did not reach statistical
significance. The difference of membrane bud release to proplatelet release grew at
E11.5, but did not reach statistical significance. Proplatelet release frequency (0.9 + 0.9
%) at E11.5 was similar to E10.5.

In FL at E13.5, the fraction of MKs with membrane bud release (12.9 + 4.7 %) was 10-
fold higher than proplatelets release (0.9 + 0.9 %, p= 0.03). This difference was also
present at E14.5 (11.9 £ 3.9 % vs. 0.4 £ 0.4 %, p =0.01). At E15.5, there were no
proplatelets release events observed, compared to more than quarter of MKs with

membrane buds release events (25.4 + 4.9 %).

Overall, membrane bud release in FL was higher than that in YS. Over the observation
period in YS, membrane bud release was similar between E10.5 and E11.5. In FL,
membrane bud release was rising from E13.5 to E15.5, albeit without statistical
significance. This could indicate a higher thrombopoietic activity of FL MKs at this
developmental period, building up the platelet pool for the neonatal period.

Importantly, in both YS and FL, proplatelet release events were rare, indicating that this

form of platelet generation is not as important in the embryonic setting.

The number of dams, embryos and observed MKs are noted below the graph.
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3.4.7 Megakaryocyte position in embryonic vasculature of yolk sac and fetal
liver

We further evaluated the spatial association of MKs with the vasculature within both
hematopoietic compartments of YS and FL. This could provide information whether
further differentiation of MKs over the embryonic development leads to more

interactions with the vascular compartment.

A

Figure 3.41 Megakaryocyte position relative to the vasculature

MP-IVM data showed found MK linage cells and platelets in green colour. Other cells
and tissues were red. We can see very obvious lumen with platelets flowing inside.
Besides, the lumens were usually showing clear border. This is how we define the
vessels. We used our data to determine the position of MKs within the YS and FL in
relation to the vasculature. MKs can be located intravascular (A, E15.5 FL), crossing

the vessel wall (B, E14.5 FL), or extravascular (C, E13.5 FL). Representative images.

Bar, 20 um
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3.4.8 Quantification of megakaryocyte position in embryonic vasculature of
yolk sac and fetal liver
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Vessel wall-crossing MK fraction
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Figure 3.42 Quantification of megakaryocyte position in yolk sac and fetal
liver

From MP-IVM 3D datasets, we quantified the MK positions in the vasculature of YS
and FL. The number of dams, embyros and observed MKs are noted below the
graph.

In YS, the majority MKs (>80%) are intravascular (A, upper row of pie charts). In
contrast, intravascular position of MKs was seldom in FL, with extravascular MKs

being the majority (A, lower row of pie charts).

In YS, the fraction of intravascular MKs at E10.5 and E11.5 were similar (89.2 + 3.5%
vs. 81.6 £ 6.1%, p=ns). In FL, fraction of intravascular MKs was increasing from E14.5
to E15.5 (3.6 + 1.0% vs. 14.6 + 4.7%, p=0.007) (B).

As for vessel wall-crossing MKs, their fraction was low in YS at E10.5 (6.3 £ 2.4%)
and at E11.5 (1.5 + 1.0%) (C). This fraction was significantly higher in FL at all
observed days, with a strong increase from E14.5 to E15.5 (19.5 £ 2.7% vs. 41.3
8.3%, p=0.005).

Similar to vessel wall-crossing MKs, extravascular MKs were a minority in YS at
E10.5 (5.0 £ 2.8%) and at E11.5 (14.0 + 6.5%). As such, the fraction of extravascular
MKs in YS was lower than in fetal liver. In FL, extravascular MKs were the majority,
but with declining fractions from E14.5 to E15.5 (76.1 + 2.8% vs. 44.1 + 7.7%,
p=0.008) (D).

In FL with further development (i.e., at E15.5), more MKs were crossing vessel wall
and locating intravascular compared with the situation at E13.5 and E14.5. This could
suggest that more MKs and/or their progenitors are transmigrating from the

extravascular niche into the vasculature with potential relocation to other organs.
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3.4.9 Assessment of vessel contact of extravascular megakaryocytes

A

Figure 3.43 Extravascular megakaryocyte positions with and without direct
vessel wall contact

Here, we show representative images of extravascular MKs in vessel sinusoids (A,
E13.5 FL). Several MKs contacting the vessel wall were found (B, E15.5 FL).
Additionally, we performed further analysis to subdivide extravascular MKs into

fractions with and without contact with the vessel wall as embryo development.

Bar, 20 um
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3.4.10 Quantification of vessel contact of extravascular megakaryocytes
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Figure 3.44 Fraction of megakaryocyte with and without direct vessel wall
contact among extravascular MKs in fetal liver

We quantified the fraction of vessel wall-contacting MKs among extravascular MKs
from MP-IVM 3D datasets of the FL. We found that the majority of extravascular MKs
had in fact vessel contact, ranging from 69.5 + 3.5 % at E13.5t0 77.4 = 6.0 % at

E15.5. There were no significant differences between the different embryo ages.

The number of dams, embryos and observed MKs are noted below the graph.

This shows the strong association of FL MKs with the dense vasculature, as the

majority of MKs are either positioned within, crossing, or in contact with vessels.
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3.5 Intramaternal and intraperitoneal injection of thrombopoietin
and its effect on thrombopoiesis in dams and embryos

Thrombopoietin (TPO) is the most important factor to stimulate megakaryopoiesis
and platelet biogenesis. Here, we did intraperitoneal injection (IP injection) to mother
mice to test whether this can manipulate platelet level in embryos.

3.5.1 Serum thrombopoietin levels in dams and embryos with and without
intraperitoneal thrombopoietin injection into dams
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Figure 3.45 Thrombopoietin level in maternal and embryonic serum after
intramaternal intraperitoneal recombinant thrombopoietin injection

We performed once daily intraperitoneal injections of recombinant murine
thrombopoietin (rmTPO) into dams with a dose of 8ng/g/day over three consecutive
days.

In E13.5 embryos from the injected dams (A), the overall TPO level in embryonic
blood did not show difference between the rmTPO-injected group (0 £ 0 pg/mL) and
non-injected group (35.59 + 26.06 pg/mL). Likewise, at E14.5, the rmTPO-injected
group (20.37 £ 9.55 pg/mL) was similar with non-injected group (73.85 + 37.58

pg/mL).
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In dams (B), at gestational age G13.5, the rmTPO-injected group showed an
increased overall serum TPO level (741.4 £ 277.7 pg/mL) compared the non-injected
group (421.8 £ 87.10 pg/mL). At G14.5, the overall serum TPO levels of the rmTPO-
injected group (402.6 + 126.3 pg/mL) were higher than non-injected group (221.8 +
168.8 pg/mL).

The number of dams and litters are noted below the graph.

+ TPO: intraperitoneal intramaternal rmTPO injection.
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3.5.2 Comparison of platelet count in dams and embryos after intraperitoneal
thrombopoietin injection into dams
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Figure 3.46 Platelet counts in maternal and embryonic blood after
intramaternal intraperitoneal recombinant thrombopoietin injection

In embryonic blood at E13.5 (A), the platelet count was similar between the rmTPO-
injected group (241.0 + 31.21 x 10%/uL) and non-injected group (241.6 + 130.8 x
103%/uL). As such, platelet counts were similar between the rmTPO-injected group
(280.9 + 24.62 x 103/uL) and non-injected group (211.8 + 55.88 x 103/uL) at E14.5,
In maternal blood at gestational age G13.5 (B), the mTPO-injected group (595.0 £
44.33 x 10%/uL) showed similar platelet counts with the non-injected group (589.8 +
87.86 x 10%/uL). Also, at G14.5, the mTPO-injected group (697.8 + 96.84 x 103/uL)
platelet count was comparable with non-injected group (692.3 + 132.1 x 103/uL).

The number of dams and litters are noted below the graph.

+ TPO: intraperitoneal intramaternal rmTPO injection.
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3.5.3 Comparison of mean platelet volume in dams and embryos after
intraperitoneal thrombopoietin injection into dams
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Figure 3.47 Mean platelet volume after intramaternal intraperitoneal
recombinant thrombopoietin injection

The mean embryonic platelet volume (MPV) was similar between the rmTPO-injected
group and non-injected group at E13.5 (7.28 £ 0.19 fL vs. (7.41 £ 0.13 fL) and at
E14.5 (7.56 + 0.18 fL vs. 7.75 + 0.24 fL) (A).

The maternal MPV was similar between the rmTPO-injected group and non-injected
group at G13.5 (5.90 £ 0.31 fL vs. 6.20 £ 0.40 fL) and at G14.5 (6.07 = 0.18 fL vs.

6.07 £ 0.18 fL) (B).
The number of dams and litters are noted below the graph.
+ TPO: intraperitoneal intramaternal rmTPO injection.

In summarys, intraperitoneal intramaternal injection of rmTPO increase overall TPO
level in maternal serum, but not embryonic serum. This may indicate that rmTPO
might not cross the mouse placenta, despite its small size which would theoretically
enable placenta crossing. However, the rmTPO injection did not influence the platelet

count and MPV neither in maternal blood nor embryonic blood. Potts et al.
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researched the function of TPO receptor (MPL) in embryonic thrombopoiesis. They
found platelet-forming lineage production was not rely on MPL at early stage, but
MPL was required in the late fetus for efficient thrombopoiesis [32]. We cannot rule
out that rmTPO could have an influence on embryonic thrombopoiesis, but our results
are in line with other findings that show that in vivo embryonic thrombopoiesis is less

TPO dependent than adult thrombopoiesis.
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4. Discussion and conclusion

4.1 Discussion of methodology

4.1.1 Methodology of platelet quantification
With flow cytometry techniques, we acquired patterns of platelets and MKs in BL6, c-

Myb and NFE2 embryos. Flow cytometry is a standard method used for platelet
research [90, 91]. It has many benefits, such as measuring specific surface markers
on each platelet on a single event level[92], so it is able to examine platelets even in
conditions of thrombocytosis or thrombocytopenia [93, 94]. Furthermore, there is no
requirement for excessive blood volumes to gain data [95]. There are naturally
limitations to this technique as only certain reagents and antibodies could be used
and the probes have to processed with constant care under standardized protocols
[83].

Flow cytometry was used to assess reticulated platelets, which are believed to be
immature platelets. They are released by megakaryocytic fragmentation into the
circulation if there is an increased demand for platelets, e.g. due to bleeding,
thrombocytopenia and infection [96]. Thus, they can serve as an indicator for the
activity of thrombopoiesis [97]. Reticulated platelets, although anucleated, contain
some rough endoplasmic reticulum and messenger RNA and are also able to
synthesize small amounts of protein [85, 98]. Thiazole orange (TO) has been
established by Kienast et al [99] as a fluorescent nucleic acid dye [85] binding to
RNA, and is therefore suitable for quantifying reticulated platelets by flow cytometry.
For platelet and MK size estimation, we chose the forward scatter parameter, which
has been shown to correlate with particle size [83, 89]. Flow cytometry was evidently
useful to handle the small amounts of blood drawn from embryos, still providing the
necessary flow cytometry event numbers needed for a reasonable analysis of platelet

and MK numbers.

4.1.2 Methodology of multiphoton intravital microscopy
Advanced MP-IVM combined with transgenic mice expressing specific fluorescent

labeling is a powerful tool to directly visualize organ development, cell movement and
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interaction in vivo and in real-time, enabling a deeper understanding of embryonic
physiology and pathological processes [100]. Previous studies have shown that MP-
IVM can provide novel insights of adult thrombopoiesis [101]. It has been shown that
in adult mice, MKs generate platelets by forming large intravascular extensions in the
BM. MKs in BM migrate slowly and thrombopoiesis is spatially regulated by the BM
vasculature [17]. Besides, the lung can be also an important organ for platelet
generation in adult mice [9]. All these findings rely on well-developed MP-IVM

technology.

Since the dynamic cellular interactions during fetal development are less understood,
particularly the thrombopoietic system, MP-IVM could provide valuable data on these
dynamic changes. Conventional imaging methods were of limited use for our aims,
due to fragility of the embryo, difficulty to maintain circulation, and quick changes in
cellular dynamics and interactions. To overcome these limitations, we established an
embryonic tissue model combined with MP-IVM for studying murine embryonic
thrombopoiesis in 3D, over time, and in vivo. As previously shown, MP-IVM has the
advantage of increased sensitivity and imaging depth and reduced tissue damage
[75]. Although the preparation of the embryo required anesthesia and surgical
exposure of the YS and FL with potential deterioration of tissue integrity, our
observations revealed that fetal circulation and organ functions are intact. Most
importantly, thrombopoiesis was active in both YS and FL. We were able to improve
our experimental setup to prolong continuous in vivo observation lengths up to 83
min for FL and 25 min for YS, notably with intact maternal-fetal circulation. To
overcome difficulties of keeping a stable image acquisition due to fetal/maternal heart
beat and maternal respiratory motions, we strengthened the fixation of our tissue
holders and applied a real-time drift correction software. Optional post-acquisition
image processing enabled further stabilization of tissue motion by additional drift
correction. The sum of these protocol improvements in addition to the advanced
image analysis software, enabled us to perform the first in-depth analysis and
guantification of the dynamic process of embryonic thrombopoiesis in vivo. The
generalizability of our imaging method could enable widespread use and rapid

adoption in murine embryo research.
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4.2 Discussion of results

4.2.1 Embryonic platelet dynamics
Platelet has been well studied in adult mammals, they are function not only in

hemostasis, but also in infections and cancer [102]. In embryos, the platelet showed
a very different functional pattern. Platelets are less active when stimulated with
physiological agonists in human newborns [103, 104]. Interestingly, platelet activity
and platelet counts were found to correlate with gestational age. The platelet in early
stage is less active [105, 106]. These are due to different characters of platelet in

embryos.

Using flow cytometry, we were able to monitor overall platelet and reticulated platelet
numbers over different developmental ages. We found that the overall platelet count
is lower than in adult mice, yet the fraction of reticulated platelet was particularly high
in the embryo. Platelet counts were particularly low at E11.5, but expanded massively
until E15.5. Embryonic platelet seemed to be larger than maternal peripheral blood
platelets by FSC parameter. This finding is consistent with other reports showing
lower fetal platelet numbers, but increased size [6]. We assume that embryonic
platelets are larger because of the higher fraction of reticulated platelets, since the
latter are also larger in the adult organism [107]. As megakaryocyte and platelet are
probably more mature towards later developmental ages, we found also a decrease
in platelet size over time. In a fetal thrombosis model under intravital microscopy,
platelets presented hyporeactivity during early fetal development. They showed less

adhesion and spreading capacity compared with adults [6].

4.2.2 Fetal liver development and megakaryopoiesis
The FL has a complex developmental process, originating from the ventral foregut

endoderm [108] and differentiating into liver and biliary cells, fibroblasts and stellate
cells, with phases of accelerated growth as it is vascularized and colonized by
hematopoietic cells to become the major fetal hematopoietic organ [36]. Since the FL
has such a prominent role for embryonic hematopoiesis, we assessed also its role
for thrombopoiesis. Among others, MK numbers and overall FL cell numbers were

quantified. Total FL cell numbers increased dramatically between E11.5 and E16.5,
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representing the expanse of the hematopoietic system. According to previous
reports, immature or pre-HSCs from the YS colonize the FL where the definitive
hematopoiesis is achieved through HSC expansion (up to 40-fold [26]) and
subsequent lineage commitment [28]. Beyond the FL, also the spleen is a site of
hematopoiesis colonized by HSCs [38, 109]. Among the earliest lineage
commitments in the YS and FL are macrophages and MK progenitors [110, 111].
These MK progenitors can apparently give rise to MKs in vitro, with a greater
magnitude of in vitro expansion of FL progenitors than from adult marrow progenitors
[112]. These MK progenitors then give rise to MKs. Although MKs were only a small
fraction of total FL cells, their numbers increased substantially over time and gained
in ploidy, which could represent the necessary MK maturation to achieve the

aforementioned platelet expansion.

4.2.3 c-Myb is dispensable for early embryonic thrombopoiesis
The transcription factor c-Myb is essential for the development of definitive

hematopoiesis which will sustain into the adult organism. Therefore, c-Myb deficient
embryos have a deleterious phenotype due to lack of erythrocytes. Experiments with
this model showed that other hematopoietic cells from more primitive sources exist
throughout the embryo and survive into adulthood, namely YS macrophages. Our
experiments with transgenic c-Myb knockout embryos showed that MKs are very well
present in the FL until demise of the embryo. Therefore, total megakaryopoiesis and
thrombopoiesis do not seem to be altered quantitively by this important transcription
factor, as platelet and MK numbers were comparable to heterozygous embryos.
Conversely, platelet (larger) and MK (smaller) size as well as MK ploidy (lower)
showed a less mature phenotype. This could also be due to a compensatory
mechanism that potentially upregulates primitive megakaryopoiesis and
thrombopoiesis in the absence of definitive hematopoiesis. Similar reports showed
that c-Myb deficient embryos had normal platelet numbers at E12.5 but became
thrombocytopenic by E15.5, suggesting that c-myb is required for sustained definitive
thrombopoiesis in the third semester and beyond [113]. As we have outlined, it is
hypothesized that MKs can be generated from both primitive or definitive
hematopoiesis and be present at the same time in the embryo [25]. YS-derived MKs
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or their progenitors could migrate to and colonize the FL, apparently c-Myb
independent. However, MKs generated during primitive hematopoiesis are not well

distinguishable from their definitive counterparts [111].

4.2.4 NFE2is involved in embryonic thrombopoiesis
One of the master regulators of thrombopoiesis is the transcription factor NFE2,

which is responsible for differentiation of MKs to become highly effective in platelet
generation. In case of NFE2 depletion, severe thrombocytopenia is observed in adult
mice. NFE2 is dispensable for erythroid cell development, and organ development
[114], but only the minority of NFE2 deficient embryos survive into adulthood.
However, it is obligatory for megakaryocyte maturation and thrombopoiesis [58].
Moreover, absolute thrombocytopenia in NFE2 -/- mice does not result from absence
of thrombopoietin or from failed respond to thrombopoietin [58]. Those mice were
also shown to lack production of proplatelets, identifying the pathology of platelet
release [59]. In our results, we saw indeed a role of NFE2 for embryonic
thrombopoiesis from FL MKs. NFE2 deficient embryos had also thrombocytopenia,
but platelets were still present in contrast to absolute thrombocytopenia in adults.
Conversely, FL MK numbers were elevated. Furthermore, FL MK size as well as MK
ploidy showed a less mature phenotype. This could explain, why we still found
embryonic platelets which were larger than their wild type embryonic counterparts
and could represent immature forms generated from immature MKs. Interestingly,
surviving NFE2 deficient adults do not die of hemorrhage or display signs of bleeding
despite absolute thrombocytopenia, indicating that other elements of the coagulation
system play crucial roles. Potentially, an immature embryonic coagulation system
cannot fully compensate the thrombocytopenia of NFE2 deficient embryos, which

therefore die of hemorrhage intrauterine or peripartum.

4.2.5 Patterns of thrombopoiesis in yolk sac and fetal liver revealed by
multiphoton intravital microscopy
First, MP-IVM unveiled the presence of active thrombopoiesis in both YS and FL. In

general, we found higher concentration of MKs in FL than in YS. The FL MKs were
larger than YS MKs. This could indicate higher activity of thrombopoiesis in FL. In FL,

a large fraction of MKs was extravascular, although the majority had vessel wall
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contact. The role of these extravascular MKs is unknown, both in adults and embryos.
One possibility is that these MKs modulate the resident hematopoietic niche.
Previous studies showed that MKs can be passive obstacles for HSCs in the
BM[115]. Depletion of MKs activates quiescent HSC, expands the HSC pool, and
increase HSC proliferation[116, 117]. Therefore, MKs have a prominent role in niche

homeostasis.

Second, diverse MK and proplatelet/platelet forms were observed in the embryo. We
identified different types of proplatelets in vivo, ranging substantially in length from 5
pum to 200 pum. Our imaging protocol enabled us to identify distinct modes of
embryonic platelet generation. Compared with the classic proplatelet formation and
shedding pattern in adult bone marrow and lung [9, 18], we found small cytoplasmatic
extensions we termed buds. The latter were released and directly shed into
circulation from FL and YS MKs and represented the majority of release events. It is
noteworthy that in vitro, the vast majority of MKs do not form buds, but long
proplatelets. The discrepancy of these in vitro and in vivo results has been shown by
others recently [118]. Furthermore, if canonical proplatelet protrusions were
observed, there were shorter than their adult counterparts [101]. Importantly, also in
adults there seem to be different modes of platelet generation Brown et al. found
that most megakaryocytes enter the sinusoidal space as large protrusions rather than
extruding fine proplatelet extensions [119].

The potential mechanisms of budding vs. proplatelet shedding are still not clear.
Surely, the cytoskeleton and membrane re-organization will play an important role.
regulators of this process are proteins of the Rho family (eg, RhoA, Rac1l), which are
also required for many cellular functions beyond cell mobility and cytokinesis [120].
These proteins, e.g., RhoA and Rock, play an important role in the MK endomitotic
process [121, 122]. Rock inhibitor treatments in mature MKs also lead to the
downregulation of MYC, NFE2, MAFG and MAFK transcript levels, suggesting that
lowering the levels of these transcription factors is a prerequisite to drive the late
stages of megakaryocyte maturation [123]. These transcription factors could be less
important in the embryonic setting, therefore biasing platelet generation towards bud

formation. Because NFE2-/- mice can form, release, and fragment proplatelets in
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vivo, are not able to form and release membrane buds [118]. This suggest NFE2

could be critical for embryonic membrane budding alone.

4.2.6 Limitations of methods
Choosing the right transgenic mouse models is essential for adequate experimental

setup and interpretation of results. This is evidently true for research of embryonic
development. It is very difficult to perform conditional gene knockouts by e.g.
application of chemical compounds in embryos due to the placenta barrier.
Surprisingly, there is a sparsity of data regarding the capability of chemical
compounds or small molecules to cross this barrier. In our project, we also injected
diphtheria toxin to PF4 Cre x Rosa26-iDTR pregnant mice and did not observe any
Cre mediated recombination with subsequent depletion of the thrombopoietic
lineage. Therefore, we chose the c-Myb and NFE2 transgenic mice to perform
constitutional knockouts of these transcriptional factors with major impact on

definitive hematopoiesis and thrombopoiesis.

Although MP-IVM has certain advantages, it also has disadvantages such as a lower
spatial resolution compared to confocal microscopy. This is due to the principle that
the longer the wavelength of the excitation light, the lower is the spatial resolution.
Two-photon excitation requires the usage of excitation that is twice that of the one-
photon wavelength, leading to approximately half the resolution. Therefore, we

cannot exclude that certain biologic processes are not detected by MP-IVM.

The Rosa 26 mTmG x Pf4 Cre mouse model has been widely used to study the
MK/platelet lineage. However, Pf4 could have a broader expression beyond MKs
under certain circumstances. The Pf4 Cre transgene is also believed to be expressed
in a variety of leukocyte populations [124] as well as a subset of epithelial cells from
distal colon [125]. In embryonic intravital imaging, it could therefore be difficult to
distinguish MK, MK progenitors or monocytes progenitors only based on Pf4
expression. Nonetheless, several groups have used this model for deciphering
thrombopoiesis [9], as additional parameters such as size and shedding activity were
used to identify MKs.
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4.3 Summary

Platelet generation and function in embryos is not fully understood. This is partly due
to the challenges in handling embryonic structures for experimental setups and
limitations of conventional imaging methods which do not allow for direct and real-
time visualization of MKs and platelets in vivo. As such, dynamic development of MKs
and their mode of embryonic platelet production has not been studied in detalil.

To gain further insights into embryonic thrombopoiesis, we first performed global
guantitative assessments of MKs and platelets. Platelet count, reticulated platelet
count and MK numbers were quantified using flow cytometry and specific stainings.
Our results show that platelet count starts low but expand dramatically with further
development. Moreover, a higher fraction of reticulated platelets is present in the
embryo than adults. Both observations could be related to a strong increase of fetal
liver MK numbers and their ploidy reflecting maturation. Experiments with transgenic
c-Myb knockout embryos with a known deficiency of definitive hematopoiesis showed
that megakaryopoiesis and thrombopoiesis do not seem to be influenced by this
important transcription factor quantitatively, as platelet and MK numbers were
comparable to heterozygous embryos. Conversely, platelet and MK size as well as
MK ploidy showed a less mature phenotype. Furthermore, the major canonical
transcription factor responsible for MK maturation in adults, NFE2, did also affect
embryonic platelet number with severe thrombocytopenia in NFE2 knockout
embryos. Again, fetal liver MK size as well as MK ploidy showed a less mature
phenotype, with higher numbers of these more immature MKs. Our results suggest
that potentially two waves of embryonic megakaryopoiesis could occur with different
regulators of platelet production, where the early wave is less affected by c-Myb and
NFE2.

In a second step, we aimed at developing a new protocol for intravital, real-time three-
dimensional imaging to visualize embryonic thrombopoiesis in hematopoietic organs
(yolk sac, fetal liver) across different stages of embryonic development. We applied
multiphoton microscopy to enable the imaging of different forms of platelet generation
from yolk sac and fetal liver MKs using the Rosa 26 mTmG x Pf4 Cre mouse model.
At least two patterns of platelet shedding from MKs exist, either by conventional

proplatelet release or by a novel process we termed membrane budding. The latter
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seems to be the predominant form. We observed also that fetal liver MKs presented
higher thrombopoietic activity than yolk sac MKs. Accordingly, and in line with our
results from flow cytometry, fetal liver MKs seemed to be larger and more mature.
Our imaging method revealed that fetal liver MKs were positioned mainly

extravascular, whereas yolk sac MKs were found primarily intravascular.

Both our flow cytometry protocols and our novel three-dimensional intravital imaging
protocol can be applied for further studies of thrombopoiesis and for other dynamic
developmental processes and embryonic disease modeling. Understanding the
mechanism by which platelets are generated at the embryonic stage could be critical
to develop novel therapeutic strategies for congenital defects of hematopoiesis and

thrombopoiesis such as neonatal thrombocytopenia.
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