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Abstract

The hematopoietic system gives rise to a heterogeneous cell population in the bone
marrow (BM), which will fulfill their roles in immunity, blood clotting and tissue
oxygenation. Hematopoietic stem cells (HSCs) are at the apex of a hierarchically
organized maturation cascade constantly replenishing the pool of differentiated cells to
maintain blood cell homeostasis. Megakaryocytes (MKs) are niche cells of
hematopoietic origin that support HSCs homeostasis and generate circulating platelets.
The process of platelet generation by MK fragmentation or proplatelet release
(thrombopoiesis) is well characterized. However, what is triggering MK progenitor
cells (MKPs) to differentiate into mature MKs (megakaryopoiesis) after MK finishing
platelets production, still remains unclear.

The results in this study revealed some input for the answer to this question. It is
revealed that plasmacytoid dendritic cells (pDCs) are in closer contact with apoptotic
MKs and they may release interferon o (IFN-a) into the MK niche. The released IFN-
o can induce MKPs to develop into mature MKSs, both in steady state and
thrombocytopenia. Thus, we identify pDCs as crucial bone marrow niche cells to
monitor the bone marrow for exhausted platelet-producing megakaryocytes and deliver
IFN-o to the megakaryocytic niche to trigger local on-demand proliferation of
megakaryocyte progenitors. This fine-tuned coordination between thrombopoiesis and
megakaryopoiesis is crucial for megakaryocyte and platelet homeostasis in steady state

and thrombocytopenia.



Zusammenfassung

Das hdmatopoetische System im Knochenmark (BM) bildet die Grundlage fiir die
Generierung von terminal differenzierten Zellen, welche eine wesentliche Rolle bei der
Blutgerinnung, Gewebeoxygenierung und Immunitidt spielen. Stamm- und
Vorlduferzellen stehen an der Spitze einer hierarchisch organisierten Reifungskaskade,
um den Pool differenzierter Zellen stindig aufzufiillen und die Homdostase der
Blutzellen aufrecht zu erhalten. Megakaryozyten (MKs) sind Nischenzellen, die die
Homoostase von hédmatopoetischen Stammzellen (HSCs) unterstiitzen und die
zirkulierenden Blutplittchen (Thrombozyten) erzeugen. Obwohl der Prozess der
Blutpléttchenbildung durch Fragmentierung von MKs (Thrombopoese) umfassend
untersucht wurde, bleibt der Prozess der Neubildung von Megakaryozyten aus
Vorlauferzellen (Megakaryopoese) und die dafiir erforderlichen zelluldren und
molekularen Mechanismen, unklar.

In der vorliegenden Arbeit wurde gezeigt, dass plasmazytoide dendritische Zellen
(pDCs) im Knochenmark in Kontakt mit apoptotischen MKs stehen, welches zu einer
potentiellen Freisetzung von Interferon alpha (IFN-e) fiithrt. IFNa indiziert dann die
Entwicklung von Megakaryozyten-Vorldufer zu MKs im Steady-State, sowie bei
Thrombozytopenie. Diese Ergebnisse legen nahe, dass pDCs die entscheidenden
Nischenzellen des Knochenmarks darstellen, die das Knochenmark auf erschopfte
Thrombozyten-produzierende Megakaryozyten hin tiberwachen und IFN-o an die
megakaryocytische Nische liefern und eine lokale bedarfsgesteuerte Proliferation von
MK-Vorldufern vermittelt. Diese fein abgestimmte Koordination zwischen
Thrombopoese und Megakaryopoese ist entscheidend fiir die Megakaryozyten- und

Thrombozytenhomdoostase im Steady-State und bei Thrombozytopenie.



1 Introduction
1.1 Background
1.1.1 Bone marrow megakaryocytes

1.1.1.1 MK maturation stages in the bone marrow

Megakaryocytes (MKs) are polyploidy and rare cells mainly localized in the bone
marrow (BM) sinusoids with a size of 50-100 pm in diameter [1-3]. In maturation
period, the cytoplasm of MK is filled up with proteins and organelles to be transferred
to the newborn platelets [1-5]. MKs are differentiated from hematopoietic stem cells
(HSCs) and undergo four different growth stages before they are mature to produce
platelets. In the first stage, the MKs have a small size of 10-15 pm in diameter, with
round shape and single nucleus so called megakaryocyte progenitors (MKPs) [6].
MKPs have no demarcation membranous system (DMS) [7]. In the second stage, MKs
present a larger nucleus where the chromosome numbers increase 4-8 folds [8] and with
a diameter around 14-20 um. In this stage, some tube-like structures, called the pre-
demarcation membrane system, start to appear [6]. In the third stage, MKSs increase the
size to 20-40 um and the cytoplasm is filled up with different types of organelles. In
this stage, the MK ploidy increases with the predominant numbers of 8 N, 16 N, and 32
N [6]. In the last stage, MKs grow much bigger (40-100 pm) and become fully mature
to initiate the production of cytoplasmic structure extension called proplatelet [9]. In
this final stage, the DMS extends into so called proplatelets, which enter the blood
stream to release platelets [10]. Figure 1 [6] illustrates the different phases of MKs

maturation.



Figure 1 Different phases of MK maturation. (A) Phase I: It is composed by small cells
denominate megakaryocytes progenitors (MKPs) with 10-15um in diameter and a single
nucleus. (B) Phase II: MKs increased in size to 15-20 um in diameter and have a bigger nucleus.
(C, D) Phase III: MKs are with 20-40 pm in diameter and high ploidy. (E) Phase IV: MKs are
with 40 pm in diameter and are preparing for extending proplatelet into the blood vessels. (F)
Phase VII: The mature MK is releasing platelets (from Y.X.Ru, et al. [6])

The MK phases can be identified and separated by different cell surface markers. CD41
is used to label all stages of megakaryocyte development and is the most extensively
accepted cell surface marker for MKs [11]. CD42 is usually used for labeling the mature
MKs [12,13], thus MKPs could be defined as CD41" CD42 cells. Additionally, in mice
the HSCs are defined as Lin- Sca-17 ¢-Kit" cells [14,15], and CD9 is used to label MK
lineages [16]. Thus, MKPs can be diferentiated as CD41"CD42 Lin Sca-1" c-
Kit" CD9* cells [17,18].

1.1.1.2 The process of megakaryocytes development and platelet generation in the

bone marrow

Mature MKs with a size of 100 pm in diameter, can produce thousands of platelets daily

[19-21]. MK bodies are full covered with abundant ribosomes responsible for the



production of specific proteins, that will be part of the platelets content, before MKs
are capable to release platelets [22]. The expansion of MKs is conducted by several
rounds of endomitosis, which is the process of chromosome numbers increase, by more
than 64-fold, without nuclear division [1-3,23]. Thrombopoietin (TPO) promotes
megakaryocyte endomitosis via binding to the c-Mpl receptor. Chromosome
duplication and the nuclear envelope disruption occur during endomitosis. The failing
separation of spindles and nuclear envelope reformation result in polyploid and
multilobed nucleus in each MK [24]. Besides the high DNA content, mature MKs are
characterized by the presence of granules, organelles as well as internal membrane
systems. In particular, the DMS that is an extensive and interconnected membranous
system, used for separating the MK cytoplasm into small areas for platelets release.
Nowadays, it is recognized as a major reservoir surrounded by membranes responsible
for proplatelets formatting and platelet release [24-26]. MKs usually initiate the process
of platelet generation by forming one or more cytoplasmic extensions that elongate
giving origin to proplatelets [24]. MK will continuously generate an expansive and
complicated network of interconnected proplatelets, until its cytoplasm is completely
used [27, 28]. In addition, the proplatelet tips are amplified by bending and branching
[27], and become elongated by the microtubules cytoskeleton movement to the cell
cortex. Parallelly, organelles and granules travel to the proplatelet ends where the
platelets are released. Eventually, the whole cytoplasm of MK is transformed into
abundant mesh of proplatelets and the remaining nuclei are pressed out during the
process of platelets released from their tips. See Figure 2 [24] for the process of MKs

releasing platelets.
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release the platelets and extrude the nuclei (from Patel SR, et al. [24])

1.1.1.3 Megakaryocyte apoptosis in the bone marrow

Apoptosis has been defined as a type of cell death with morphologically distinct
mechanism [29], and now it is clear that apoptosis is a programmed cell death drive by
the intrinsic or the extrinsic pathways [30]. The intrinsic pathway is regulated by BCL-2
family-proteins and it is taking placing on the mitochondria. The main function of BCL-
2 proteins is to inhibit the BAK and BAX proteins, to keep the cell surviving. Once
some stress signals impair the BCL-2 protein members, BAK and BAX will be
activated contributing to mitochondria membrane damage leading to release of
mitochondrial constituents containing cytochrome c, that can trigger a series of
responses of apoptotic caspase cascade. In the apoptotic cascade, caspase-9 is the first
compound to be activated, and subsequently the caspase-3 and caspase-7, leading to

DNA impairment, transcription and translation restrained [31]. The extrinsic pathway
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is initiated by some death-ligands secreted from tumor necrosis factor (TNF). For
example, by the FasL (a kind of death-ligands) binding to Fas receptor of cells, caspase-
8 will be activated to trigger Caspase-3/7 executing the cell death program [32].
Additionally, the cleaved caspase-8 can activate the protein BID to release t-BID
contributing to triggering the intrinsic pathway by activating BAK/BAX [33,34]. Figure

3 illustrates the two apoptosis pathways.

FasL

#

7 Fas receptor

{ress %/}//

Pro-surivival

BH3 Bcl-2
only

Mitochondria £~

Cytochrome ¢
release

Apoptosome

" — ) Substrate

cleavage

Figure 3 Intrinsic and extrinsic apoptosis pathways. Intrinsic pathway: Stress stimulus
activates BH3-only, that inhibits the BCL-2 family-proteins. This inhibition leads to Bak/Bax
activation and damage of the mitochondrial membrane. This results in cytochrome c release
inducing caspase-9 activation. Afterwards, caspase-3/7 are subsequently activated by caspase-
9. Extrinsic pathway: FasL. binding to Fas receptor activates caspase-8 trigger caspase 3/7
activation (from McArthur K, et al. [35])

In MKs, MCL-1 and BCL-XL are the main proteins to restrain the intrinsic pathways,

thus to maintain the growth and maturation of MKs [36,37]. There is a controversy if



MK apoptosis is indispensable for platelet production. Many studies found that mature
MK apoptosis promotes the rearrangements of cytoskeleton which are required for
platelet shedding [38-45]. Another study by Debili and his colleagues demonstrated that
caspase inhibitors can impair the proplatelet formation in the culture of MKs. Therefore,
they concluded that MK apoptosis is required for platelet production. Some studies
shown oppose to this viewpoint found that there were no effects on platelets production
by using mouse models of deficiency of BAK, BAX, caspase-8, or caspase-9 [36,46-
50]. Although it has not reached a consensus about the necessity of MK apoptosis for
producing platelets, it is clear that platelet release is followed by MK apoptosis. Other
authors reported that the feature of “degenerative senescent” MK were distinguished
by “naked” nuclei surrounded by a thin ring of cytoskeleton, that is consistent with MK
death by apoptosis. Thus, they proposed that platelet shedding was happening parallel
with MK apoptosis [51].

1.1.2 Bone marrow plasmacytoid dendritic cells (pDCs)

1.1.2.1 pDCs development

Plasmacytoid dendritic cell is one subtype of the dendritic cells (DCs) population, and
it has been identified and characterized in the 1950s [52]. pDCs are developed from
HSCs in the bone marrow. In the process of the pDC development, lymphoid primed
multipotent progenitors (LMPPs) create myeloid and lymphoid pathways to
differentiate into pDCs [53,54]. For the myeloid pathway, LMPPs can directly give rise
to common DC progenitors (CDPs) or differentiate into myeloid macrophage DC
progenitors (MDPs) first, then continue developing into CDPs [55]. CDPs which are
defined as CD115" CD117* CD135" cells finally finish the differentiation into pDCs or
classical DCs (cDCs) [56,57]. One subset of the CDPs without expressing CD115 but
with high-level of E2-2 are committing more to contribute to pDCs differentiation, than
CD115" CDPs [58,59]. CCR9%¥ pDC-like cells differentiated from small parts of these
CDPs expressing low level of E2-2 and high level of 1d2 that can inhibit E2-2 activity,

8



suppress pDCs differentiation [60,61]. For the lymphoid pathway, LMPPs can give rise
to common lymphoid progenitors (CLPs) then continue to develop into Ly-6D" LPs.
Next, these LPs differentiate into Ly-6D™ Siglec-H" pre-pDCs and finally develop into
the pDCs [62]. Figure 4 [62] illustrates the development of pDCs.
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Figure 4 Plasmacytoid dendritic cell differentiation. Lymphoid primed multipotent
progenitor (LMPP) can originate either macrophage-dendritic cell progenitor (MDP), that will
develop into common dendritic cell progenitor (CDP) or directly differentiates into CDP. CDP
can develop into classical dendritic cell (¢cDC) and plasmacytoid dendritic cell (pDC). pDC is
also generated by the lymphoid pathway. LMPP gives rise to common lymphoid progenitor
(CLP), then continues to develop into Ly-6D* LP and Ly-6D* Siglec-H* pre-pDCs, finally into
the pDCs (from Andrea Musumeci, et al. [62])

1.1.2.2 Identification of pDCs

Plasmacytoid dendritic cells can be differentiated from the cDC subtypes in mice and
human by the expression of defined makers. In mice, the markers are B220, Ly-6D,
Siglec-H and BST2. In human, pDCs can be identified by BDCA2/4, CD123 and
CD45RA markers [62]. BST2 and Siglec-H are the most common markers to identify

pDCs in mice. Especially, BST2 is very specific to pDCs in the bone marrow, while it
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can label some other cells which are exposed to type I and II interferon [63]. Siglec-H
expression is mostly defined as pDCs in cell suspensions from primary and secondary
lymphoid organs [64,65]. However, it is also expressed on some subtypes of

macrophages [66].

1.1.2.3 Function of pDCs

The main function of pDCs is secreting IFN-o mostly mediated by toll like receptor 7/9
(TLR7/9) via MyDS88-IRF7 pathway to promote the immunity responses [67,68].
TLR7/9 will be activated respectively by sensing RNA/DNA viruses, endogenic
RNA/DNA as well as composite oligoribonucleotides/oligodeoxyribonucleotides to
initiate the IFN-a production [69,70]. pDCs also can secret the pro-inflammatory
cytokines and chemokines mediated by TLR7 or TLRO via the MyD88-NF-«kB pathway,
by recognizing the nucleic acids of pathogens [71]. IFN-a produced by pDCs can
induce Ty cells polarization, enhance CD8" T cell augmentation, and stimulate the
differentiation of plasma cells [72-74]. With the expression of CD80, CD86 and
MHCI/II, pDCs commit the function of presenting antigens to CD4* T cells [75-77].
Furthermore, pDCs can drive CD4" T cells development into Ty, and Ty, cells to
promote the immune tolerance with expressing indoleamine 2,3-dioxygenase (IDO),
inducible co-stimulator ligant-L (ICOS-L) and OX40L [78,79]. In addition, pDCs can
respond directly to apoptotic cells by producing IFN-o or/and some cytokines such as
interleukin 6/10 (IL-6/10) [80]. Figure 5 [81] describes the main functions of pDCs

concretely.
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Figure 5 The main functions of pDCs. pDCs take part in both innate immunity and adaptive
immunity. pDCs produce IFN-a via the TLR9/7. IFN-a promotes Ty; cells and CD8" T cell
survival and expansion. It also induces NK cell migration and activates the differentiation of
plasma cells and macrophages. pDCs drive the CD4* T cells development to Ty, and Ty, cells
when they express IDO, ICOS-Land OX40L. pDCs act as antigen presenting cells (APCs)
presenting antigens to CD4" T cells (from Dana Mitchell, et al. [81])

1.1.3 Megakaryopoiesis in the bone marrow

1.1.3.1 The process of megakaryopoiesis

What is megakaryopoiesis? In brief, it is a process of MK differentiation from the
megakaryocyte precursors called megakaryocyte progenitors and some hematopoietic
stem cells (HSCs) into mature megakaryocytes [82,83]. In detail, the long-term HSCs
(LT-HSCs) break stationary phase and turn into the short-term HSCs (ST-HSCs),
continuing to develop into the multipotent progenitors (MPPs) [84]. MPPs sequentially
differentiate into the common myeloid progenitors (CMPs) which have the capacity to

form granulocyte, monocyte-macrophage, erythrocyte as well as platelet-precursor [85].
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CMPs continue division into megakaryocytic-erythrocytic progenitors (MEPs) and then
finally differentiates into MKs [86-88]. Recent studies propose that there are three
parallel lineage pathways in general for the megakaryopoiesis in the bone marrow
(Figure 6) [18, 89-92]. ST-HSCs derived from LT-HSCs differentiate into MPPs1 as
well as MPPs2 and continue to differentiate into MKs respectively with multiple steps
in two different pathways (classic and alternative model). Notably, it is proposed that
there are no proliferative potentials in both MPPsl and MPPs2. While MPPs3,
differentiated from LT-HSCs directly, are recognized as self-renewing cells committed
to the development of MKs in myeloid bypass model [92,93]. In this model, MPPs3
can differentiate into myeloid repopulating progenitors including repopulating CMPs,
MEPs and MKPs. It is proposed that the MK development in myeloid bypass model
may be dynamic and sensitive to the change of environments such as inflammation,

infection, and wound healing (92,94).
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Figure 6 Megakaryocyte differentiation pathways in the bone marrow. LT-HSC gives rise
to ST-HSC, and then continues to develop into MPP1, MPP2 and MPP3. (A) Classic model:
MPP1 differentiates into CMP, then CMP gives to MEP and MEP develops into MK (B)
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Alternative model: MPP2 differentiates into CMP, then CMP originate MEP and MEP develops
into MK. (C) Myeloid bypass: MPP3 differentiates into CMRP, then CMRP gives to MERP
and MERP develops into MK (from Bush LM, et al. [18])

1.1.3.2 The potential regulators of megakaryopoiesis

1.1.3.2.1 Sinusoidal vascular niche as a microenvironment for megakaryopoiesis

Many studies found that most MKs, MKPs and even HSCs are the units of
megakaryopoiesis located closer to the perivascular niche in the bone marrow [95,96].
Why megakaryopoiesis takes place at the perivascular niche? First, because the
perivascular niche is a place with plenty oxygen and nutrients in which MKs release
the platelets into the circulation more easily and effectively. Second, there are some
cells secreting abundant factors to promote the progress of megakaryopoiesis such as
endothelial cells and some reticular cells that are rich in CXCL12. Many studies found
that these cells at the perivascular niche can produce a large amount of SDF-1 and SCF
which are critical regulators contributing to regulating the HSCs [97-99]. c-kit
is the cytokine receptor mainly expressed on HSCs, and SCF serves as the c-kit ligand
inducing HSCs differentiation when they bind together [100-105]. Later, some studies
discovered that c-kit was also expressed on MKs, and SCF/c-kit can promote MK
maturation [106,107]. SDF-1 and FGF-4 were reported to increase platelet production
by mediating the interaction between MKPs and bone marrow endothelial cells [96].
Above all, these studies make clear that sinusoidal vascular niche supplies an adaptive

microenvironment for megakaryopoiesis.

1.1.3.2.2 Thrombopoietin as a dominant cytokine for megakaryopoiesis

Thrombopoietin (TPO) is the critical protein for the development of MKs and it was
first purified in 1994 [108,109]. C-Mpl, the TPO receptor, mostly expressing on MKs,

MKPs and HSCs is activated via binding to TPO giving rise to activating downstream
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signaling pathways subsequently such as JAK2/STAT, MAPK and PI3K [110-113].
After activation, MK progenitors expand and differentiate to MKs [114]. Some studies
proved that TPO treatment gave rise to more maturation of MKs and more platelets
production in vivo or in vitro [113,115,116]. It was reported that the survival of HSCs
was relevant to TPO, and TPO also induced the differentiation of HSCs together with
IL-3 or SCF [117]. The main sources of TPO are the liver and kidney, and some bone
marrow stromal cells provide a small amount of TPO [118,119]. The degradation of
TPO occurs when it is binding to c-Mpl on platelets. Therefore, less degradation of
TPO takes place in the circulation contributing to replenishing the platelet source under
thrombocytopenia [120]. In a previous study we have shown that the highest level of
TPO in the circulation occurs after 12h of platelets depletion (Figure 7) [121]. And after
3 days TPO treatment, the quantity of MKs as well as MKPs all increased significantly
(Figure 8) [121].
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Figure 7 TPO measurements after platelet depletion. TPO levels were measured in the
serum after 6, 12 and 24 h of platelet depletion. The higher peak is seeing after 12 h of platelet
depletion. Wide type mice (WT) n= 6. Platelet depleted mice (pd) n= 4. (from Fu, Wenwen,
dissertation, LMU. [121])
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Figure 8 Quantification of MKs and MKPS in the bone marrow after TPO treatment.
Mice were treated with TPO or injected with antibodies to deplete platelets for 12 h. Histograms
display the numbers of MK and MKP quantified in the bone marrow after the respective
treatments. Wide type (WT) mice n= 3. Platelet depleted (pd) mice n=4, and TPO treated mice
n= 3 were included (from Fu, Wenwen, dissertation, LMU. [121])

Taking together, TPO is recognized as an indispensable cytokine for megakaryopoiesis,
especially promoting the formation of MK progenitors and their differentiation into

MKss.

1.1.3.2.3 The potential role of pDCs in megakaryopoiesis

It is clear that the vascular niche microenvironment provides some regulators like SDF-
1 and SCF to promote the megakaryopoiesis, and TPO as a potent cytokine globally
accelerating the megakaryopoiesis as well. However, it is still not clear how the
megakaryopoiesis is triggered, after the mature MKs finished releasing platelets. As
before described in our previous study, MKPs were located very close to the mature
MKSs, therefore we hypothesized that vanishing MKs that accomplished platelet release
may themselves act as local stimuli fueling their progenitors. However, how the
vanishing MKs regulate megakaryopoiesis is not yet well understood. It is reported that
MKSs finishing thrombopoiesis turn into “degenerate senescent” MKs with “naked”

nuclei [51]. Since remnant MKs are hardly found within BM sections, it has been
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suggested that they undergo rapid apoptosis and are cleared by bone marrow
phagocytes that sense apoptotic bodies and DNA [35]. As before mentioned, pDCs are
migratory cells that are specialized in detecting apoptotic cells and nucleic acids [72,80].
Hence, we hypothesize that pDCs may detect the apoptotic MKs, and then secreting
some cytokines to induce MKPs developing into MKs. Actually, pDCs can secrete
many cytokines, if these cytokines play a role in megakaryopoiesis is unknown. The
main function of pDCs is secreting IFN-a [67], and some studies have proved that both
MKs and MKPs express the IFN-a receptor [68]. Furthermore, a study by Haas et al,
indicated that IFN-a mediated inflammation can promote MKPs to develop into MKs
[94]. Based on these previous reports and our own preliminary results, we hypothesize
that pDCs may regulate megakaryopoiesis by sensing apoptotic MKs and then releasing

IFN-a to trigger the maturation of MKPs.

1.2 Objective

Despite many factors impact megakaryopoiesis in the bone marrow, it is not clear how
megakaryopoiesis is triggered after MKs accomplish thrombopoiesis under the steady
state or acute thrombocytopenia. In this thesis, It will be investigated if and how pDCs
regulate megakaryopoiesis in vivo and in vitro under the steady state as well as acute

thrombocytopenia.

Aim 1: To investigate the role of pDCs in megakaryopoiesis under the steady state

At the first, we will use two-photon intravital microscopy and whole-mount
immunostaining to investigate the pDC-MK interaction in vivo under the steady state.
To study if this interaction is further enhanced in response to apoptotic MKs, we will
conditionally induce apoptosis in the megakaryocytic lineage in PF4-Cre*; iDTRflox;
vWF-eGFP mice (MK-iDTR-mice) treated with diphteria-toxin (DT). At the last, to
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investigate if pDCs impact megakaryopoiesis, we will use a murine model for pDC
depletion (BDCA-2DTR) mouse. Under these conditions, the MKs, MKPs, pDCs and
platelets numbers will be quantified via whole-mount immunostaining images in wide

type (WT) and pDCs depleted mice.

Aim 2: To characterize the role of pDCs in megakaryopoiesis under

thrombocytopenia

In order to study if pDCs have an influence on megakaryopoiesis under acute platelets
depletion, first, the emergency thrombocytopenia will be performed by injecting the
antibodies into the mice to induce acute deplete platelets. By using two-photo intravital
microscopy, the pDC-MK interaction in vivo under thrombocytopenia conditions will
be investigated. The numbers of platelets, MKs and MKPs will be determinated after

24 hours of platelets depletion in WT and pDC-depleted mice.

Aim 3: To investigate if IFN-a regulate megakaryopoiesis

To investigate if the IFN-a release in the bone marrow impact megakaryopoiesis, we
will use murine models for IFN-a treatment, IFNaR depletion and pDC-IFNaR-
depletion mice. First, we will count the number of platelets, MKs and MKPs in mice
under IFN-a treatment as well as in IFN-a receptor knock out mice to check if the IFN-a
affects megakaryopoiesis in vivo. Then, we will do megakaryocyte colony forming unit
(CFU-MK) assay under different concentrations of IFN-a, to discover the effects of
IFN-a for MK proliferation in vitro. Last, the number of platelets, MKs and MKPs will
be quantified in the absence of pDCs by using the mice lines pDC-DTR-IFNaR and

pDC-DTR to analyze the impact of pDCs in megakaryopoiesis.
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2 Materials & Methods

2.1 Mouse strains

Wild type C57BL/6J, Rosa26-iDTR, PF4-Cre, BDCA2-DTR, IFNaR-/- and IFNaR 11l
were bought from the Jackson Laboratory. vWF-Cre mice were obtained from W. Aird
and vWF-eGFP mice were generated by C. Nerlov. The crossbreed of PF4-Cre and
Rosa26-1DTR mice was used to induce MK cell death in vivo (PF4-Cre; RS26-iDTR).
The crossbreed of PF4-Cre; RS26-iDTR and vWF-eGFP mice was used to visualize the
megakaryocytic lineage following induction of MK cell death (referred to as MK-
iDTR). vVWF-Cre mice were crossed with [IFNaR 17°% to conditionally delete IFNaR in
the megakaryocytic lineage. pDC-DTR and IFNaR-/- were cross bred to achieve pDC
depletion in IFNaR-/- animals (pDC-DTR; IFNaR-/-). 6-12 weeks old, male and female
mice were used in this study. There were no differences of the sexes and ages for the
mice in control and experimental groups. Mice were bred and kept in the animal
facilities of the Walter-Brendel Zentrum, the Zentrum fiir Neuropathologie und
Prionforschung (ZNP) or the Biomedical center of the LMU in Munich, Germany. The
whole murine experiments were followed by the law of animal-production in Munich,

Germany.

2.2 Reagents and antibodies

Diphtheria Toxin (DT) (Sigma-Aldrich-Saint Louis, MO, USA) was injected
intraperitoneally into pDC-DTR and pDC-DTR-IFNaR” mice in 8 ng/g per day for 3
days [122,123]. A single dose was injected into MK-iDTR mice 24h before the
experiment. Platelet depleting antibody (R300, anti-GPIba, used as 2pg/g bodyweight)
and isotype control (C301) from Emfret (Eibelstadt, Germany), were injected
intraperitoneally into the mice for 24h to induce platelet depletion. pDC depleting
antibody (ultra-LEAF™ purified anti-PDCA-1, clone 927, BioLegend) was injected i.p.
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for 9 consecutive days with a concentration of 150 pg per mouse at day 1 and 100 pg
per mouse the following days. The isotype control (ultra-LEAF™ purified rat IgG2bk
Isotype Ctrl, clone RTK4530, BioLegend) was injected accordingly. Type I interferon
alpha was applied by injecting universal interferon alpha (PBL, assay science) with
5000U / mouse i.p in 200 pl PBS. Both CD41-fluorescein isothiocyanate (FITC) and
CD41-Streptavidin-phycoerythrin (PE) were purchased from Biolegend (San Diego,
USA) and were used for labeling MKs. Siglec-H-PE and purified anti-mouse BST2
(CD317) were used to label pDCs (Biolegend, San Diego, USA). Ultra-LEAFTM
purified anti-mouse IFNAR-1 purchased from Biolegend (San Diego, USA) was used
for labeling IFN-a receptor. Both Cleaved Caspase-3 and BAK, purchased from Cell
Signaling (Massachusetts, USA), were used for marking apoptotic MKs. Secondary
antibodies goat anti-rat Alexa Fluor 647, goat anti-rabbit Alexa Fluor 488 and 647, and

Hoechst 33342 were all bought from Thermo Fisher Scientific (Massachusetts, USA).

2.3 Measurement of Platelets

2.3.1 Platelets measurement

Mice were anesthetized first with 5.0 Vol. % Isoflurane (cp-pharma, Burgdorf,
Germany) and 0.25 1/1 oxygen. After, one dose of the anesthesia mix (MMF) composed
by 90 ul Midazolam (5 mg/kg body weight, B.Braun, Melsungen, Hessen, Germany),
15 ul Medetomidine (0.5 mg/kg body weight, Zoetis, Germany) and 90 ul Fentanyl
(0.05 mg/kg body weight, Albrecht GmbH, Aulendorf, Germany), was injected
peritoneal. Once the mouse was under deep anesthesia, the blood was drawn from the
heart percutaneously between the first rib and the second rib by a syringe containing
100 pl of anticoagulant solution (Sartedt Monovette, Wuppertal, Germany) with a 26
G needle. Then, the mouse was sacrificed by cervical dislocation and the bones were
harvested for further analysis. Platelets were counted by the blood reader XN-1000 Pure

instrument (Sysmex Europe Gmbh, Nordestedt, Germany).
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2.3.2 Consecutive platelets measurement

Mouse was placed in one restrainer where the tail was exposed outside to get access to
the vessels. The tail venous blood was collected through a catheter filled with 10ul of
anticoagulant solution (Sartedt Monovette, Wuppertal, Germany) connected by a 1 ml
syringe. Platelets were counted by using the XN-1000 Pure system (Sysmex Europe

Gmbh, Nordestedt, Germany).

2.4 Whole-mount immunofluorescence staining and imaging

As previous described, mouse was anesthetized with Isoflurane and one dose
intraperitoneal injection of MMF. After collecting the blood, mice were sacrificed by
cervical dislocation. Then, humeri, femora, sternums and tibias were isolated and fixed
in 4% paraformaldehyde (PFA) for 30 min at room temperature (RT). After fixation the
bones were incubated with 30% Sucrose solution 24 h at 4°C. At the following day, the
bones were put in Tissue-Tek® Cryomold filled with O.C.T. (Staufen, Germany) and
frozen at -80 °C. The frozen bones with O.C.T were sliced on Histo Serve NX70
cryostat (Celle, Germany) to expose the maximal bone marrow area. Later, the bones
were gently removed from the O.C.T. and carefully washed with 1xPBS. Next, they
were incubated in 4 % PFA for 15min RT. Then after washed with 1xPBS, they were
incubated in 0.5 % Triton X-100 (Sigma-Alrich, Saint Louis, MO, USA) solution
diluted with 1xPBS for 45 min RT for permeabilization. After permeabilization, the cut
bones were washed again within 1 xPBS and then incubated in 10% Normal Goat Serum
(NGS, Thermo Fisher Scientific, Massachusetts, USA) for 2 h RT for blocking. Next,
the primary antibodies were added into the blocking solution with the bones for 24 h in
4 °C. After the incubation with the primary antibodies, the bones were washed with 1x
PBS, and the secondary antibodies were added for 2 h RT. For the labeling of MKs and
MKPs, CD41-FITC or CD41-PE were used with the dilution of 1:100. MKPs were

20



recognized as small (diameter<15 pm), round and mononuclear CD41* cells, and MKs

were identified as CD41" multinucleated cells with a diameter more than 15 pm.
Primary antibody anti-BST2 diluted in 1:100 and second antibody goat anti-rat Alexa
Fluor (AF) 647 diluted in 1:100 was used for labeling the pDCs. Primary antibody
Cleaved Caspase-3 or BAK diluted in 1:200 and second antibody goat anti-rabbit AF
488 diluted in 1:100 was used to mark the apoptotic MKs. Primary antibody IFNAR-1
diluted in 1:100 and second antibody goat anti-mouse AF 647 diluted in 1:100 was used
to label the IFN-a receptor. Hoechst 33342 (1:1000 dilution) was used for labeling the
nucleus. After staining, the bone was embedded in the custom-built ring filled with
plasticine and then a glass slice was glued to fix the bones and make the exposed surface

of the bone marrow attach to the glass slide tightly (Figure 9).

Figure 9 Model of the whole-mount staining of the tibial bone marrow in mice. The tibia
was fixed in the ring that was full of plasticine under the glass slide.

Next, the bone marrow was imaging with a LSM 880 confocal microscopy using the
Airyscan module, objective Plan-Apo 20x Objective NA, 0.8 or with 63x/1.46 oil Plan-
Apo. Images were taken with step size of 2 um, range in z-stack of 40 um, and analyzed
with Zen Blue software. 3D projections and rendering were done with Imaris 8.4.2

(Bitplane) software.
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2.5 Calvarium bone marrow intravital imaging by Two-Photon microscopy

Multiphoton intravital imaging of the calvarium bone was performed using anesthetized
mouse under MMF mix as described above. In short, the anesthetized mouse was placed
on a warming pad and the hair over the skull was shoved by the hairclippers and further
cleaned by depilatory cream. Then, the middle part of skull was exposed by cutting and
clearing the skin and membranes. Later, the exposed skull was fixed tightly by a ring
which was glued directly to the skull bone to maintaining immobility. The ring was
filled with ultrasonic gel for the imaging. Half dose of the MMF was injected i.p. each
35 min to keep the mouse be under narcosis during the imaging process. The mouse
calvarium was imaged by using a multiphoton TrimScope II LaVision Biotech
(Bielefeld, Germany) system connected to an upright Olympus microscope. The
microscope is equipped with a tunable laser with the range of 700-1080 nm (Ti;Sa
Chameleon Ultra II laser). An objective 16x water immersion (numerical aperture 0.8,
Nikon) was used. 3D- time series images were recorded within 30-40 um depth, with
step size of 2 pm and a frame rate of 1 min. The excitation wavelength 840 nm was
used. The emitted signal was detected by Photomultipliers (G6780-20, Hamamatsu
Photonics, Hamamatsu, Japan). ImSpector Pro (LaVision) software was used for
imaging acquisition. Imaging was performed at 37 °C using a customized incubator.
Blood vessels were visualized by i.v. injection of Dextran Cascade Blue 10.000 MW
(D1976, ThermoFisher Scientific) before imaging. vIWF-eGFP mouse was used to
visualize the megakaryocytic lineage and pDCs were labeled with anti-SiglecH-PE
antibody (Biolegend) injected intravenously 20 min before imaging (20 ul diluted with

100 pl NaCl). After imaging, the mouse was put to death by cervical dislocation.
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2.6 Image processing

The 3D-time series videos, 3D rendering images and cell speeds were analyzed with
Imaris software version 8.4.2 (Bitplane). Other measurements as the numbers of MKs,

MKPs and pDCs were counted using ZEN software (Carl Zeiss).

2.7 Isolation of bone marrow cells

All bones including the humeri, femora, sternums, tibiae, and spines were collected
from the sacrificed mice and were transferred into sterile ice-cold PBS. The bones were
first washed shortly with 70 % ethanol, rinsed with sterile ice-cold 1xPBS on a clean
bench. Later, for the long bones containing femoras, tibias and humeri, the two ends’
bones were cut by using a blade (Feather, Osaka, Japan). Then, a 26-Gauge needle
connected to a syringe with 1x PBS + 2 % fetal calf serum (FCS) was used to flush the
bone marrow until the bones were empty. For the other bones containing sternums, ilia
and spines were grinded by a syringe to squeeze all the bone marrow out. The liquid
containing bone marrow was put into a sterile dish and then resuspended by passing
through inside a 20-Gauge needle several times. Afterwards, the resuspension was
passed through the 70 pum cell filter (Miltenyl Bioec GmbH, Bergisch Gladbach,
Germany) to reach a cleaner cell solution. The solution was centrifuged 4°C at 350xg
for 5 min. After centrifugation, the supernatant was discarded and the pellet was
resuspended with 1 ml Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher

Scientific, Massachusetts, USA).

2.8 Megakaryocyte colony forming unit (CFU-MK) assay

The isolated BM cells were counted manually by using Neubauer counting chamber.
After counting, the total number of 2.2x10° cells were needed. Next, 0.3 ml IMDM, 1.2

ml Collagen Solution (STEMCELL Technologies, Cologne, Germany) and 1x10° cells
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were added into each tube of MegaCult™-C medium (STEMCELL Technologies,
Cologne, Germany). 6 tubes with the prepared medium were divided into 6 groups, and

different cytokines were added into the groups. 50 ng/ml recombinant murine (rm) TPO

was added into group 1, 50 ng/ml rm TPO + 5 U/ml IFN-a, (PBL Assay Science,
Piscataway, USA) were added into group 2, 50 ng/ml rm TPO + 10 U/ml IFN-o were
added into group 3, 50 ng/ml rm TPO + 100 U/ml IFN-a were added into group 4, 50
ng/ml rm TPO + 500 U/ml IFN-a were added into group 5 and 50 ng/ml rm TPO +

1000 U/ml IFN-a were added into group 6. Then all the medium with cytokines were

mixed into the tubes with the medium and placed into 6-well plate (Corning Costar,
Sigma-Aldrich, Saint Louis, MO, USA) gently avoiding the bubbles. Each group was
equally divided into two wells of the 6-well plate. The plates were put into the incubator
at a constant air humidity (95 %) and temperature (37 °C) as well as a stable

concentration of CO, (5 %) for culturing 7 days.

2.9 Megakaryocyte colony staining and imaging

According to the protocol of MK colony staining, staining reagents containing 0.1 M
sodium phosphate buffer, 0.1 M sodium citrate solution, 30 mM copper sulfate solution
and 5 mM potassium ferricyanide solution were prepared. 10 mg of acetylthiocholine
iodide (Sigma-Aldrich, Saint Louis, MO, USA) was added into 0.1 M sodium
phosphate buffer to prepare the acetylthiocholiniodide solution. Then 0.1 M sodium
citrate solution 1 ml, 30 mM copper sulfate solution 2 ml and 5 mM potassium
ferricyanide solution 2 ml were successively added into the acetylthiocholiniodide
solution with continuous stirring to prepare the staining solution. MK-colony samples
were placed on the sterile bench, and the mediums were discarded to expose the gel.
Ice-cold acetone was gently added on the top of the gel for 15 min to fix the samples
and simultaneously, the samples were placed on ice. Later, the acetone was gently
removed and let evaporated for 10 min. Then, 1 ml of the staining solution was put into
each well of the 6-well plate of MK-colony samples and the samples were placed in
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dark at least for 8 h. Axiozoom v16 microscope (ZEISS, Oberkochen, Germany)
connected to ZEN microscope software (ZEISS, Oberkochen, Germany) was used to
perform the MK-colony samples imaging at a magnification of 16.8x with TL bright
field channel.

2.10 Statistics

The statistical analysis was performed by using the GraphPad Prism software (San
Diego, USA). Before performing statistical analysis, F test was used for ensuring the
data with equal variances, and Student’s unpaired t-test was used to compare the two
groups; if not, when the variances were obviously different, unpaired t-test with
Welch’s correction was used. One-way ANOVA was used to compare multiple groups
for univariate analysis, and Dunnett’s multiple comparisons test was used; While two-
way ANOVA was used to compare multiple groups for double factor analysis, and
Sidak’s multiple comparisons test was used. Error bar indicates standard error of the

mean (SEM). P value less than 0.05 was considered significant.
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3 Results
3.1 The regulation of pDCs on megakaryopoiesis in the steady state

3.1.1 Interaction between pDCs and MKs in the steady state

3.1.1.1 Observation of the interaction between pDCs and MKs by bone marrow

whole-mount immunostaining

First, we investigated if pDCs can detect MKs, especially apoptotic MKs. We used
bone marrow whole-mount immunostaining of PF4-Cre®™ x Rosa26-iDTR mice
compared with PF4-Cre- x Rosa26-iDTR mice to characterize pDC-MK interactions.
Since after injection of diphtheria toxin (DT) for 24 hours, MKs are going to be depleted,
we could use this mouse model as MK apoptosis model. For the control group, we use
the same amount of DT treatment on the PF4-Cre X Rosa26-iDTR mice where the MKs
are not depleted. After DT treatment, we isolated the femurs from the respective mice,
and performed the whole-mount immunostaining. We used anti-CD41 antibodies to
label MKs, anti-cleaved caspase 3 antibodies to label apoptotic MKs, anti-BST2
antibodies to label pDCs, and Hoechst to label the nucleus. After staining, we
performed the imaging of the bone marrow by using confocal microscope. We found
that pDCs were interacting with mature MKs (big and multinucleate MKs) and with
apoptotic MKs (Figure 10). After quantification, we found that slight decrease of pDCs
and significant decrease of MKs in the MK apoptotic group compared with control
group (Figure 11), but the percent of apoptotic MKs (apoptotic MKs/total MKs)
increased in MK apoptotic group compared with control group demonstrating the
efficiency of the PF4-Cre* x Rosa26-iDTR mice as MK apoptotic model (Figure 12).
Besides, we also found that there were more interactions between pDCs and MKs in
MK apoptotic group (Figure 13), further indicating that pDCs are capable of detecting
apoptotic MKs.
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Figure 10 Representative whole-mount staining images of pDC-MK interactions in
control (left) and MK apoptotic (right) groups. 24 hours after DT treatment of PF4-Cre
Rosa26-iDTR and PF4-Cre* % Rosa26-iDTR mice were included in control group and MK
apoptotic group respectively. CD41 labeled MKs, CD41 and cleaved caspase 3 double labeled
apoptotic MKs, BST2 labeled pDCs, Hoechst labeled nucleus. Scale bar=20 pum.
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Figure 11 Quantification of pDC and MK numbers under MK apoptotic conditions.
Number of pDCs (left) and MKs (right) in control group and MK apoptotic group. n= 6 in
control group; n=3 in MK apoptotic group. Unpaired t-test with Welch’s correction; Error bar=
SEM. P=0.0487 for pDC comparison; P=0.0009 for MK comparison.
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Figure 12 MK apoptotic quantification. Percent of apoptotic MKs in control group and MK
apoptotic group. n= 3 mice. Unpaired t-test; Error bar= SEM. P< 0.001.
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Figure 13 Quantification of pDC interacting with MK in the bone marrow. Percent of MK
interacting with pDCs in control group and MK apoptotic group. n=5 in control group; n= 3 in
MK apoptotic group. Unpaired t-test with Welch’s correction; Error bar= SEM. P< 0.001.
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3.1.1.2 Observation of the dynamic interaction between pDCs and MKs in vivo

To analyze the dynamic interaction between pDCs and MKs in vivo, we performed
intravital calvarial bone marrow imaging by two-photon microscopy. We used PF4-
Cre X Rosa26-iDTR x vWF-eGFP mice as control group and PF4-Cre* x Rosa26-
iDTR x vWF-eGFP mice as MK apoptotic group. After injection DT 24 hours for each
group, we injected anti-Siglec-H-PE antibodies to label the pDCs, and MKs were
marked by vWF-eGFP. We clearly observed the dynamic interaction between pDCs
and MKs in the calvarial bone marrow shown by two-photo microscopy (Figure 14).
By tracing the single pDC which is interacting with MKs in the MK apoptotic group,
we found that some pDCs were interacting on the surface of MKs (Figure 15), and some
pDCs were diving into the bodies of MKs (Figure 16). We also observed that pDCs
moved faster in MK apoptotic group compared with control group. To verifying this
phenomenon, we used the Imaris software to create a 3D rendered image of the calvarial
bone marrow imaging, for tracking the pDCs interacting with MKs (Figure 17) and for
the pDC speed calculation (Figure 18). The results show that pDCs move faster in the
MK apoptotic group further suggesting that pDCs are adept in detecting apoptotic MKs

in the bone marrow.
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Figure 14 Representative intravital calvarial bone marrow imaging in control group (left)
and MK apoptotic group (right) by two-photon microscopy. vWF-eGFP labeled MKs,
Siglec-H-PE labeled pDCs, SHG labeled bone structure shown by the blue signal. Scale bar
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Figure 15 Single pDC dynamical interaction with MK surface. Arrow indicated the single
pDC (pink). Upper, intravital calvarial bone marrow images, vWF-eGFP labeled MKs (green),
Siglec-H-PE antibody labeled pDCs, SHG labeled bone structure in blue signal. Lower, 3D
reconstructed images of the same pDC dynamical interaction with MK surface.The pDC was
interacting with MK surface at 3 min and left at 5 min. Scale bar= 10 um.

Figure 16 Single pDC dynamical diving into MK body. Arrow indicated the single pDC
(pink). Upper, intravital calvarial bone marrow images, vVWF-eGFP labeled MKs (green),
Siglec-H-PE labeled pDCs, SHG labeled bone structure (blue). Lower, 3D reconstructed
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images of the same pDC diving into MK body. The pDC was interacting with MK surface at
Smin, then was diving into the body of MK at 7 min and left at 20 min. Scale bar= 10 pm.

Figure 17 3D reconstructed images of single pDC dynamic interaction with MK in control
group (upper) and MK apoptotic group (lower). Scale bar= 30 pum.
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Figure 18 Speed of each pDC processing the interaction with MKs in control group
compared with MK apoptotic group. n= 62 in control group; n= 60 in MK apoptotic group.
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Unpaired t-test; Error bar= SEM. P= 0.0029.

3.1.2 The impact of pDCs depletion on megakaryopoiesis in the steady state

In order to investigate if pDCs impact megakaryopoiesis in vivo, we used pDC
depletion models. BDCA2-iDTR mice which specifically express DT receptor on pDCs
treated with DT were recognized as pDC depletion group, and WT mice treated with
DT were recognized as control group. After DT consecutive injections of 3 days for
BDCA2-iDTR mice and WT mice, about 80 percent of pDCs were depleted in pDC

group compared with control group (Figure 19).
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Figure 19 pDC depletion in the bone marrow. Number of pDCs in control group (n= 6 mice)
and pDC depletion group (n= 6 mice). pDC number was quantified on whole-mount
immunostaining. Unpaired t-test; Error bar= SEM. P< 0.001.

Then we collected the blood to measure the number of platelets and isolated the femurs

to perform the whole-mount immunostaining in both control group and pDC depletion
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group. The number of platelets decreased prominently in pDC depletion group
compared with control group ((Figure 20). For the whole-mount immunostaining, we
used anti-CD41 antibodies to label MKs, anti-BST2 antibodies to label pDCs and

Hoechst to label the nucleus (Figure 21). Besides, we defined MKPs as small

(diameter<15 pm), round and mononuclear CD41% cells, and MKs as CD41*

multinucleated cells with a diameter more than 15 pm. After quantifying the number of
MKs and MKPs in each group, we observed that both cell types decreased in pDC
depletion group compared with control group (Figure 22). All the data suggested that

pDCs directly impact megakaryopoiesis, and consequently affect thrombopoiesis.
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Figure 20 Platelet quantification under pDC depletion conditions. Platelets fold relative to
control mice. Control mice (n= 6) and pDC depletion mice (n= 6). Unpaired t-test; Error bar=
SEM. p<0.001.
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Figure 21 Representative whole-mount immunostaining in control group (left) and pDC
depletion group (right). CD41 labeled MKs, BST2 labeled pDCs, Hoechst labeled nucleus.
MKPs were identified as small (diameter < 15um), round and mononuclear CD41" cells. MKs
were identified as CD41" multinucleated cells with a diameter more than 15 pum. Arrows
indicated MKPs. Scale bar= 20 pm.
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Figure 22 MK and MKP quantifications under pDC depletion conditions. Number of MK
and MKP in control group (n= 6 mice) and pDC depletion group (n= 6 mice). Unpaired t-test;
Error bar=SEM. MK contrast (P= 0.0011); MKP contrast (P< 0.001).
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3.2 The regulation of pDCs in megakaryopoiesis under thrombocytopenia

3.2.1 The interaction of pDCs with MKs under thrombocytopenia

We have demonstrated the role of pDCs in enhancing megakaryopoiesis at steady state.
Next, we would like to investigate the role of pDCs in megakaryopoiesis under
emergency thrombocytopenia. R300 injection into WT mice for 24 h was used to induce
emergency thrombocytopenia. To investigate the interaction of pDCs with MKs under
thrombocytopenia, we performed whole-mount immunostaining of bone marrow for
WT mice (control group) and thrombocytopenia mice (platelet depletion group) (Figure
23). We used anti-CD41 antibodies to label MKs and anti-BST2 antibodies to label
pDCs. After counting, we found there were more interactions in platelet depletion group

compared with control group (Figure 24).
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Figure 23 Representative bone marrow whole-mount immunostaining (upper) and 3D
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