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Zusammenfassung

Zusammenfassung

Myeloproliferative Neoplasien (MPN) sind klonale Stammzellerkrankungen, die,
wenn sie nicht behandelt werden, ein Versagen des hamatopoetischen Systems zur
Folge haben. Ein Durchbruch in der MPN-Forschung war die Identifizierung von
Treibermutationen, wie zum Beispiel BcrAbl in der chronisch myeloischen Leukamie
(CML) und JAK2V617F in Polycythemia vera (PV). Ein weiterer Durchbruch, diesmal
in der MPN-Behandlung, war die Entwicklung von Tyrosinkinase-Inhibitoren (TKI).
Jedoch verursachte das Absetzen der TKI-Behandlung héaufig ein Wiederauftreten
der Leukamie, da die Leukdmie induzierenden Stammzellen durch die TKI-
Behandlung nicht beseitigt wurden. Interferona (IFNa) wurde verwendet, bevor die
TKI-Behandlung die First-In-Line-Therapie war. Studien an PV-Patienten zeigten
eine Verringerung der JAK2V617F-Allelbelastung aufgrund der IFNa-Therapie. Der
Signalweg im malignen Klon ist jedoch noch nicht gut verstanden. Im Gegensatz zu
TKI zeigte die IFNa-Behandlung nach Absetzen der Therapie Ilangere
Remissionsphasen. Die Behandlung mit IFNa bei CML-Patienten zeigte jedoch
schlechte Ergebnisse, wahrend PV-Patienten sofort ansprachen. Untersuchungen
an Knock-out-Mausen und induzierten pluripotenten Stammzellen (iPSC) zeigten,
dass der Interferon regulatorische Faktor 8 (IRF8) in CML herunterreguliert wird.
Dartber hinaus wird davon ausgegangen, dass niedrige IRF8-Transkripte eine
schlechte Prognose fir die IFNa-Behandlung in der CML darstellen.

Zunéachst untersuchte ich den Einfluss von IRF8 auf die Pathogenese von CML und
PV. AuRerdem untersuchte ich den IFNa-Signalweg in PV und CML in Bezug auf
IRF8 Expression. Zu diesem Zweck isolierte ich IRF8"* und IRF8-
Knochenmarkszellen (BM) aus Mausen und transduzierte diese Zellen mit BcrAbl
oder JAK2V617F-Retroviren. Ich habe BcrAbl* Zellen als Einzeltherapie in vitro mit
Imatinib oder IFNa behandelt. Analysen per Durchflusszytometrie zeigten, dass
BcrAbl* Zellen unabhéngig von Wachstumsfaktoren sind. Dartber hinaus zeigen
IRF8~~ BcrAbl* Zellen eine hohere Expansion und reagieren nicht auf die Imatinib-

Behandlung. Uberraschenderweise war der IFNa-Effekt IRF8 unabhangig, da das
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Zusammenfassung

Wachstum von BcrAbl* Zellen sowohl in IRF8** als auch in IRF87~ BM Zellen
gehemmt wurde. BM Zellen, die mit JAK2V617F transduziert wurden, zeigten keine
ausreichend hohe Transduktionseffizienz, um den IFNa Signalweg in diesem
Zellsystem weiter zu untersuchen. Aus diesem Grund habe ich fir spatere

Experimente iPSC eingesetzt.

Zur Untersuchung des IFNa Signalweges generierte ich JAK2V617F und JAK2
iPSC-Klone aus PBMNC von 3 PV Patienten und differenzierte diese in
hamatopoetische Zellen. Wahrend der hamatopoetischen Differenzierung von
JAK2V617F und JAK2 iPSC-Klonen beobachtete ich einen Anstieg der CD34" und
CD235a* Zellpopulation in JAK2V617F* Zellen. Bei einer gerichteten Differenzierung
mit Erythropoetin (EPO) konnte ich einen Anstieg der CD235a" roten Blutkdrperchen
nachweisen und so die klinischen Merkmale des PV-Phanotyps in vitro modellieren.
Um den IFNa-Signalweg aufzuklaren, verifizierte ich zunéchst, dass IFNARL,
IFNAR2, IRF7, IRF9 und STAT1 in iPSC abstammenden hamatopoetischen Zellen
exprimiert wurden. In Genexpressionsanalysen wurde jedoch keine Hochregulierung
von |IFNa-Zielgenen wie IRF7 oder IRF9 beobachtet. Dartiber hinaus schien die
IFNAR1-Prasentation auf der Oberflaiche von IPSC abstammenden
hamatopoetischen Suspensionszellen zu fehlen. Bemerkenswerterweise zeigten
Zellen aus der EB-Schicht einen héheren Prozentsatz an IFNAR1* Zellen. Western
Blot Analysen zeigten niedrige STAT1-Proteinspiegel. Zudem zeigten alle von iPSC
abstammenden hamatopoetischen Zellen niedrige pSTAT1-Proteinspiegel nach

IFNa Stimulation.



Abstract

Abstract

Myeloproliferative neoplasms (MPN) are clonal stem cell disorders and when left
unchecked cause failure of the hematopoietic system. A breakthrough in MPN
research was the identification of driver mutations, such as BcrAbl for chronic
myeloid leukemia (CML) and JAK2V617F for polycythemia vera (PV). Another
breakthrough, this time in MPN treatment was the development of tyrosine kinase
inhibitors (TKI). However, discontinuation of TKI treatment often caused relapses as
leukemic stem cells were not eradicated by TKI treatment. Interferon a (IFNa) was
used before TKI treatment was first-in-line therapy. Studies in PV patients showed a
reduction of JAK2V617F allele burden due to IFNa therapy. Yet, the signaling
pathway in the malignant clone is still not well understood. In contrast to TKI, IFNa
treatment showed longer phases of remission after discontinuing therapy. However,
IFNa treatment in CML patients showed poor outcomes while PV patients show
immediate responses. Research in knock out mice and induced pluripotent stem
cells (iPSC) showed that the interferon regulator factor 8 (IRF8) is downregulated in
CML. Moreover, low IRF8 transcripts are thought to be a poor prognosis for IFNa

treatment in CML.

First, | investigated the influence of IRF8 on the pathogenesis of CML and PV.
Furthermore, | studied the IFNa signaling pathway in PV and CML in relation to the
presence of IRF8. To this end, | isolated murine IRF8** and IRF8~7~ bone marrow
cells and transduced these cells with BcrAbl or JAK2V617F retrovirus. | treated
BcrAbl* cells with Imatinib or IFNa as single therapy in vitro. Flow cytometry
analyses showed that BcrAbl* cells are independent of growth factors. Additionally,
IRF8~~ BcrAbl* cells show a higher expansion and are unresponsive to Imatinib
treatment. Surprisingly, IFNa effect was independent of IRF8 as BcrAbl* cell growth
was inhibited in both IRF8** and IRF87~ BM cells. JAK2V617F transduced BM cells
did not show a high transduction efficiency to continue to investigate the IFNa

signaling pathway. Therefore, | switched to patient derived iPSC.
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Abstract

Second, to investigate the IFNa signaling pathway | generated JAK2V617F and
JAK2 iPSC clones from PBMNC of 3 PV patients and differentiated them into
hematopoietic cells. During hematopoietic differentiation of JAK2V617F and JAK2
IPSC clones | observed an increase of the percentage of CD34* and CD235a* cell
populations for JAK2V617F* cells. In a directed red blood cell differentiation | was
able to model the clinical features of the PV phenotype in vitro with an increase in
the CD235a" red blood cells. To elucidate the IFNa signaling pathway | verified that
IFNAR1, IFNAR2, IRF7, IRF9 and STAT1l are expressed in iPSC-derived
hematopoietic cells. However, upregulation of IFNa target genes, such as IRF7 or
IRF9 was not seen in gene expression analyses. Moreover, IFNAR1 expression on
the surface of iPSC-derived hematopoietic suspension cells seemed to lack.
Notably, cells from the EB layer showed a higher percentage of IFNAR1 expression.
Western Blot showed low total STAT1 protein levels and following activation low

pSTATL1 protein levels in all iPSC-derived hematopoietic cells
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Introduction

1 Introduction

1.1 Hematopoiesis

Hematopoiesis is the process in which all cells from the blood are formed throughout
embryonic development and adult life. Most studies on hematopoiesis were done in
mouse or zebrafish models, especially as ethical concerns limit the study of human
embryonic hematopoiesis (Schmitt et al. (2014), Hsia and Zon (2005)). Hence, the
mouse hematopoietic system is probably the best characterized system and often
serves as a model systems for other vertebrate organisms or used in disease
studies (Kohnken et al., 2017). Results on mouse systems, especially surface
marker expression of hematopoietic stem and progenitor cells are now the basis of
studies in human hematopoiesis and there are efforts to apply surface markers
found in mice to the human system (Challen et al., 2009). In recent years the
discovery of embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC)
has helped to capture part of the human hematopoietic development (Zambidis et al.
(2005), Kennedy et al. (1997), Slukvin (2016), Lacaud and Kouskoff (2017)). All
studies are aimed at identifying the most primitive cell in the hematopoietic system
which might be the breakthrough for clinical applications, like stem cell
transplantation (Ng and Alexander, 2017). Another aim is to study where the disease
causing mutations occurs in the hierarchical hematopoietic tree. Consequently,

clinicians have a cell target for analyzing whether the disease is cured or not.

1.1.1 Anatomical origin of hematopoietic stem cells (HSC)

From the onset of fetal development hematopoiesis is restricted in time and place
(Palis et al. (2001), Lacaud and Kouskoff (2017)). First, the vascular development
needs to take place followed by the actual hematopoietic system. The earliest
hematopoietic cells that can be seen are in the yolk sac (Figure 1). The yolk sac is

1



Introduction

an extraembryonic tissue and consists of a double layer of mesodermal and
endodermal cells. The endoderm is part of the epithelium and adopts liver and
intestine functions. In the mesodermal layer the first visible blood cells are observed
at embryonic day 7.0 (E7.0) for the mouse system and in the first 3 weeks after
gestation in the human system (Ditadi et al., 2017). The mesodermal layer forms
primitive nucleated erythroblasts. They are distinguished by their retention of their
nucleus, their larger size and their expression of ¢-globin (Ditadi et al., 2017). The
primary function of these cells is the support of oxygen transport to the tissue as this
undergoes rapid growth and differentiation (Jagannathan-Bogdan and Zon, 2013).
Furthermore, it was shown that these cells occur in blood islands (Palis et al.
(2001), Lacaud and Kouskoff (2017)). In addition to primitive erythroblasts the yolk
sac forms primitive megakaryocytes and macrophages (Tober et al. (2007), Ditadi
et al. (2017)). All 3 cell types belong to the primitive hematopoiesis. Studies have
shown that cells from the primitive hematopoiesis are derived from the
hemangioblast whose existence has been suggested in vitro (Kennedy et al. (1997),
Medvinsky et al. (1993)). The existence of the hemangioblast in vivo still needs to
be verified, especially for higher vertebras (Lacaud and Kouskoff, 2017). The in vitro
model suggests that the hemangioblast gives also rise to the vascular structure, thus
is made out of bi-potent progenitor cells. The hemangioblast was characterized
through the expression of Brachyury and KDR by Huber et al. (2004). However, the
presence of these cells is transient and brief within the York sac. Afterwards, it
rapidly differentiates and expands into hematopoietic and vascular progenitors. On
E8.25 another wave of hematopoiesis is derived in the yolk sac. Erythro-myeloid
progenitors (EMP) emerge from the endothelial cells of the yolk sac which give rise

to definitive erythrocytes and most myeloid lineages (McGrath et al., 2015).

The intra-embryonic hematopoiesis has the most important role in establishing the
hematopoietic system. Models provided clues of the existence of hemogenic
endothelial (HE) cells which give rise to multipotent hematopoietic stem cells (HSC)

that reside in the dorsal aorta. The main region in which definitive HSC are produced
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is the endothelium of the aorta-gonad-mesonephros (AGM) region of the developing
embryo around E8.25 in the mouse system (Figure 1, Swiers et al. (2013), Zovein et

(2008), Eilken et al. (2009)). HSC that develop in the human AGM region are
seen from day 27 to day 40 of development (Ditadi et al., 2017). Long-term adult
repopulating HSC that can give rise to all blood cell lineage can only be found from
E10.5 onwards in the mouse system. Then HSC emerge from the dorsal aorta, the

vitelline, and umbilical arteries (Lacaud and Kouskoff, 2017).

EMPs within yolk Vitelline artery  Vitelline Umbilical
sac blood islands artery  artery

Yolk sac 4_\ \

Umbilical
artery

Placenta

/
Embryonic stage
' E7 E8.25 E9 E10.5
Wave 1 Primitive . Primitive Primitive Primitive
erythroid progenitors  erythroid progenitors macrophages macrophages
macrophages macrophages
megakaryocytes megakaryocytes
Wave 2 EMPs EMPs EMPs (yolk sac)

B lymphoid cells B Iémpho'd cells

T lymphoid cells M, yolk sac)
T lymphoid cells
(AGM, yolk sac)

Wave 3 Hematopoietic
stem cells (AGM)

Figure 1. Anatomical origin of hematopoiesis in the mouse system

Hematopoiesis in the mouse environment is shown. Hematopoiesis occurs in 3 waves. The first wave emerges
on embryonic day 7.0 in the yolk sac of the mouse embryo. In the yolk sac primitive nucleate erythroblasts,
macrophages and megakaryocytes are formed. The second wave of hematopoietic cells is marked by the
emergence of erythroid-myeloid progenitors (EMP) from the endothelial cells of the yolk sac. Additionally,
definitive hematopoiesis takes place in the AGM region on E9 of the mouse embryo. T and B cells emerge from
hemogenic endothelial cells in the AMG region. The third wave continues on E10.5 where B and T cells
simultaneously emerge with EMP from the AGM and the yolk sac. Hematopoietic stem cells (HSC) are produced

3
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in the umbilical cord and the placenta. HSC from all sides will migrate towards the fetal liver and eventually
towards the bone marrow where they establish the hematopoietic system during adult life (taken from Yoder
(2014)).

Multiple studies have demonstrated that hematopoietic stem and progenitor cells
(HSPC) emerge from HE cells through endothelial-hematopoietic transition (EHT)
(Rafii et al., 2013). These studies have shown that cells undergoing EHT are CD45*
KDR~ (Jaffredo et al., 1998). During EHT multipotent progenitors bud off of HE cells
(Eilken et al. (2009), Swiers et al. (2013)). However, HE cells are still transient
during development. EHT occurs in a specific window of time of embryonic
development. Cells that have emerged from HE cells move to the fetal liver, and
then to the adult bone marrow later on (Zovein et al., 2008). In recent years, studies
by Beaudin et al. (2016) showed the existence of developmental restricted HSC
(drHSC) that occur right before birth and until postnatal day 14 and have self-
renewal potential in transplantation assays and produce B and T cells. However,
these drHSC fail to continue their existence into adult life. They are thought to
provide the first line of defense against pathogens to the developing organism
(Beaudin et al. (2016), Waas and Maillard (2017)).

1.1.2 HSC hierarchy

Studies suggested that the hematopoietic system is organized in a hierarchical
structure. Flow cytometry with the help of mouse models and functional assays like
transplantation and colony forming assays helped in identifying each blood cell
population. Functional and genetic assays helped to identify their potential and their
biology. Consequently, a schematic overview of the hematopoietic hierarchy for

mouse and human was developed (Figure 2).
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Figure 2. HSC hierarchy for human and mouse

Hierarchy of the mouse and human hematopoietic system is shown. Phenotypic surface markers for each cell
population are shown on the sides. CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DC,
dendritic cell; EP, erythrocyte progenitor; GMP, granulocyte/macrophage progenitor; GP, granulocyte progenitor;
HSC, hematopoietic stem cell; MacP, macrophage progenitor; MEP, megakaryocyte/erythrocyte progenitor;

MkP, megakaryocyte progenitor; NK, natural killer; Lin, lineage markers (taken from Chotinantakul and
Leeanansaksiri (2012)).

It was suggested that the origin of all hematopoietic cells are a pool of hematopoietic
stem cells (HSC) which have self-renewal capacity and give rise to multipotent
progenitors (MPP). These HSC are a rare cell population within the bone marrow
and are mostly in their quiescent state, meaning that they do not proliferate. It is
suggested that the HSC pool only enters cell cycle when the need for a
replenishment of blood cells is required. When entering the cell cycle HSC give rise
to multipotent progenitors (MPP). After giving rise to enough MPP it is suggested
that HSC re-enter their quiescent state. Thus, the hematopoietic system can be
replenished again and not be exhausted prematurely. For the isolation of HSC
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CD34 is the most widely used surface marker. However, even with this specific
marker the isolated HSC population is still heterogeneous (Chotinantakul and

Leeanansaksiri, 2012).

To replenish blood cells MPP lose their self-renewal capacity. They are able to
differentiate into all lineages of the blood. MPP give rise to 2 types of oligopotent
progenitor cells, (i) the common lymphoid progenitor (CLP) and (ii) the common
myeloid progenitor (CMP) which differentiate into their restricted lineages. First, CLP
can give rise to all the cells of the lymphoid lineage, such as T, B and NK cells.
Notably, CLP can also give rise to dendritic cell (DC) progenitors which are cells
belonging to the myeloid lineage. These DC progenitors can further differentiate in to
CD8a* and CD8a~ DC and plasmacytoid DC (pDC). Second, CMP can give rise to
the all the cells in the myeloid lineage. Therefore, CMP differentiate in multiple steps
where different progenitors branch off into more restricted cells. In the myeloid
lineage there are the (i) megakaryocyte/erythroid progenitors (MEP), (i)
granulocyte/macrophage progenitors (GMP) and (iii) DC progenitors. These
progenitors differentiate further into megakaryocytes and red blood cells,
granulocytes and monocytes/macrophages and DC, respectively (Chotinantakul and
Leeanansaksiri (2012), Seita and Weissman (2010)). However, recent studies have
suggested that there is a direct shortcut from HSC to megakaryocytic progenitors
(Notta et al. (2016), Haas et al. (2018)).

Studies on HSC hierarchy are still undertaken as there are still stet backs with
isolating completely pure cell populations. Due to the chosen isolation method like
flow cytometry gates for surface markers are chosen subjectively and pre-
determined on previous studies. Consequently, transitioning stages cannot be
identified easily and are often overlooked. Recent studies challenge the pre-existing
model shown in Figure 2. For example, Velten et al. (2017) and Karamitros et al.
(2018) suggested that the HSPC compartment (Lin- CD34* CD38 cells) gradually
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acquire a lineage committed transcriptional program and do not jump from
one multipotent cell type to another more restricted cell type. Only in the Lin-
CD34* CD38* cells Velten et al. (2017) were able to distinguish defined cell

populations.

1.2 Interferon Regulatory Factor 8 (IRF8) in hematopoiesis

The Interferon regulatory factor 8 (IRF8) was originally named as interferon
consensus sequence-binding protein (ICSBP) and was clone first in 1990 as IFNy
inducible nuclear protein (Driggers et al., 1990). IRF8 belongs to the family of
Interferon regulatory factors (IRF) and acts as a homodimer as a transcription factor
that has activating and repressing functions. Binding partners of IRF8 are PU.1, Id2
or Baft3 during DC differentiation, and Kruppel-like factor 4 (KLF4) in monocyte
differentiation (Kanno et al., 2005). Furthermore, IRF8 acts with other IRF
transcription factors like IRF1 and IRF2 to repress target genes of IFN-stimulated
response elements (ISRE). It was shown that the amino acid structure of IRF8
genes between mice and human are highly conserved (Tamura et al. (2015), Yafez
and Goodridge (2016)).

With the discovery of IRF8 as a transcription factor in 1990 experiments with knock-
out mice followed (Holtschke et al., 1996). These experiments established a role of
IRF8 in hematopoietic differentiation (Iwasaki and Akashi (2007), Geissmann et al.
(2010)). Studies found that IRF8 expression is absent in early HSC, multipotent
progenitors and LMPP (Figure 3, Tamura et al. (2015), Lee et al. (2017)). When
lineage restriction is established in GMP and CDP a graded expression of IRF8 was
detected (Wang et al., 2014a). It was shown that IRF8 is essential for the
development of pDC, CD8a* and CD103* cDC (Tsujimura et al. (2003), Edelson et
al. (2010)). pDC are the major producers of type | IFN upon infection. CD8a* and
CD103* cDC induced a cytotoxic T cell response via cross-presentation and produce

IL12 to promote cellular immunity. Consequently, the lack of IRF8 results in the loss
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of these cell populations and in an immunodeficiency (Hambleton et al., 2011). In
other lineage tracing experiments it was shown that IRF8 is essential for the
development of monocytes (Sichien et al., 2016). In IRF87 mice Ly6C*
inflammatory monocytes lack completely while Ly6C~ monocytes show reduced
numbers (Kurotaki et al., 2013).
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Figure 3. Expression of IRF8 during myeloid development

(A) IRF8 is not expressed in HSC and LMPP. IRF8 expression is upregulated in the differentiation for the first
committed myeloid progenitors, GMP and CDP. However, terminal granulocyte differentiation is not dependent
on IRF8 expression. In contrast, DC development, especially pDC, CD8a* and CD103* ¢cDC depend on IRF8
expression. Monocyte differentiation has moderate IRF8 levels. (B) Lack of IRF8 results in loss of pDC, CD8a*
and CD103* cDC differentiation. Moreover, IRF8~~ mice accumulate monocyte progenitors (MDP and cMoP) and
show an overproduction of granulocytes. This is reminiscent to human CML. DN, double negative; cDC, classical
dendritic cells; pDC, plasmacytoid dendritic cells; HSC, hematopoietic stem cells; Mo, monocytes; cMoP,
common monocyte progenitors (taken and abbreviated from Tamura et al. (2015)).

As mentioned previously IRF8 also acts as repressor in certain cell types, such as
neutrophils. This was stressed in experiments in IRF87~ mice. As IRF8 is essential

for monocyte differentiation IRF8~~ mice fail at terminal monocyte differentiation and
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in turn accumulate MDP and common monocytes progenitors (cMoP). In the
absence of IRF8 MDP and cMoP are able to differentiate into neutrophils as C/EBPa
is no longer repressed by IRF8 resulting in overproduction of neutrophils in IRF8--
mice (Kurotaki et al., 2014). This phenotype is reminiscent of patients suffering from
CML and one patient with a homozygous mutation in IRF8 resulting in the loss of the
IRF8 protein.

1.3 Myeloproliferative neoplasms (MPN)

Myeloproliferative neoplasms (MPN) are clonal stem cell diseases and are now
characterized by the increased proliferation of erythrocytes, megakaryocytes or
granulocytes and their progenitors. William Dameshek first introduced the term
“‘myeloproliferative disorders” (MDP) in 1951 as he recognized the similarities in
clinical patterns in different human blood diseases (Dameshek, 1951). He
hypothesized that these diseases were caused by the proliferation of bone marrow
cells en mass due to an unknown stimuli. However, during that time only chronic
myeloid leukemia (CML), polycythemia vera (PV), essential thrombocythemia (ET)

and primary myelofibrosis (PMF) were listed under the term of MDP.

The first attempt to establish a streamlined classification system of hematologic
malignancies was done by the world health organization (WHO) in 2001. Since then
this system is revised and refined due to new molecular findings in research and
pathological findings in clinics. The current classification system was established in
2008 (Figure 4) as a new mutation in the Janus kinase 2 (JAK2) differentiated PV,
ET and PMF from the BcrAbl* CML (Vannucchi et al., 2009). Furthermore, in 2008
the WHO changed the term of MDP to MPN to classify CML, PV, ET and PMF.
Additionally, due to advances in understanding the molecular mechanisms
underlying hematopoietic malignancies the WHO expanded the term of myeloid
malignancies to include other forms of malignancies that have their origin due to a
mutation in the hematopoietic stem cell pool. Malignancies like mastocytosis, acute

myeloid leukemia (AML), chronic neutrophilic leukemia and chronic eosinophilic
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leukemia were included in the current classification system, too (Tefferi and

Vainchenker, 2011).

In 2016 the WHO updated the classification of myeloid malignancies again based on

new revelations in recent research of biomarkers, results from next generation

sequencing (NGS) approaches and gene expression analyses (Arber et al., 2016).

However, the disease groups defined in 2008 stayed the same.
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Figure 4. WHO classification of myeloid malignancies from 2008

The MPN category is split into classical and non-classical MPN. The classical MPN are chronic myeloid leukemia
(CML) which is characterized by the occurrence of BcrAbl. The other 3 classical MPN are the JAK2V617F* forms
of polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF). In the non-classical
MPN category are diseases like systemic mastocytosis (SM) which is characterized by the KITD816V mutation.
MPN — myeloproliferative neoplasms; MDS — myelodysplastic syndromes; AML - acute myeloid leukemia; CMML
— chronic myelomonocytic leukemia; JMML - juvenile myelomonocytic leukemia; CNL - chronic neutrophilic
leukemia; CEL-NOS — chronic eosinophilic leukemia—not otherwise specified; MPN-U — MPN unclassifiable;
PDGFR - platelet-derived growth factor receptor; FGFR1 - fibroblast growth factor receptor (taken from Tefferi

and Vainchenker (2011)).
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1.3.1 Chronic Myeloid Leukemia (CML)

To this day CML is the best studied form of MPN. The clinical features of CML were
first described in 1845, as the cause for the splenomegaly could not be attributed to
the predominant tuberculosis at that time. The underlying molecular cause was then
identified in 1960 and termed by Nowell and Hungerford as the Philadelphia
chromosome. Later, it was shown that the Philadelphia chromosome resulted from a
translocation involving chromosome 9 and 22. The discovery of the fusion gene
BcrAbl that is encoded on the Philadelphia chromosome is now believed to be the
cause of CML (Goldman and Melo, 2003). CML has 3 phases: chronic phase (CP),
accelerated phase (AP) and blast phase (BP). It was found that the aggressiveness
and the disease progression rate is dependent on the expression level of BcrAbl as
low level expression lead to a leukemia only after a long latency (Barnes et al.,
2005).

Nowadays, CML is classified as a one of the classical MPN according to the 2008
WHO classification of hematological malignancies (Figure 4, Vannucchi et al.
(2009)). It is believed that a multipotent progenitor acquired the BcrAbl mutation and
gives rise to BcrAbl* progeny. BerAbl in turn gives that progenitor and its progeny a
proliferative advantage over normal hematopoiesis. In the accelerated phase BcrAbl
blocks differentiation confers an expansion of peripheral blood cells, primarily the
granulocytic cell lineage and an increase in spleen size (Ren, 2005).

1.3.1.1 The Philadelphia Chromosome (BcrAbl) as molecular basis of CML

The classic BcrAbl fusion gene stems from the ABL kinase on chromosome 9 and
the BCR gene on chromosome 22 (Figure 5). ABL and BCR are expressed in all cell
types. The physiological functions of the ABL kinase are complex. It is thought to be
involved in the regulation of the cell cycle, the genotoxic stress response and the

transmission of the microenvironment via the integrin pathway. However, these
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studies were only performed in fibroblasts and studies that aimed at the role of ABL
in hematopoietic cells in mouse models failed to deliver a conclusive model
(Deininger et al., 2000). The BCR signaling protein contains several structural
motifs. However, the true biological function of the BCR protein has not been
discovered. Only a single study showed that neutrophils from BCR~~ mice produced

an increased amount of oxygen metabolites (Ren, 2005).
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Figure 5. Scheme of the BcrAbl protein

The BcrAbl oncogene is a fusion gene of the N terminus of the BCR protein (green) and the C terminus ABL
kinase (purple). There are two isoforms of the mRNA, (i) the e13a2 junction and (ii) the el4a2 junction. These
junctions contain slightly different versions of where the fusion of BCR and ABL gene happened. The

predominant version of the BcrAbl is transcribed into a protein with a size of 210 kDa (taken from Goldman and
Melo (2003)).

The break that leads to the formation of the BcrAbl fusion gene occurs in the exon
a2 of the ABL kinase and in the breakpoint region in the BCR gene. This is followed
by the fusion of the 5 end of BCR to the 3’ end of ABL on the chromosome 22.

There are 2 types of junctions in the newly formed BcrAbl gene, (i) the el3a2
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junction and (ii) the el4a2 junction. This depends on where the break happened in
the BCR gene. From one of the junction types the mRNA for BcrAbl is transcribed.
Due to the juxtaposition of BCR the ABL kinase is constitutively active. BCR
promotes the dimerization of BcrAbl proteins leading to an auto-phosphorylation of
BcrAbl. The predominant variant of BcrAbl forms a 210 kDa protein that is essential
for the growth and survival of leukemic stem cells (Daley et al., 1990). The resulting
signaling of BcrAbl replaces the physiological functions of the ABL kinase as a
variety of effector proteins are affected (Goldman and Melo, 2003). The aberrant
signaling results in the deregulation of cell proliferation, reduction of apoptosis and
the reduction of interaction with the stroma cells of the hematopoietic niche
(Goldman and Melo (2003), Diaz-Blanco et al. (2007)).

1.3.1.2 Downstream targets of BcrAbl

BcrAbl has a multitude of downstream signaling targets via tyrosine phosphorylation
(Figure 6). One downstream target of BcrAbl is the signal transducer and activator of
transcription 5 (STAT5) which is essential for BcrAbl induced CML. It was shown
that deletion of one STATS5 allele decreased the formation of the CML phenotype.
Moreover, a null mutation of STAT5a/b prevented the formation of CML. However,
STAT5a/b” mice developed a B cell lymphoblastic leukemia as BcrAbl was still
active in the cells showing that BcrAbl acts on more than one signaling pathway
(Walz et al., 2012). Moreover, STAT5 signaling seems to be responsible for the anti-
apoptotic signaling of BcrAbl. It was shown by de Groot et al. (2000) that BcrAbl
activates the anti-apoptotic gene BCL-XL via STAT5 axis.

Another feature of BcrAbl signaling is the downregulation of IRF8 via STATS (Waight
et al. (2014), Hjort et al. (2016)). CML patients show reduced or absent transcript
numbers of IRF8 (Schmidt et al., 1998). Moreover, studies in IRF8”~ mice and IRF8~
'=induced pluripotent stem cells (iPSC) showed features of human CML (Holtschke
et al. (1996), Sontag et al. (2017a)). These studies showed an increase in the

granulocytic lineage and an absence of dendritic cell subsets (Sontag et al., 2017a).
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It was further shown that overexpression of IRF8 in BcrAbl* cells reduced BcrAbl
induced CML pathogenesis in mice suggesting that IRF8 acts as a tumor suppressor
in CML (Hao and Ren, 2000). Another study showed that the tumor suppressor
activity of IRF8 is mediated by IRF8 dependent repression of key target genes of
BcrAbl, like the anti-apoptotic gene BCL-2 (Neubauer et al., 2004). It was also
shown that IFNa treatment upregulated IRF8 gene expression in CML patients
(Schmidt et al., 1998). Recent studies by Scheller et al. (2013) and Huang et al.
(2010) also established a link between IRF8 and 3-catenin, as the latter is activated
by BcrAbil.

BcrAbl influences a multitude of signaling pathways (Figure 6). Among these
pathways is the WNT/B-catenin pathway. The WNT/B-catenin pathway promotes
self-renewal in stem cells and by downregulation of this pathway differentiation is
initiated. Usually, by binding to its receptor, WNT ligand induces the inhibition of 8-
catenin phosphorylation by glycogen synthase kinase 3B (GSK3p) followed by [-
catenin translocation into the nucleus and activation of several transcription factors.
However, a study by Coluccia et al. (2007) showed that BcrAbl can interact with B-
catenin directly and phosphorylate (3-catenin in BcrAbl* cells lines and primary CML
cells. Furthermore, in a murine mouse model it was shown BcrAbl inhibits GSK3[ by
activating the PI3K/AKT pathway (Elena et al., 2018). Consequently, B-catenin again
accumulates in the cytoplasm and translocates into the nucleus increasing the
leukemic burden and promoting the progression to AML. Additionally, Scheller et al.
(2013) suggested a model in which IRF8 expression is inhibited by BcrAbl and while
BcrAbl enhanced [B-catenin stabilization. Consequently, disease progression is

promoted.

The second pathway that is deregulated by BcrAbl is the RAS/ERK pathway. BcrAbl
is able to phosphorylate itself at the tyrosine residue Y177. The phosphorylation
provides docking sides for proteins with an SH2 domain, such as GRB-2. Via a
GRB-2/SOS complex the RAS protein is stabilized in its active form and thus
promotes the CML phenotype. Moreover, GRB-2 is able to recruit of GAB2 which is
phosphorylated and can bind the p85 subunit of phosphoinositide 3-kinase (PI3K).
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JUNB, an antagonist of the RAS target JUN, is involved in the negative regulation of
cell proliferation. Additionally to IRF8, JUNB was identified as tumor suppressor as

JUNB~- mice develop a CML-like phenotype. Primary CML cells were shown to
downregulate JUNB (Ren, 2005).

Nucleus

&

Figure 6. BcrAbl's influence on multiple signaling pathway
BcrAbl affects multiple signaling pathways by interaction and tyrosine phosphorylation of adapter proteins. The
most prominent pathways are the mitogen-activated kinase (MAPK) pathway, PI3K pathway and the RAS/MEK

pathway. Additionally, BcrAbl phosphorylates STAT proteins, predominantly STAT5, to induce gene expression
of anti-apoptotic genes or downregulate tumor suppressor genes (taken from Goldman and Melo (2003)).

It is suggested that the PI3K pathway in BcrAbl* cells is used to promote
proliferation. BcrAbl forms a complex with CRK, CRKL, PI3K and CBL.
Consequently, PI3K kinase is activated. The next essential target that is activated in
this signaling pathway is the AKT kinase. AKT in turn phosphorylates the pro-
apoptotic protein BAD. Consequently, BAD cannot bind to the anti-apoptotic gene
BCL-XL anymore and pro-survival signaling is promoted. Interestingly, AKT kinase is

used in the physiological IL3 signaling pathway. It seems that BcrAbl mimics this
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pathway and consequently conveys an IL3 independence in BcrAbl* cells (Deininger
et al., 2000).

1.3.2 Polycythemia Vera (PV)

Polycythemia vera is a clonal stem cell disease affecting elderly people. According
to the 2008 WHO classification (Figure 4) PV is classified as classical MPN.
Clinically, it is characterized by an expansion of the red blood cell lineage together
with high hemoglobin levels, the presence of the JAK2V617F mutation and
subnormal levels of serum erythropoietin (EPO) levels. Other features include an
enlarged spleen, genetic markers that define clonal hematopoiesis and the formation
of endogenous erythroid colonies (EEC) (Tefferi and Barbui, 2017). In vitro studies
showed that PV CD34* cells develop into erythroid colonies, so called EEC,
independent of the presence of EPO via JAK2/STATS5 signaling pathway (Garcon et
al., 2006). Other mutations in PV also include a mutation in the exon 12 of JAK2.
Yet, this mutation in only found in a minority (about 3%) of PV patients. PV is mostly
an indolent disorder with a modest reduction of life span for the patients. This
reduction in life span is mostly attributed due to complications associated with the
disease, such as thrombotic events, stroke or myocardial infarction, rather than
progression to AML (Vannucchi et al. (2009), Tefferi and Barbui (2017)). At
diagnosis the first line of treatment are usually low doses of aspirin and
phlebolomies to drain the excess of red blood cells and decrease the risk of
thrombotic events. Other drug treatments involve hydroxyurea and tyrosine inhibitor
(TKI) treatment (chapter 1.4.1). Additionally, in recent years IFNa treatment came
into the focus of treating JAK2V617F* MPN again (chapter 1.4.2) (Tefferi and
Barbui, 2017).
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1.3.2.1 The point mutation V617F in the Janus Kinase 2 (JAK2)

An important progress in the identification of BcrAbl negative MPN was done by the
discovery of the JAK2V617F mutation. The JAK2V617F mutation was found in 95%
of patients with PV and 60% of patients with ET or PMF in 2005 (Jones et al.
(2005), James et al. (2005)). At first it was unknown how a single mutation causes 3
disease phenotypes. Yet, current research hypothesized that the dose of
JAK2V617F is linked to the disease phenotype (Campbell et al., 2005). It was shown
that cells from PV patients show a predominant JAK2V617F homozygous subclone
whereas in ET patients there rather is a dominant JAK2V617F heterozygous
subclone present (Godfrey et al. (2012), Jones et al. (2005)). Furthermore, other
mutations play into the disease phenotype and progression. Therefore, other
insights in research showed that the mutation order had an distinct effect on clinical

features and therapy methods (Ortmann et al., 2015).
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Figure 7. Scheme of JAK2 protein

The JAK2 protein consists of 4 major domains. First, the FERM domain that binds to cytokine receptors, like
EPOR and TPOR. Second, the SH2-like domain that provides phospho-tyrosine residues as docking stations for
effector molecules that have an SH2-domain. Third, the pseudokinase domain that creates a negative feedback

loop to inhibit the kinase domain. Finally, the kinase domain that phosphorylates effector molecules (taken from
Chen and Mullally (2014)).

JAK2V617F is a somatically acquired point mutation in the Janus kinase 2 (JAK2). It
is a single nucleotide shift from a G to a T which results in a substitution of a valine
(V) residue by a phenylalanine (F) residue. The mutation side is situated in the
pseudokinase domain of the protein (Figure 7). This domain of JAK2 is postulated to
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inhibit the kinase activity of JH1 domain via a negative feedback loop. Yet, due to G
to T shift the inhibiting function of pseudokinase domain is disrupted and the kinase
domain is constitutively active (Vainchenker and Constantinescu, 2013). Expression
of JAK2V617F in vitro confers a hypersensitivity to cytokines and IL3 independent
growth in hematopoietic cells and cell lines, such as 32D and Ba/F3 cells. Yet, this is
most effective when JAK2V617F is co-expressed with the erythropoietin receptor
(EPOR) or thrombopoietin receptor (TPOR) (Lu et al. (2005), Levine et al. (2007)).
Transplantation of JAK2V617F* cells into mice or mice expressing JAK2V617F in
the hematopoietic lineage due to knock-in models show a disease phenotype
reminiscent of human PV (Wernig et al. (2008), Lacout et al. (2006)).

1.3.2.2 Downstream signaling of JAK2V617F

JAK2 belongs to the family of Janus kinases and is mostly bound to cytokine
receptors lacking an intrinsic kinase activity. These receptors are type | homodimer
receptors and are usually for cytokine receptors from the hematopoietic system, like
interleukins (IL), colony stimulating factors (CSF), interferon (IFN), erythropoietin
(EPO) or thrombopoietin (TPO) (Lu et al. (2005), Vannucchi et al. (2009)). These
receptors are usually used in the myeloid lineages therefore, due to coupling of
these receptors to JAK2; there is a myeloproliferation when JAK2 is mutated.
Usually, JAK2V617F activates STAT proteins, however, the exact STAT proteins
that are activated largely depends on the receptor JAK2V617F is coupled to. For
example, the EPOR signals via STATS while MPL uses STAT1, STAT3 and STATS5.

It was shown that STAT5 is essential for JAK2V617F signaling in MPN as the
deletion of STATS5 normalized blood counts and abrogated MPN in mice (Walz et al.
(2012)). Another study focused on the relevance of STAT1 in JAK2V617F signaling.
It showed that deletion of STAT1 restrained erythropoiesis, yet enhanced
thrombocytosis which resulted in an ET like phenotype in mice (Duek et al., 2014).
Thus, due to the difference in STATL1 levels different phenotypes can be observed
(Chen et al., 2010). STAT3 has a tumor suppressing influence on JAK2V617F*
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MPN. It was shown that STAT3 deletion slightly reduced red blood cell counts and
hematocrit parameters. However, STAT3~ JAK2V617F* mice showed a significantly
increased the neutrophil counts/percentages and markedly reduced the survival of
mice expressing JAK2V617F. Thus, deletion of STAT3 increases the severity of
MPN induced by JAK2V617F (Yan et al., 2015).

In a receptor model it was hypothesized that, in the absence of a ligand the cytokine
receptor is kept in an inactive state in which the JAK proteins are bound together
(Figure 8, left) (Chen and Mullally, 2014). The pseudokinase domain of one JAK2
protein interlocks with the kinase domain of the opposing JAK2 protein and vice
versa. Hence, the pseudokinase domain exerts its inhibiting function. When a ligand
binds to the appropriate cytokine receptor it results in a physical separation and
bringing the kinase domains of the JAK2 molecules closer together (Figure 8,

center).
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Figure 8. The influence of the V617F mutation of the receptor conformation

A schematic model for the interaction of the different JAK2 domains of a cytokine receptor is shown. Left - In the
inactive form the pseudokinase domain and the kinase domain are locked tightly. Center - When a ligand binds
to its receptor there is movement of the receptor and in turn brining the kinase domains of the JAK2 dimers

together which results in phosphorylation. Right — JAK2V617F alters this model by altering the pseudokinase
domain (taken from Chen and Mullally (2014))

In the active conformation of the cytokine receptor there is an activation of the JAK2
kinase by auto-phosphorylation followed by cytokine receptor phosphorylation
(Figure 9A). This provides docking stations for effector molecules like STAT

proteins. STAT proteins are phosphorylated by JAK kinases and can in turn activate
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downstream signaling proteins and multiple signaling pathways like the PI3K or
MAPK pathway (Levine et al., 2007). Negative control mechanisms are carried out
by SOCS proteins. This mechanism is perturbed by the JAK2V617F mutation which
inhibits the interlocking of the pseudokinase domain of one JAK2 molecule with the
kinase of the opposing JAK2 molecule (Figure 8, right) and keeps the receptor
partially active(Figure 9B) (Skoda, 2010). Therefore, low cytokine concentrations are
needed to fully activate the signaling cascade rendering the cells hypersensitive to
cytokines. Furthermore, it was shown that JAK2V617F can inhibit SOCS3; hence it
can interfere with the negative feedback loop of the JAK/STAT pathway (Hookham
et al., 2007).
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Figure 9. JAK/STAT pathway

(A) Cytokines usually bind to their respective receptors which in turn results in an auto-phosphorylation of JAK2.
JAK2 recruits effector proteins like STAT proteins, MAPK or PI3K, and phosphorylates tyrosine residues these
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effector proteins. This results in propagation of cytokine signaling into the nucleus and activation of gene
expression. (B) Mutations in JAK2, like JAK2V617F, bind to the cytokine receptor and are phosphorylated in the
absence of a bound cytokine and leading to cytokine independent signaling (taken and abbreviated from Levine
etal. (2007))

1.4 Treatment in MPN

The most effective and long-term treatment option for any myeloid malignancy is an
allogenic stem cell transplantation (Garcia-Manero et al., 2003). However, there is a
low frequency of matches between patients and donor which limits this option to
patients that develop resistances towards pharmacological treatments. Furthermore,
allogenic stem cell transplantation has a high risk of mortality and is only used for
patients that show good organ functions which also limits the application of this
option to a good overall health of the patient (Elias and Hagop, 2018). Hence, for the
management of CML and PV in those patients that are unfit for allogenic stem cell
transplantation different pharmacological treatment options are needed.

1.4.1 Tyrosine Kinase Inhibitor (TKI) Treatment in MPN

The deregulated kinase activity of the mutated proteins is essential for the
development of CML and PV in vivo. Thus, ideas were developed to design small
chemical compounds to compete with the ATP at the binding side of the kinase
domains. Hence, kinase activity is blocked and the entire downstream signaling of
the oncogene is blocked as well. Consequently, the oncogene addicted cells are

inhibited. These compounds are tyrosine kinase inhibitors (TKI).

The development of Imatinib and second generation TKI therapy to block the activity
of BcrAbl was a breakthrough in CML management. Studies showed a molecular
response in chronic phase CML patients after Imatinib treatment (Kantarjian et al.,
2002). Others showed that there was no evidence of BcrAbl messenger RNA
(mRNA) six months after treatment with Imatinib and that 90% of CML patient
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showed a long term survival (Barbany et al., 2002). Furthermore, for some patients
in accelerated or blast phase Imatinib treatment showed a response (Talpaz et al.,
2002). Compared to other therapy forms Imatinib was easily administered as is was
applicable orally. Moreover, Imatinib showed low toxicities compared to IFNa,
hydroxyurea or other chemotherapeutical drugs (Kujawski and Talpaz, 2007).
However, point mutations in BcrAbl during Imatinib therapy occur which renders

BcrAbl* cells resistant to Imatinib therapy (Branford et al., 2002).

Ruxolitinib, a JAK1/JAK2 inhibitor, also brought a breakthrough in the management
of JAK2 mutated MPN forms and for patients that showed an inadequate response
to hydroxyurea treatment (Vannucchi et al., 2015). Yet, there were still differences of
the efficacy of Ruxolitinib in the different JAK2V617F* MPN forms. Studies showed a
modest reduction of JAK2V617F allele burden in PV and ET patients with Ruxolitinib
treatment with only few patients achieving a complete molecular remission (Pieri et
al., 2015).

However, a study by Rousselot et al. (2007) showed that even though BcrAbl was
undetectable in 12 patients after Imatinib treatment following discontinuation 6
patients showed a relapse with detectable BcrAbl transcripts. The standing
hypothesis is that Imatinib and other TKI aim at fast proliferating cells while slow
proliferating or quiescent leukemic stem cells remain untouched by TKI therapy.
After TKI discontinuation these leukemic stem cells proliferate again causing
relapses (Figure 10).

1.4.2 IFNa treatment in CML and PV

Before Imatinib and second generation TKI therapy was implicated CML patients
were treated with unspecific agents like IFNa or hydroxyurea. In mouse experiments
it was shown that IFNa activates dormant HSC indirectly via the disruption of HSC
interaction with the BM cell niche (Trumpp et al., 2010). Furthermore, Essers et al.
(2009) showed that due to JAK/STAT activation mouse HSC and their progenitors
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proliferate in vivo. Pietras et al. (2014) and Essers et al. (2009) showed that in
acute IFNa treatments dormant HSC exit their GO phase and enter cell cycle within a
few hours of IFNa treatment. However, HSC dormancy is reacquired after 5 days.
Thus, the stem cell pool is not exhausted (Pietras et al., 2014). In contrast, chronic
IFNa treatment has a negative effect on HSC self-renewal. In competition
experiments IFNa pre-treated HSC were outcompeted by the host hematopoiesis
(Essers et al., 2009). The exit of stem cells from their dormancy by IFNa is used in
treating CML and PV either as single treatment or in combination with TKI treatment
(Figure 10).
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Figure 10. IFNa treatment to eradicate leukemic stem cells in MPN

A mutation in acquired in the stem cell pool with in an organism. Leukemic stem cells (LSC) exist in their dormant
state within the stem cell pool and give rise to proliferation progeny. In conventional chemotherapy mutated
proliferating cells are eradicated while leaving LSC untouched. When chemotherapy is discounted LSC exist
their dormant state again and cause relapses. With IFNa therapy, LSC are activated to exist their dormant state

and enter cell cycle. Cycling LSC can then be targeted with Imatinib to potentially cure the disease (taken from
Trumpp et al. (2010)).

IFNa therapy for CML patients was initially studied in the early 1980’s and produced
a hematological (reduction of white blood cell counts), long lasting cytogenic
(reduction of BcrAbl* cells in the bone marrow) responses and an improved survival

rate compared to hydroxyurea (Kujawski and Talpaz, 2007). However, response
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rates for IFNa therapy in CML patients were long. IFNa therapy took up to 16
months to induce a complete molecular response with a normalization of white blood
counts and no detectable BcrAbl* cells (Kantarjian et al., 2003). Moreover, only
newly diagnosed CML patients benefitted from IFNa therapy. CML patients in late
chronic phase showed a modest to low response to IFNa. Patients in accelerated
phase lacked an IFNa response (Kujawski and Talpaz, 2007). This was linked to low
IRF8 transcripts (Schmidt et al., 2001).Toxicity effects of IFNa led to discontinuation
in a high percentage of CML patients (Elias and Hagop, 2018). Yet, with the
development of pegylated IFNa (PeglFNa) the tolerability improved while toxicity
effects decreased. Furthermore, the pegylated IFNa formulations needed less
frequent applications and together with TKI treatment studies showed a higher
response in CML patients than with TKI alone (Preudhomme et al.,, 2010).
Combination of TKI and IFNa show promising results in first trials as they reduced
the spleen size and reduced the JAK2V617F allele burden faster than monotherapy

would have done (Bjgrn et al., 2014).

In PV patients IFNa therapy has led to a great success in disease management,
especially with the development of PeglFNa. Studies by Quintas-Cardama et al.
(2009) and Kiladjian et al. (2006) showed a reduction of the JAK2V617F allele
burden over the time course of IFNa therapy for both ET and PV patients whereas
PV patients showed a more dramatic decrease of JAK2V617F allele burden. Later, it
was suggested that the pathway that was activated by IFNa in JAK2V617F* cells is
the MAPK pathway and that through that signaling JAK2V617F* cells were
eradicated (Lu et al., 2010). A study by Kiladjian et al. (2010) also found
hematological responses in 80% of PV patients after IFNa therapy. However also in
JAK2V617F* MPN forms the outcome of IFNa therapy is dependent on additional
mutations. It was shown that patients having the JAK2V617F mutation and a
mutation in the TET2 gene have resistances towards IFNa treatment. Furthermore,
Ishii et al. (2007a) showed that relapses could occur even in PV patients after IFNa

treatment.
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1.5 Type | Interferon (IFN)

Type | Interferons (IFN) have been described more than 60 years ago. They were
the first proteins that have been purified, cloned and produced in a recombinant
manner to be used for human therapy. Notably, this was achieved without the help
of cDNA libraries, hence making the process costly and labor intensive.

In humans type | IFN consists of 5 classes: IFNa, IFNB, IFNg, IFNk and IFNw.
Moreover, IFNa can be further subdivided into 13 subclasses and hematopoietic
cells, especially plasmacytoid dendritic cells (pDC) are the main producers of IFNa.
(Platanias, 2005). Generally, IFN are proteins that are secreted by infected cells.
Binding of microbial products to pattern recognition complexes (PPR) induces type |
IFN production. Moreover, cytokines like tumor necrosis factor (TNF), macrophage
colony stimulating factor (M-CSF) and NF-kB can induce type IFN production.
(Yarilina et al., 2008). Type | IFN have 3 major functions. First, they possess antiviral
effects in response to viral infection of cells or double stranded RNA. IFN act in a cell
intrinsic manner and affect neighboring cells to limit the spread of the infection.
Second, IFN modulate innate immune function by promoting antigen presentation
NK cell function. IFN also inhibit cytokine production and pro-inflammatory signaling
pathways. Third, IFN activate the adaptive immune system and promote the

development of antigen specific T and B cell responses (lvashkiv and Donlin, 2014).

Because of their anti-proliferative effect and the effect on NK cells type | IFN have
also been used for their antitumor effect in therapy since the 1980s. First approvals
were for hairy cell leukemia and Kaposi’'s sarcoma (Paredes and Krown, 1991).
Nowadays it is approved of for the treatment of CML and metastatic malignant
melanoma (Talpaz et al., 2013). Next to cancer therapy IFNa, in particular, has been
approved for viral infections like hepatitis C and chronic hepatitis B therapy (Roffi et
al. (1995), Mazzella et al. (1999)).
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1.5.1 Canonical IFNa signaling pathway

Type | IFN, such as IFNa and IFNB have the same receptor to which they bind — the
IFNa receptor (IFNAR). It is a heterodimeric transmembrane receptor and made out
of 2 subunits: IFNa receptor 1 (IFNAR1) and IFNa receptor 2 (IFNAR2) (Figure 11).
The receptor itself has no tyrosine kinase activity, hence, the subunits are
associated with 2 tyrosine kinases, TYK2 and JAK1 (Velazquez et al., 1992). TKY2
is bound to the IFNAR1 subunit. JAK1 is bound to the IFNAR2 subunit. All of these
components are widely expressed in cells. Thus, most cell types are competent to
respond to type I IFN signaling (Ivashkiv and Donlin, 2014).

In the canonical IFN signaling pathway type | IFN binding activates TYK2 and JAK1
followed by phosphorylation of STAT1 and STATZ2. Phosphorylated STAT1 and
STAT2 dimerize to form a heterodimer and translocate into the nucleus. In the
nucleus STAT1-STAT2 heterodimer binds IRF9 which results in a complex called
IFN-stimulated gene factor 3 (ISGF3). Finally, ISGF3 binds to DNA sequences that
are known as IFN-stimulated response elements (ISRE) and activates gene
expression of IFN-stimulated genes (ISG) (Levy et al.,, 1989). The predominant
signaling is the activation of STAT1 and STATZ2, there are also studies that state that
IFNa and IFNB can activate STAT3, STATS or directly active interferon regulatory
factors (IRF) (Su and David, 2000).

STAT proteins can also form homodimers when phosphorylated. After translocation
into the nucleus these homodimers bind DNA elements known as IFNy-activated
sites (GAS). GAS elements were originally defined as a requirement for the rapid
transcriptional induction of genes in response to IFNy which is a type Il IFN.
However, IFNa can also activate genes that have GAS elements. Notably, some ISG
have only GAS or ISRE elements in their promotors meaning that they are
selectively induced by type | or type Il IFN. These are genes like IRF1 or hypoxia
inducible factor 1 (HIF1) (Der et al., 1998). However, other genes have both ISRE

and GAS elements in their promotors and the combination of different STAT dimers
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activates gene expression (Nguyen et al., 2002). Suppression of type | IFN signaling
is done either by downregulation and internalization of the receptor on the cell
surface or induction of suppressor of cytokine signaling (SOCS) 1 and SOCS3
proteins or miRNA (lvashkiv and Donlin, 2014).
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Figure 11. Canonical IFNa signaling pathway

The IFNa-Receptor (IFNAR) is composed of 2 subunits, IFNAR1 and IFNAR2, which are associated with JAK1
and TYK2. Due to ligand binding the receptor get phosphorylated by these 2 kinases and in turn provides
docking stations for STAT proteins. The kinases phosphorylate STAT1 and STAT2 which form a heterodimer
and bind IRF9 in the ISGF3 complex. This complex translocates into the nucleus, bind to ISRE elements in
promotor regions and activates ISG. Activates STAT1 can also form homodimers and translocate into the

nucleus and activates gene expression as a homodimer. Here it binds to GAS elements in the gene promotors to
activate gene transcription (taken from lvashkiv and Donlin (2014))

It is clear that the IFN signaling pathway involves the JAK/STAT pathway; however
the downstream events are not well defined. Furthermore, the detailed mechanisms
of IFN signaling are not well defined in most cases. Mechanisms vary from species
to species and even within an organism IFN signaling varies in different cell types.
Additionally, it was shown that other JAK/STAT independent pathways play a role in

27



Introduction

type | IFN signaling. Platanias et al. (1999) showed that CRKL can be activated by
TYK2 in response to IFNa and IFNB. This pathway is in part related to the growth
inhibitory effect of IFNa in primary hematopoietic cells. Mitogen activated protein
kinases (MAPK) are also activated by type | IFN. Studies by Mayer et al. (2001) and
Lu et al. (2010) showed that the p38 signaling cascade has an important role in IFN
signaling, especially in malignant cells. Another pathway that is also activated by
type | IFN is the PI3K pathway in a STAT1 independent manner. Instead of STAT1
phosphorylation, type | IFN phosphorylate tyrosine residues in IRS1 forming docking
stations for the p85 subunit of PI3K (Uddin et al., 1995). Due to PI3K activation
STATL1 is phosphorylated at the serine 727 (Ser727) by PKC-8. Studies showed that
phosphorylation at Ser727 mediates the chemotherapy induced apoptosis (DeVries
et al., 2004).

Due to the multitude of signaling pathways activated by type | IFN there are
multitude of side effects and toxicities when IFN is used therapeutically.
Consequently, it is making the study of the IFN signaling pathway in each cell type
all the more necessary to limit the side effects on bystander cells.

1.6 Induced pluripotent stem cells (iPSC)

1.6.1 Pluripotent, totipotent and multipotent cells

During mammalian development, the potential of cells becomes more and more
restricted as cells fully differentiate to fulfill their specialize functions in tissues.
Therefore, cells can be classified as totipotent, pluripotent, multipotent and unipotent
(Kelly, 1977). Totipotent cells are zygotes and blastomeres. They can give rise to all
embryonic and extraembryonic tissues, like the placenta. The most stringent test
under experimental conditions for totipotent cells is the generation of a fully formed
organism from a single cell. Pluripotent cells are cells of the inner cell mass (ICM) of
blastocysts. They can give rise to all embryonic tissues, however, not all
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extraembryonic tissues. Multipotent cells reside in the adult tissue as adult stem
cells. These can give rise to all cells within their cell lineage, for example
hematopoietic cells. When more than one developmental option within their lineage
is possible, for example all cells from myeloid and lymphoid hematopoietic lineage,
then cells are multipotent. Unipotent cells have only one option within their lineage,
for example they can give rise to all cells within the myeloid lineage. Upon terminal
differentiation cells lose their developmental potential and become somatic cells (De
Los Angeles et al., 2015).

1.6.2 History and generation of iPSC

The first experiments in the field of pluripotency and generation of pluripotent cells
for in vitro cultures were done by Briggs and King (1952). They established the
method of nuclear transfer to study the potential of nuclei from late embryonic cells
that were injected into enucleated oocytes. Gurdon et al. (1958) used the method of
nuclear transfer in the late 1950 and showed the method of generating cloned eggs
from the same species using nuclei of differentiated amphibian cells and injecting
these into frog eggs. The results show the development of frogs from these eggs.
Over the years nuclear transfer has been used to clone various animals (Wilmut et
al. (1997), Inoue et al. (2005)). However, these animals have abnormalities in their
phenotype and gene expression suggesting that nuclear transfer is still faulty
(Hochedlinger and Jaenisch, 2002).

However, the establishment of pluripotent stem cells in vitro was first performed by
Evans and Kaufman (1981) who isolated cells from ICM of mouse blastocysts.
Thus, mouse ES cells were established. Thomson et al. (1998) generated the first
human pluripotent cell line by isolating cells from the ICM of human blastocysts and
culturing these cells on mouse embryonic fibroblasts (MEF). The generated cells
had distinct properties. First, cells grew in dense colonies and cells within these
colonies showed a high ratio of nucleus to cytoplasm. Second, cells showed

indefinite proliferation potential without any differentiation. Third, cells expressed
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stage specific embryonic markers, like SSEA-4, SSEA-3 and TRA 1-60. Lastly, cells
displayed teratoma formation when injected into severe combined immunodeficiency
(SCID) mice. Furthermore, when analyzed these teratomas showed structures from
all 3 germ layers; mesoderm, ectoderm and endoderm. As the origin of these cells
came from a developing embryo the generated cells were termed moue and human
embryonic stem cells, mESC and hESC respectively (Thomson et al., 1998).
However, when using ES cells in research there are always ethical and legal issues
to be taken into account, especially when hESC are used.

In the late 1980s a study by Davis et al. (1987) already showed the importance of
master regulators in cell fate decisions. Davis et al. (1987) ectopically expressed
MyoD in fibroblasts and converted these cells into myoblasts. However, a
breakthrough in stem cell technology was achieved only in 2006. Takahashi and
Yamanaka (2006) reported that by the ectopic expression of OCT4, KLF4, SOX2
and c-MYC in mouse embryonic or adult fibroblasts can reprogram somatic cells into
cells with properties of ESC cells. As Yamanaka and colleagues used somatic cells
as origin material they termed the generated cells as induced pluripotent stem cells
(iPSC). However, these iPSC were again generated from mouse cells. One year
later, Takahashi et al. (2007) and Yu et al. (2007) reported the first generation of
IPSC from human somatic tissue (human fibroblasts). Due to the breakthrough in
stem cell technology of Yamanaka by using only 4 transcription factors for
reprogramming KLF4, OCT4, SOX2 and c-MYC were termed OSKM or Yamanaka
factors. Since the first description of iPSC generation from human tissue iPSC have
been shown to be a powerful and versatile tool for regenerative medicine and basic

research at the same time.
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1.6.3 Reprogramming methods to generate iPSC

Several methods are available for the generation of iPSC. First, there are integrating
methods, like the use of retroviruses, lentiviruses or transposons (Bellin et al., 2012).
Up until now the method of choice in most research laboratories is still the
reprogramming with retroviral vectors which has higher efficiencies than non-
integrative methods (Aoi et al. (2008), Okita et al. (2007)). Retroviruses deliver the
genes into the genome of proliferating cells and the added genes are usually
silenced during reprogramming (Stewart et al., 1982). However, every iPSC clone
has multiple integration sides. Therefore, no iPSC clone is exactly the same as the
viral vectors integrate at random which could pose a problem when comparisons of
iPSC clones are needed (Takahashi and Yamanaka, 2006). Furthermore, Okita et
al. (2007) also showed that 20% of chimeric animals suffered from tumors because
of reactivation of c-MYC suggesting that the use of retroviruses in iPSC generation

is not suitable for clinical applications of iPSC.

Instead of using retroviruses another delivery system are lentiviruses (Yu et al.,
2007). The advantage is that also non-proliferating cells are transduced with the
Yamanaka factors thus making them more efficient (Sommer et al., 2009). However,
the previous observed problems in using retroviruses are even more pronounced
when using lentiviruses to generate iPSC (Brambrink et al., 2008). Notably, the use
of inducible transgenes with doxycycline or transgenes coupled with Lox/P sides
have been shown to circumvent or diminish the problems of continuous expression
of transgenes (Sommer et al., 2010). However, the issue with multiple integration
sites still existed. Furthermore, for clinical applications lentiviruses were not suitable.
The last method of for reprogramming is the use of transposons (Woltjen et al.,
2009). They have the advantage that they are not viral. However, when excision of
the transposon is done the transposase can leave footprints. Within the footprints
regions inserted or deleted sequences might change the genome of the cells

suggesting that mutagenesis can occur.
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To counteract the possible reactivation of integrated transgenes and the resulting
mutagenesis newer methods for IPSC generation needed to be developed.
Especially when using iPSC technology for clinical and therapeutic applications,
integration free methods are needed. These methods express the OSKM factors
transiently to induce pluripotency. One of the first attempts of integration free
generation of iIPSC was done by Stadtfeld et al. (2008) who used replication-
defective adenoviruses on mouse fibroblasts and fetal liver cells. F-deficient sendai
viruses which are (=) strand RNA viruses, are another method to generate
integration free iPSC from a wide range of somatic cells. For example, Fusaki et al.
(2009) effectively generated functional iPSC from human fibroblasts and showed
that the reprogramming only needs a transient expression of transgenes. However,
the generation and purification of sendai virus particles is difficult in a standard
research laboratory set and commercial options are cost intensive. Therefore, other
methods are episomal vectors, synthetic mMRNA or mature miRNA (Bellin et al.,
2012). Moreover, there have been studies with small molecules that promote and
enhance the efficiency of integration free reprogramming methods (Li and Ding,
2010). Within this search a study was published by Hou et al. (2013) stating that a
combination of small molecules can be used to substitute the OSKM factors and be

used to generate iPSC on their own.

1.6.4 Using iPSC in clinical applications

In recent years efforts to improve integration free methods to generate iPSC have
increased as these approaches proved to pave the way for iPSC use in a range of

clinical applications (Figure 12).

One potential application for iPSC in clinics is the modeling of human diseases in
vitro. In human disease like leukemia the affected cell type can be rare and hard to

access. The advantage of iPSC for researchers is that the affected cell type can be
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differentiated from IPSC and depending on the protocol of iPSC differentiation in
large quantities. Thus, studies with patient derived iPSC can model the stages of
human disease with a focus on either one specific mutation, for example a driver
mutation in leukemia like BcrAbl or JAK2V617F or with multiple mutations
influencing the disease (Figure 12A). There have been multiple reports that
generated iPSC from multiple patients suffering from diseases, like ALS, Parkinson’s
disease or Fanconi anemia (Bellin et al., 2012). Proof of principle in disease
modeling was done by Ye et al. (2014) and Kumano et al. (2012) who recapitulated
the pathological features of JAK2V617F* and BcrAbl* MPN, respectively, in vitro.
Moretti et al. (2010) generated iPSC from patients suffering from multiple heart
conditions which could be recapitulated in vitro. Furthermore, patient derived iPSC
are suitable for finding of new drug targets, the development of new drugs for human

disease and toxicity tests on different cell types (Figure 12B and C).
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Figure 12. Scheme for potential clinical applications of patient derived iPSC
Somatic cells, like peripheral blood mononuclear cells (PBMNC) or fibroblasts are taken from a diseased patient

and reprogrammed into iPSC. Patient derived iPSC will be differentiated into the cell type affected by the
supposed driver mutation. (A) The iPSC-derived cell types can be used for disease modeling or the study of the
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influence of a certain mutation on the cell type. (B) Another application is the screening for new drugs that inhibit
the disease causing mutation. (C) Finally, the discovered drugs can be used in first toxicity tests on the desired
cell type (taken and abbreviated from Bellin et al. (2012)).

As gene editing techniques are getting more suitable to use in iPSC the ultimate
goal is to repair the disease causing mutation in iPSC, differentiate patient specific
iIPSC into the preferred cell type and transplant cells into the host to cure the
disease. Proof of principle has been done by Hanna et al. (2007) who generated
iPSC from a humanized mouse model of sickle cell anemia. After correction of the
mutation in IPSC followed by hematopoietic differentiation of these iPSC and
autologous transplantation of hematopoietic progenitors the mice have been rescued
(Hanna et al., 2007). Lachmann et al. (2015) published a protocol that generated
iIPSC derived terminally differentiated myeloid cells. Moreau et al. (2016) generated
large quantities of iIPSC-derived megakaryocytes that could produce functional
platelets. These could be used in cell therapy approaches when produced in larger
guantities. It remains to be seen if these techniques are feasible for generalized

medicine.

1.7 Aims and objectives

This thesis aims at investigating (i) the role of IRF8 for MPN development and
therapy (ii) the role of JAK2V167F on human hematopoiesis and (iii) elucidating the
IFNa signaling pathway in MPN (Figure 13).

The first aim is to gain insight into the role of IRF8 in the pathogenesis of CML and
the influence on MPN therapy. Therefore, IRF8** and IRF8~- BM cell were isolated,
transduced with BcrAbl and subjected to (i) cytokine withdrawal, (ii) TKI or IFNa
single therapy and (iii) TKI/IFNa combinational therapy (Figure 13A). This will give
insight into cytokine independence of BcrAbl* cells and the efficacy of TKI and IFNa

therapy in the absence and presence on IRF8.
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The second aim was to study the role of JAK2V617F on human hematopoiesis. The
objectives were (i) to generate patient derived iPSC from PBMNC of 3 PV patients,
(i) to differentiate patient derived iPSC into iPSC-derived hematopoietic cells and
further into red blood cells. Both differentiation steps were followed by flow
cytometry. This gives in sight whether JAK2V617F has only an influence on mature
differentiated cells or if JAK2V617F has also an influence on more primitive
hematopoietic cells. The last aim was to study the IFNa signaling pathway in
JAK2V617F* HPC compared to JAK2 HPC. During IFNa treatment of iPSC-derived
hematopoietic cells (i) cell survival, (ii)) gene expression of IFNa target genes, (iii)
expression of IFNAR1 and IFNAR2 on the cell surface and (iv) STATL1 activation

was investigated (Figure 13B).
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A Studying the role of IRF8 in MPN pathogenesis and TKI/IFNa therapy
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Figure 13. Schematic representation of aims and objectives

(A) To investigate the role of IRF8 on MPN pathogenesis and therapy IRF8"* and IRF8~ bone marrow cells
were isolated, amplified and transduced with BcrAbl. BcrAbl* cells were treated with Imatinib and/or IFNa.
BcerAbl* cells were followed via flow cytometry via their GFP expression. BcrAbl* cells were also analyzed for
different cell population and their development during IFNa and Imatinib treatment was followed. (B) To study PV
pathogenesis JAK2 and JAK2V617F iPSC generated by reprogramming patient PBMNC. iPSC were
differentiated towards hematopoietic progenitor cells (HPC) and further into red blood cells. Both differentiation
steps were followed via flow cytometry. Additionally, iPSC-derived HPC were analyzed for their proliferation
capacity. To elucidate the IFNa signaling pathway, iPSC-derived HPC were treated with and without IFNa and
gene expression for IRF7, IRF9 and STAT1 was analyzed (figure for experimental setup loosely adapted from
Bellin et al. (2012)).
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2 Materials and Methods

2.1 Materials

All centrifugation steps during cell culture were performed with a Hereaus Megafuge
16 (Thermo Scientific). For flow cytometry steps (chapter 2.2.2.3) or purification of
amplified oncogene vector constructs (chapter 2.2.1.4.2) all centrifugation steps
were performed with a Heraeus Multifuge 3L (Thermo Scientific). Cytospins (chapter
2.2.1.12) were performed with a Shandon 4 centrifuge (Thermo Scientific). For cell
culture a Heracell incubator (Thermo Scientific) was used. Cell morphology was
monitored with a Leica DM IL microscope (Leica Microsystems). For checking GFP
expression and picking iPSC clones an EVOS microscope (Thermo Scientific) was
used. Immunofluorescence images (chapter 2.2.1.9) were obtained with an Axiovert
200 microscope (Carl Zeiss). Histological stainings (chapter 2.2.1.12) were recorded
with a Leica DMRX microscope and Leica Application Suite software (both by Leica

Microsystems).

All serological pipettes used were supplied by Greiner. If not otherwise stated all
tissue culture plates (TCP) were purchased from TPP. Gelatin was dissolved in
distilled water and autoclaved at 121°C for 30 min. Gelatin coating of plates for MEF
isolation (chapter 2.2.1.6), MEF seeding for iPSC culture (chapter 2.2.1.7.1) or
hematopoietic differentiation (chapter 2.2.1.10) was done for 15 min at 37°C. FACS
tubes were supplied by Sarstedt. Cytokines used for cell culture are listed in
Supplemental Table 1. All media and cell culture components are listed in
Supplemental Table 2 and Supplemental Table 3. Flow cytometry analyses of
surface marker expression and cell sorting was done with a FACS Canto Il and
FACS Aria (BD Biosciences), respectively. SDS-PAGE (chapter 2.2.2.7) was
performed with chambers supplied by BioRad. Furthermore, blotting of proteins from
SDS gels onto nitrocellulose membranes was performed with a semi-dry blotting

device from BioRad.
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2.2 Methods

2.2.1 Cell Culture

2.2.1.1 Mouse strains

IRF8** and IRF8~~ mice were used for isolation of bone marrow cells. The mice
were kept in a C57BL/6J background. Mice were kept under pathogen free
conditions and bred in the central animal facility of the RWTH Aachen University
Hospital, Aachen, Germany. Animal experiments were approved by local authorities
(Landesamt fur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen —
LANUV NRW) in compliance with the German animal protection law (Reference
number 87-51-04.2010.A040).

2.2.1.2 Retroviral oncogene vectors

Retroviral vectors shown in Figure 14 were used in this thesis. Both vectors were
obtained from Dr. Nicolas Chatain (Department of Hematology, Oncology,
Hemostaseology, and Stem Cell Transplantation, Faculty of Medicine, RWTH
Aachen University, Aachen, Germany). cDNA of BcrAbl and human JAK2V617F
were cloned into the pMSCV vector (Daley et al.,, 1990). The pMSCV vector was
used as control during transduction of murine bone marrow (BM) cells. The pMSCV
vector contained the open reading frame (ORF) for the green fluorescent protein
(GFP) and an ampicillin resistance. Cells that were transduced with retroviral vectors
co-expressed GFP along with the oncogenes. GFP was used for tracing oncogene

expressing BM cells in flow cytometry analyses.

For amplification of vector constructs, 100 ng of each vector construct was taken up
and amplified by DH5a cells. DH5a cells were cultured over night at 37°C on LB

agar or in LB medium that was supplemented with ampicillin. Only DH5a cells that
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had taken up the vector were able to grow in the overnight cultures. Isolation of
vector constructs was performed with the NucleoBond® Xtra Midi/Maxi kit

(Macherey Nagel) according to the manufacturer’s protocol.

A B extended packaging
extended packaging signal
AmpR
pMSCV IRES GFP
AmpR IRES PMSCV-BcrAbl-GFP
6417 bp
BerAbl
eGFP p210
eGFP
C extended packaging
signal
AmpR

pMSCV-hujak2V617F-GFP
9809 bp

IRES

Figure 14. Vector maps used for retroviral transduction of BM cells
Shown are schematic maps for the (A) empty vector, (B) vector containing BcrAbl and (C) vector containing

human JAK2V617F gene. For tracing transfection and transduction of cells all vectors contain GFP. AmpR,
Ampicillin resistance; IRES, internal ribosome entry site.

2.2.1.3 Culture of HEK239T cells

HEK293T cells were cultured in high glucose Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10 % FCS, 2 mM L-Glutamine, 100 U/ml Penicillin and

100 pg/ml streptomycin. Cells were grown on 10 cm tissue culture plastic (TCP)
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plates for 2 — 3 days. Passaging was performed when a cell density of 70 — 85 %
was reached. Cells were washed once with 1x phosphate buffered saline (PBS).
0.05 % Trypsin/EDTA was warmed to 37°C and added to the cells for 2 — 3 min at
37°C. Trypsin/EDTA was inactivated with culture medium and cells were split in a
1:5 to 1:20 ratio. For transfection with oncogene vectors, cells were passaged 24h
before transfection. Cells were counted with an electronic cell counter (CASY,
Scharfe System) and seeded at a density of 0.75 x 10 — 2 x 108 cells per 10 cm
plate.

2.2.1.4 Isolation and culture of mouse bone marrow (BM) cells

Mice were sacrificed and femur and tibiae were collected (Felker et al., 2010). Bone
marrow (BM) cells were isolated by flushing the bones several times with BM cell
medium (Table 1). Cells were passed repeatedly through a 1 ml syringe and a 23G
needle to break up cell aggregates, thus forming a single cell suspension. The
suspension was left untouched for 1 — 2 min, so the debris was able to sink to the
bottom of the falcon tube. The supernatant was then transferred to a fresh tube.
Following, the cell number was determined using an electronic cell counting
machine. The rest of the suspension was centrifuged for 4 min at 1400 rpm. After
determining the cell number the cells were seeded at 2 x 10° cells/ml using BM cell
medium and cytokines were added accordingly (Table 2) to promote cell
proliferation. Cells were incubated at 37°C and 5 % CO2. On day 3 after BM isolation
cells were subjected to a density gradient centrifugation. This serves to purify the
hematopoietic progenitor cells from debris and dead cells. For this purpose,
lymphocyte separation medium (LSM, 1.077g/ml, PAA) was transferred into a falcon
tube and overlaid with the same amount of cell suspension. Centrifugation was
carried out for 15 min at 2000 rpm with minimal break. A thin white ring containing
the hematopoietic progenitors was visible between the LSM and the medium layer.
The ring was harvested using a plastic pasteur pipette. Cells were then washed
twice with PBS and subjected to cell counting using the CASY machine. Cell
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numbers were adjusted to 1.5 x 108 cells/ml with cytokine supplemented BM cell
medium and seeded into 6 well plates. Maximum cell number per well did not
exceed 5 x 108 cells. Cells were cultured for 4h at 37°C. Afterwards, cells were
transduced with oncogenes vectors (Figure 14) on day 3 and day 4 after BM

isolation (Figure 15B).

Table 1. BM cell medium

Ingredient Final Concentration
RPMI 1640 500 ml

FCS (heat inactivated) 10 % (50 ml)
Penicillin/Streptomycin (Pen/Strep) 100 U/ml (5 ml)
L-glutamine 2mM (5 ml)
B-mercaptoethanol 50 uM (500 pl)

Table 2. Cytokines for proliferating murine BM cells

Ingredient Final Company/Origin

Concentration

murine 100 ng/ml (1:100) produced by stably transfected CHO KLS C6 cell
SCF line

hyper-IL6 25 ng/ml (1:1000) gift from Dr. Rose-John (Institute of Biochemistry,
Medical Faculty, Christian-Albrechts-University,
Kiel, Germany)

IGF-1 40 ng/ml (1:1000)  Sigma-Aldrich

FIt3L 25 ng/ml (1:1000) PeproTech
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2.2.1.4.1 Transfection of HEK293T cells with oncogene vectors

HEK293T cells were used to produce virus particles (Chen, 2012). To this end,
HEK293T cells were seeded at a concentration of 0.75 x 10° - 2 x 10° cells/ml on 10
cm plates 24h before transfection. On the day of transfection, medium was refreshed
and HEK293T cells were transfected with oncogene vectors (Figure 15A). To this
end, a DNA-CaCl2 mix was prepared. 10 ug per ongogene encoding vector was
mixed with 2 packaging vectors (3 pug of pVpackGP and 7.5 ug of pVpackEco; both
from Stratagene/agilent, Supplemental Figure 1). Next, 2xHBS buffer was added
dropwise under constant mixing to the DNA mix. Finally, DNA-CaCl. mix was added
dropwise to the HEK293T cells and incubated at 37°C. 18h after transfection
medium was refreshed and cells were checked for GFP expression. Virus particles
were secreted into the supernatant. Therefore, supernatant was harvested 48h and
72h after transfection and used for transduction of murine BM cells according to
chapter 2.2.1.4.2.

2.2.1.4.2 Retroviral transduction of mouse BM cells with oncogenes

Transduction of IRF8** and IRF8”~ BM cells was performed on day 3 and 4 after
BM isolation (Figure 15B). To this end, virus containing supernatant from transfected
HEK293T cells was collected into Falcon tubes and medium for HEK293T cells was
replaced by fresh medium. Supernatant was centrifuged for 5 min at 1400 rpm to
separate possible dead cells from virus supernatant. Supernatant was filtered
through a 0.45 um CA filter (GE healthcare, Whatman) (Landazuri and Le Doux,
2006). 8 pg/ml Polybrene (Sigma, H-9268, Stock 80 mg/ml dissolved in distilled
water) and 8 pg/ml Chondroitin Sulfate Sodium Salt (Sigma, C4384, Stock 80 mg/ml
dissolved in distilled water) was added to the filtrate and incubated for 20 min at 37
°C. Next, filtrate was centrifuged for 20 min at 4000 rpm and supernatant was
discarded. Virus containing pellet was dissolved and homogenized in 100 pL BM cell

medium by pipetting up and down approximately 50 times. The homogenized pellet
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was added to the BM cells drop wise and BM cells were incubated at 37 °C. A
second density gradient centrifugation was performed 16 — 18h after the second
round of transduction. A medium change was performed 36h later. BM cells were
starved of growth factors for 2 days to select for oncogene expressing cells followed
by TKI and IFNa treatment (2.2.1.17 and 2.2.1.18).

Oncogene packaging
vector vectors
—— virus containing —, onto BM

©W,(© HEK293T supernatant cells
S
d3

HEK293T _..@_. 44

FLT3L, SCF, IL6, IGF1

— Proliferation d0 of treatment
do d3 d4 d’5
Isolation Retroviral transduction with  Purification of
BM cells BerAbl, JAK2V617F or EV BM cells

Figure 15. Schematic overview of retrovirus production by HEK293T and retroviral transduction of BM cells

(A) Schematic protocol for retrovirus production is shown. HEK293T cells were transfected with packaging
vectors and the vector containing BcrAbl or JAK2V617F and a GFP cassette using CaClz precipitation as
described in chapter 2.2.1.4.1. (B) Murine BM cells were isolated from tibia and femur. BM cells were cultured
with FLT3L, SCF, IL6 and IGF1 for 3 days. Then, BM cells were subjected to density gradient centrifugation and
viable cells were enriched. After 4h of culture, the first retroviral transduction was performed as described in
chapter 2.1.4.2. 24h later, a second retroviral transduction was performed. On day 5 post BM isolation cells were
purified via density gradient centrifugation. Finally, cells were split into different conditions and used in
subsequent experiments.
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2.2.1.5 Generation of iPSC from peripheral blood of PV patients

For generation of patient specific iIPSC, peripheral blood of 3 PV patients was taken
and mononuclear cells were isolated via density gradient centrifugation (chapter
2.2.1.16). Mononuclear cells were cultured for 2 — 3 days in StemSpan
supplemented with 100 ng/ml SCF, 20 ng/ml TPO, 50 ng/ml FLT3L and 10 ng/ml
hyper-IL6 (Figure 16). Medium was refreshed 24h after thawing and right before
reprogramming. For reprogramming, the Cytotune 2.0 kit (Thermo Scientific) was
used according to the manufacturer's protocol and as published by Sontag et al.
(2017a). In short, Sendai virus particles containing OCT4, SOX2, c-MYC and KLF4
were mixed 1:1. Mononuclear cells were counted via Neubauer counting chamber.
4x10° cells in 270 pl StemSpan™ SFEM supplemented with cytokines were taken
for reprogramming. 30 pl of Sendai virions were added to the cells, gently mixed and
incubated for 48h with the cells. Next, cells were washed and resuspended in
StemSpan™ SFEM supplemented with cytokines. Medium was changed every 2
day and cells were monitored for the formation of grape-like structures. Following the
appearance of these grape-like structures, a medium change was performed; cells
were counted and seeded on a mouse embryonic fibroblast (MEF) monolayer with 3
— 4 different cell concentrations. In the following 2 days StemSpan™ SFEM medium
was replaced stepwise with iPSC medium (Table 3). Cells were cultured for 2 — 3
weeks with a medium change every 24h. During that time cells underwent
mesenchymal-to-endothelial transition (MET) and formed ES-cell like colonies. MEF
were reseeded every 5 - 6 days. After 2 — 3 weeks, MEF were seeded in a
monolayer into a 24 well plate. Single iPSC colonies were picked (1 Well = 1 colony)
with an EVOS microscope under sterile conditions. iPSC colonies were expanded
and DNA for allele specific PCR was isolated. iPSC clones that were not needed
were frozen in FCS + 10% DMSO and stored in liquid nitrogen.
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Sendai
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Figure 16. Generation of patient specific iPSC

Phlebotomies form 3 PV patients were used for generating patient derived iPSC. Mononuclear cells were
isolated by density gradient centrifugation and cultured for 1 — 3 days with growth factors. PBMNC were infected
with CytoTune 2.0 Sendai virus containing SOX2, OCT4, c-MYC and KLF4 and cultured for 2 days. Cells were

seeded on MEF and after 3 weeks of culture individual iPSC colonies were picked, DNA was isolated and allele
specific PCR for JAK2V617F was performed.

2.2.1.6 Culture and Irradiation of Mouse Embryonic Fibroblasts (MEF)

To isolate MEF for iPSC cell culture, pregnant mice were killed on embryonic day
13.5 and the uterus was opened (Durkin et al., 2013). Fetal bags (embryo +
membrane + placenta) were extracted, washed with Penicillin/Streptomycin solution
(in PBS) 3 times. Afterwards, fetal bags were washed 3 times with 1x PBS. Next,
bags were opened and the embryo including placenta and membrane was taken out.
The placenta and the attached membrane was removed. Next head, tail, legs, liver
and inner organs from each embryo were removed. All carcasses were collected in a
new Petri dish and minced with scissors until no big clumps remained and the
suspension appeared homogenous. 8 ml of pre-warmed 1x Trypsin was added,
minced carcasses were resupended with pipette up and down 2 — 4 times and
collected in a 15 ml Falcon tube. Carcasses were incubated for 4 min at 37 °C. Big
pieces had settled to the bottom, single cells stayed in the supernatant which

therefore appeared milky. The milky supernatant was harvested and transferred
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directly transfer to a 15 ml conical tube filled with 8 ml of MEF medium. Fresh
Trypsin was added to the remaining carcasses. The procedure was repeated 4 — 5
times. MEF were centrifuged at 1000 rpm for 4 min and supernatant was discarded.
MEF were cultured in high glucose DMEM supplemented with 10 % FCS, 2 mM L-
Glutamine, 100 U/ml penicillin and 100 pug/ml streptomycin (later referenced to as
MEF medium). Cells were resuspended in MEF medium and distributed onto 15 cm
TCP dishes (2.5 embryos per 15 cm dish). A partial medium change was done every
2 days. MEF were expanded 2 times. To this end, medium was discarded and cells
were washed 2 times with 1x PBS. Afterwards, 4 ml of 1x trypsin was added onto
MEF and dishes were incubated for 4 min at 37°C. Trypsin was stopped with 6 ml of
MEF medium. Cells were collected in Falcon tubes and centrifuged at 1000 rpm for
4 min. MEF were resuspended in fresh MEF medium. For further culture, cells were
distributed equally in a 1:4 to 1:6 ratio over 15 cm TCP plates and incubated at
37°C. For inactivation, MEF were pooled in Falcon tubes and cells were kept on ice
until irradiation. Cells were y-irradiated with 30 Gy (3000 rads) and immediately put
back on ice. MEF were centrifuged at 1000 rpm for 4 min and resuspended in
freezing medium (FCS + 10% DMSO) at a cell concentration of 4 x 108 cell/ml. MEF
were distributed over cryo vials (NUNC) and transferred into -80°C. For long term

storage cryo vials were transferred into liquid nitrogen 24h after MEF harvest.

2.2.1.7 Culture of iPSC
2.2.1.7.1 Maintenance culture of iPSC on MEF

Patient derived iIPSC were cultured on an inactivated MEF monolayer in iPSC
medium (Table 3) (Sontag et al., 2017a). Medium was refreshed daily. Passage was
performed every 4 — 5 days. To this end, MEF were thawed and seeded in 6 well
TCP plates 24 h before passing iPSC. MEF were seeded at a cell density of 2.6 x
10° to 3 x10° cells/cm? on gelatin (Sigma, #G-1890) coated 6 well plates. For
passaging iPSC, old medium was discarded and 1 ml of collagenase IV (Gibco,
#17104-019, 1 mg/ml dissolved in KO-DMEM) was added to each well. Cells were
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incubated with collagenase IV for 60 min at 37°C. Progress of colony detachment
was observed through the microscope. Collagenase treatment was stopped with 2
ml KO-DMEM per well when edges of colonies began to roll up. Wells were rinsed
gently and cell clumps were collected in Falcon tube. Cells were centrifuged for 4
min at 1000 rpm, supernatant was discarded and cell clumps were resuspended in 1
ml iPSC medium. MEF medium was aspirated from MEF coated plates and each
well was washed with 1x PBS. PBS was discarded directly and 2 ml iPSC medium
per well was added. iPSC clumps were equally distributed over MEF coated plates

and mixed gently by rocking the plate back, forth, left, right.

Table 3. Composition iPSC medium

Reagent Volume
KO-DMEM 192 ml
KO-Serum replacement 50 ml
Penicillin/streptomycin 2.5 ml
L-Glutamine 2.5 ml
Minimal non-essential amino acids 2.5 ml
B-mercaptoethanol 500 pl
bFGF 254l

2.2.1.7.2 Culture of iPSC on vitronectin for next generation sequencing (NGS) and

immunofluorescence staining

To analyze iPSC clones for additional mutations next generation sequencing (NGS)
analysis was performed. To this end, IPSC were cultured under feeder free
conditions for 2 passages. For feeder free culture of iPSC, JAK2 and JAK2V617F
IPSC had to be transferred from MEF coated onto vitronectin coated plates (Ludwig
et al., 2006). To this end, 6 well plates were coated with 2 ml of vitronectin (Stemcell

Technologies, 250 pl diluted in 12 ml 1x PBS, final concentration 5 pg/ml, 0.5
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ug/cm?) for 1h at room temperature. While coating was performed, iPSC were
passaged with collagenase IV for 1h at 37°C and detached with KO-DMEM
afterwards. To deplete MEF from detached iIPSC, clumps were let to settle via
gravity. Consequently, single MEF were left in the supernatant and iPSC clumps
accumulated at the bottom of the Falcon tube. Supernatant was discarded up to 5
ml. This procedure was repeated twice. After the last washing step cells were
centrifuged at 1000 rpm for 4 min and resuspended in iPSbrew. Excess vitronectin
was discarded from the plate and 1.5 ml per well of iPSbrew was added. iPSC were
distributed equally over the wells. Medium was refreshed every 24h. iPSC were
cultured for 4 — 5 days until passaged again. For passages in feeder free conditions,
supernatant was discarded and 1 ml of 0.5 nM EDTA was added. Cells were
incubated for 2 — 3 min at 37°C. When colonies stared to disintegrate, EDTA was
discarded completely, 1 ml per well iPSbrew was added and colonies were
detached. Clumps were seeded onto a new vitronectin coated plate. After 2
passages in vitronectin iPSC lost most of the MEF. iPSC were detached with 1x
trypsin/EDTA and gDNA was isolated with the NucleoSpin® Tissue Kit (Machery
Nagel).

For immunofluorescence iPSC were seeded onto vitronectin coated glass slides in 4
well TCP after MEF depletion. iPSC were cultured for 4 — 5 days, depending on the
cell density, with medium changes every 24h. Afterwards, cells were processed for

immunofluorescence as described in chapter 2.2.1.9.

2.2.1.8 Embryoid body (EB) assay

The EB assays were done as described previously (Qin et al., 2014). Briefly, iPSC
were cultured on MEF for 3 — 4 days. On the day of EB Assay (d0), iPSC were
detached by adding 1 ml of collagenase 1V per well of a 6 well plate and incubated at
37°C for 60 min. When colony edges started to roll up, 2 ml of KO-DMEM per well of
a 6 well plate was added. Wells were rinsed gently and cell clumps were collected in

a 50 ml conical tube. A sample of undifferentiated iPSC was taken (d0). MEF were
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depleted from iPSC by letting big aggregates sediment for 10 min before carefully
aspirating the supernatant up to 3 — 5ml. KO-DMEM was added and suspension was
centrifuged at 900 rpm for 4 min. Supernatant was discarded and EB were
resuspended in 10 — 12 ml EB medium (Table 4). EB suspension was transferred to
an ultra-low attachment (ULA) plate (Corning). Medium was changed every second
day starting with day 1. Therefore, EB suspension was collected in a 15 ml Falcon
tube and EB were left to settle by gravity for 30 min. Supernatant was discarded up
to 2 ml and fresh EB medium was added. EB were replated on the same ULA plate
as before. EB were cultured in suspension for 7 days. On day 7, a medium change
was performed as described. Cell suspension was divided into further culture and a
sample for RNA isolation. For further culture EB were seeded onto a gelatin coated
(0.1 % gelatin) tissue culture dish. Adherent EB were cultured for another 7 or 14
days. Medium changes were done every second day. Morphology was checked
under the microscope and pictures were taken with an EVOS microscope. At the
end of differentiation, cells were washed twice with 1x PBS. 0.05 % trypsin/EDTA
solution was added and cells were incubated at 37°C for 2 — 5 min. Trypsinization
was stopped with EB medium. Cells were collected in a Falcon tube and centrifuged
at 900 rpm for 4 min. Supernatant was removed and pellet was processed for RNA

isolation and RT-gPCR as described in chapter 2.2.2.5.

Table 4. Composition EB medium

Reagent Volume
KO-DMEM 192 ml
FCS (LONZA) 50 ml
Penicillin/streptomycin 2.5 ml
L-Glutamine 2.5 ml
Minimal non-essential amino acids 2.5 ml
B-mercaptoethanol 500 pl
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2.2.1.9 Immunofluorescence staining and microscopy

For immunofluorescence staining, iPSC were cultured on vitronection for 3 — 4 days
(chapter 2.2.1.7.2). On the 1%t day, iPSC were fixed with PFA for 20 min at room
temperature followed by 3 washing steps with PBS for 5 min. Next, blocking was
performed with goat serum for 30 — 40 min at room temperature followed by an
overnight incubation with the primary antibodies (TRA 1-60, dilution in PBS, Table
5). On the 2" day, cells were washed 3x for 10 — 15 min with PBS at room
temperature. Next, cells were incubated with secondary antibodies for 1h at room
temperature followed by another 3x washing step for 5 min with PBS. For
intracellular staining, OCT4 antibody was diluted in in 0.1 % TritonX100 (in PBS) and
cells were incubated overnight at 4 °C. On the 3™ day, cells were washed as
described on day 2 with PBS and secondary antibody for OCT4 was diluted in 0.1 %
TritonX100 (in PBS) and added to the cells for 1h at room temperature. Following 3x
5 min washing steps cells were stained with DAPI at a dilution of 1:400,000 (5 pg/ml)
in 0.1 % TritonX100 (in PBS) for 15 min. Finally, cells were washed once for 1 min
with PBS and 1 drop of mounting solution (Dako) was added onto a glass slide.
Cover slip were removed carefully from the well, flipped upside down and put onto
glass slide. Mounting solution was set to dry at room temperature for 10 — 20 min.
Fluorescence was observed with an Axiovert 200 microscope (Carl Zeiss). Imaging
processing was done using Image J 1.46r (National Institute of Health) and Adobe
Photoshop CS2 (Adobe Systems Inc.).

Table 5. Primary antibodies used for immunofluorescence staining

Antigen Clone Species Subtype Company Dilution
OCT-4 H-134 Rabbit IgG Santa Cruz 1:200
TRA 1-60 Mouse IgM Stemgen 1:200
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Table 6. Secondary antibodies used for immunofluorescence staining

Antibody Company Dilution

Goat anti-mouse IgM Alexa 594 Invitrogen 1:200 in PBS

Goat anti-rabbit IgG FITC Invitrogen 1:200 in 0.1 % Triton-X 100 in
PBS

2.2.1.10 Hematopoietic differentiation of iPSC

The basis of the following protocol was the hematopoietic differentiation published
by Kennedy et al. (2012). Furthermore, the detailed protocol for the hematopoietic
differentiation used in this thesis was published by Sontag et al. (2017b). Suppliers
and stock concentrations for every cytokine used in this differentiation are listed in
Supplemental Table 1. In short, iPSC were expanded, cultured for 3 — 4 days and
harvested via collagenase IV treatment when they reached 70 - 80 % confluency.
iIPSC colonies were collected in Falcon tubes. Suspension was left to stand for 10
min so that big EB settled via gravity while single MEF stayed in suspension.
Supernatant was discarded and iPSC colonies were washed with KO-DMEM. Cells
were centrifuged at 1000 rpm for 4 min and supernatant was discarded completely.
For each differentiation day basal medium (Table 7) was supplemented with
cytokines as shown in Figure 17. Cells were resuspended in 1 ml induction medium
dO containing 8 ng/ml bone morphogenetic protein 4 (BMP4). EB were resuspended
thoroughly until EB contained 50 — 100 cells. If EB were in the desired range cells
were transferred onto petri dishes and rest of induction d0 medium was added. Cells
were cultured for 8 days at 37°C ina 5 % CO2 and 5 % Oz incubator (referred as
hypoxic conditions). On day 1 of differentiation old medium was diluted 1:2 with fresh
medium containing 8 ng/ml BMP4 and 10 ng/ml basic fibroblast growth factor
(bFGF) (Figure 17). On day 2 of differentiation, EB were collected in 50 ml Falcon
tubes and centrifuged at 800 rpm for 4 min. Supernatant was discarded completely.
Cell pellet was resuspended gently in 10 - 15 ml induction medium d2 (10 ng/mi
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bFGF, 8 ng/ml BMP4, 10 ng/ml vascular endothelial growth factor (VEGF), 10 ng/ml
hyper-Interleukin 6 (hyper-IL6), 25 ng/ml insulin like growth factor (IGF1) and 100
ng/ml stem cell factor (SCF)) and transferred onto new petri dish. On day 4 of
differentiation, medium change was performed as given on day 2 of differentiation
and EB were resuspended in 10 - 15 ml induction medium d4 (10 ng/ml bFGF, 10
ng/ml VEGF, 10 ng/ml hyper-IL6, 25 ng/ml IGF1, 100 ng/ml SCF, 10 ng/ml FIt3L, 20
ng/ml thrombopoietin (TPO) and 30 ng/ml interleukin 3 (IL3)). On day 6 of
differentiation, medium change was performed as given on day 4 of differentiation.
EB were resuspended in 10 - 15 ml induction medium d6 (100 ng/ml SCF, 10 ng/ml
FIt3L, 20 ng/ml TPO and 30 ng/ml IL3; later referred to as EHT medium) and
transferred onto 6 well plates (coated with 0.1% gelatin). On day 8 of differentiation,
most EB were adherent on the pate. Old medium was aspirated and replaced with
new EHT medium and plates were transferred into normoxic conditions. Medium
was changed until day 14 of differentiation every 2" day as given on day 8.
Afterwards, medium change was done every 3" day. Hematopoietic progenitor cells
(HPC) were harvested from day 14 of differentiation to day 30 of differentiation.

Differentiation day
Hypoxia

01 2 4 6 8 14 22 26 30
—1l 1 l l l ] 1 ] l
1 ] I I 1 i 1

- —pp=Seed EBs on gelatin-coated dish
bFGF
VEGEF,

SCF, IL-6,
IGF1

Y

IL3, TPO, SCF, FIt3L

Figure 17. Scheme Hematopoietic Differentiation of iPSC

Differentiation time line and corresponding cytokine composition is shown (adapted from Kennedy et al. (2012)
and Sontag et al. (2017b)). From day 6 of differentiation onwards cells are kept with FLT3L, TPO, SCF and IL3
(referred to as endothelial-to-hematopoietic transition (EHT) medium) to promote HPC development from the EB
layer.
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Table 7. Composition of basal medium for hematopoietic differentiation of iPSC

Reagent Volume
StemPro34 250 ml
StemPro34 supplements 6.5 ml
Penicillin/streptomycin 2.5 ml
L-Glutamine 2.5 ml
Monothioglycerol (MTG) 1mi
L-Ascorbic acid (L-AA) 250 pl

2.2.1.10.1 Digestion of EB layer

The EB layer of differentiating iPSC was used for magnetic activated cell sorting
(MACS), cell cycle analysis by BrdU labeling or to analyze cells for IFNAR1 and
IFNAR2 expression by flow cytometry. For these purposes, the EB layer was
digested into single cells. The supernatant fraction was either discarded or used for
IFNAR1/IFNAR2 analysis. 1 ml Accutase was added per well to the EB layer and
incubated at 37°C for 20 min. Afterwards, 2 ml of KO-DMEM per well was added and
used to detach EB layer fully from the TCP plate. Cell suspension was transferred
into a fresh Falcon tube and thoroughly resuspended to fully isolate single cells from
the layer. Cell suspension was passed over a 40 pum cell strainer (Greiner). Cell
strainer and leftover tissue from the EB layer was discarded while single cell

suspension was processed further.

2.2.1.11 Red blood cell differentiation

Red blood cell differentiation was done as described by Dorn et al. (2015). Briefly,
IPSC-derived hematopoietic cells were harvested from hematopoietic differentiation
cultures between day 22 and day 30 of differentiation. After passing the cells through
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a 40 pm cell strainer (Corning), single cells were cultured in supplemented
StemPro34. Cells were cultured with 100 ng/ml SCF, 30 ng/ml IL3 and 0.2 U/ml
huEPO (human erythropoietin, cilag) according to the time range published by Dorn
et al. (2015) and shown in Figure 18. Red blood cell differentiation was followed in
time with flow cytometry analysis and cytospin preparations. During the first 8 days
of red blood cell differentiation, cells were counted via Neubauer chamber and cell

numbers were recorded for each condition.

—_ *
N
—_h %
]
—4— 0
N
N

SCF

Figure 18. Scheme Red Blood Cell Differentiation
Red blood cell differentiation and time line is shown (adapted from Dorn et al. (2015)). Every 2" day a partial

medium. Change was performed and cells were expanded. Every 4" day medium was completely changed.
Asterisks indicate time points when cells were used for flow cytometry and histological staining.

2.2.1.12 Cytospin and Histological Staining

After collection of iIPSC-derived hematopoietic cells, cells were washed once with
cold 1x PBS and counted via Neubauer counting chamber. Glass slides for
cytospins were mounted with filter paper containing up to 6 holes, a corresponding
cuvette was placed in a metal holder. First, 200 ul of PBS was added to each well of
the cuvette and spun at 400 rpm for 4 min to wet the filter paper. Afterwards,
100.000 to 300.000 cells per well of the cuvette was added and spun at 400 rpm for
7 min. Slides were then extracted and air-dried for neutral benzidine/DiffQuik

staining.
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For the neutral benzidine/DiffQuik staining, cells were first fixed with methanol
(Merck) for 4 min. Afterwards slides were placed for 2 min in a 1 % benzidine
(Sigma, B-3503) solution following incubation for 1.5 min in a H202 solution. After
washing with water, slides were transferred into the DiffQuik Red solution (Medion
Grifols Diagnostics) and stained for 5x5 sec. Next, incubation with the DiffQuik Blue
solution (Medion Grifols Diagnostics) was done for 30 sec. Slides were then
transferred to water to wash off the excess staining solution und then dried. 1 drop of
Entellan mounting medium (Merck #7960) was added onto each cytospin slide.
Finally, cover slips were placed onto the mounting medium and air-dried. Cytospins
were analyzed with a Leica DMRX microscope and the Leica Application Software
suite v3.1.0.

2.2.1.13 Proliferation and cell cycle analysis

2.2.1.13.1  Carboxyfluorescein succinimidyl ester (CFSE) staining

For proliferation analysis iPSC-derived hematopoietic cells were labeled with CFSE.
To this end, the supernatant fraction of differentiating iPSC was collected, stained
with trypan blue and counted with a Neubauer counting chamber. iPSC-derived
hematopoietic cells were washed twice with 1x PBS and afterwards cells were
dissolved in 1 ml 1x PBS. CFSE (Stock 10 mM in DMSO) was diluted 1:10 in PBS
followed by adding 1 ul (final concentration at 1 uM in medium) to the cells. Cells
were incubated at 37°C for 5 min. Next, 30 ul FCS was added followed by a
centrifugation step at 300xg for 4 min. Cells were washed 3 times with medium.
Next, JAK2 and JAK2V617F iPSC-derived hematopoietic cells were seeded back
onto the corresponding EB layer. A sample for 100 % CFSE labeled cells was taken
after 2h of culture at 37°C. CFSE distribution over the daughter generations was
analyzed after 3 days of culture by flow cytometry. Additionally, iPSC-derived
hematopoietic cells were stained for additional surface markers as descried in

chapter 2.2.2.3. Calculation of generations was done by FlowJo (V 7.8).
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2.2.1.13.2 Bromodeoxyuridine (BrdU) staining

For cell cycle analysis APC BrdU Flow kit (BD, 552598) was used. BrdU pulse and
staining was performed according to manufacturer’s instructions. To this end, JAK2
and JAK2V617F EB layers were digested according to chapter 2.2.1.10.1 and
seeded as single cells in EHT medium at a concentration of 1.5 x 10° cells/ml. Cells
were pulsed with 10 uM BrdU and cultured for 1h at 37 °C. As control for BrdU
incorporation, one part of the cells were kept without BrdU. Afterwards, cells were
collected into FACS tubes and washed twice with FACS buffer (Table 12). Cells
were stained for surface markers according to chapter 2.2.2.3. Afterwards, pellet
was resuspended in 100 pl Cytofix/Cytoperm buffer (BD, 554722), vortexed and
incubated for 30 min at room temperature. Cells were washed with 1 ml of 1x
Perm/Wash buffer (BD, 554723) and spun at 400xg for 4 min. Next, pellet was
resuspended in 100 pl Cytoperm Plus buffer (BD, 561651), vortexed, incubated for
10 min on ice followed by another washing step with 1 ml 1x Perm/Wash buffer. For
re-fixation, cell pellet was resuspended in 100 ul Cytofix/Cytoperm buffer, vortexed
and incubated for 5 min at room temperature. Following another washing step with 1
ml 1x Perm/Wash buffer, cell pellet was resuspended in 70 ul PBS/Mg (5mM MgCl2),
vortexed and 300 pg/ml DNase was added. Cells were mixed by pipetting up and
down followed by and incubation at 37°C for 1h. Cells were washed with 1 ml 1x
Perm/Wash buffer afterwards. Next, pellet was resuspended in 50 pl FACS buffer,
containing 1:100 diluted anti-BrdU-APC antibody and incubated 30 min at room
temperature. After another washing step with 1 ml 1x Perm/Wash buffer cells were
stained with 10 pl 7AAD (BD) for 5 min on ice. 500 yul FACS was added and cells
were analyzed by flow cytometry (FACS Canto II).

2.2.1.14 Magnetic activated cell sorting (MACS) for CD34* cells

For magnetic activated cell sorting (MACS) EB layer was digested as described in

chapter 2.2.1.10.1. Cell number was determined manually by using trypan blue
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staining and a Neubauer counting chamber. For CD34* cell isolation CD34*
magnetic bead kit (Miltenyi, 130-046-702) was used according to manufacturer’s
protocol. In short, cell suspension was centrifuged at 1000 rpm for 4 min and
supernatant was discarded. Pellet was resuspended in 300 ul MACS buffer (Table 8)
and 100 ul FcR blocking reagent was added. 100 pl of CD34 microbeads were
added to the cells, vortexed and incubated for 30 min at 4°C. Cells were mixed every
5 min to ensure optimal binding of beads to the cells. Following an addition of 10 ml
of MACS buffer, cells were centrifuged at 1000 rpm for 4 min. Supernatant was
discarded completely and cells were resuspended in 500 pl MACS buffer. Magnetic
separation was done with LS columns (Miltenyi, 130-042-401). Columns were
placed in a magnetic field and rinsed 3 times with 3 ml MACS buffer. Cell
suspension was added onto column and flow through with unlabeled cells was
discarded. Columns were washed 3 times with 3 ml MACS buffer. To elude cells,
columns were removed from magnetic separator and placed in a fresh Falcon tube.
Cells were flushed out by adding 5 ml of MACS buffer to the column and firmly
pushing the plunger into the column. Cells were centrifuged again at 1000 rpm for 4
min and respuspended in EHT medium. Cells were cultured for 11 days. To monitor
cell proliferation, medium was refreshed and cells were counted with a Neubauer
counting chamber every 2 — 3 days. Analysis of cells by flow cytometry was done on
day 0, 6 and 12 of culture.

Table 8. MACS buffer composition

Reagent Volume
PBS (1x) 250 ml
FCS 12.5 ml
EDTA (0.5 M) 1ml
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2.2.1.15 Colony forming unit (CFU) assay

To evaluate the colony formation potential of iPSC-derived hematopoietic cells CFU
assays were performed. Cells were harvested on day 18 of hematopoietic
differentiation, passed through a 40 pum cell strainer, washed once with 1x PBS and
then counted via Neubauer chamber. Cell number to be seeded was calculated
according to the protocol given by manufacturer of MethoCult (Miltenyi). Cells were
centrifuged (1000 rpm, 4 min) and resuspended in StemPro34 (without
supplements) according to manufacturer’s protocol. 300 pl of cell suspension was
transferred into 3 ml of MethoCult (StemMACS(™) HSC-CFU lite with EPO — human,
Miltenyi, Order No. 130-091-281) and mixed via vortexing. Seeding of CFU assay
was done in duplicates according to manufacturer’s protocol. Analysis of CFU
assays was done after 14 days of incubation at 37°C. Pictures of colonies were
taken after 14 days of incubation. Individual colonies were picked and spun onto

glass slides. Histological staining was performed afterwards.

2.2.1.16 Isolation of peripheral blood mononuclear cells (PBMNC) from

healthy donors

Peripheral blood from healthy individuals was obtained from the department of
transfusion medicine of the university hospital Aachen (UK Aachen). The samples
were randomized and an ethical agreement with the healthy individuals was in place.
Peripheral blood mononuclear cells (PBMNC) were isolated via a density gradient
centrifugation with lymphocyte separation medium (LSM) using Miltenyi Biotech’s
protocol. In short, EDTA vails containing peripheral blood were first diluted with twice
the blood volume with 1x PBS/EDTA. 15 ml LSM was transferred into a Falcon tube
and overlaid with 35 ml diluted peripheral blood. Next, a centrifugation step at 2000
rpm for 20 min without brake was performed. At the interface of blood and LSM a

white ring of mononuclear cells formed. Mononuclear cells were carefully aspirated
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and transferred into a new Falcon tube. Cells were washed with 1x PBS/EDTA
twice. Therefore, cells were centrifuged at 1000 rpm for 10 min and the supernatant
was discarded. Next, PBMNC were resuspended in RPMI + 10 % FCS. Cells were
stained with trypan blue and counted with a Neubauer counting chamber. Finally,
PBMNC were cultured in RPMI + 10 % FCS without cytokines for 4h. During 4h of
culture cells were stimulated with IFNa (chapter 2.2.1.17). Afterwards, samples were
processed either for RT-qPCR (chapter 2.2.2.5) or Western Blot (chapter 2.2.2.7).

2.2.1.17 Interferon a (IFNa) treatment of BM cells, iPSC-derived HPC,
patient and healthy PBMNC

Treatment of murine BM cells was done for 3 — 4 days with the indicated
concentrations of murine IFNa (Miltenyi Biotech, 130-093-131, stock concentration
1x107 U/ml in 1x PBS). Untreated BM cells were used as control. Human IFNa
(Immunotools, recombinant human Interferon-alpha 2 beta, stock concentration
2x107 U/ml in H20) was used to treat iPSC-derived hematopoietic cells and primary
PBMNC. Samples for RT-gPCR were treated with 200 U/ml human IFNa for 4h in
RPMI + 10 % FCS. Samples used for Western Blots were starved in RPMI for 4h
followed by a pulse of 2000 U/ml human IFNa for 30 min.

2.2.1.18 Tyrosine kinase inhibitor (TKI) treatment of BM cells

Treatment of oncogene expressing murine BM cells with TKI was done for 3 — 4
days. TKI were refreshed with medium every 24h. BcrAbl* murine BM cells were
treated with Imatinib (LC Laboratories, stock concentration 10 mM in DMSO).
JAK2V617F* murine BM cells were treated with Ruxolitinib (LC Laboratories, stock
concentration 10 mM in DMSO).
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2.2.2 Biochemical assays

2.2.2.1 MTT assay

To evaluate the toxicity of IFNa and Ruxolitinib on iPSC-derived hematopoietic cells
MTT assays were performed (Han et al., 2016). iPSC-derived hematopoietic cells
were harvested and washed once with 1x PBS. Cells were diluted to a cell
concentration of 2 x 10° cells in 90 pl in EHT medium. Measurements were
performed in triplicates. IFNa or Ruxolitinib was diluted with serum free medium
(SFM). 10 ul of IFNa or Ruxolitinib was added per well of a 96 well plate first,
afterwards 90 pl of cell suspension was added to the each well. Cells were
incubated at 37°C for 2 — 4 days. As blank SFM was used and incubated for the
same time without any drug addition. Afterwards, 10 yul MTT was added and
incubated for 4h at 37°C. Next, 100 pl Isopropanol-HCL was added to lyse the cells.
Colorimetric analysis was done in a plate reader at 550 nm. The mean optical
density from each concentration was calculated and blank was deducted from each
value. The resulting values together with the mean standard deviation for each value

were put into a graph with GraphPad Prism v6.

2.2.2.2 Allele specific Polymerase Chain Reaction (PCR) for JAK2V617F

allele

To detect JAK2V617F in patient derived iPSC an allele specific PCR was performed
in collaboration with Kristina Feldberg (Department of Hematology, Oncology,
Hemostaseology, and Stem Cell Transplantation, Faculty of Medicine, RWTH
Aachen University, Aachen, Germany). To this end, 2 PCR reactions were set up
with the primers listed in Supplemental Table 5 (Jones et al., 2005). In a first PCR 10
MM of JAK2 forward and reverse primer were mixed with 10x RED Taq buffer and,
10 mM dNTP mix and RED Taq polymerase (Quiagen). In a second reaction, JAK2
and JAK2V617F primer were mixed with RED Taq buffer, dNTP mix and RED Taq
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Polymerase. 200 ng of DNA was used per PCR. The PCR was run in a PCR cycler
(Eppendorf) with the program shown in Table 9. PCR product was loaded onto a 3
% agarose gel and set to separate for 30 min at 100 V.

Table 9. PCR program allele specific PCR JAK2V617F

Temperature Time Cycles
94°C 5 min 1

94°C 30 sec

58°C 30 sec 34
72°C 1 min

72°C 5 min 1

10°C o0 o0

2.2.2.3 Flow Cytometry and Sorting

To analyze the surface marker expression during hematopoietic differentiation of
iPSC or monitor oncogene expressing cells during IFNa/TKI treatment, cultured cells
were subjected to flow cytometry (Sontag et al. (2017a), Chauvistre et al. (2014)).
The harvested cells were centrifuged for 4 min at 1400 rpm and washed once with
PBS. Cells were stained with fluorochrome-conjugated antibodies (Table 10,

Table 11). Antibodies used for iPSC-derived hematopoietic cells were diluted 1:100
in 50 pl FACS staining buffer (Table 12). Antibodies used for murine BM cells were
diluted 1:400 in 50 pl FACS staining buffer. Next cells were stained for flow
cytometry for 30 min at 4°C followed by washing steps with FACS staining buffer.
For flow cytometry cells were resuspended in 200 pl FACS staining buffer and
measured on a FACS Canto Il device (BD Biosciences). The obtained data were
analyzed with FlowJo software (Tree Star, Inc.). As control, a part of the cells was
stained with an 1gG isotype control that was conjugated to the same fluorochrome as
the specific antibody. This staining served as a control for unspecific binding. For
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sorting iPSC-derived myeloid cell populations cells were resuspended in 500 ul
FACS buffer. Additional FACS tubes with FACS buffer were prepared. Cells were
sorted on a FACS Aria device (BD Biosciences). Sorted cells were spun on glass

slides and stained for phenotypical analyses as described in chapter 2.2.1.12.

Table 10. Flow cytometry antibodies used for murine BM cell culture

Surface Marker Fluorochrome Clone Company  Dilution used
Grl PerCPCy5.5 RB6-8C5 BD 1:400
ckit PeCy7 ACK2 eBioscience 1:400

Table 11. Flow cytometry antibodies used for detection of human hematopoietic cells from human iPSC

Surface Marker Fluorochrome Clone Company  Dilution used
CD3 PerCP-Cy5.5 UCHT1 BD 1:100
CD14 PE MOP9 BD 1:100
CD14 PE 9F5 BD 1:100
CD19 PE-Vio770 AC145 Miltenyi 1:100
CD31 PE WM59 BD 1:100
CD33 APC AC104.3E3  Miltenyi 1:100
CD34 APC 581 BD 1:100
CD43 FITC 1G10 BD 1:100
CD43 Biotin DF-T1 Miltenyi 1:100
CD45 APC-Vio770 5B1 Miltenyi 1:100
CD61 FITC VI-PL2 eBioscience 1:100
CD66b PE G10F5 BD 1:100
CD66b PerCPCy5.5 G10F6 BD 1:100
CD71 FITC OKT9 eBioscience 1:100
CD117 APC M5E2 BD 1:100
CD123 FITC HIB19 BD 1:50
CD123 PE-Cy7 104D2 eBioscience 1:100
CD235a PE HIR2 (GA- eBioscience 1:1000
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R2)
FceR FITC CRA1l Miltenyi 1:100
HLADR PECy7 LN3 eBioscience 1:100
HLADR FITC LN3 eBioscience 1:100
IFNAR1 FITC MMHAR-1 PBL Assay 1:10 (50 pl volume
Science for staining)
IFNAR2 PE MMHAR-2 PBL Assay 1:25 (50 pl volume
Science for staining)

Table 12. FACS Buffer Composition

Reagent Volume
PBS (1x) 500 ml
BSA 25g
EDTA (0.5 M) 5 mi

2.2.2.4 Live/dead Staining for flow cytometry

Live/dead staining was performed for

murine BM cells and iPSC-derived

hematopoietic cells. To this end, cells were harvested and washed once with FACS
buffer (Table 12). Cells were stained with Zombie Aqua (BioLegend, 1:400 in 1x

PBS) for 30 min at room temperature in the dark. Next, cells were washed with

FACS buffer and additional surface markers were stained according to chapter

2.2.2.3. Finally, cells were analyzed by flow cytometry.
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2.2.2.5 RNA isolation and quantitative Real-Rime Polymerase Chain Reaction
(QRT-PCR)

RNA isolation and RT-gPCR was performed as described previously (Chauvistre et
al., 2014). To analyze the expression of IFNa target genes, RNA isolation was
performed with a NucleoSpin RNA 1l Kit (Machery-Nagel). The RNA concentration
was then determined using a Nanodrop device. According to the manufactures
protocol cDNA synthesis was performed using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). 5 ng of cDNA was applied as template for
guantitative PCR (gPCR). To this end, Syber Green (Fast SYBR Green Master Mix,
Applied Biosystems) and primers (Supplemental Table 4 and Supplemental Table 6)
and 5 ng cDNA were mixed according to Table 13. Quantitative PCR was performed
using a StepOnePlus Real Time PCR System (Applied Biosystems) and the
standard program. The data was analyzed with the StepOnePlus Software v2.1
(Applied Biosystems) with Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
for normalization. After normalization, the relative expression to GAPDH was plotted.

For normalization: ACt (sample) = Ct Mean(sample) - Ct Mean(GarpH)

For fold GAPDH: 2-ACT (sample)

Table 13. gPCR Master Mix

Reagent Volume
Syber Green 5ul
PrimerPair 0.5 ul
Water 2.5 ul
cDNA 2 ul
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2.2.2.6 Protein extraction and Bradford Assay

For protein extraction JAK2 and JAK2V617F iPSC-derived hematopoietic cells were
harvested on day 26 — 34 of hematopoietic differentiation. Cell suspension was
collected in a Falcon tube, cells were counted and centrifuged for 4 min at 1400 rpm
at 4°C. Cells were washed once with 1x PBS followed by resuspension in 50 pl —
100 pl lysis buffer (Supplemental Table 3). Cells were vortexed until a homogeneous
solution was obtained. Cell suspension was kept on ice for 45 — 60 min and vortexed
every 10 min. Next, tubes were centrifuged for 10 min at 13000xg at 4°C (Sigma,
3K15). Supernatant was transferred into a fresh Eppendorf tube and kept at -80°C.

To calculate the protein concentration of harvested iPSC-derived hematopoietic cells
a Bradford assay was performed (Bradford, 1976). Protein samples were diluted in
distilled water. BSA (stock concentration 1 mg/ml) standards were prepared as
shown in Table 14. Bradford solution (BioRad, 500-0006) was diluted 1:5 with
distilled water. BSA standards (Table 14) and protein samples were diluted 1:1 with
Bradford working solution and incubated for 1 min at room temperature. Absorption
was measured at 595 nm with a photometer. Protein concentration was calculated

with equation from linear regression of BSA standards.

Table 14. BSA protein standards

Standard BSA stock solution distilled water
Blank 0 1ml

2.5 pg/ml 2.5 pl 997.5 ul

5 pg/ml 5ul 995 ul

10 pg/ml 10 ul 990 ul

15 pg/ml 15 ul 985 ul

20 pg/ml 20 pl 980 ul

25 pg/ml 25 ul 975 ul
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2.2.2.7 SDS-Page and Western Blot

SDS-PAGE was performed as described before (Chauvistre et al.,, 2014).
Compositions of buffers used for SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide electrophoresis) are listed in Supplemental Table 8. Samples of
IPSC derived hematopoietic cells for SDS-PAGE were taken on day 26 to 34 of
hematopoietic differentiation. Total protein was extracted as described in chapter 0.
Total protein amount was determined, mixed with 4x loading dye and boiled at 95°C
for 5 min. 40 pg total protein were loaded per lane onto a 8 % SDS-gel (Table 17)
and separated for 2h a 50 V per gel. A prestained protein ladder (PageRuler
prestained Protein Ladder, Thermo Scientific) was used as marker. After SDS-PAGE
the gels were soaked in 1x transfer buffer together with filter paper and the
nitrocellulose membrane. Proteins were blotted onto a nitrocellulose membrane (45
MM, Thermo Scientific) for 2h at 60 mA per membrane using a semi-dry system
(BioRad). Ponceau staining was used as loading control additional to the actin
detection. The membranes were blocked after that with 10 % BSA in TBS-T for 2h at
room temperature. For detection the primary antibodies are listed in Table 15 and
secondary antibodies in Table 16. Membranes were incubated with primary
antibodies over night at 4°C followed by 3 washing steps with TBS-T of 10 min each.
Incubation with secondary antibodies was performed for 1h at room temperature
followed by another 3x 10 min washing steps with TBS-T. Afterwards, membranes
were incubated with ECL reagent (Super Signal West Pico Chemoluminescent
Substrate, Thermo Scientific) for detection. Signal detection was performed with a
LAS System. All antibodies were diluted in TBS-T containing 5 % BSA.

Table 15. List of primary antibodies for Western Blot

Antibody Clone Species Company
STAT1 #9172 Rabbit Cell Signaling
pPSTATL1 (Tyr701) #9171 Rabbit Cell Signaling
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Actin AC-74 Mouse Sigma

Table 16. List of secondary antibodies for Western Blot

Antibody Clone Species Company
a-Rabbit 19G NA934V donkey GE Healthcare
a-mouse 1gG NA931V sheep GE Healthcare

Table 17. Composition SDS-gels

Reagent Amount for 2 Gels
8 % Separation Gel Distilled water 5.2ml
40 % acrylamide-mix 2.1 mil
1.5 M Tris-HCI (ph 8,8) 2.5ml
10 % SDS 100 pl
10 % APS 100 pl
TEMED 6 pl
Stacking gel Distilled water 3,61 ml
40 % acrylamide-mix 620 pl
1.0 M Tris-HCI (pH 8,8) 630 ul
10 % SDS 50 pl
10 % APS 50 pl
TEMED 5 ul

2.2.2.8 Statistical analyses

Data is represented as mean * standard deviation (SD). Statistical significance was
analyzed by using a Mann-Whitney-U-Test or a two tailed, unpaired Student’s t-Test
(GraphPad Prism 6.0). Differences were considered significant (*) with p-values <
0.05, very significant (**) with p-values < 0.005 and highly significant (***) with p-

values < 0.001.
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3 Results

3.1 Importance of IRF8 for the response to TKI and IFNa treatment in MPN

Among differentially expressed genes in CML patients vs. healthy patients, was the
transcription factor interferon regulatory factor 8 (IRF8). In primary CD34* cells from
CML patients it was shown that IRF8 expression is low (Schmidt et al., 1998).
Studies that overexpress IRF8 showed an inhibition of AML progression or BcrAbl
induced MPN suggesting that IRF8 acts as a tumor suppressor gene in leukemia
(Sharma et al. (2015), Hao and Ren (2000)). Indeed, low IRF8 expression seems
to be the cause for the poor outcome of IFNa therapy (Schmidt et al., 1998). The
open questions that remain are how IRF8 influences disease development and how
IRF8 influences therapy outcome. Therefore, in the first part of the thesis the aim
was to gain insight into (i) the efficacy of combined TKI and IFNa therapy in BcrAbl*
and JAK2V617F* MPN and (ii) the importance of IRF8 for MPN development and
therapy. BcrAbl induced CML has been exclusively studied in cell lines, like 32D
cells or K562 cells (Barnes et al. (2005), Waight et al. (2014)). However, to better
reflect the absence or presence of IRF8 on (i) BcrAbl* cells and (ii) TKI or IFNa
treatment murine bone marrow (BM) cells were retrovirally transduced with BcrAbl in

this thesis.

3.1.1 Efficacy of combined therapy in CML

3.1.1.1 BcrAbl expression renders BM cells cytokine independent

32D cells transduced with oncogenes, like BcrAbl and JAK2V617F, lose their growth
dependence on cytokines, mainly their dependence on IL3 (Barnes et al. (2005), Lu
et al. (2005)). The first aim was to investigate whether the cytokine independence of

BcrAbl overexpressing cells also applied to other hematopoietic cytokines in the
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used culture system (Figure 15B). The second aim was to study whether primary BM

cells overexpressing BcrAbl gained this cytokine independence.
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Figure 19. Cytokine independence of oncogene expressing cells

Murine BM cells were isolated, and retrovirally transduced as shown in Figure 15. After density gradient
centrifugation on day 5 post BM isolation cells were seeded back and cultured further for another 3 days.
Afterwards, cells were split (dO of treatment) and cultured either with cytokines or without cytokines for 3 days.
Every day medium was refreshed and cells were counted via an electronic cell counter. Transduced cells were

quantified by flow cytometry as cells co-expressed GFP. Dead cells were excluded by staining cells with Zombie
Aqua.

Murine BM cells transduced with BcrAbl or EV were split into cultures with and
without cytokines (Figure 19). Cells were kept in culture for 3 days. Aliquots were
taken daily to record cell counts quantify cell viability and GFP expression by flow
cytometry. As shown in Figure 20A — B transduction efficiency of BM cells varied
depending of the vector construct. Transduction efficacy for BcrAbl ranged from
26.5% of GFP* cells in earlier experiments (Figure 20C, day O of culture) to 65% of
GFP* cells for later experiments. Transduction efficiency was between 10% of GFP*
cells and went up to 20% of GPF* cells (Figure 20B).

Under cytokine supplementation the percentage of BcrAbl* stayed constant during
culture time (Figure 20C, blue). When cultured with cytokines empty vector also
displayed a constant GFP expression level (Figure 20C, green). A live/dead analysis
showed that the percentages of living and dead cells for BcrAbl and empty vector

transduced BM cells stayed constant in the presence of cytokines (Supplemental
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Figure 2). This suggests that the oncogene does not add an extra growth advantage

of BcrAbl expressing cells over normal BM cells under cytokine supplementation.

In contrast, under cytokine withdrawal lead to an enrichment of BcrAbl* cells after
24h of culture. On day 2 of culture the percentage of BcrAbl* cells further enriched
which was highly significant when compared to cytokine supplemented culture
conditions (Figure 20C, red). The percentage of BcrAbl* cells continued to increase
until the end of the culture. Yet, without cytokines BM cells transduced with EV died
during culture (Figure 20C, purple). Analysis of living and dead cells revealed that
the increase BcrAbl* cells was due to a severe drop of living cells (Supplemental
Figure 2) suggesting that BcrAbl* cells rather displayed a survival advantage in
cytokine deprived culture. Only after 3 days of cytokine withdrawal, living cells for

BcrAbl* cells increased suggesting an outgrowth of BcrAbl* cells (Supplemental

Figure 2).
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Figure 20. Overexpression of BcrAbl renders murine BM cells cytokine independent

Primary murine BM cells were isolated and cultured and transduced as shown in Figure 15 and Figure 19.
Overexpression of BcrAbl in murine BM cells was done by retroviral transduction. As control, BM cells were
transduced with an empty vector. Expression of BcrAbl was detected by GFP expression. (A — B) Live/dead
staining was performed with Zombie Aqua. Living (Zombie Aqua~) cells were analyzed for their GFP expression
to track transduced cells. Representative flow cytometry analyses on day O of treatment for (A) BcrAbl and (B)
Empty vector are shown. (C) GFP* cells were recorded for 3 days of cytokine withdrawal. The percentages of
GFP* cells for BcrAbl and empty vector with and without cytokines are shown. Per experiment one data point
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was recorded. 3 independent experiments were performed (n = 3). For statistical analyses a Mann-Whitney-U-
Test was performed. For each vector construct +GF and -GF were compared. Data points indicated with (*) show
p-values < 0.05, data points indicated with (**) show p-values < 0.005.

Taken together, BcrAbl* cells showed a survival advantage compared to control cells
when cultured without cytokine supplementation. Only after 3 days of cytokine
deprived culture showed BcrAbl* cells a growth advantage. This could suggest that
cytokine starvation might be one signal that oncogene expressing cells need for
transformation and outgrowth in MPN pathogenesis. Thus, growth of BcrAbl
rendered primary BM cells independent to other cytokines, not only IL3 as previous
reports for cell lines overexpressing BcrAbl showed (Barnes et al., 2005). Notably,
transduction rates for BcrAbl varied during experiments. Thus, for further
experiments, the cytokine independence of BcrAbl* cells was taken advantage of to

increase BcrAbl* cells before treatment with Imatinib or IFNa was performed.

3.1.1.1 Impact of Imatinib on BcrAbl expressing cells

Imatinib was the first drug in CML therapy that specifically reduced BcrAbl
expressing cells without affecting healthy cells. Furthermore, Imatinib treatment
showed fast responses and few side effects in CML patients (Kantarjian et al.,
2003). For CML therapy, 5 uM is the clinically applied Imatinib concentration which
aims at eradicating BcrAbl* cells (Gotta et al.,, 2014). However, for combined
treatment with IFNa later on, an Imatinib concentration needed to be determined
were cells were inhibited, yet do not completely go into apoptosis. Therefore,

Imatinib concentration for in vitro BM culture was titrated.

To this end, murine BM cells were transduced with BcrAbl as shown in Figure 21A.
BcrAbl displayed an increased survival in cytokine deprived cultures (Figure 20C).
Therefore, the survival properties of BcrAbl* cells were taken advantage of to
increase the percentage of BcrAbl* cells by removal of cytokines for 2 days of culture
(Figure 21A). Afterwards, BcrAbl® BM cells were -cultured with increasing
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concentrations of Imatinib (Figure 22A). Imatinib was refreshed every 24h.
Furthermore, cells were analyzed daily by counting with an electronic cell counter
and were analyzed for GFP™ cells via flow cytometry. Again, cells were stained with
Zombie Aqua to exclude dead cells. Notably, starvation previous to Imatinib
treatment increased the percentage of dead cells on day O of treatment

(Supplemental Figure 3).
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Figure 21. Schematic overview of Imatinib treatment

(A) Primary BM cells were isolated and cultured for 3 days with IL6, SCF, FLT3L and IGF-1. A density gradient
centrifugation was performed on day 3 post isolation. BM cells were transduced with BcrAbl retrovirally on day 3
and 4 post isolation as shown in Figure 15. To enrich for BcrAbl expressing cells, BM cells were starved of
cytokines for 2 days (-GF). (B) BcrAbl* BM cells were cultured without cytokines and treated with 0.05 uM, 0.5
UM and 5 pM Imatinib or were left untreated as control. Cells were counted with an electronic cell counter.
Medium and Imatinib was refreshed daily. BcrAbl* cells were tracked via flow cytometry by recording GFP* cells.
Dead cells were excluded via Zombie Aqua staining.
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In line with previous experiments (Figure 20) untreated BcrAbl* BM cells showed a
cytokine independent survival as the percentage of BcrAbl* cells increased from
around 20% to 90% in 4 days of cytokine free culture (Figure 22A — B, 0 pM).
Furthermore, the number of BcrAbl* cells increased over time (Figure 22C) which
would suggest that BcrAbl also conveys a growth advantage. This was also
suggested by previous experiments as the percentage of BcrAbl* living cells

increased on day 3 of culture (Supplemental Figure 2A).

However, with Imatinib treatment BcrAbl* cells displayed a dose dependent
reduction of living cells (Supplemental Figure 3A). This was accompanied by a dose
dependent decrease in the percentage of BcrAbl* cells over time (Figure 22A and
5B). In detail, 0.05 uM Imatinib showed a minor inhibition of BcrAbl* cells over time
whereas 0.5 pM Imatinib showed a serve reduction of the percentage of BcrAbl*
cells compared to untreated cells. Furthermore, when treated with 5 uM Imatinib the
percentage of BcrAbl* cells was kept at the same level over time (Figure 22B).
Notably, 5 uM Imatinib treatment is the only Imatinib concentration out of the tested
concentrations with a significant reduction in BcrAbl* cells compared to untreated

cells.

Taken together, 5 uM Imatinib is the only concentration that reduced BcrAbl* cell
number in vitro. However, to study the effect of IRF8 on TKI in combination with
IFNa treatment 5 pM Imatinib is too strong. Thus, the Imatinib concentration for
further in vitro studies was adjusted to 0.5 pM. 0.5 uM showed an inhibition of both
cell growth and percentage of BcrAbl* cells, which was not as pronounced as with 5

MM Imatinib.
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Figure 22. 0.5 uM Imatinib inhibits BcrAbl* cells in vitro
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Transduced BcrAbl* BM cells were treated with 5 pM, 0.5 pM and 0.05 pM Imatinib or left untreated. (A)
Representative flow cytometry analyses from day 3 of Imatinib treatment. (B) The percentage of BcrAbl* cells
was analyzed by flow cytometry every day. (C) Number of BecrAbl* cells was calculated by taking cell counts, %
of living cells and % of GFP* cells that was measured by flow cytometry in C into account (n = 3). Unpaired
Student’s T-test was used to determine significant decrease of BcrAbl* cells by comparing Imatinib treatments to
untreated (0 pM). Data points marked with (*) indicate samples with p-values < 0.05; Data points marked (**)
indicate samples with p-values < 0.005.
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3.1.1.2 Impact of IFNa treatment on BcrAbl expressing cells

In previous studies it was shown that IFNa treatment in CML patients have poor
outcomes (Kantarjian et al., 2003). It was suggested that poor IFNa response is due
to the low IRF8 expression. However, the signaling pathway of IFNa in CML and the
role of IRF8 in IFNa signaling is still not completely understood. To study the impact
of IFNa therapy in CML in vitro IFNa concentration for BcrAbl* cells needed to be
determined first. As for Imatinib, this concentration should inhibit BcrAbl* cell growth
in vitro, while not eradicating all proliferating cells and leaving a therapeutic window

for Imatinib to act on cells for a combined treatment.

To this end, BM cells were isolated and retrovirally transduced with BcrAbl as shown
in Figure 21A. Afterwards, BcrAbl* cells were treated with the indicated IFNa
concentrations of 2 days (Supplemental Figure 4A). Additionally, cells were left
untreated or were treated with 0.5 uM Imatinib. Medium change was performed
daily. TKI and IFNa was refreshed along with the medium change. Cell counts were
recorded with an electronic cell counter and BcrAbl* cells were quantified via flow
cytometry over time. Zombie Aqua staining was used as live/dead staining.

When cells were left untreated BcrAbl* cells increased to 80% while Imatinib treated
cells only showed 60% of BcrAbl* cells after 2 days of culture (Supplemental Figure
4B). These kinetics were in line with previous experiments (Figure 20 and Figure
22). All single treatments of IFNa displayed a minor and dose dependent reduction
of the percentage of BcrAbl* cells compared to untreated cells on day 2 of treatment
(Supplemental Figure 4B). When analyzing the total BcrAbl* cell numbers TKI
treatment stunted BcrAbl cell growth slightly compared to untreated cells
(Supplemental Figure 4C) which is in line with previous experiments (Figure 22C).
10? and 10% U/ml IFNa as single treatment rather increased BcrAbl* cell numbers
compared to untreated (Supplemental Figure 4C). In contrast, 10* U/ml IFNa
decreased the number of BcrAbl* cells compared to untreated cells. Surprisingly,

when combining 0.5 pM Imatinib with 102 U/ml IFNa BcrAbl* cell numbers did not
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change with the addition of Imatinib. Yet, combining Imatinib and 102 U/ml IFNa
BcrAbl* cell numbers decreased compared to untreated or single 103 U/ml IFNa

treatment (Supplemental Figure 4C).

Taken together, IFNa dose was lowered to 103 U/ml for in vitro culture as this
concentration showed a slight decrease in the percentage of BcrAbl* BM cells as

single treatment.

3.1.1.3 Impact of combined IFNa and Imatinib treatment on BcrAbl expressing

cells

In clinics it is seen TKI induced faster responses in CML patients compared to IFNa.
However, there are also studies that show that discontinuation of single TKI
treatment results in relapses while IFNa showed longer remission times after
discontinuation (Jabbour et al., 2011). Therefore, there are approaches of combining
TKI and IFNa in CML therapy (Bunimovich-Mendrazitsky et al. (2018), Zhu et al.
(2016)). It is hypothesized that TKI treatment eradicates proliferating BcrAbl* cells.
Additionally, IFNa would push quiescent BcrAbl* initialing stem cells into cell cycle

where IFNa or TKI can eradicate these cells (Essers et al., 2009).

To assess whether a synergistic effect of IFNa and Imatinib can be seen in vitro, the
BcrAbl* cells were cultured with both IFNa and Imatinib and the impact of the
combined treatment was studied in comparison to single treatment (Figure 23A). To
this end, BM cells were isolated, cultured and retrovirally transduced with BcrAbl as
shown in Figure 21A. After enrichment of BcrAbl* cells for 2 days BM cells were
treated with 0.5 uM Imatinib or 102 U/ml IFNa as single treatment under cytokine
withdrawal (Figure 23A). Furthermore, BcrAbl* cells were treated with a combination
of 0.5 uM Imatinib and 102 U/ml IFNa for 3 days. As control BerAbl* cells were left
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untreated. Medium, IFNa and Imatinib were refreshed daily. Additionally, cells were
counted via an electronic cell counter and samples for flow cytometry were taken.

For flow cytometry cells were stained with Zombie Aqua to exclude dead cells.

Again, untreated BcrAbl* cells expanded without cytokine supplementation over the
course of 3 days of culture (Figure 23B). In contrast, when treated with 0.5 pM
Imatinib BcrAbl* cells were kept at initial levels in the first 24h of culture. In line with
previous experiments (Figure 22) 0.5 uM Imatinib reduced BcrAbl* cells after 3 days
of Imatinib treatment. Compared to untreated cells BcrAbl* cells showed a highly
significant reduction of cell numbers for all the tested time points. Single IFNa
treatment showed a slight increase in BcrAbl* cell number compared to day O of
treatment. However, IFNa still significantly reduced BcrAbl* cells over the culture
time (Figure 23B). The combination of TKI and IFNa treatment did show the same
trend as for the single treatments, however reduction of cell numbers was stronger
than for IFNa treatment alone at the endpoint of the culture. Notably, 0.5 uM Imatinib
inhibited BcrAbl* cells too strong. Therefore, an adjustment of the Imatinib
concentration was made (Supplemental Figure 5). For subsequent experiments

Imatinib concentration was adjusted to 0.3 uM.
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Figure 23. Imatinib and IFNa alone inhibit BcrAbl* cell growth too strongly

(A) Primary BM cells were isolated and cultured with FLT3L, IL6, SCF and IGF-1 for 3 days. After density
centrifugation cells were transduced with BcrAbl in day -5 and -4 of culture. BcrAbl* cells were enriched by
cytokine withdrawal for 2 days followed by treatment with 0.5 pM Imatinib and/or 103 U/ml IFNa for another 3
days under cytokine withdrawal. Untreated cells were used as control. Medium along with Imatinib and IFNa was
refreshed daily. Cells were counted with an electronic cell counter and analyzed for GFP expression via flow
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cytometry. Additionally, cells were stained with Zombie Aqua to exclude dead cells. (B) The number of BcrAbl*
cells normalized to day O of culture is shown. To this end, cell counts for each day were multiplied by the
percentage of GFP* cells from flow cytometric analyses. Afterwards cells were normalized to day 0 of culture.
Data represent mean * standard deviation (n = 3). For statistical analysis Mann-Whitney-U test was performed.
TKI, IFNa and combined treatment was compared to untreated. Data points marked with (*) indicate samples
with p-values < 0.05; Data points marked (**) indicate samples with p-values < 0.005.

In summary, IFNa significantly inhibits BcrAbl* cells as single treatment. 0.5 uM
Imatinib strongly inhibited the number of BcrAbl* cells. However, for studying the
combined effect of Imatinib and IFNa 0.5 pM Imatinib does not leave a wide enough
therapeutic window for IFNa to act. Therefore, Imatinib concentration needed to be
lowered again to 0.3 pM Imatinib for in vitro culture.

3.1.2 IRF8 and CML therapy
3.1.2.1 Lack of IRF8 amplified CML phenotype

Previous studies investigated CML pathogenesis solely in cell lines. Mouse models
have the added advantage that KO mice can be generated the influence of
transcription factors on disease pathogenesis can be investigated. Therefore, in a
first step, the importance of IRF8 as a tumor suppressor was investigated in BcrAbl*
cells. To this end, IRF8** and IRF87~ BM cells were isolated and transduced with
BcrAbl as shown in Figure 21A. Cells were cultured without cytokines and BcrAbl*
cells were analyzed daily with flow cytometry. Cells were counted daily with an
electronic cell counter (Figure 24A). Again, dead cells were excluded via Zombie

Agua staining in flow cytometry.

In line with previous experiments (Figure 20), IRF8** BM cells gained a cytokine
independence when overexpressing BcrAbl (Figure 24B). Additionally, IRF8~~ BM
cells also gained cytokine independence when overexpressing BcrAbl. Interestingly,
IRF8~~ BcrAbl* cells displayed a significantly higher expansion in comparison to
their IRF8"* counterpart (Figure 24B) suggesting that IRF8 regulates the

proliferation in BM cells. Therefore, it is suggested the IRF8 acts as a tumor
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suppressor in murine BM cells. The absence of IRF8 in combination with BcrAbl

overexpression deregulates the proliferation of BM cells.
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Figure 24. IRF8~- BcrAbl* cells display a higher expansion than IRF8** BcrAbl* cells

BM cells of IRF8** and IRF8~~ mice were isolated and transduced with BcrAbl as shown in Figure 21A. (A)
Afterwards, cells were deprived of cytokines (-GF) and cultured for 4 days. Medium was refreshed daily. Cells
were counted with an electronic cell counter. During culture samples for flow cytometry were taken. Cells were
stained with Zombie Aqua and analyzed by flow cytometry. (B) Shown is the BcrAbl* cell number for IRF8** and
IRF8~- BM cells over 4 days of culture (n = 3). Cell numbers are normalized to day 0. Statistical analyses were

done with Mann-Whitney-U test by comparing IRF8** to IRF8~~ BM cells. Data points marked with (*) indicate
samples with p-values < 0.05; Data points marked (**) indicate samples with p-values < 0.005.

3.1.2.2 Combination of TKI and IFNa therapy

It was shown that the lack of IRF8 had an impact on IFNa therapy outcome in CML
patients. Therefore, in a second step, the importance of IRF8 for Imatinib and IFNa
therapy in CML was investigated. To this end, IRF8** and IRF87~ BM cells were
isolated and transduced with BcrAbl as shown in Figure 21A. After cytokine
starvation for 2 days, IRF8** BcrAbl* and IRF8~- BcrAblt BM cells were cultured
either with 0.3 pM Imatinib or 10® U/ml IFNa or a combination of Imatinib and IFNa
for 4 days (Figure 25A). Medium, Imatinib and IFNa was refreshed daily and cells
were counted with an electronic cell counter. Again, BcrAbl* cells were monitored by

flow cytometry over time.
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As shown in previous experiments (Supplemental Figure 5) 0.3 uM Imatinib inhibited
IRF8** BcrAbl* cell growth. Interestingly, TKI was not able to reduce IRF8~~ BcrAbl*
BM cell numbers (Figure 25B). 10° U/ml IFNa inhibited both IRF8** and IRF87-
BcrAbl* BM cell numbers (Figure 25C) suggesting that the IFNa effect might be
independent of IRF8. Notably, IRF8~~ BcrAbl* cell numbers increased in the first 2
days of IFNa treatment and were reduced only on day 3 and 4 of culture. One
possible explanation might be that secondary signaling pathways are activated that
are independent of IRF8. Finally, a combination of Imatinib and IFNa also reduced
IRF8** and IRF8~~ BcrAbl* BM cell numbers (Figure 25D) showing again an IRF8

independent effect of treatment.
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Figure 25. Reduction of BcrAbl* cells by Imatinib is IRF8 dependent whereas IFNa effect is IRF8 independent

BcrAbl was overexpressed in IRF8*+ and IRF8 mouse BM cells by retroviral transduction as shown in Figure
21A. (A) BM cells were treated with 0.3 uM Imatinib, 102 U/ml IFNa or 10% U/ml IFNa + 0.3 pM Imatinib. Shown
are the BerAbl* cell number for (B) 0.3 uM Imatinib, (C) 10° U/ml IFNa and (D) 102 U/ml IFNa + 0.3 uM Imatinib.
Data is represented as means * standard deviation of three independent experiments (n = 3). Statistical

80



Results

analyses were done with Mann-Whitney-U test by comparing IRF8** to IRF8~~ BM cells. Data points marked
with (*) indicate samples with p-values < 0.05; data points marked (**) indicate samples with p-values < 0.005.

In clinics CML patients show an increased granulocyte population. Furthermore, it is
hypothesized that the relapse of CML patients after discontinuation of Imatinib
treatment is due to the lingering BcrAbl* immature progenitors that Imatinib does not
eradicate (Figure 10). It is been proposed that immature leukemic progenitors have

a low turnover rate, therefore Imatinib therapy is unable to eliminate immature cells.

To investigate which cell population is diminished by which treatment IRF8** and
IRF8~- BerAbl* BM cells from Figure 24 and Figure 25 were further analyzed by flow
cytometry. To this end, cells were stained for ckit, as a marker for immature
progenitors, and for Grl as a marker for mature granulocytes (Figure 26A and
Supplemental Figure 6). First, the percentages of Grl* and ckit* cells were
compared. At the start of treatment, Grl* cell percentage was increased in IRF8~/~
BcrAbl* cells compared to IRF8** BerAbl* cells (Figure 26A) which is in line with
primary CML cells. However, after 4 days of cytokine depleted culture percentages
of Grl* cells were decreased in IRF8~~ BcrAbl* cells compared to IRF8** BcrAbl*
cells (Figure 26B).

Second, the total cell numbers for each population at day 4 of treatment were
calculated. Notably, although IRF8~~ BcrAbl* cells display a lower percentage of
granulocytes in comparison to IRF8** BcrAbl* cells after 4 days of culture (Figure
26B) the increased expansion under cytokine withdrawal (Figure 24B) also
increased total granulocyte cell numbers for IRF87 BcrAbl* cells when left
untreated. Hence, IRF8~~ BcrAbl* cells displayed a highly significantly increased
number of mature granulocytes (Figure 26C) compared to IRF8** BcrAbl* cells.
Interestingly, loss of IRF8 resulted in low response of mature granulocytes towards
Imatinib treatment while IRF8** granulocytes were eliminated. Surprisingly,
granulocytes in both IRF8 BcrAbl* and IRF8** BcrAbl* cells were eliminated by
single IFNa treatment or combined with TKI.
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Figure 26. Impact of IFNa is independent of IRF8 on Grl1* and ckit* cells

BcrAbl was overexpressed in IRF8*+ and IRF8~~ mouse BM cells by retroviral transduction and treated with 0.3
UM Imatinib (TKI), 102 U/ml IFNa or left untreated as shown in Figure 24. Start of treatment is day 0. Gr1* and
ckit* cell populations form data in Figure 25 were analyzed by flow cytometry. Gating was performed according to
Supplemental Figure 6. (A — B) A representative flow cytometry analysis for IRF8** and IRF8~~ on (A) day 0 and
(B) day 4 of treatment is shown. (C — D) Quantification of (B) Grl* and (C) ckit* cells after 4 days of treatment is
depicted. Data in represent means + standard deviation of three independent experiments. Statistical analyses
were done with Mann-Whitney-U test by comparing IRF8** and IRF8~~ BM cells. Data points marked with (*)
indicate samples with p-values < 0.05; data points marked (**) indicate samples with p-values < 0.005.
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Finally, ckit* cells were analyzed after 4 days of Imatinib and IFNa treatment. The
cell number of BcrAbl* ckit* cells was unaffected by the loss of IRF8 (Figure 26D).
The absence of IRF8 did not affect the response of ckit* cells towards Imatinib or
single IFNa treatment. However, combining Imatinib and IFNa treatment showed a

significant inhibition of ckit* in the absence of IRF8 (Figure 26D).

Taken together, BcrAbl* cells display a higher expansion in the absence of IRF8
suggesting a role of IRF8 in the regulation of proliferation and in the context of
leukemia as a tumor suppressor. Cell analysis showed a higher granulocytic cell
population which reflected the CML phenotype in vitro. This is in line with previous
studies in mice and cell lines (Holtschke et al. (1996), Sontag et al. (2017a)).
Imatinib primarily reduced IRF8** BcrAbl* cells, yet this is due to eradicating mature
granulocytes while leaving immature ckit* cells untouched. The leftover immature
ckit* could likely be the cause for relapses in CML patients as these could
differentiate again into mature BcrAbl* Grl* cells. Moreover, TKI treatment does not
affect BcrAbl* cell numbers when IRF8 is absent. This suggests there is a BcrAbl
independent survival mechanism. Surprisingly, IFNa decreased BcrAbl* cell number
independent of IRF8. IFNa reduced both mature Grl* granulocytes and immature

ckit* cells independent of the loss of IRF8.

3.1.3 JAK2V617F expressing BM cells gain cytokine independence

IFNa therapy induces molecular remissions in a large cohort of JAK2V617F*
patients (Quintas-Cardama et al., 2009). This is in contrast to BcrAbl* CML patients
who have a poor response to single IFNa treatment (Kantarjian et al., 2003). To
study the differences in JAK2V617F* and BcrAbl* cells in response to IFNa murine
BM cells were retrovirally transduced with JAK2V617F. JAK2V617F* BM cells were
treated with IFNa and the IFNa response in JAK2V617F* cells was studied and

compared to BcrAbl* BM cells. As for BecrAbl* cell lines reports show that due to the
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overexpression of JAK2V617F coupled with the erythropoietin receptor (EPOR) or
thrombopoietin receptor (TPOR) in cell lines, like 32D or Ba/F3 cells, oncogene
expressing cells lose their IL3 dependent cell growth and become IL3 independent
(Lu et al., 2005). Additional to a IL3 independence murine BcrAbl* cells showed also
a survival advantage to cytokines like SCF, FLT3L, IGF-1 or IL6 in previous

experiments (Figure 22).

To investigate whether cytokine independence also applied to JAK2V617F* murine
BM cells primary murine BM cells were isolated and transduced twice with a vector
containing the cDNA for human JAK2V617F (Figure 15). Included in the vector
construct was a GFP cassette that was co-expressed with JAK2V617F. Next, cells
were split into 2 conditions as shown in Figure 19 and cultured in the absence or
presence of SCF, IL6, FLT3L and IGF-1 for 3 days. Medium was refreshed every
day and cells were counted with an electric cell counter. JAK2V617F* cells were
monitored by tracking the GFP expression via flow cytometry. To exclude dead cells,
JAK2V617F* BM cells were stained additionally with Zombie Aqua.

First, overexpression of JAK2V617F in murine BM cells resulted in very low
transduction efficiency which was as low as 1% of GFP* cells (Figure 27). Notably,

the low transduction rates could not be increased in later experiments.

0.91%

e el

Zombie Aqua GFP

Figure 27. Transduction of murine BM cells with JAK2V617F resulted in low transduction rates
BM cells were isolated, cultured and transduced as shown in Figure 15. After transduction BM cells stained with

Zombie Aqua to exclude dead cells. BM cells were analyzed for their GFP expression that substituted for
oncogene expressing cells. A representative flow cytometry analysis is shown.
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Second, as seen for BcrAbl® BM cells (Supplemental Figure 2), cytokine
supplemented culture did not decrease the percentage of living cells (Zombie Aqua~
cells, Figure 28A). However, without cytokines, the percentages of living cells

decreased drastically (Figure 28A).

In the presence of cytokines the percentage of JAK2V617F* cells stayed on the
initial transduction level suggesting that JAK2V617F* has no advantage in
comparison to JAK2V617F- cells under these conditions (Figure 28B). In contrast,
without cytokines the percentage of JAK2V617F* cells increased after 2 days of
culture slightly in comparison to cytokine supplemented culture. More importantly,
JAK2V617F* cells showed a major increase of GFP* cells after 3 days of culture
(Figure 28B) suggesting that in cytokine low or deprived cultures JAK2V617F shows
a survival advantage in comparison to JAK2V617F- cells probably giving the cells

the boost for an outgrowth in later stages of the disease.

Taken together, JAK2V671F can render murine BM cells independent of cytokines
like SCF and FLT3L which is also in line with previous results for 32D cells and their
IL3 independence (Lu et al., 2005). Notably, JAK2V617F vyielded suboptimal

transduction efficiencies in most experiments.
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Figure 28. JAK2V617F* BM cells gain cytokine independence

BM cells were isolated, cultured and transduced as shown in Figure 15. After medium change was performed,
BM cells were either cultured with or without cytokines as shown in Figure 19. Medium was refreshed daily and
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cells were counted with an electronic cell counter. JAK2V617F* cells were quantified by flow cytometry as cells
co-expressed of GFP. Cells were stained additionally with Zombie Auga as a live/dead staining. (A) Shown is a
representative flow cytometry analysis on day 0 of cytokine starvation. Cells were first gated on Zombie negative
cells, then JAK2V617F* cells were quantified by their GFP expression. (C) Living cells were quantified by their
exclusion of the Zombie Aqua dye. Shown is the percentage of living cells during cytokine starvation (n = 3). (D)
The percentage of JAK2V617F* cells during cytokine starvation is depicted (n = 3). For statistical analysis a
Student's t test was performed by comparing —cytokines with +cytokines. ns = not significant.

3.1.3.1 Ruxolitinib inhibits JAK2V617F* BM cells in vitro

Ruxolitinib is a JAK1/JAK2 inhibitor and is used in JAK2V617F* MPN as therapy
(Pieri et al., 2015). As for Imatinib in vitro experiments with JAK2V617F* BM cells
might require a lower concentration than the concentration used for clinics or animal
experiments. Therefore, BM cells were isolated, cultured and retrovirally transduced
with JAK2V617F as shown in Figure 15. Afterwards, JAK2V617F* BM cells were
treated with 0.01 pM, 0.1 pM and 1 pM Ruxolitinib (Figure 29A). Ruxolitinib and
medium was refreshed daily and cells were counted with an electronic cell counter.
Cells were cultured under cytokine starvation. JAK2V617F* cells were tracked via
flow cytometry. JAK2V617F* BM cells were stained additionally with AquaZombie as
a live/dead staining.

As cells were kept under cytokine withdrawal the percentage of living cells
decreased during culture time (Figure 29B) which is in line with previous
experiments (Figure 28A). The decrease in the percentage of living cells was
independent of the applied Ruxolitinib concentration as the majority of cells did not
express the JAK2V617F. Hence, JAK2V617F- cells displayed no cytokine
independence. The few JAK2V617F* cells that survived the cytokine withdrawal
could not increase the percentage of living cells so that flow cytometry could detect a
difference for the various tested Ruxolitinib concentrations. As for BcrAbl™ cells
(Figure 22), treatment of JAK2V617F* BM cells with Ruxolitinib had a dose
dependent effect (Figure 29C). In patients a plasma concentration of about 1 uM of
Ruxolitinib is found (Heine et al., 2013). As shown 1 uM Ruxolitinib severely stunted

the percentage of JAK2V617F* cells which is too drastic for in vitro culture (Figure
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29C). When cells were treated with 0.1 pM Ruxolitinib the percentage of
JAK2V617F* cells was inhibited too, yet not as drastic as for 1 uM Ruxolitinib. In
contrast, 0.01 pM Ruxolitinib showed a minor reduction on JAK2V617F" cells as
these cells were able to expand up to 4% of JAK2V617F* cells after 4 days of

treatment.

In summary, 0.1 pM Ruxolitinib is sufficient to inhibit JAK2V617F* cells. However,
due to the low transduction rate of murine BM cells with JAK2V617F retrovirus there
is no reliable statement of the effect of Ruxolitinib on the living cell population.
Additionally, transduction efficiency could not be increased in later experiments and
JAK2V617F* cells could not be enriched sufficiently by cytokine starvation, thus
making it insufficient to study the IFNa pathway in JAK2V617F* BM cells.
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Figure 29. Ruxolitinib is able to inhibit JAK2V617F* cells in vitro
BM cells were isolated, cultured retrovirally transduced with JAK2V617F as described in Figure 15. (A)

Afterwards, BM cells were treated with 0.01 uM, 0.1 uM and 1 uM Ruxaolitinib for 3 days. Medium and Ruxolitinib
was refreshed daily. Every day cells were counted with an electronic cell counter and samples for flow cytometry
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were taken. Cells were stained with Zombie to exclude dead cells. JAK2V617F* cells were quantified by their co-
expression of GFP. (B) Shown is percentage of living cells (indicated as Zombie Aqua- cells) during culture time.
(C) The percentage of JAK2V617F* cells during Ruxolitinib treatment was recorded and depicted here (n = 1).

Overall conclusion, in line with experiments in cell lines murine BM cells showed an
oncogene dependent survival advantage in cytokine depleted cultures as TKI
treatment of oncogene overexpressing cells was able to eradicate BcrAbl* and
JAK2V617F* BM cells. BcrAbl also conferred a cytokine independent expansion of
BM cells which was amplified in the absence of IRF8. Additionally, TKI treatment
was insufficient to eradicate BcrAbl* cells in the absence of IRF8 highlighting the role
of IRF8 as a tumor suppressor in BcrAbl* BM cells and in human CML. In contrast to
clinical studies, IFNa was able to eradicated BcrAbl* cells independent of IRF8. The
combination of TKI and IFNa treatment did not show an increase benefit in in vitro
culture. JAK2V617F overexpression resulted in a low transduction rate. For this
reason, the investigation of IFNa signaling pathway was done in patient derived
iPSC.
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3.2 Elucidating the IFNa signaling pathway in patient derived JAK2V617F*
IPSC

JAK2V617F was initially found in 2005 and was linked to the BcrAbl- classical MPN
forms of PV, ET and PMF then (James et al. (2005), Vannucchi et al. (2009)). The
influence of JAK2V617F on the hematopoietic system and the modeling of PV has
been initially done in mouse models. These results show an expansion of
megakaryocytic, monocytic and erythroid lineages in the bone marrow with a
skewering towards the erythroid lineage (Lacout et al. (2006), Mullally et al.
(2010)). The discovery of iPSC and the generation of patient specific JAK2 and
JAK2V617F iPSC the results from mouse experiments could be partially verified in
the human system (Saliba et al. (2013), Ye et al. (2014)). To add to these studies,
new JAK2 and JAK2V617F iPSC clones were derived from PV patients with varying
JAK2V617F allele burden. Thus, the first aim of this thesis is to model human PV
with these new iPSC clones in vitro using a directed hematopoietic differentiation
protocol. Also, the influence of JAK2V617F dosage on hematopoiesis can be
investigated side by side in the human system using these iPSC clones. It was
shown that IFNa therapy is able to eradicate JAK2V617F expressing cells in PV
patients. However, the IFNa pathway in JAK2V617F* cells compared to JAK2 cells
still remains largely unknown. Thus, the second aim in this thesis is to elucidate the
IFNa signaling pathway in JAK2 and JAK2V617F iPSC-derived cells.

3.2.1 Generation of patient derived JAK2 and JAK2V617F iPSC

3 PV patients (PV1, PV2 and PV3) which were diagnosed with the JAK2V617F
mutation were selected to generate iPSC (Table 18). The selected patients did not
receive any IFN therapy before blood samples were taken. It is known that MPN
therapies, such as TKI treatment, have the potential to select for a resistant

subclone within the leukemic stem cell pool (Deshpande et al., 2011). Furthermore
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TKI therapy frequently induces point mutations that render cells resistant to therapy,
as known for Imatinib treatment of BcrAbl* cells (Branford et al., 2002). It is
hypothesized that these events favor relapses of the disease or even are the cause
of the relapse (Tehranchi et al., 2010). By starting from blood samples of patients
that did not receive IFNa treatment we aimed at preventing the generation of iPSC
from selected subclones that are potentially resistant to IFNa or that acquired

additional mutations due to treatment.

Table 18. List of polycythemia vera patient samples used for iPSC generation

Patient Age Gender JAK2V617F Allele burden Received therapy?

PV1 43 f yes 37% No
PV2 47 m yes 96% Hydroxyurea
PV3 38 m yes Not determined No

Peripheral blood of each patient was obtained via phlebotomies under an ethics
approval (EK206/09 Biobank and 127/12 MPN bioregistry). Blood was subjected to
density gradient centrifugation; mononuclear cells were isolated and frozen. To
generate iPSC, peripheral blood mononuclear cells (PBMNC) were thawed (Figure
30A) and subjected to 3 round of centrifugation at 800 rpm to enrich for living cells.
The remaining PBMNC were cultured with TPO, FLT3L, SCF and IL6 for 1 to 3 days.
Then, PBMNC were collected, quantified and 3x10° cells were taken for

reprogramming. The rest of the cells was frozen again.

Sendai virus particles coding for KLF4, OCT4, SOX-2 and c-MYC were added to the
PBMNC for 2 days (Figure 30A, day 0). During the first 2 days cells were monitored
for the formation of grape like clusters (Figure 30B, day 2). After 2 days of incubation
with Sendai virus, medium and cytokines were refreshed. At day 4 of culture, cells
were collected, breaking up the grape like clusters, and single cells were then
transferred onto inactivated mouse embryonic fibroblasts (MEF) (Figure 30A, day 4).
From day 4 to day 6, medium containing TPO, FLT3L, SCF and IL6 was replaced
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gradually with iPSC medium containing bFGF (Figure 30A). Single cells started to
proliferate and formed ES-like colonies from day 8 of culture (Figure 30B, day 8 and
day 16).

A Infection Transfer picking
MEF loni
Thawing mediumont0 E daily medium change colonies
of PBMNC change I I
{ { [ b
I | | | | [ | / |
I I I R a4 I
-3 0 2 4 567 21
iPSC medium
StemSpan
+P/S
+L-Glu

B day 2 day 4 day 8 day 16

C HEL HL-60 iPS-1 iPS-2 iPS-3 iPS+4

JAK?2 VFhom unm unm VFhet unm VFhet
clone 1 1 2 2

Figure 30. Reprogramming of PV patient PBMNC into iPSC

(A) Time line and scheme for reprogramming of patient PBMNC into iPSC. Patient PBMNC were thawed and
cultured for 1 to 3 days in StemSpan containing TPO, FLT3L, IL6, SCF and P/S. Sendai virus particles coding for
KLF4, OCT4, SOX-2 and c-MYC were added for 2 days. After formation of grape like clusters, cells were washed
once and transferred onto MEF. On day 4, L-Glu was added to the StemSpan medium. The gradual switch to
iPSC medium was performed on day 5 with a partial medium change followed by a full medium change on day 6
with iPSC medium. Cells were cultured for another 2 to 3 weeks until iPSC colonies formed. (B) Shown are
representative phase contrast images during the reprogramming period. Arrows indicate grape like clusters.
Scale bar for day 2 and 4 represents 200um. Scale bar for day 8 and 16 represents 400um. (C) Individual iPSC
colonies were picked and DNA was isolated. Allele specific PCR for JAK2V617F was performed in collaboration
with Kristina Feldberg - Department of Hematology, Oncology, Hemostaseology, and Stem Cell Transplantation,
Faculty of Medicine, RWTH Aachen University, Aachen, Germany. HEL and HL-60 cells were used as control.
Shown is a representative agarose gel for four iPSC clones for PV1. Unm, unmutated; VFhet, JAK2V617F
heterozygous.
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ESC-like colonies grew in size until 24 colonies for PV1 and 48 colonies for PV2 and
PV3 were picked (Table 19). The presence of the JAK2V617F mutation for each
iPSC clone was determined by allele specific PCR (Figure 30C). iPSC clones from
PV1 were unmutated (JAK2) or heterozygous for the JAK2V617F mutation
(JAK2VFhet) (Table 20). In contrast, iPSC clones from PV2 and PV3 were
predominantly were homozygous for the JAK2V617F mutation (JAK2hom) while a
minor fraction was JAK2VFhet (Table 20). Generation of patient derived iPSC lines
was performed in collaboration with Dr. Stefanie Sontag (Department of Cell Biology,
Institute for Biomedical Engineering, RWTH Aachen University Medical School,
Aachen, Germany). Patient derived iPSC clones from PV1 were generated by Dr.
Stefanie Sontag while iPSC clones of PV2 and PV3 were generated on my own.
Allele-specific PCR for all iPSC clones was done in collaboration with Kristina
Feldberg (Department of Hematology, Oncology, Hemostaseology, and Stem Cell
Transplantation, Faculty of Medicine, RWTH Aachen University, Aachen, Germany).

Table 19. Overview of patient derived iPSC clones

Patient # of # of JAK2 # of JAK2VF # of JAK2VF Clones

clones unmutated heterozygous homozygous used in this

picked clones clones clones thesis

PV1 24 11 7 0 PV007

PV009

PV015

PV020
PV2 48 0 2 34 PV2 021
PV3 48 0 4 39 PV3_026
PV3 031
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For experiments reported in this thesis, 2 unmutated iPSC clones (JAK2_1 and
JAK2_2) and 2 heterozygous iPSC clones (JAK2het_1 and JAK2het_2) of PV1 were
selected, which were used for the majority of the experiments. Additionally, 1 iPSC
clone from PV2 (JAK2hom_1) and 2 iPSC clones from PV3 (JAK2het 3 and
JAK2hom_2) were chosen (Table 19 and Table 20). All iPSC clones were chosen

because of good growth kinetics and overall good ESC-like morphology.

Table 20. iPSC clones and their genotype used in this thesis

Clone number JAK2 Genotype Nomenclature in figures

PV007 unmutated JAK2 1
PV009 heterozygous JAK2VFhet 1
PV015 unmutated JAK2 2
PV020 heterozygous JAK2VFhet_2

PV2 021 homozygous JAK2VFhom_1

PV3 026 homozygous JAK2VFhom_2

PV3 031 heterozygous JAK2VFhet_3

3.2.2 Quality control of patient-derived iPSC clones

iIPSC lines can be generated from every somatic cell in the human body using
different reprogramming methods. Yet, the source of the generated iPSC line, the
passage number of the IPSC line and culture conditions have an influence of the
quality of the generated iPSC lines. Hence, a streamed lined quality assessment of
the newly iPSC line is needed. Current assays for the quality assessment of iPSC
lines were reviewed by Asprer and Lakshmipathy (2015) and some were used to

assess the quality and functionality of PV patient derived iPSC clones for this thesis.
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3.2.2.1 iPSC clones show phenotypical pluripotency characteristics

A first quality assessment of iPSC lines was the evaluation of morphology. During
reprogramming and iPSC culture, morphology of the iPSC colonies was checked
daily. Patient-derived iPSC cultured on MEF grew in tightly organized, round, flat
colonies that displayed sharp edges. Cells within the colony grew in a single layer
(data not shown). This is in line with the first generated human ES cell line by
Thomson et al. (1998).

JAK2_1 JAK2VFhet_1 JAK2_2 JAK2VFhet_2

TRA 1-60

Merged

Figure 31. JAK2 and JAK2V617F iPSC express pluripotency markers

iPSC clones of PV1 were cultured vitronectin coated on glass slides for 4 day days. Afterwards, iPSC were fixed
with 4 % PFA for 20 min. Next, cells were blocked with goat serum for 40 min followed by staining with
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antibodies against Dapi (blue), OCT4 (green) and TRA 1-60 (red) as described in chapter 2.2.1.9.
Representative immunofluorescence images are shown for the indicated clones (40x magnification; n =1).

A second quality assessment was the expression of pluripotency markers either via
flow cytometry or via immunofluorescence (Asprer and Lakshmipathy (2015)). To
this end, the selected iPSC clones were cultured on glass slides under MEF free
conditions. After 4 days of culture, iIPSC clones were fixed and stained for an
immunofluorescence assay. Antibodies used in this assay were targeted against
TRA 1-60 as a pluripotency marker on the cell surface of fully reprogrammed iPSC,
and the transcription factor OCT4 as pluripotency and self-renewal marker present in
the nucleus (Chan et al.,, 2009). DAPI was used to stain the entire nucleus. As
shown in Figure 31 iPSC clones from PV1 showed expression of both pluripotency
markers. OCT4 co-localized with DAPI staining thus showing that OCT4 is active in

the nucleus.

3.2.2.2 iPSC clones possess three germ layer differentiation capacity

Expression of OCT4 and TRA 1-60 is not sufficient to functionally characterize newly
generated iPSC lines as some genes have a secondary function in somatic tissue
(Graham et al., 2003). Therefore, iPSC functionality needed to be verified. In an
embryo pluripotent stem cells give rise to all cells of the human body and also iPSC
have the capacity (Yu et al., 2007). To evaluate functional pluripotency of the newly
differentiated iPSC clones, their capacity to differentiate into all 3 germ layers,
mesoderm, ectoderm, endoderm was assessed (Asprer and Lakshmipathy (2015)).
To this end, iIPSC clones of PV1 (Figure 32), PV2 and PV3 were cultured without
bFGF and in the presence of fetal calf serum (FCS) for 7 days. These culture
conditions induce differentiation via the formation of suspended aggregates, so
called embryoid bodies (EB) (ltskovitz-Eldor et al., 2000). This was followed by a
culture period of 7 to 14 days in which EB attached to the plate and covered the

tissue culture plastic (TCP) in a monolayer of tightly packed spindle shaped cells.
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JAK2

JAK2
VFhet

Figure 32. Differentiation of iPSC clones into three germ layers via embryoid body formation

iPSC clones of PV1 were induced to differentiate into all three germ layers. iPSC colonies were harvested via
Collagenase IV treatment for 1h at 37°C. After MEF depletion EB were washed with KO-DMEM once. Finally, EB
were resuspended in KO-DMEM supplemented with 10 % FCS, 1 % L-Glutamine, 1 % Penicillin/Streptomycin, 1
% minimal non-essential amino acids and 0.2 % B-mercaptoethanol in a ULA plate for 7 days. After 7 days, EB
were transferred onto a gelatin-coated TCP and cultured for another 7 to 14 days. Medium changes were done
every 2 days. Representative pictures were taken between day 9 and day 14 of germ layer differentiation. Shown
are cystic structures of the attached EB (left column) and hematopoietic stem and progenitor cells (HSPC)
together with the monolayer of tightly packed spindle shaped cells (center column) for JAK2_1 and
JAK2VFhet_1. JAK2VFhet_1 showed differentiation into ectoderm by development of neuronal rosettes (right
column). Scale bar for the left column represents 1000 um, scale bar for center and right column represents 400
pm.

During the first 7 days, EB often formed cystic structures in suspension. These cystic
structures were also seen when EB attached to the culture plate during later stages
of germ layer differentiation (Figure 32, left column). Furthermore, light microscopic
images showed the formation of distinct structures attributed to one germ layer.
Mesodermal structures were observed in the form of beating areas and
hematopoietic stem and progenitors (HSPC) that were budding off from the spindle
shaped cells (Figure 32, center column). Ectodermal structures were seen in the
formation of neuronal rosettes (Figure 32, right column) during differentiation.
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Next, to monitor transition from pluripotency into the different germ layers the
expression of genes associated with pluripotency or one of the germ layers was
analyzed. On day 0, 7 and 14 of differentiation cells were harvested, RNA was
isolated and cDNA was synthesized followed by gPCR with the appropriate primers
(Supplemental Table 4). Loss of pluripotency was confirmed by downregulation of
the pluripotency gene OCT4 over time (Figure 33). Undifferentiated iPSC clones
showed a high expression of OCT4 whereas on day 7 and 14 OCT4 expression was
strongly downregulated (Figure 33 and Supplemental Figure 7).

Next, Brachyury (T) and SOX17 show a transient upregulation fitting their function in
early mesoderm and endoderm, respectively. Undifferentiated iPSC clones have low
levels of brachyury. During differentiation brachyury is upregulated (Figure 33, d7;
Supplemental Figure 7) which with previous studies (Kubo et al., 2004; Wilkinson et
al., 1990). As differentiation proceeds, T is downregulated again (Figure 33, d14;
Supplemental Figure 7). It was shown early on that Brachyury (T) has a distinct
expression pattern in stem cell differentiation. It is first expressed in the primitive
streak during gastrulation and is widely used as the earliest differentiation marker in
human stem cell studies (Wilkinson et al., 1990). Brachyury is essential for
mesoderm formation and definitive endoderm progenitors co-express Brachyury and
SOX17 (Faial et al. (2015), Kubo et al. (2004)). SOX17 is a regulator in the
development of human germ cells. As shown in Figure 33 and Supplemental Figure
7 patient derived iPSC upregulate SOX17 transiently with a peak at day 7 of
differentiation. This is in line with previous studies and its function in early embryonic
development (Kubo et al., 2004).

As each germ layer gives rise to a multitude of terminal differentiated cells various
genes were selected to cover the different possible cell types during differentiation.
As shown in Figure 33 and Supplemental Figure 7 JAK2 and JAK2V617F iPSC
clones upregulated the glial fibrillary acidic protein (GFAP) and SOX1 as early as
day 7 of differentiation showing ectoderm differentiation. SOX1 is expressed in the

early stages of neuroectoderm development where cells of the spinal cord and brain
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develop from (Genethliou et al. (2009)). GFAP is induced in cells of the central

nervous system, like glial cells (Hol and Pekny, 2015).

Finally, genes used by lineage restricted cells late in differentiation were analyzed
(Figure 33 and Supplemental Figure 7). Mesoderm differentiation was assessed by
verifying the expression of CD31, CD34, CDH5 (gene for VeCadherin), NKX2.5 and
MYH®6. CD34 is an early hematopoietic marker define early hematopoietic stem cells
(Baum et al., 1992). CD31 and CDH5 are used to define endothelial cells
(Vestweber, 2008). MYH6 gene codes for the myosin heavy chain 6 expressed in
development of cardiac muscles (England and Loughna, 2013). NKX2.5 is also
expressed during heart development. Alpha-fetoprotein (AFP) was used as a second
endodermal marker. AFP is produced by the yolk sac and the fetal liver, thus early
embryonic development (Jones et al., 2001). Expression of the 5 mesodermal and 1
endodermal genes increased in time showing highest levels at day 14 and day 22 of
differentiation. Moreover, expression was similar in JAK2 and JAK2VFhet iPSC

clones (Figure 33).

Taken together, the new patient-derived iPSC clones express pluripotency markers
when cells are kept in their undifferentiated state. Furthermore, they have the
potential to differentiate into the 3 germ layers, hence resembling human embryonic
stem cells. Importantly, the JAK2V617F mutation did not confer a bias towards one
specific germ layer as JAK2, JAK2VFhet and JAK2VFhom clones show similar
expression patterns for germ line specific genes. Thus, the iPSC clones display a
good, stable morphology and are fully functional. Therefore, the chosen iPSC clones

are reliable and will be used for subsequent experiments.
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Figure 33. iPSC clones differentiate towards all 3 germ layers

PV1 iPSC clones were harvested via Collagenase IV treatment at 37°C for 1h. After MEF depletion, EB were
washed with KO-DMEM once followed by culture in ULA plates in KO-DMEM supplemented with 10 % FCS, 1 %
L-Glutamine, 1 % Penicillin/Streptomycin, 1 % minimal non-essential amino acids and 0.2 % -mercaptoethanol
for 7 days. Afterwards, EB were plated on gelatin-coated TCP and cultured for another 7 to 14 days. On day O
(undifferentiated iPSC), 7 and 14 samples were harvested and RNA was isolated. RT-gPCR was performed.

Data is shown in a heatmap format for (A) JAK2_1 and JAK2VFhet_1 and (B) JAK2_2 and JAK2VFhet_2 (n = 3).
Z-Score represents expression levels: red, high expression; blue, low expression.

3.2.2.3 Patient derived iPSC clones do not show any major additional

mutation

Patient derived iPS cells reflect the genome of the patient’'s cell that was
reprogrammed with the Yamanaka factors. That means that next to the mutation of
interest, e.g. JAK2V617F, additional mutations are reflected in that particular clone.
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Additional mutations might have an influence on the stability of the generated iPSC
clone or reflect the effect of certain therapy regimen on this particular cell type, e.g.
resistances towards the applied drug which was done until now in mouse models or
cells lines (Chen et al., 2015). Moreover, studies showed that point mutations could
arise during reprogramming posing the question of their safety in clinical applications
(Junfeng et al.,, 2012). To address the aforementioned concerns iPSC clones
JAK2 1, JAK2_ 2, JAK2VFhet 1 and JAK2VFhet 2 from PV1 were screened for
additional mutations by next generation sequencing (NGS). NGS is one of the most
powerful methods developed in recent years (van Dijk et al., 2014). With this
technique a larger number of samples from a disease cohort can be analyzed in a
relative low amount of time. Furthermore, more genes associated with human
diseases can be screened with higher sensitivity via NGS than the conventional
PCR. To this end, iPSC were first cultured under MEF free conditions for 2 to 3
passages. Next, genomic DNA (gDNA) was isolated and an NGS run for further
cancer associated genes, like TET2, KRAS, NRAS or KIT was performed (Kuo and
Dong, 2015). During the sequencing short reads of sense and anti-sense DNA
strands are created and matched to a reference genome. The sequencing records
the number of amplifications. Afterwards, the number of mutated and unmutated
reads are compared and converted into a ratio for each tested gene (Table 21). NGS
analysis was performed in collaboration with the human medicine department of the
Uniklinik Aachen, Germany. The cut off for positive hits in the NGS run was set at 25
%.

As shown in Table 21 NGS confirmed the presence of the JAK2V617F mutation in
JAK2VFhet 1 and JAK2VFhet 2 iPSC clone. Furthermore, NGS detected 2
mutations in the TET2 gene, yet at different locations. NGS detected a missense
and a frameshift mutation in the JAK2VFhet 1 and JAK2VFhet 2 iPSC clones,
respectively. Moran-Crusio et al. (2011) showed that loss of TET2 resulted in an
increased self-renewal of hematopoietic stem cells. Furthermore, co-expression of

JAK2V617F and TET2 mutant variants showed a higher oncogenic ability of the
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mutated clones compared to single mutations in MDS, MPN and AML patients
(Chen et al., 2015; Delhommeau et al., 2009).

Additional to the JAK2V617F mutation, the NGS run showed another JAK2 mutation
in JAK2VFhet_2 iPSC clone, yet to a very low percentage. In JAK2_2 NGS also
detected a point mutation in the JAK2 gene other than the checked JAK2V617F
mutation. However, up until now there are not studies referencing these particular
mutations. Notably, all iPSC clones had one mutation in common, a complex
mutation in the CBL gene (Table 21). Studies showed that mutations in the CBL
gene promoted a hypersensitivity to IL3 (Aranaz et al., 2012).

Taken together, JAK2 iPSC clones have no mutation at the V617F side. Moreover,
the additional mutations are clone specific, yet no influence of these additional
mutations were detected during iPSC culture. All 4 iPSC clones did not show any
instability in their undifferentiated state or were prone to differentiate spontaneously.
The mutations in TET2 might be of concern as studies showed that TET2 mutations
confer a resistance towards IFNa treatment (Kiladjian et al., 2010). For extended
experiments with PV2 and PV3 iPSC clones the same NGS analyses will need to be

done.
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Table 21. NGS analysis of PV1 JAK2 and JAK2VFhet iPSC clones (in collaboration with the human medicine department of the Uniklinik Aachen, Germany)

iPSC were cultured for 2 to 3 passages in feeder-free conditions. Afterwards, gDNA was isolated and given to the human medicine department for NGS analysis. From
left to right: Shown is the gene for which a mutation was detected. Next, the position of the mutation specifies the exon and the mutation which was detected. The
reference alternative allele shows the nucleotide shift that has happened with the mutation (original nucleotide/detected nucleotide). The mutation feature shows the
type of mutation. Last, the different iPSC clones are shown. The numbers per iPSC clone and mutation is the ratio between mutated allele versus unmutated allele.

Gene Mutation Reference Mutation JAK2 1 JAK2VFhet 1 JAK2 2 JAK2VFhet 2

Position  Alternative Feature
Allele

JAK?2 Exon 14, GIT missense - 0.2911 - 0.4712
V617F

TET2 Exon 3, A/G missense - 0.2727 - -
N12S

TET2  Exon 11, GC/G- frameshift - - - 0.2821
P1829

JAK2  Exon 17, G/A missense - - 0.3056 -
S755N

JAK2  Exon 19, A/GIT missense - - - 0.0325
E845E

CBL Exon 9, TATG/++++ Non 0.3919 0.2532 0.0632 0.4585
Y455del ATG/T--- frameshift
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3.2.3 Hematopoietic differentiation of JAK2 and JAK2V617F iPSC clones

Human hematopoiesis and hematopoietic stem cells have been studied for several
decades. Due to ethnic concerns of using human embryos the hematopoietic system
has been studied with models systems such as zebra fish, chicken, frogs or mice. 40
years ago it was shown that hematopoiesis occurs in the yolk sac and the embryo
proper (Dieterlen-Lievre, 1975). Furthermore, in the last 10 years models showed
that hematopoiesis has 2 waves: primitive and definitive hematopoiesis. However,
studies also showed that the transition between developmental programs is fluid.
The use of ESC and discovery of iPSC has helped to isolate various cell populations

analyze their differentiation potential.

Reprogramming of patient mononuclear cells generated JAK2 and JAK2V617F iPSC
clones (Figure 30C). Based on the previous analyses patient derived iPSC clones
are stable (Figure 31, Figure 32, Figure 33) and mutations that have a possible
influence on experiments are known (Table 21). JAK2V617F is the driver mutation in
PV, a human disease affecting hematopoietic stem and progenitor cells. However,
disease models for PV are limited to mouse models. Hence, the newly generated
iPSC were used to evaluate the influence of JAK2V617F expression on the

hematopoietic differentiation.

3.2.3.1 Hematopoietic differentiation of iPSC with an hypoxia based protocol

It was shown that the earliest hematopoietic cells originate from the haemangioblast
(Ditadi et al., 2017). Further studies show that definitive hematopoiesis occurs in
cells that have hematopoietic and endothelial differentiation potential, so call
hemogenic endothelial cells (HE cells), that reside in the dorsal aorta. Studies have
found that HE cells co-express CD31, CD34, and Flk-1 in human and mouse
emrbryos (Oberlin et al., 2002). Furthermore, lineage trancing experiments show
that HSC develop from HE cells via endothelial-to-hematopoietic transition (EHT)
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(Boisset et al., 2010). These results have been used to establish various
hematopoietic differentiation systems for ESC and iPSC. Protocols either use a co-
culture system with stromal cells and serum containing media or EB based protocol
with defined cytokines (Kennedy et al. (2012). However, most protocols solely
produce primitive hematopoietic cells. In recent years, studies used small molecules
like WNT activators to induced definitive hematopoiesis in vitro (Ditadi and Sturgeon,
2016).
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culutre at 37°C for FACS  RT-gPCR, etc

Figure 34. Scheme hematopoietic differentiation of patient derived iPSC

(A) iIPSC were differentiated into hematopoietic cells via an EB based differentiation protocol published by
(Kennedy et al., 2012). On differentiation day 0 iPSC were expanded for 4 days and harvested by Collagenase
treatment for 1h at 37°C. After MEF depletion, EB were washed once with KO-DMEM. Afterwards, StemPro34
supplemented BMP4 were broken up into smaller EB and cultured under hypoxic conditions. As indicated in A,
medium changes and supplementation with the indicated cytokines were done on day 1, 2, 4, 6, and 8 followed
by cultured under hypoxic conditions. Asterisks (*) indicate time points of harvest and flow cytometry samples.
(B) On day 6 of differentiation EB were seeded on a gelatin-coated plate (10 cm TCP or 6well plate). EB
attached over the next few days and hematopoietic cells were released into the medium. Supernatant cells from
each well were harvested and processed for flow cytometry, RT-gPCR and Western Blot (WB).

To assess whether patient derived iPSC differentiate into hematopoietic cells similar
as in vivo stem cells a differentiation protocol by Kennedy et al. (2012) was
adopted. In contrast to Kennedy et al. (2012) the time line of the stage-specific
cytokines and growth factors was shortened in this differentiation protocol (Figure
34A). Furthermore, Kennedy et al. (2012) let the EB dissociate into single
hematopoietic cells. In this thesis, however, EB were seeded onto gelatin-coated
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plate on day 6 of differentiation (Figure 34B). The same approach was performed by
Guibentif et al. (2017). Moreover, this lead to a continuous production of
hematopoietic cells from and thus a culture time of 30 to 40 days. However, this is in
contrast to the approach by Kennedy et al. (2012) where differentiation is finished
after 15 days. One might hypothesize that HE cells are maintained within the EB
layer and, consequently, upkeep the production of hematopoietic cells. However,

after 30 days of culture the production of hematopoietic cells slowed down.

Patient specific IPSC were dissociated into small clusters and hematopoietic
differentiation was induced as embryoid bodies by applying stage-specific
combination of cytokines (Figure 34A and Figure 35, d0). EB were cultured under
hypoxic conditions (5% O2) to mimic the hematopoietic development in a human
embryo. In the first 2 days of differentiation, cells underwent mesoderm commitment
by the application of BMP4 and EB grew in size (Figure 35, d2). Cells that failed to
undergo mesoderm commitment died in the first days of hematopoietic

differentiation.

After 2 days hematopoietic and endothelial growth factors and cytokines were
added, like VEGF, IL6 and SCF to induce hematopoietic and endothelial
specification in EB. At day 4 of differentiation, BMP4 was washed out and replaced
by hematopoietic growth factors (Figure 35, d4). At day 6 of differentiation EB were
heavily diluted and seeded onto gelatin-coated plates (max. 50 EB per well) to
support formation of an HE monolayer (Figure 34A and Figure 35, d6). From then on
cells were cultured with medium containing SCF, FLT3L, TPO and IL3 (later called
EHT medium). EB attached on the plate within the following 24h. From day 6 of
differentiation onwards cells were cultured with SCF, FLT3L, TPO and IL3 (later
called EHT medium). On day 8 of differentiation, cells were transferred into normoxic

culture conditions and kept until the end of culture.
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Figure 35. Light microscopic images during hematopoietic differentiation of iPSC

Patient derived iPSC were induced differentiate into hematopoietic cells as described in Materials and Methods.
Briefly, iPSC colonies were disrupted into small embryoid bodies (EB) on day O of differentiation. During
differentiation EB grew in size and debris was lost with medium changes every 2 days (d2, d4). On day 6 of
differentiation a tight and dense network of endothelial cells developed trapping the EB on the plate. EB were
seeded in low concentrations (50 EB per well) on gelatin coated TCP plates to promote the formation of a
monolayer of HE cells. Hematopoietic cells were seen emerging from the formed HE layer and accumulated until
day 18 of differentiation (d18). Representative phase contrast images of JAK2_1 (A) and JAK2VFhet_1 (B)
during hematopoietic differentiation are shown. Scale bars for dO to d18 represent 400 um. Scale bar for d22
represent 1000 um. Zoomed in images of single HSPC are displayed in the corner of d18 and d22 images. White
squares in d18 and d22 images represent location where image was zoomed into for single HSPC.

During normoxia attached EB first gave rise to HE cells that covered the culture
plate in a monolayer (later referred to as EB layer). In the following days,
endothelial-to-hematopoietic transition (EHT) was observed as small round cells
emerged from the EB layer and were released into the supernatant. The appearance
of hematopoietic cells happened as early as day 10 up to day 49 of differentiation
(Figure 35, d18 and d22). Hematopoietic cells that were released into the
supernatant could be harvested for characterization via flow cytometry. Due to
leaving the EB layer intact hematopoietic cells were harvested from the supernatant
constantly for experiments every 4 days until day 30 of differentiation. JAK2 and
JAK2V617F iIPSC were differentiated in parallel. JAK2 iPSC were used to compare
the influence of JAK2V617F on hematopoietic differentiation.
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In conclusion, the newly generated iIPSC line undergo hematopoietic differentiation
as described in various publications from other pluripotent cells (Kennedy et al.
(2012), Eilken et al. (2009), Lachmann et al. (2015)). The initial phenotypical
characterization does not show a difference between JAK2 and JAK2VG617F.
Furthermore, it seems that the EB layer drives the hematopoiesis from day 14 to day
40 of differentiation leading to multiple harvests. One might hypothesized that HSC
are rather trapped within the EB layer giving rise to hematopoietic cells to be
released into suspension. Consequently, the EB layer might drive the hematopoiesis

enabling multiple harvests in vitro.

3.2.3.1.1 Kinetics during hematopoietic differentiation of iPSC

Hematopoiesis and hematopoietic stem cells have been characterized in mice and
human quite intensively due to constant use of mice in transplantation, disease
modeling and general understanding of hematopoiesis (Challen et al. (2009),
Schmitt et al. (2014), Lacaud and Kouskoff (2017)). Moreover, the use of iPS cells
help to further understand the human hematopoietic system. Studies have been
performed to analyze iPSC-derived hematopoietic cells and establish a reliable
system for cell characterization and isolation (Karamitros et al., 2018). As in the
initial phenotypical analysis showed the new iPSC line showed the same potential to

differentiate into hematopoietic cells (Figure 35) as described in literature.

In a next step, patient iPSC were differentiated and iPSC-derived cells were
analyzed by flow cytometry to assess whether the developing cell populations
described by Kennedy et al. (2012) were similar despite the adjustment in culture
conditions (Figure 34A). Therefore cell specific markers were recorded over time. To
this end, on day 6 of differentiation EB were dissociated into single cells and single
cells were analyzed by flow cytometry. On day 14 to 30 of differentiation

hematopoietic cells from the supernatant were harvested every 4 days and analyzed
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for their surface markers (Figure 36). Notably, cells that are analyzed with flow
cytometry on day 6 of differentiation all cells inside the EB, i.e. cells that have not jet
committed to the mesoderm or hematopoietic lineage. In contrast, cells analyzed on
day 14 to day 30 are suspension cells and per definition represent hematopoietic

cells.

As mentioned iPSC lines have been differentiated into hematopoietic cells in vitro in
many studies which have shed light on different cells types during hematopoiesis.
Kennedy et al. (2007), Rafii et al. (2013) and Rahman et al. (2017) showed a cell
population that develops early during differentiation. These cells show co-expression
of CD34, CD31 and ckit which were characterized these cells as HE cells. Indeed,
early in the differentiation of the new JAK2 and JAK2V617F iPSC clones a small
population of CD34* CD31* HE cells can be observed (Figure 36, Supplemental
Figure 8A). Notably, hematopoiesis specific surface markers like CD43 and CD45
are absent on day 6 of differentiation. From day 14 onwards only a small population
of suspension cells was identified as HE cells. As previously mentioned an EB layer
developed after EB were seeded onto gelatin coated plates (Figure 34). It was
hypothesized that the EB layer drives hematopoiesis in vitro. Here it is seen that only
a small amount of HE cells are in the supernatant on day 14 of differentiation. This
gives another suggestion that HE cells are enclosed within the EB layer itself and

are responsible for hematopoiesis.

On day 14 of differentiation only suspension cells were harvested. More than half of
suspension cells expressed CD31 compared to day 6 of differentiation. Most of
CD31* cells also co-expressed CD43 rather than CD34 (Figure 36). This is in line
with a previous study (Sontag et al., 2017a). CD31* CD43* cells have been
characterized as hematopoietic progenitor cells (HPC). Previous studies show that
at this point of differentiation suspension cells have already committed to the
hematopoietic and even skewered to the myeloid lineage (Choi et al., 2009). Indeed,
the majority of CD31* CD43" cells co-expressed the hematopoietic marker CD45
which is line with previous reports (Rahman et al., 2017). Following hematopoietic

differentiation via flow cytometry (Figure 36, d18 to d30), from day 14 to day 30 the
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percentage of CD31* CD43* HPC increased up to 85% of which all cells were
CD45*.

Kessel et al. (2017) showed that in vitro erythropoiesis starts from CD43* cells and
that during red blood cell differentiation cells first lose their CD45 and CD43
expression but gained CD235a expression. Sturgeon et al. (2014) showed a small
population of CD235a* cells which they defined as primitive red blood cells. In line
with this observation, a small population of CD45- CD235a* cells was detected on
day 6 of differentiation. These were defined as red blood cells (Ye et al. (2014),
Yang et al. (2017)). On day 14 of hematopoietic differentiation of the new iPSC
clones showed 12% of CD45- CD235" red blood cells (Figure 36). Notably, the
population increased compared to day 6 of differentiation. However, from day 18 to

day 30 of differentiation the red blood cell population decreased.

Previous iIPSC experiments show that the EB layer ages and more committed
myeloid cells, such as mast cells or granulocytes arise during longer differentiation
time (Sontag et al.,, 2017a). Thus, terminal differentiated cells were monitored.
Indeed, 2 % of CD45* ckit* mast cell progenitors developed over time (Figure 36)
(Dahlin et al., 2015). Moreover, granulocytes accumulated from day 14 to day 30 of

differentiation whereas no definite trend of CD61* megakaryocytes was observed.
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Figure 36. Surface marker expression during hematopoietic differentiation of iPSC

Patient derived iPSC were induced to differentiate towards hematopoietic cells as described in chapter 2.2.1.10.
Surface marker expression was analyzed via flow cytometry and representative flow cytometry examples for
JAK2_1 are shown for the indicated days. On day 6 of differentiation EB were treated with Accutase for 15 min at
37°C to obtain single cells which were passed through a 40 um cell strainer. From day 14 of differentiation
onwards suspension cells were harvested. Cells were stained with antibodies specific for CD34, CD31, CD45,
CD43, ckit, CD235a, CD61 and CD66b and analyzed by flow cytometry. CD34* CD31* marks cells from the HE,
CD31* CD43* represents HPC, CD45* are mature hematopoietic cells, CD45~ CD235" are erythroid cells. The
detailed gating is shown in Supplemental Figure 19. Statistical analysis of each cell population for independent
experiments (n = 3-7) is shown in Figure 37 and Supplemental Figure 10.
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Taken together, the first cells to emerge in hematopoietic differentiation are HE cells.
Following differentiation it seems that HE cells are developing within the EB layer
after seeding EB on gelatin-coated plates. Trapped HE cells then give rise to HPC
which are released into suspension and commit to the myeloid lineage due to CD45
expression. A small portion of CD235a* red blood cells that decreases over time can
be detected. These kinetic are in line with a studies (Rahman et al. (2017), Yang et
al. (2017), Kennedy et al. (2012)).

3.2.3.2 JAK2V617F mutation has a minor effect on hematopoietic
differentiation of iPSC

Based on previous results patient derived iPSC generated a small amount of HE
cells and primitive red blood cell progenitors on day 6 of differentiation while other
hematopoietic cells were absent (Figure 36). From day 14 of differentiation onwards
cells committed to the myeloid lineage could be harvested every 4 days. Moreover, a
small population of red blood cells was detected during differentiation. Finally, due to
leaving the EB layer untouched multiple harvests were possible. Consequently, one
might hypothesize that the EB layer drives hematopoiesis in vitro. The next step was
to investigate the influence of JAK2V617F on hematopoiesis. To this end, multiple
JAK2V617F and JAK2 iPSC clones were differentiated in parallel as described
(Figure 34 and chapter 3.2.3.1). Hematopoietic differentiation was monitored via flow
cytometry as described (chapter 3.2.3.1.1).

As expected and shown in previous experiments (Figure 36) on day 6 of
differentiation EB contained CD34" CD31" HE cells (Figure 37A and Supplemental
Figure 8A). Notably, with multiple independent experiments JAK2V617F iPSC show
a higher population of HE cells on day 6 of differentiation (Figure 37A). This
significance is lost over the course of differentiation. However, this might be due to
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HE cells being trapped inside the EB layer and not being released into suspension
from day 14 onwards (Figure 35A, d18).

In line with previous experiments (Figure 36) JAK2 and JAK2V617F iPSC generated
a low amount of CD31* CD43* HPC on day 6 of differentiation. Also in line with
previous results HPC population increased to a medium of 80% from day 14 of
differentiation onwards (Figure 37B and Supplemental Figure 8C — D). However,
HPC development as well as the development of CD45* committed progenitors
seemed to be unaffected by the JAK2V617F mutation as there was no significant
difference during hematopoietic differentiation between JAK2 and JAK2V617F
(Figure 37B).

Next, the erythroid lineage was analyzed as JAK2V617F is documented to increase
the number of red blood cells in PV patients and mouse models (Gargon et al.,
2006). Furthermore, previous experiments showed that a CD45- CD235a" red blood
cells population developed (Figure 36). Therefore, JAK2 and JAK2V617F iPSC-
derived hematopoietic cells were analyzed for their spontaneous, EPO-independent
red blood cell development. Flow cytometry showed that JAKV617F heterozygous
cells gave rise to 4.5% and 2.5% of red blood cells (JAK2het_1 and JAK2het 2,
respectively) compared to 2.5% and 1.14% for JAK2 cells on day 18 of
differentiation (JAK2_1 and JAK2_ 2, respectively) (Figure 37C). On day 22 of
differentiation red blood cell population decreased for both JAK2 and JAK2V617F
cells, however JAK2V617F expressing cells still formed significantly more red blood
cells (2- to 3-fold) than JAK2 cells suggesting a minor effect of JAK2V617F on the
erythroid lineage (Figure 37C).
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Figure 37. JAK2V617F expression has an impact on HE and red blood cell development

JAK2 and JAK2V617F iPSC were differentiated towards hematopoietic stem cells as described in chapter
3.2.3.1. Cells were harvested and stained with antibodies specific for CD31, CD34, CD235a, ckit, CD43 and
CD45 followed by flow cytometric analyses. Summary of flow cytometric analyses of (A) CD34* CD31* HE cells,
(B) CD31* CD43* HPC and (C) CD45- CD235" red blood cells for all 4 iPSC clones from PV1 during
hematopoietic differentiation (n = 3-7). Shown are the percentages of single cells for each cell type. A detailed
gating strategy is shown in Supplemental Figure 19. (D) JAK2, JAK2V617F heterozygous and JAK2
homozygous iPSC-derived HPC were harvested on day 18 of differentiation. 20000 to 40000 HPC were seeded
in semisolid medium. Per CFU assay duplicates were seeded. Colonies were scored after 14 days of culture (n =
3). Afterwards, colony number was normalized. CFU assays were done with iPSC-derived HPC from clones
JAK2_1, JAK2VFhet_1 and JAK2VFhom_1. For statistical analysis Mann-Whitney-U-Test was used by
comparing JAK2 with JAK2V617F. Data points marked with (*) indicate samples with p-values < 0.05.

Already in the 1970s it was shown that primary cells from PV patients show an EPO
independent emergence of red colonies, so called endogenous erythroid colonies
(EEC) (Zanjani et al., 1977). Furthermore, when plated in semisolid medium primary
cells from PV patients show an increased formation of erythroid colonies (Dai et al.,
2005). To investigate whether this observation can be modeled with iPSC-derived
hematopoietic cells JAK2 and JAK2V617F suspension cells were harvested on day
18 of differentiation. They were seeded in semisolid medium supplemented with
cytokines for myeloid and erythroid development, such as SCF, GM-CSF, IL3 and

EPO. Colony formation was evaluated after 14 days of culture. Evaluation was done
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either by microscopy or by picking colonies and performing cytospins and H&E
staining (Supplemental Figure 9). As shown iIPSC-derived hematopoietic cells
showed colonies of all myeloid cells and erythroid cells (Figure 37D). However,
when normalized to 10.000 cells per assay CFU assays revealed no bias towards
the erythroid lineage as there was an average of 2 and 3 BFU-E or CFU-E for either
JAK2VF heterozygous and JAK2 iPSC-derived hematopoietic cells, respectively.
Even JAK2VF homozygous iPSC-derived hematopoietic cells did not show an
increase in erythroid colony formation (on average 3 CFU-E or BFU-E per 10000
cells seeded) compared to JAK2 or JAK2VF heterozygous iPSC-derived
hematopoietic cells. Notably, JAK2 and JAK2V617F cells displayed a high bias
towards macrophage colonies (CFU-M) (Figure 37D, Supplemental Figure 9).
Furthermore, iIPSC-derived cells barely formed CFU-GEMM. This suggested that
iPSC-derived hematopoietic cells have already been restricted to one lineage when

cells were seeded into the semi-solid medium.

In summary, JAK2V617F has a minor effect on hematopoietic differentiation
impacting on the formation of CD34* CD31" HE cells during the first 6 days of
differentiation. As shown for PV patients JAK2V617F had an impact on the erythroid
lineage, conveying an increased percentage of CD45~ CD235" red blood cells in the
absence of EPO (Jamieson et al., 2006). However, this could not be seen in CFU
assays. One could hypothesize that the EPO concentration (2 U/ml) which is used in
the semisolid medium is negating the JAK2V617F influence on red blood cell
formation and also providing optimal growth conditions for JAK2 cells. Hence, it
might be that JAK2V617F is effective in growth conditions with low EPO

concentrations.
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3.2.3.3 JAK2V617F does not convey a bias towards a specific myeloid linage

It was shown that mice transplanted with JAK2V617F* BM cells showed a tri-lineage
expansion of red blood cells, platelets and neutrophils (Lacout et al. (2006), Shimizu
et al. (2016)). Yet, iPSC-derived hematopoietic cells showed only a trend towards
an increased CD45~CD235a* cell population for JAK2V617F* cells (Figure 37C) and

CFU assays revealed no difference differentiation potential (Figure 37D).

Even though the culture was supplemented with SCF, IL3, TPO and FLT3L, it was
noted that during the longer periods of culture there was an accumulation of more
differentiated cells at the expense of HSPC (Sontag et al., 2017a). This lead to the
hypothesis that the EB layer produces additional cytokines and prompts the formed
iPSC-derived hematopoietic progenitor cells in the supernatant to differentiate into
myeloid cells. Furthermore, the hematopoietic cells inside or below the EB layer
were also promoted to differentiate. So far the influence of JAK2V617F was
analyzed on the iPSC-derived cells that have been released into the supernatant on
early time points of hematopoietic differentiation. The next step was to determine
whether there was a bias for a specific myeloid lineage in long-term differentiation

culture.

To this end, hematopoietic differentiation was performed for 49 days as described
(Figure 34). After 49 days, the EB layer was separated from the supernatant fraction.
The EB layer was dissociated into single cells as described in chapter 2.2.1.10.1.
Cells from the supernatant and EB layer were analyzed for the development of
myeloid cells within the CD45* cell population by flow cytometry (Figure 38, Figure
39 and Supplemental Figure 11).

First, cells from supernatant and EB layer were analyzed for their presence of
hematopoietic cells. To this end, CD45* cells were quantified (Figure 38).

Independent of JAK2V617F more than 95% of supernatant cells were CD45* (Figure
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38A). This percentage seemed stable when performed with multiple independent
experiments (Figure 38B). Compared to suspension cells the CD45* cell population
is less in the EB layer. This might be because the EB layer contains more immature
cell that drive in vitro hematopoiesis. Notably, it seemed to vary more drastically
within the EB layer. Multiple experiments showed a range from 80% CD45* cells to
as low as 20% CD45* cells. This fluctuation might be because of technical difficulties
when isolating single cells from the EB layer. At the end of differentiation the EB
layer does not contain a monolayer of cells anymore but is comprised of multiple
layers. Therefore, the digestion enzyme is not able to function optimally throughout
all layers. And although a thorough resuspension followed digestion, EB layers were
never fully digested into single cells using either Accutase or Collagenase IV or the

combination of both.
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Figure 38. CD45* cells varies strongly within the EB layer

JAK2 and JAK2VFhet iPSC clones of PV1 were differentiated for 49 days as according to the protocol shown in
Figure 34. EB layer was disrupted into single cells, stained with CD45 and analyzed with flow cytometry. Cells
were gated according to Supplemental Figure 9. (A) Shown are representative flow cytometry analyses for
JAK2_1 and JAK2V617F_1. CD45* cells are shown as a histogram. (B) Summary of CD45* and CD45" cells
within EB layer and supernatant. For statistical analysis a Mann-Whitney-U test was performed. Per JAK2
genotype a comparison was done between suspension cells and EB layer (n = 4). ns = non significant.
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Second, the CD45* cells were further analyzed for the presence of various myeloid
subsets (Figure 39A — B). Additionally, for phenotypical analyses, iPSC-derived
myeloid cells were sorted and cytospins were prepared. Previous studies show that
neutrophils are CD66b* IL5SR~ while eosinophils were defined as CD66~ IL5R* cells
(Lachmann et al., 2015). Indeed, both granulocyte subsets were observed during
hematopoietic differentiation (Supplemental Figure 12 and Supplemental Figure
11B). Flow cytometric analyses showed that the majority of cells differentiated into
eosinophils (20% of CD45" cells). A small population of neutrophils was present in
both JAK2 and JAK2VFhet iPSC clones. However, there was no difference between
JAK2 and JAK2VFhet iPSC-derived cells (Figure 39C — D).

It was shown that CD61 is a marker for the megakaryocytes (Moreau et al., 2016).
Indeed, JAK2 and JAK2V617F suspension cells showed about 12% of CD61* cells
(Figure 39A — B and Figure 39E). Notably, this population was increased in the EB
layer. JAK2V617F expressing cells showed a small decrease in the megakaryocytic
population. However, due to variation no significance was detected. Therefore,
JAK2V617F showed no bias towards the megakaryocytic lineage compared to
JAK2. Yet, when supernatant fraction and EB layer were analyzed, megakaryocytes

were enriched in the EB layer.

Mast cells were analyzed by the surface expression of ckit and FceReceptor (FceR)
(Kovarova, 2013) (Figure 39A — B). Mast cells were further divided into immature
(ckit* FceR~™) and mature (ckit* FceR*) mast cells. H&E staining showed the absence
of mast cell typical granules in immature mast cells while mature cells also showed
irregular cell edges (Supplemental Figure 12A). As shown in Figure 39F — G the
majority of iPSC-derived cells formed immature mast cells. Furthermore, immature
mast cells accumulated in JAK2 and JAK2VFhet EB layers to the same degree (35%
and 25% of CD45* cells, respectively). As for all other myeloid cell types,

JAK2V617F did not show a bias towards toward the mast cell lineage either.

EB layer and suspension cells were also analyzed for dendritic cells by the surface
expression of HLA-DR and cytospin preparations (Supplemental Figure 11C and
Supplemental Figure 12B). As shown in Supplemental Figure 11C JAK2 and
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JAK2VFhet iPSC clones differentiated into 7% of DC showing no bias towards the

DC lineage.
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Figure 39. JAK2V617F iPSC-derived hematopoietic cells do not show a bias toward a myeloid linage compared
to JAK2 iPSC-derived hematopoietic cells

PV1 iPSC clones were subjected to hematopoietic differentiation for 49 days. Medium changes were done every
4-5 days. On day 49 of differentiation, supernatant fraction was harvested. EB layer was treated for 20 min with
Accutase and thoroughly resuspended. Cells were stained with antibodies against CD45 and myeloid lineage
markers. (A — B) Flow cytometry analyses of (A) supernatant fraction and (B) EB layer for JAK2_1 and
JAK2VFhet_1 is shown as an example. Cells were first gated on living cells followed by gating on single cells.
Next, cells were gated on CDA45 followed by gating for myeloid. The detailed gating strategy is shown in
Supplemental Figure 20. (C — G) Differentiated myeloid cells for all iPSC clones of PV1 is shown (n = 3). For
statistical analysis a Mann-Whitney-U test was performed. Data points marked with (*) indicate samples with p-
values < 0.05; Data points marked (**) indicate samples with p-values < 0.005. CD66b* CD15™ cells, neutrophils;
CD66b~ IL5R* cells, eosinophils; CD61*, megakaryocytes lineage; ckit* FceR™, immature mast cells; ckit* FceR*,
mature mast cells. unm, unmutated; VFhet, JAK2V617F heterozygous.
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Taken together, JAK2V617F does not impact the differentiation towards any specific
myeloid linage. This is in contrast to studies in mice in which JAK2V617F conferred
an expansion of neutrophils, red blood cells and platelets (Shimizu et al., 2016).
Notably, the EB layer seems to have an impact on the localization of
megakaryocytes and immature mast cells.

3.2.3.4 JAK2V617F" iPSC-derived hematopoietic cells show faster expansion

without influencing cell cycle

As shown in Figure 35 (d18) JAK2 and JAK2V617F EB formed a layer of endothelial
cells which was left undisturbed in the endothelial-to-hematopoietic-transition (EHT)
medium. Therefore, iIPSC-derived hematopoiesis is a continuous process.
Hematopoietic cells accumulated over time and suspension cells could be harvested
every 4 days between day 14 and 30 of differentiation. With each harvest cells were
qguantified via Neubauer chamber and trypan blue staining. Interestingly,
differentiating JAK2V617F* iPSC yielded a significantly increased amount of
supernatant cells during every harvest compared to JAK2 iPSC (Figure 40A).
Furthermore, the number of harvested cells increased with each harvest

independent of the genotype.

In leukemia oncogenes downregulate tumor suppressor genes or genes that are
involved in regulating cell proliferation. For example, IRF8 loss in CML in mediated
by BcrAbl and is associated with a more aggressive disease (Scheller et al., 2013)
making IRF8 a tumor suppressor in CML. JAK2V617F was shown to activate PIM
kinases, c-MYC and JUNB (Wernig et al. (2008), Funakoshi-Tago et al. (2013)).
These genes are involved in stimulating proliferation. Notably, there are a number of
controversial studies whether JAK2V617F conveys a proliferative advantage in the
mutated cells. Hence, the first hypothesis for the increased cell numbers was that
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the JAK2V617F mutation conveys an increased proliferation to hematopoietic cells.
To test this hypothesis, cell proliferation of JAK2 and JAK2V617F iPSC-derived cells

was analyzed.

First, suspension cells were harvested and stained with the proliferation dye CFSE.
Labeled cells were seeded back onto the EB layer and further cultured under the
same conditions. After 2h a sample was taken and analyzed via flow cytometry to
determine the signal for undivided cells (100% CFSE). After 3 days, the rest of the
cells was harvested and CFSE signal was analyzed by flow cytometry. Each cell that
divided gave half of CSFE to its daughter cells thus lessening CFSE signal
compared to undivided cells and marking the first generation. Depending on how
often a labeled cell divided the fainted CFSE signal became in flow cytometric
analyses. Consequently, proliferation was monitored and cell number per generation
was calculated with FlowJo. The majority of JAK2 and JAK2VFhet iPSC-derived
cells 3 to 5 times (Figure 40B). About 10% to 15% of CD45* cells divided 6 and 7
times. A small population remained undivided. Surprisingly, JAK2V617F had no
significant effect cell proliferation in CD45* hematopoietic cells for each generation
(Figure 40B). One hypothesis for this observation is that suspension cells have
already committed to the hematopoietic and lineage their proliferation potential might
be limited to a few cell divisions until these cells are terminally differentiated and that
the JAK2V617F mutation has no effect on the already committed cells. Therefore, it
might be beneficial to assess the cells where the suspension cells originate from, i.e.

the EB layer.
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Figure 40. JAK2V617F show increased cell numbers on each harvest day during hematopoietic differentiation
JAK2 and JAK2VFhet iPSC clones of PV1 were differentiated as described in chapter 3.2.3.1. (A) iPSC-derived
hematopoietic cells were harvested multiple times during hematopoietic differentiation of iPSC. Shown are the
cell numbers per harvest on each harvest day for each iPSC of PV1 (n = 11). For statistical analysis a Mann-
Whitney-U test was performed. (B) PV1 iPSC derived hematopoietic cells were harvested on day 18 or day 22 of
differentiation and stained with 1 pM (final concentration) CFSE for 5 min, washed 3x with medium and seeded
back onto the EB layer. A sample for undivided cells was taken after 2h of culture and CFSE signal of CD45*
cells was analyzed by flow cytometry. After 3 days, cells were harvested and CFSE signal was analyzed by flow
cytometry. Additionally, cells were stained with an antibody specific for CD45. Cell generation and cell number
per generation was calculated with FlowJo. Shown is the percentage of cells in each generation for within the
CD45* cell population. Data is represented as means * standard deviation (n = 3). For statistical analysis a
Student's t test was performed. Data points marked with (*) indicate samples with p-values < 0.05; Data points
marked (**) indicate samples with p-values < 0.005. VFhet, JAK2V617F heterozygous.

Another study showed that JAK2V617F* cells displayed increased levels of Cyclin
D2, a gene involved in the cell cycle (Walz et al., 2006). Accordingly, there might be
a higher percentage of JAK2V617F* cells in S phase. Previous results showed that
iIPSC-derived hematopoietic cells developed in the EB layer and were released into
the supernatant (Figure 35). Hence, another hypothesis was that JAK2V617F
mediates a faster proliferation of cells from the EB layer. To label cells equally cells
need to be as single cells. However, to achieve that for the EB layer said layer
needs to be disrupted with a harsh process followed by subsequent culture. There is
the chance that only a small portion of cells might survive this procedure. To
circumvent problems with too stressed cells or not equally labeled cells JAK2 and
JAK2V617F EB layers were subjected to Bromodeoxyuridine (BrdU) incorporation
and subsequent cell cycle analysis. To this end, JAK2 and JAK2V617F EB layers

were dissociated with Accutase into single cells. Cells were cultured in EHT medium
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and pulsed with BrdU. As control, part of the cultured was left without BrdU.
Subsequently, cells were stained for CD45 followed, fixed and permeabilized and

probed with an antibody against BrdU incorporation. Finally, 7AAD was added.

First, cell cycle analysis of total cell population was done. As shown in Figure 41A
13.3% of JAK2 cells and 15.8% JAK2VFhet cells were in S Phase, therefore
showing cell proliferation. Furthermore, the majority of cells, 72% of JAK2 and 69%
of JAK2VFhet cells, did not enter the cell cycle and stayed in GO/G1 phase.
Strikingly, cell proliferation was not altered in the JAK2V617F* EB layer (Figure
41C). Second, as the EB layer is made up by a multitude of cell types (Figure 39A —
B), another focus was on the hematopoietic fraction (CD45* cells) of the EB layer
(Figure 41B). Compared to total cells there was a higher percentage of CD45* cells
that were in S phase. 33% of JAK2 cells and 30% and JAK2VFhet cells could be
detected in S phase. However, CD45* cells also revealed no significant influence of
JAK2V617F on the cell cycle (Figure 41D). Consequently, the increased expansion
of JAK2VFhet cells does not have its origin in higher proliferation of CD45* cells or

the EB layer.
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Figure 41. JAK2V617F does not influence the cell cycle in the EB layer

JAK2 and JAK2VF het iPSC clones from PV1 were subjected to hematopoietic differentiation. On day 14 of
differentiation EB layers were harvested with Accutase and single cells were pulsed with or without BrdU for 1h.
EB layer cells were stained for flow cytometry with CD45 prior to intracellular staining with an antibody against
BrdU incorporation. Finally, cells were stained with 7AAD to analyze cell cycle. (A) Representative cell cycle
analysis of total cells (bulk) in the EB layer from JAK2_1 and JAK2VFhet_1 is shown. (B) Cells from EB layer
were pre-gated on CD45 before cell cycle analysis was done. Shown is a representative flow cytometry analysis
of JAK2_1 and JAK2VFhet_1 for CD45" cell population. (C — D) Summary of cell cycle analyses for (C) total
(bulk) cells and (D) CD45" cells in JAK2 (clone 1 and 2) and JAK2VFhet (clones 1 and 2) EB layer cells. Data is
represented as means * standard deviation (n = 3). For statistical analysis a Student’s t test was performed.
Data points marked with (ns) indicate samples with p-values that are not significant. VFhet, JAK2V617F
heterozygous.

In conclusion, CFSE staining of supernatant cells showed no proliferative advantage
for JAK2V617F* cells (Figure 40B). Furthermore, BrdU incorporation and 7AAD
staining showed no effect of JAK2V617F on the cell cycle of the EB layer in total or
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CDA45* cells of the EB layer (Figure 41). Consequently, the increased cell numbers
per harvest does not seem to have the cause in increased proliferation of CD45*
cells. These cells might be too committed to a certain cell lineage and have a limited
proliferation capacity that the JAK2V617F mutation has any significant effect. The
cause for the expansion seen during diffraction might be in the earliest

hematopoietic cells that can be detected in this differentiation system.

3.2.3.5 Higher JAK2V617F cell numbers stem from higher expansion of
CD34" cells in the EB layer

Previous experiments showed a higher percentage of CD34* CD31* HE cells on day
6 of differentiation for JAK2V617F heterozygous cells (Figure 37A). CD34* CD31*
cells represent cells from the HE and, consequently, are the origin of all
hematopoietic cells in vitro and in vivo (Boisset et al. (2010), Kissa and Herbomel
(2010)). Lineage tracing has shown that HE undergo the process of EHT so that

hematopoietic progenitors can be released (Eilken et al. (2009), Lam et al. (2010)).

The next hypothesis is that JAK2V617F has an effect on the development of the
earliest hematopoietic cells. Therefore, the underlying cause for the higher
JAK2V617F* cells might be located within the CD34* cell population that reside in
the EB layers. It might be that the JAK2V617F mutation expands the HSC pool,
consequently, HSC can give rise to more HPC. To assess this hypothesis, JAK2 and
JAK2V617F EB layer was dissociated into single cells on day 18 of hematopoietic
differentiation and CD34* cells were isolated from via magnetic activated cell sorting
(MACS) (Figure 42A). All isolated CD34" cells were cultured in EHT medium. After 4
days a medium change was performed. Cells were gently washed off the plate as
endothelial cells had attached to the plate while hematopoietic cells stayed in

suspension. Afterwards, CD34* cells stayed in suspension and cells expanded for

124



Results

another 7 days. Cell counts were recorded and cells were analyzed via flow

cytometry over time.

First, an expansion of JAK2 and JAK2VFhet iPSC-derived CD34* cells over time
was observed (Figure 42B). Interestingly, JAK2V617F expressing cells showed an
increased CD34* cell number after MACS procedure (Figure 42B, dO of culture).
Additionally, JAK2V617F expressing cells showed a 70-fold higher expansion in
comparison to JAK2 CD34* cells (Figure 42B). The high CD34* cell number was
marked by an increased percentage of CD34* cells in the JAK2V617F* EB layer at
day 18 of hematopoietic differentiation (Figure 42C). This suggested that the
JAK2V617F mutation has an impact in the formation of CD34* hematopoietic cells
and accelerates their expansion. Whether JAK2V617F also has an effect on the
EHT remains to be determined. Flow cytometric analysis first indicated a 2-fold
higher CD45* ckit* population (Figure 42C), yet multiple experiments showed no
difference in development of CD45* ckit* cells. Additionally, the development of red
blood cells was analyzed 1lday post CD34 isolation. In line with previous
experiments (Figure 37C) a small population of red blood cells developed in the
absence of EPO. Moreover, JAK2V617F expressing cells showed a trend towards
elevated CD45- CD235a* cells (Figure 42E). This is another hint of JAK2V617F
affecting especially erythropoiesis and is in line with previous experiments (Figure
370).
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Figure 42. CD34* JAK2V617F* show increased CD34* cells in the EB layer

JAK2 and JAK2VFhet iPSC clones of PV1 were subjected to hematopoietic differentiation as shown in Figure
34A. On day 18 of differentiation the EB layer was harvested, treated with Accutase to obtain single cells and
CD34* cells were isolated via MACS selection. CD34* cells were cultured for 11 days with FLT3L, TPO, SCF and
IL3. (A) Schematic representation of iPSC differentiation, MACS selection and subsequent CD34* cell culture.
(B) Cell counts were recorded with Neubauer counting chamber and trypan blue staining at indicated time points.
Day 0 represents the day of MACS selection. A student’s t-test was performed comparing JAK2V617F to JAK2
(n = 3). (C) On day 6 post CD34 isolation, cells were analyzed by flow cytometry. Shown is the flow cytometric
analysis for JAK2_2 and JAK2VFhet_2 (n = 3). For statistical analysis a Student’s t test was performed by
comparing JAK2 and JAK2VF. P-values are indicated. (D) EB layer on day 18 of hematopoietic differentiation
was analyzed. A representative flow cytometry analysis is shown from JAK2_1 and JAK2VFhet_1. (E) Summary
of flow cytometric analysis for 2 independent experiments is shown. Percentage of CD45~ CD235a* cells is
depicted (n = 2). Unm, unmutated; VFhet, JAK2V617F heterozygous.
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In conclusion, JAK2V617F seems to rather have an effect on the number of CD34*
cells in the EB layer. This suggests to be the case for the observed increase in cell
numbers per harvest for JAK2 expressing cells (Figure 40A). There are more cells
present in the EB layer that differentiate and, consequently, give rise to
hematopoietic progenitors that are released into suspension. Additionally,
JAK2V617F seems to convey an increased expansion towards CD34* cells. To
support this hypothesis, BrdU incorporation in the CD34" cells could be done to see
increased cell cycle activity. One might speculate that this the increase in CD34" cell
number and their expansion might be more prominent in JAK2V617F homozygous

cells as suggested in mice by Fink et al. (2013).

3.2.3.6 JAK2V617F confers hypersensitivity to EPO compared to JAK2

An increase in erythropoiesis and an overproduction of red blood cells is the major
clinical feature in PV patients (Vannucchi et al., 2009). Indeed, transplantation and
knock in studies in mice showed that an MPN phenotype mimicking human PV can
be initiated from a single JAK2V617F* cell (Hasan et al., 2013; Lacout et al., 2006;
Lundberg et al., 2014). Furthermore, the capacity to form erythroid colonies in the
absence of EPO is also a phenomenon of JAK2V617F* primary cells (Dupont et al.,
2007). Moreover, studies showed that an overexpression of JAK2V617F in cells co-
expressing the erythropoietin receptor (EPOR) renders cell lines independent of I1L3
signaling (Lu et al., 2005). Ye et al. (2014) showed that iPSC-derived hematopoietic
cells with a JAK2V617F mutation are also independent of EPO signaling, however
these iIPSC clones were homozygous for JAK2V617F. Notably, the newly generated
iIPSC line from PV1 is heterozygous for JAK2V617F.

Previous experiments showed that in vitro differentiation of JAK2V617F iPSC
showed only a trend towards elevated red blood cell production in the absence of
EPO (Figure 37C). However, CFU assays of JAK2V617F iPSC-derived
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hematopoietic cells failed to recapitulate the aspect of elevated erythroid colonies all
together (Figure 37D). To investigate whether the trend towards higher erythroid
cells in JAK2V617F expressing cells can be amplified JAK2 and JAK2VF iPSC
hematopoietic cells were differentiated in to red blood cells. In case JAK2V617F
expressing cells gave rise to increased red blood cells the new IPSC line can be

used as an in vitro model system for human PV.

To this end, iPSC clones shown in Table 19 and Table 20 were first differentiated
towards the hematopoietic lineage. Afterwards, JAK2, JAK2VFhet and JAK2VFhom
iIPSC-derived cells were harvested from suspension on day 22 of hematopoietic
differentiation. Next, harvested cells were induced to differentiate further toward red
blood cells with EPO, IL3 and SCF for 12 days according to the protocol published
by Dorn et al. (2015). As control in the given culture conditions, cells were cultured
in the absence of EPO. Red blood cell differentiation was monitored by flow
cytometry analysis of CD235a, CD45 and CD43 expression with HPC defined as
CD45* CD43*, red blood cell progenitors as CD45~ CD43* and red blood cells as
CD45-CD43~ or CD45- CD235a*. In addition, cells were spun onto glass slides and
stained with neutral benzidine and hematoxylin/eosin (H&E) to assess cell

morphology.

Flow cytometry analyses showed that JAK2, JAK2VFhet and JAK2VFhom iPSC-
derived cells gave rise to a low percentage of red blood cell progenitors (0.5%, 0.1%
and 0.3%, respectively) in the absence of EPO (Figure 43A and Supplemental
Figure 13A). Moreover, almost no CD45- CD43" red blood cells could be detected
independent of the JAK2 genotype (Figure 43A, Figure 43C, Supplemental Figure
13C). It was shown that the majority of cells remained as CD45* CD43* HPC without
EPO addition. A more direct gating on CD45~ CD235a* red blood cells did not show
any erythroid cell formation in the absence of EPO. Interestingly, JAK2V617F
homozygous iPSC-derived hematopoietic cells produced a small population of
CD45- CD235a* cells after 12 days of EPO differentiation (Figure 43A, left and
center panels) in comparison to JAK2 and JAK2VFhet cells. Additionally, cytospin
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and histological staining with neutral benzidine and H&E revealed no red blood cells
(indicated as red color of the cytoplasm) were present (Figure 43A, right panels and
Supplemental Figure 13A). Notably, JAK2, JAK2V617F heterozygous and
JAK2V617F homozygous IiPSC-derived cells developed into eosinophils and
neutrophils after 12 days of culture without EPO. Total cell nhumber of CD45-
CD235a" stayed low in the absence of EPO (Figure 43D). The low CD45~ CD235*
cell population might indicate that cells with JAK2V617F are not as EPO or growth
factor independent as for example BcrAbl* CML cells, thus identifying JAK2V617F
as a mild oncogene. In previous experiments it was shown that physiological
expression of JAK2V617F in mice results in a long latency of the MPN phenotype
and that additional mutations lead to added characteristics, such as such as growth

factors independence or an MPN phenotype in vivo (Shimizu et al., 2016).

In the presence of a low dose of EPO (0.2 U/ml), JAK2 iPSC-derived hematopoietic
cells showed a small but detectable population of CD45- CD235a* cells. JAK2V617F
heterozygous iPSC-derived hematopoietic cells initially produced a 6-fold higher
CD45- CD235a* red blood cell population compared to JAK2 cells with low dose
EPO (Figure 43B and Supplemental Figure 13B). This was even more increased
when 3 independent experiment were performed (Figure 43C and Supplemental
Figure 13C). Strikingly, the red blood cell population increased even more with
JAK2V617F homozygous iPSC-derived cells (11-fold compared to JAK2
heterozygous cells) showing a hypersensitivity of JAK2V617F to EPO (Figure 43B,
left and center panels). Neutral benzidine staining also showed an increase in
normoblast formation with an increase in JAK2V617F allele (Figure 43B, right
panels). Furthermore, with a low dose of EPO cell numbers of CD45- CD235a* also
increased more dramatically with JAK2V617F* cells than with JAK2 cells (Figure
43E).

129



Results

@)

A -EPO

W JAK2_1 -EPO p=06 p=0.3
- 0.00% x 301 [ JAK2_1 +EPO [—
0%  98.4%
mir o 2 0] M JAK2VFhet 1-EPO
JAK2 [ s ) JAK2VFhet_1 +EPO
E. O 2 10- % i
0.2% 3 8 ]
. 0.00% o L E :
0.1 .29 O . .
JAK2 fade 2 2 i
VFhet @
0.1 -
L days of culture
: o
0.3% 98.7% b **",Q D 104 B JAK2 e
JAK2 D : - ® =
VFhom [@ 0 < © 0.871 W JAK2VFhet
™ [+2]
2[5 N g X
o 02% |8 - %5 061
CD45 CD45 g Q
B +EPO =504
- 9 0.2
0.39 b
0.8% 97.2% k& & 3
0.0 | 1
JAK2 ] C 4 0 4 8 92
D days of culture
0.3% E +EPO
; =8
1 JAK2
Jak2 [ 1:8% 90.3% ~ g JAK2VFhet (=
. © e
VFhet = o 6
X
5.1% 8 '(Lg 4
E®
28
% 17.5% =
Jakz | 2bE R 3o 2 B4
VFhom P, g 1 &:
S| a O o0 —= = b y
o (@) . 0 4 12
CD45 CD45 days of culture

Figure 43. JAK2V617F* cells show a higher CD235a* cell population in response to EPO

JAK2 and JAK2VFhet iPSC clones from PV1 were induced to differentiate into hematopoietic cells as shown in
Figure 34A. Next, iPSC-derived cells were harvested on day 22 of hematopoietic differentiation. Cells were
cultured in StemPro34 supplemented with 100 ng/ml SCF, 30 ng/ml IL3 and 0.2 U/ml EPO. Red blood cell
differentiation was induced according to the Figure 18. Cells were counted and analyzed by flow cytometry every
4 days. (A — B) Cells were stained with antibodies against CD43, CD45 and CD235a followed by flow cytometry
analysis. Shown are representative analyses of JAK2_1, JAK2VFhet_1 and JAK2hom_1 on day 12 of red blood
cell differentiation (A) in the absence and (B) presence of EPO. Additionally, cells were spun onto glass slides
and neutral benzidine/H&E staining was performed. Arrows indicate normaoblasts. Asterisks indicate neutrophils
(*) and eosinophils (**). (C) Shown is the percentage of CD45~ CD235a* cells for JAK2_1 and JAK2VFhet_1
during red blood cell differentiation. (D — E) The number of CD45- CD235a* cells (D) without EPO and (E) with
EPO addition is shown (n = 3). Shown are the results from JAK2 (clone 1 and 2) and JAK2VFhet (clone 1 and 2).
A student’'s t test was performed for statistical analysis. JAK2VFhet was compared to JAK2. For each
differentiation day p values are indicated.
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Taken together, JAK2V617F causes an overproduction of iPSC-derived red blood
cells only in the presence of EPO. Notably, this is in contrast to previous studies in
mice and studies with primary cells (Zaleskas et al., 2006). Furthermore, the
overproduction is dependent on the JAK2V617F burden within the cells as
JAK2V617F homozygous iPSC-derived hematopoietic cells generated a higher
amount of CD45~ CD235a"* red blood cells compared to JAK2V617F heterozygous
IPSC-derived hematopoietic cells. Consequently, JAK2V617F iPSC recapitulate the
overproduction of red blood cells in vitro due to its hypersensitivity to EPO which is
also seen in PV patients in clinics. Henceforth, JAK2V617F iPSC could be used as a
model system for PV in vitro. Moreover, the overproduction of red blood cells can be
analyzed in detail, i.e. signaling pathway of EPO in JAK2V617F expressing cell
compared to JAK2 cells. This might add to results that have been done in cell lines,
such as HEL, BaF3 cells (James et al. (2008), Zhao et al. (2005)).

3.2.4 IFNa signaling pathway in JAK2V617F" iPSC-derived hematopoietic

cells

IFNa was used for the last 30 years as therapy for hepatitis C and in some cases for
MPN therapy. In recent years, studies showed that patients with a JAK2V617F
mutation (PV or ET) receiving IFNa therapy reached complete molecular or
hematological responses. In these responses, JAK2V617F allele could not be
detected with current detection methods. Yet, the signaling pathway of IFNa in the
JAK2V617F malignant clone remained largely unknown (Kiladjian et al., 2016). The
MAPK pathway was the only suggestion of the IFNa signaling pathway in
JAK2V617F* cells (James et al., 2005). Therefore, the IFNa signaling pathway in
JAK2V617F* cells was investigated in detail an compared to JAK2 cells. The second
aim for this thesis is to obtain data on how IFNa eradicates JAK2V617F* cells while
leaving JAK2 cells unharmed. This was done by comparing obtaining data from
apoptosis assays to see whether JAK2V617F expressing cells are more sensitive to

IFNa mediated apoptosis. Afterwards, gene expression and protein activation in
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response to IFNa treatment will be analyzed in iPSC-derived JAK2 and JAK2V617F

cells.

3.2.4.1 IFNa does not cause apoptosis in iPSC-derived hematopoietic cells

It was shown that human JAK2V617F* CD34" cells were induced to go into
apoptosis by IFNa treatment (Lu et al. (2010), Mullally et al. (2013)). Other studies
showed that IFNa depletes JAK2V617F expressing long-term stem cells, thus
exhausting the stem cells pool of cells affected by the JAK2V617F mutation (Mullally
et al., 2013). Consequently, IFNa lead to complete hematological remissions in mice
and human. Other studies showed that murine HSC are induced to proliferate in vivo
(Essers et al. (2009), Pietras et al. (2014)).

To investigate whether JAK2 and JAK2VFhet iIPSC-derived hematopoietic cells
showed similar kinetics as previous studies, iPSC-derived hematopoietic suspension
cells were harvested on day 22 and 26 of differentiation. Cells were treated with
varying concentrations of IFNa (50 to 1600 U/ml) or left untreated for 2 days followed
by an MTT assay. As control of complete cell death cells were treated with
puromycin. An MTT assay measures the metabolic activity of viable cells in an
NADH-dependent manner as only viable cells are able to reduce MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to its insoluble form formazan.

As expected when treated with puromycin cells went into complete apoptosis
independent of the JAK2 genotype (Figure 44A). Notably, JAK2 iPSC-derived cells
did not show any reduction in viable cells. Surprisingly, JAK2VFhet iPSC-derived
hematopoietic cells also showed no sign of apoptosis over the tested range of IFNa
concentrations (Figure 44A). Furthermore, there was no difference in IFNa response
when comparing JAK2V617F to JAK2 iPSC-derived hematopoietic cells.
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Figure 44. IFNa does not cause apoptosis in iPSC-derived hematopoietic cells

JAK2_1 and JAK2V617F_1 iPSC-derived hematopoietic cells were harvested on day 22 or 26 of differentiation.
(A) An MTT assay was performed to quantify cell viability. After harvesting cells were washed once and diluted to
20000 cells per 90 pl with EHT medium followed by seeding into a microtiter plate. Next, 10 ul IFNa (50 to 1600
U/ml) were added per well followed by a 2 day culture period. Afterwards, 10 pul MTT was added and cells were
cultured for 4h. Finally, 100 pl Isopropanol-HCL was added and absorption was measured at 550 nm. SFM was
used as blank. A triple measurement per concentration was performed (n = 3). Puromycin (Puro) was used as
positive control for complete cell death. (B) Live/Dead staining using Zombie Aqua of PV1 iPSC derived
hematopoietic cells was performed. The percentage of living cells is shown (n = 3). A student’s t test was
performed for statistical analysis. JAK2VFhet was compared to JAK2. For each differentiation day p values are
indicated. Data points marked with (*) indicate samples with p-values < 0.05.

As there is a possibility to dilute responses to treatment when just looking at bulk cell
responses like in an MTT assay. Therefore, another assay looking on single cell
responses of IFNa treatment was performed to increase the sensitivity. To this end,
JAK2 and JAK2VFhet iPSC-derived hematopoietic suspension cells were harvested
on day 22 or day 26 of differentiation and cultured with chosen IFNa concentrations
(200, 400 and 1600 U/ml) for 2 days. Cell viability was analyzed by flow cytometry
using AgquaZombie. However, even when analyzing apoptosis on single cell level
IFNa treatment did not show a significant differences in the ratio of living and dead
cells for JAK2 and JAK2V617F iPSC-derived hematopoietic cells (Figure 44B).
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3.2.4.2 Gene expression of IFNa target genes in iPSC-derived hematopoietic
cells and patient PBMNC

As iPSC-derived cells failed to respond in 2 apoptosis assays (Figure 44) it lead to 2
hypotheses. The first one was that IFNa does not induce an apoptotic response but
a complex genetic response. The second hypothesis was that iPSC-derived
suspension cells are unresponsive to IFNa which might be because of a defect in
the IFNa signaling pathway. Therefore, the components of the IFNa signaling
pathway (Figure 11) were further investigated in iPSC-derived cells to see where
IFNa might be blocked.

It could be that RNA expression of IFNa signaling components, like IRF9, IRF7 or
STATL1 is low or absent in iPSC-derived cells. Activation and level of the IFNa
pathway can be evaluated by assessing the gene expression IFNa target genes, like
IRF7 and IRF9 in response to IFNa (chapter 3.2.4.2). Another block can be in the
phosphorylation of STAT1. With low STAT1 or pSTAT1 protein levels the response
to IFNa is not optimal and, consequently, IFNa responses are decreased in iPSC-
derived cells. Activation of the STAT1 can be evaluated by screening for pSTAT1
protein levels via immunoblotting after IFNa exposure (chapter 3.2.4.4). The last
possible block of IFNa signaling is that iPSC-derived cells do not display IFNAR1 or
IFNARZ2 on their surface. Without the receptor being displayed on the surface there
is no binding of the ligand and, consequently, no activation of the downstream
signaling cascade. Therefore, IPSC-derived cells can be stained with IFNAR1 and

IFNAR1 specific antibodies and analyzed with flow cytometry (chapter 3.2.4.3).

3.2.4.2.1 iPSC-derived hematopoietic cells do not upregulate IFNa target genes

upon IFNa stimulation

First, JAK2 and JAK2V617F iPSC-derived hematopoietic cells were analyzed

whether they express the genes to respond to IFNa. To this end, iPSC-derived
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hematopoietic suspension cells were harvested on day 18 of differentiation and
cultured for 4h in the presence and absence of 200 U/ml IFNa. RNA was extracted
and cells were subjected to RT-gPCR. Expression of IFNAR1, IFNAR2, IRF7 and

IRF9 was analyzed in response to IFNa.

In a first part, JAK2 and JAK2VFhet iPSC-derived hematopoietic cells were analyzed
for their IFNa target gene expression in the presence and absence of IFNa. As
shown in Figure 45A — B JAK2 and JAK2V617F iPSC-derived hematopoietic cells
express both IFNAR subunits in the absence of IFNa. Notably, the expression levels
of the receptor subunits seemed to differ. The maximal gene expression (Fold
GAPDH) for IFNAR1 is 4x higher than that of IFNAR2. This pattern of higher
IFNAR1 than IFNAR2 expression seems to be in line with studies from human
cancer cell lines (Booy et al., 2014). In the presence of IFNa JAK2 and JAK2VFhet
iPSC-derived hematopoietic cells upregulated IFNAR1 and IFNAR2. However, the

increase in gene expression was not significant.

Next, gene expression of IRF7 and IRF9 was studied. As shown in Figure 45C — D
RNA for both genes was detected in the absence of IFNa in JAK2 and JAK2V617F
iPSC-derived hematopoietic cells. Notably, IRF7 and IRF9 expression levels for
JAK2_2 iPSC-derived hematopoietic cells were lower than all the other iPSC-derived
hematopoietic cells without IFNa treatment. In the presence if IFNa all iPSC-derived
clones showed a slight upregulation of IRF7. Notably, upregulation was significant
only for JAK2_2 iPSC-derived hematopoietic cells (5-fold, Figure 45C). However, the
significance was not seen in IRF9 gene expression (Figure 45D). All iPSC-derived
cells upregulated IRF9, however, there was no significance seen. As seen in Figure
45 high variations within the independent experiments might be the reason for the

loss of significance.
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Figure 45. IFNa treatment of iPSC-derived hematopoietic cells does not upregulate IFNa target genes

iPSC clones of PV1 were subjected to hematopoietic differentiation as shown in Figure 34. On day 18 of
differentiation iPSC-derived hematopoietic cells were harvested from the supernatant and cultured without
cytokines in the presence or absence of IFNa (200 U/ml) for 4h. RNA was isolated and RT-gPCR for the
indicated genes was performed (n = 4 for JAK2_1 and JAK2VFhet_1; n = 3 for JAK2_2 and JAK2VFhet_2).
Circles represent samples that were cultured without IFNa. Squares represent samples that were treated with
IFNa. Colors represent the independent experiments data was obtained from. For statistical analyses Student’s t-

test was performed. Data points marked with (*) indicate samples with p-values < 0.05; Data points marked (**)
indicate samples with p-values < 0.005. Unm, unmutated; VFhet, JAK2V617F heterozygous.

In a second part, IFNa target gene expression was analyzed in JAK2VFhom iPSC-
derived hematopoietic cells from PV2 and PV3 iPSC clones. The experimental setup
stayed the same as for PV1 iPSC-derived hematopoietic cells. Surprisingly, iPSC-
derived hematopoietic cells from JAK2VFhom_1 iPSC did not upregulate any of the
selected IFNa target genes in the presence of IFNa (Supplemental Figure 14A). In

contrast, JAK2VFhom_2 iPSC-derived cells showed an IFNa dependent increase in
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gene expression for STAT1, STAT2 and IRF7 (Supplemental Figure 14B). In
response to IFNa there was a 2-fold increase for STAT1 and STAT2 and a 2.5-fold
increase for IRF7. Thus, JAK2VFhom_1 and JAK2hom_2 iPSC-derived cells seem
to have a similar response to IFNa as iPSC-derived hematopoietic cells generated
from PV1 iPSC (Figure 45).

Taken together, iPSC-derived hematopoietic cells from all 3 patients showed
expression of IFNAR1, IFNAR2, IRF7 and IRF9 in the absence of IFNa. However,
iIPSC-derived hematopoietic cells from all 3 PV patients failed to significantly
upregulate gene expression for IRF7 and IRF9 in iPSC-derived cells upon IFNa
treatment. It might be that high variations were the cause for the loss of significant
results. A more unlikely hypothesis was that all 3 patients were unresponsive to
IFNa.

3.2.4.2.2 Patient PBMNC show IFNa target gene expression

To study whether the unresponsiveness is specific to the iPSC-derived suspension
cells or is already seen in the cells used to generate the new iPSC lines, frozen
PBMNC from all 3 PV patients were thawed. Afterwards, patient PBMNC were
treated with and without 200 U/ml IFNa for 4h in the absence of cytokines. Next,
RNA was extracted and RT-gPCR for IFNAR1, IFNAR2, IRF7 and IRF9 was
performed. Peripheral blood from healthy blood donors of the transfusion medicine,
Uniklink Aachen was taken to isolate healthy PBMNC which were used as a positive

control for IFNa target gene expression (Figure 46).

Previous studies showed that IFNAR1 is highly expressed as its expression is
almost at GPADH levels in PBMNC (Massirer et al., 2004). Indeed, patient PBMNC
show the same relative expression in the absence of IFNa as described by Massirer
et al. (2004) (Figure 46A). Interestingly, when comparing patient PBMNC with iPSC-
derived cells IFNAR1 gene expression levels are 10x higher for patient PBMNC.
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This might suggest that patient PBMNC have more IFNAR1 protein levels,
consequently, a higher response to IFNa. As shown in Figure 45A — B and
Supplemental Figure 14 iPSC-derived hematopoietic cells demonstrated a difference
in IFNAR1 and IFNAR2 expression in the absence of IFNa. This expression pattern
is confirmed in the corresponding primary PBMNC (Figure 46A — B) and in line with
a previous study (Booy et al.,, 2014). RT-qPCR revealed also that IFNAR1 and
IFNAR2 expression was not affected by the presence of IFNa confirming the results

obtained from all iPSC-derived hematopoietic cells.

PV1 PBMNC showed expression of IRF7 which was in the range slightly higher than
in healthy PBMNC in the absence of IFNa (Figure 46C). Notably, relative expression
levels of IRF7 were at 4x to 10x higher in PV1 PBMNC compared to PV1 iPSC-
derived hematopoietic cells (Figure 45C). IRF7 expression in primary PBMNC from
PV2 and PV3 did not diverge from that of healthy PBMNC in the absence of IFNa
either. Interestingly, IRF7 expression in PV2 and PV3 PBMNC was in the range of
JAK2hom_1 and JAK2hom_2 iPSC-derived cells (Figure 46C). As expected healthy
PBMNC upregulated IRF7 expression significantly (13-fold) in the presence of IFNa.
Moreover, IRF7 expression increased significantly in primary PBMNC from all PV
patients. Strikingly, PBMNC showed a much stronger IFNa dependent upregulation
of IRF7 compared to iPSC-derived hematopoietic cells. For PV1 PBMNC a 3-fold
increase in IRF7 was detected while PV2 and PV3 PBMNC showed a 6-fold and 3-

fold increase, respectively (Figure 46C).

IRF9 expression in primary PBMNC (patient or healthy) was already highly
expressed in the absence of IFNa (Figure 46D). As for IRF7, IRF9 basal expression
of primary PBMNC was in the same range or even 2x to 10x higher than in iPSC-
derived hematopoietic cells. When healthy PBMNC were stimulated with IFNa IRF9
expression was significantly upregulated (4-fold). For all 3 primary patient PBMNC
expression of IRF9 was also increased in the presence of IFNa (1.5-fold for PV1 and
PV3, 2-fold for PV2), yet this increase was not significant. However, there is a trend
towards a higher expression of IRF7 and IRF9 in the presence of IFNa.
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Figure 46. Patient PBMNC upregulate IFNa target genes in response to IFNa

PV patient PBMNC were thawed in RPMI + 10% FCS and living cells were enriched by 3x centrifugation at 800
rpm for 10 min. Fresh PBMNC were isolated from healthy donors via density gradient centrifugation and used as
control. PBMNC were cultured in RPMI + 10% FCS without cytokines in the absence or presence of IFNa (200
U/ml) for 4h. RNA was isolated and RT-qPCR for the indicated genes was performed. Gene expression is shown
as Fold GAPDH (n = 5). Colors represent the independent experiments data was obtained from. For statistical

analyses unpaired Student’s t-test was performed. Data points marked with (*) indicate samples with p-values <
0.05; Data points marked (**) indicate samples with p-values < 0.005.

Taken together, primary PBMNC upregulate IRF7 and IRF9 significantly in the
presence of IFNa. Consequently, the unresponsiveness in iPSC-derived
hematopoietic cells is not patient specific but specific for the iPSC-derived
hematopoietic cells. There seemed to be an inconsistency in IFNa response
between primary PBMNC and their corresponding iPSC-derived hematopoietic cells
which needed to be investigated further.
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3.2.4.3 IFNAR1 and IFNAR2 expression on the cell surface of iPSC-derived
hematopoietic cells and patient PBMNC

Gene expression of IFNa target genes requires the binding of IFNa onto its receptor
(Figure 11). Therefore, the receptor has to be displayed on the cell surface for a
ligand, in this case IFNa to bind. RT-gPCR revealed that iPSC-derived
hematopoietic cells expressed IFNAR1 and IFNAR2 (Figure 45, Supplemental
Figure 14). However, receptor RNA expression was still 10x lower in iPSC-derived
cells (Figure 45) compared to primary PBMNC (Figure 46). Furthermore, IFNa target
genes were not significantly upregulated in iPSC-derived hematopoietic cells (Figure
45) while patient PBMNC displayed a robust upregulation of selected IFNa target
genes (Figure 46). Consequently, the unresponsiveness of iPSC-derived cells
towards IFNa stems from a mechanism that is specific to iPSC-derived cells. As
RNA expression does not always correlate with protein levels, an in this case display
of the receptor on the cell surface, the next step was to investigate the presence of
IFNAR1 and IFNAR2 on the cell surface of the iPSC-derived hematopoietic cells and
patient PBMNC.

3.2.4.3.1 A low percentage of iPSC-derived hematopoietic cells express IFNAR2 on

their cells surface

JAK2 and JAK2VFhet iPSC-derived suspension cells were harvested on day 18 of
hematopoietic differentiation. Cells were stained for IFNAR1 along with
differentiation markers shown in Figure 36 and analyzed by flow cytometry. As
mentioned in vitro hematopoiesis of iPSC stems from the EB layer that is developed
in between day 6 and day 14 of differentiation (Figure 35). The EB layer seems to
drive in vitro hematopoiesis and contained a multitude of differentiated myeloid cells
(Figure 39) and immature CD34" cells (Figure 42B). Thus, along with hematopoietic
suspension cells, JAK2 and JAK2VFhet EB layer was also harvested on day 18 of
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hematopoietic differentiation, dissociated into single cells and stained for IFNAR1

along with the same differentiation markers as for suspension cells (Figure 36).

In line with previous experiments (Figure 36, Figure 37) iPSC-derived suspension
cells showed their characteristic co-expression of CD31, CD43 and CD45 with more
than 95% of cells CD45* (Figure 47A, Supplemental Figure 16A). Interestingly,
multiple independent experiments showed that 1% to 10% of the CD45* cell
population displayed IFNARZ1 on their cell surface (Figure 47C). This suggests that
the poor IFNa response stems from the inability of IFNa to bind to the cells as there
is a low IFNAR1* population. The response that is seen in gene expression also
suggests that the signal from the IFNAR1* cells is diluted by the IFNAR~ cells. As
there was a high variation seen in IFNAR™ cells this might explain the high variation
observed in gene expression (Figure 45). Notably, the low percentage of CD45*

IFNAR1* cell population was iPSC clone independent.

In contrast, cells from the EB layer showed a lower CD31* CD43* HPC population
compared to the cells in the supernatant. This is in line with previous experiments
(Figure 42C). Out of the HPC population about 85% — 90% of the cells were
committed progenitors. In comparison to suspension cells 8% to 17% of CD45*
committed progenitors from the EB layer displayed IFNAR1 to a higher extent
(Figure 47B — C, Supplemental Figure 16B). The higher IFNAR1 expression in
CD45* committed progenitors of the EB layer seems to be clone independent, too,
indicating that IFNa responsive cells might rather be in the EB layer than in
suspension (Figure 47C). Consequently, suspension cells were unfit for IFNa
signaling pathway analysis. Therefore, when investigating the IFNa signaling

pathway one should isolated cells from the EB layer.
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Figure 47. iPSC-derived hematopoietic suspension cells express IFNAR1 at low levels on the cell surface

JAK2 and JAK2V617F iPSC clones of PV1 were induced to differentiate into hematopoietic cells according to
Figure 34. On day 18 of differentiation cells from the supernatant fraction were harvested by washing them off of
the EB layer. EB layer was harvested by digestion with Accutase. (A) Suspension cells and (B) cells from the EB
layer were stained with an IFNAR2-specific antibody and other surface markers followed by flow cytometry
analyses. Shown is a representative analysis for JAK2_2 and JAK2VFhet 2. Gating strategy was done
according to Supplemental Figure 23A. (C) Summary of IFNAR1* cells in the CD43*/CD31*/CD45" cell

population for all PV1 iPSC clones (n = 3). For statistical analysis a Student’s t test was performed by comparing
EB layer and suspension cells per JAK2 genotype. P values are indicated.

IFNAR1 was detectable to a low degree on IPSC-derived hematopoietic cells. Yet,
the overall identity of these cells was still unknown. To potentially know which cells
would primarily respond to IFNa and upregulate IFNa target genes iPSC-derived
hematopoietic cells were analyzed in more detail. To this end, iPSC-derived
suspension cells and cells from the EB layer were gated first on CD43* CD45" cells,
which are the committed hematopoietic cells. Further analysis was focused on the

granulocytic (CD66b*) and the megakaryocytic (CD61") lineage.

Granulocytes showed a low expression of IFNAR2 in supernatant and the EB layer
(Figure 48A — C, Supplemental Figure 17). In contrast, megakaryocytes were the
main cell type expressing IFNAR2 with a 10x higher percentage of CD61* IFNAR2*
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cells in comparison to CD66b* IFNAR2* cells (Figure 48A — B, D and Supplemental
Figure 17). Notably, the EB layer accumulates megakaryocytic cells as shown in
previous experiments (Figure 39E). Moreover, JAK2VFhet EB layer showed a
slightly lower megakaryocytic cell population which is in line with previous
experiments (Figure 39E). Hence, there are in total more cells in the EB layer that

express the IFNAR2 and can bind IFNa and respond to is binding.
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Figure 48. IFNAR expression is mainly found on CD61* cells in iPSC-derived hematopoietic cells

JAK2 and JAK2V617F iPSC clones of PV1 were induced to differentiate into hematopoietic cells according to
Figure 34. On day 18 of differentiation cells from the supernatant fraction were harvested by washing them off of
the EB layer. EB layer was harvested by digestion with Accutase. (A) Supernatant fraction and (B) cells from the
EB layer were stained with IFNAR1 and other surface markers followed by flow cytometry analyses. Shown is a
representative analysis for JAK2_2 and JAK2VFhet_2. Gating was performed according to Supplemental Figure
23A. (C — D) Summary of IFNAR1* cells in the (C) CD66b* and (D) CD61* cell population for 3 independent
experiments for all PV1 iPSC clones. For statistical analysis a Student’s t test was performed by comparing EB
layer with suspension cells per JAK2 genotype. P values are indicated.

Taken together, CD45* iPSC-derived hematopoietic cells from the suspension cells
express low levels of IFNAR1 on their surface whereas the same cell population
from the EB layer have a significantly higher percentage of IFNAR1* cells. This

could indicate that the EB layer might behave differently in response to IFNa than
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cells in suspension. CD61"* cells are the main cell type that expresses the IFNAR2 in
both supernatant fraction and EB layer. As the EB layer accumulates CD61* cells
there is another hint that the IFNa sensitive cells are rather in the EB layer than in
the supernatant fraction. Thus suggests that the main cells that respond to IFNa

might be megakaryocytes.

3.2.4.3.2 IFNAR1 and IFNAR2 is expressed on PV patient PBMNC

PBMNC contain different cell types with possible different levels of IFNAR 1 and
IFNAR2 expression. Hence, IFNAR1 and IFNAR2 surface expression was analyzed
on PV PBMNC to determine whether there is a differentiated cell type that has a
very high surface expression of IFNAR1 and IFNAR2 thus is most likely to respond
to a higher degree to IFNa thus mediating the IFNa effect in PV patients. To this
end, PBMNC were thawed and living cells were enriched via 3 washing steps
followed by centrifugation at 800 rpm. Healthy PBMNC were used as control (Figure
49 and Figure 50).
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Figure 49. Patient PBMNC express IFNAR1 and IFNAR2 on myeloid cells and on B cells

Healthy PBMNC were isolated from whole blood via density gradient centrifugation. Patient PBMNC were
thawed. Living and dead cells were separated by centrifugation at 800rpm. PBMNC were stained with CD3,
CD19, CD45, CD61, IFNAR1 and IFNAR2 specific antibodies immediately after isolation/purification. Gating

strategy of IFNAR1 and IFNAR2 analysis is shown. Grey histograms in the overlays show the signal for isotype
stained sample. MK, megakaryocytes, HPC, hematopoietic progenitor cells.

First, the lymphoid cells were analyzed. T cells were defined as CD45" CD3* cells
whereas the B cell lineage was determined as CD45* CD19* cells (Chungwen et al.,
2011) (Figure 49). CD3" T cells from all 3 PV patients and from healthy individuals
showed no detectable surface expression of IFNAR1 and IFNAR2 (Figure 50).
CD19* B cells expressed IFNAR1 10x higher that the negative control (IgG).
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Furthermore, there was no difference in expression level between PV patients and

healthy individuals (Figure 50B, lower left panel).
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Figure 50. Primary PV patient PBMNC express IFNAR1 and IFNAR2 at the same levels as healthy PBMNC

PV patient PBMNC were thawed in RPMI + 10% FCS and living cells were enriched via 3 washing steps with 1x
PBS and centrifugation at 800 rpm for 10 min. Healthy PBMNC were isolated form healthy donors via density
gradient centrifugation. PBMNC were stained with antibodies for flow cytometry against myeloid and lymphoid
lineage markers additionally to IFNAR1 and IFNAR2. Myeloid and lymphoid cells were analyzed for their IFNAR1
and IFNAR2 expression. Gating was done as shown in Figure 49. IgG staining was used as negative control. (A)

Overlays of IFNAR1 and IFNAR2 surface expression per cell type is shown. (B) Mean fluorescence intensity
(MFI) of IFNAR1 and IFNAR2 per cell type is depicted (n = 1).

Second, 2 subtypes from the myeloid cell lineage were analyzed. Monocytes were
usually as CD14* cells and clearly showed IFNAR expression (Thomas et al., 2017)
(Figure 50B, upper right panel). Depending of the heterodimer CD61 is bound in this
surface marker defines megakaryocytes and platelets or monocytes and
macrophages. Here, all CD61* cells were taken into account. Total CD61* cells in all
conditions expressed IFNAR2, yet as shown in Figure 50B (lower right panel), to a
different level. IFNAR2 surface expression in CD61* cell from PV patient 1 and 3 is
in the same range as for healthy individuals. However, PV patient 2 has a very high
expression of IFNAR2 in the CD61* cell population. Strikingly, this patient had an
allele burden of 96% of JAK2V617F* cells (Table 18) and flow cytometry showed an
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elevated CD61* cell population in peripheral blood. Thus, the higher IFNAR2

expression stems from the evaluated CD61* cell count.

In summary, all myeloid cells and B cells express IFNAR1 and IFNAR2, thus have
can respond to IFNa. More importantly, patient PBMNC do not show any major
differences in IFNAR1 and IFNAR2 expression level for myeloid cells or B cells
compared to healthy individuals. The only striking difference is in the CD61* cell
population which is elevated due to a high JAK2V617F allele burden in PV patient 2.
The hematopoietic differentiation system shown in Figure 34 formed all myeloid cells
that have been checked for IFNAR expression in PBMNC. Therefore, the IFNa
signaling pathway can be explored for myeloid cells. Unfortunately, lymphoid cells

could not be formed with the differentiation system.

3.2.4.4 iPSC-derived hematopoietic cells display low levels of STAT1 protein

and show no phosphorylation of STAT1 in response to IFNa

Beside IFNAR1 and IFNAR2 expression on the cell surface, iPSC-derived
hematopoietic suspension cells were also analyzed for other molecules of the IFNa
signaling pathway. When IFNa binds to its receptor STAT1 and STAT2 are
phosphorylated by TYK2 and JAK1 which dimerizes and is transferred into the

nucleus to activate gene expression (Platanias, 2005) (Figure 11).

First, iPSC-derived hematopoietic cells were checked for STAT1 gene expression.
To this end, suspension cells were harvested on day 18 of hematopoietic
differentiation and subjected to RT-gPCR. In the absence of IFNa STAT1 gene
expression is low in hematopoietic cells from all PV1 iPSC clones (Figure 52A). In
the presence of IFNa STAT1 gene expression increases, yet, the level of

upregulation seems to be clone-specific. iIPSC-derived hematopoietic cells from
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JAK2_ 1 and JAK2VFhet_1 upregulate STAT1 expression to the same extend (2-fold
and 2.5-fold, respectively) whereas IPSC-derived hematopoietic cells from
JAK2VFhet_2 show only a minor increase in STAT1 mRNA level. Moreover, iPSC-
derived hematopoietic cells from JAK2_2 show a 5-fold upregulation in STAT1
expression when stimulated with IFNa (Figure 52A) which is significant as it was

shown for IRF7 and IRF9 expression (Figure 46).

As PV patient PBMNC were responsive to IFNa and upregulated IRF7 and IRF9
quite strongly (Figure 46), patient PBMNC were checked for their STAT1 gene
expression along with freshly isolated healthy PBMNC which were used as control.
Moreover, STAT1 gene expression in patient PBMNC was also compared to STAT1
levels of PV1 iPSC-derived hematopoietic cells. STAT1 gene expression is in
healthy PBMNC is low in the absence of IFNa (Figure 52B). Interestingly, in the
absence of IFNa all patient PBMNC have higher STAT1 expression levels compared
to healthy PBMNC. As shown in Figure 52B patient PBMNC express STAT1 2-fold
higher than GAPDH. With IFNa stimulation STAT1 gene expression increased in
patient (3.fold for PV1, 3.5-fold for PV2 and PV3) and healthy PBMNC (5.5-fold)
increased strongly. Notably, expression levels for iPSC-derived cells were 10x lower
than in their corresponding primary cells (Figure 52A — B) which is line with previous
results (Figure 45 — Figure 46).

STAT2 is another component in the IFNa pathway (Figure 11). Gene expression
analyzes of iPSC-derived hematopoietic cells showed a clone dependent expression
pattern. Accordingly, in the absence of IFNa STAT2 gene expression is low in iPSC-
derived hematopoietic cells. Surprisingly, when stimulated with IFNa STATZ2 is not
upregulated for all iPSC clones as STAT1 gene expression. For JAK2 2 and
JAK2VFhet_2 STAT2 gene expression stayed at the same level as without IFNa
treatment (Supplemental Figure 15A). JAK2_1 and JAK2VFhet_1 barely show a 2-
fold upregulation of STAT2, yet without any significance. In contrast, primary patient
PBMNC and healthy PBMNC upregulated 3 to 4.6-fold and 9-fold, respectively,
(Supplemental Figure 15B). As shown for STAT1 (Figure 52) and IFNAR1 (Figure 45
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— Figure 46) iIPSC-derived suspension cells again showed 10x lower relative gene
expression for STAT2 than patient PBMNC.
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Figure 51. iPSC-derived hematopoietic cells upregulate STAT1 gene expression upon IFNa treatment

(A) iPSC-derived hematopoietic cells of PV1 were harvested on day 18 of differentiation and were cultured
without growth factors in the presence or absence of IFNa (200 U/ml) for 4h. RNA was isolated and RT-qPCR for
STAT1 was performed. Shown is the STAT1 gene expression normalized to GAPDH (n = 3). For statistical
analyses Student’s t-test was performed. (B) PV patient PBMNC were thawed in RPMI + 10% FCS and living
cells were enriched by 3x centrifugation at 800 rpm for 10 min. Healthy PBMNC were isolated from healthy
donors via density gradient centrifugation. Cells were processed for RT-qPCR as described in A. STAT1 gene
expression normalized to GAPDH is shown (n = 5). Colors in A and B represent the independent experiments
data was obtained from. Circles represent samples cultured without IFNa. Squares represent samples cultured
with IFNa. For statistical analyses unpaired Student’s t-test was performed by comparing untreated with IFNa
treated samples. Data points marked with (*) indicate samples with p-values < 0.05; Data points marked (**)
indicate samples with p-values < 0.005. Unm, unmutated; VFhet, JAK2V617F heterozygous.

Second, to investigate whether gene expression of STAT1 also reflects protein
levels iIPSC-derived hematopoietic cells were analyzed for total STAT1 protein.
Furthermore, activation of STAT1 in response to IFNa was analyzed by pSTAT1
protein levels. To this end, JAK2 and JAK2VFhet iPSC were differentiated into
hematopoietic cells. On day 26 to 34 of differentiation suspension cells were
harvested, starved in RPMI to abrogate any cytokine signaling that would interfere
with STAT1 and pSTAT1 detection followed by stimulation with IFNa. Freshly
isolated healthy PBMNC were used as positive control for IFNa stimulation (Figure
52, Supplemental Figure 18). Additionally, HEK293T cells transfected with human
JAK2V617F vector was used as control for protein size.
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In healthy PBMNC total STAT1 protein could be detected in the presence and
absence of IFNa (Figure 52A). Without IFNa stimulation healthy PBMNC do not
show any pSTAT1 protein indicating that the starvation period was sufficient. As
expected healthy PBMNC showed a strong phosphorylation of STAT1 in response to
IFNa stimulation (Figure 52A). HEK293T cells overexpressing human JAK2V617F
show a low STAT1 protein levels. However, JAK2V617F transduced HEK293T show
high pSTAT1 levels without any IFNa stimulation (Figure 52A).

In contrast to healthy PBMNC, iPSC-derived hematopoietic cells showed low to
undetectable levels of total STAT1 protein in the absence of IFNa (Figure 52B — C).
Furthermore, STAT1 protein levels could not be increased with IFNa stimulation. As
expected iPSC-derived suspension cells show no pSTAT1 protein levels in the
absence of IFNa. With IFNa stimulation pSTAT1 levels were not detectable in iPSC-
derived hematopoietic cells. This was also independent of iPSC clone (Figure 52B —
C). This result is in line with the low IFNAR1 surface expression of iPSC-derived
hematopoietic cells (Figure 47). There were very few cells to bind IFNa,
consequently, there are few cells to activate STAT1. Thus, the low pSTAT1 levels

were detected in Western Blot.

Taken together, STAT1 and STAT2 mRNA could be detected in iPSC-derived
hematopoietic suspension cells and primary PBMNC. STAT1 mRNA levels
increased with IFNa stimulation in patient and healthy PBMNC significantly, yet
iIPSC-derived hematopoietic cells showed only a trend towards higher STAT1 gene
expression. STAT2 gene expression barley showed an upregulation in iPSC-derived
hematopoietic suspension cells in response to IFNa while gene expression in
PBMNC was significantly upregulated. Moreover, the level of upregulation of STAT1
expression seems to be clone-specific. However, STAT1 mRNA did not correspond
to STAT1 protein in iIPSC-derived hematopoietic cells. In comparison to primary
healthy PBMNC iPSC-derived hematopoietic cells possess low STAT1 protein levels

and undetectable pSTATL1 protein levels when stimulated with IFNa indicating that,
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additional to the few CD45* IFNARL1* cells, iPSC-derived hematopoietic cells have
too low STAT1 protein to transport IFNa signaling to the nucleus and activate gene

transcription.

A healthy B JAK2_1 ol G JAK2  JAK2_2  JAK2 ctrl
PBMNC ctrl VFhet_1 VFhet_2
IFNo -+ IFNo -4 IFNo S
pSTAT1 - W s \.J' pSTAT1 -
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Figure 52. iPSC-derived hematopoietic cells show low STAT1 and pSTAT1 protein upon IFNa stimulation

(A) Healthy PBMNC were isolated as in Figure 51B. Cells were starved in RPMI for 4h followed by a pulse of
IFNa (2000 U/ml) for 30 min. Afterwards, protein was isolated with RIPA buffer. Next, 40 pg protein per sample
was loaded onto a 10% SDS gel and SDS-PAGE was performed for 2h at 25mA per gel. Proteins were blotted
onto a nitrocellulose membrane for 2h at 80mA per membrane followed by a 2h blocking with 4% skim milk.
Membranes were probed with antibodies against STAT1, pSTAT1 and Actin over night at 4°C. After washing
membranes were probed with secondary antibodies for 1h at room temperature. After another washing step
detection was done with ECL substrate. STAT1 and pSTAT1 detection was performed on separate membranes.
HEK 293T transfected with JAK2V617F vector was used as control (ctrl) for STAT1 or pSTAT1 protein size. (B —
C) iPSC derived hematopoietic cells were harvested from suspension on day 26 to 34 of hematopoietic
differentiation. Afterwards, cells were starve and pulsed with IFNa as described in A. Protein isolation, SDS-
PAGE and protein detection was done as described in A. Repeat experiments are in depicted in Supplemental
Figure 18 (n = 3).

In conclusion, the newly generated JAK2 and JAK2V617F iPSC clones differentiated
into hematopoietic cells. Notably, only myeloid cells and no lymphoid cells
developed with the adapted differentiation system. JAK2VFhet iPSC clones
recapitulate the increased red blood cell production in vitro, thus, these clones can
be used as a model system for human PV and deregulated erythropoiesis.
Furthermore, JAK2V617F expressing cells showed an increased expansion of
CD34* cells including HE cells, resulting in higher yield during harvests. Independent
of the JAK2 genotype suspension cells in iPSC hematopoietic differentiation show
10x lower gene expression of IFNa target gene in comparison to patient and healthy
PBMNC. Moreover, iPSC-derived suspension cells showed low STAT1 protein

levels in the absence of IFNa and pSTAT1 protein was barely detectable with IFNa
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stimulation. As a result iPSC-derived cells showed a low IFNa response. The overall
cause of the suboptimal activation of the IFNa pathway might be due to a low
IFNAR1* cell population for iPSC-derived suspension cells. Interestingly, the EB
layer had more IFNAR1" cells. Therefore, the EB layer could be used to isolate

IFNAR1* cells and investigate IFNa signaling.
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4 Discussion

The hematopoietic system and the consequences of mutations in hematopoietic
stem cells have been studied in mouse and zebrafish models extensively. With the
discovery and use of iIPSC and ESC there have been various milestones in the
modeling of human hematopoiesis. Other strategies have been implemented to
define surface markers during certain stages of development (Pereira et al., 2016).
The use of patient derived iPSC to model human diseases, such as cardiovascular
diseases, ALS, Parkinson’s disease or even CML has further shed light onto the
disease pathogenesis (Yoshida and Yamanaka (2017), Ghaffari et al. (2018),
Dimos et al. (2008), Badger et al. (2014), Kumano et al. (2012)). Additionally,
model systems helped to identify potential drug targets or explored the used of iPSC
derived cells in immunotherapy (Elitt et al. (2018), Zhu et al. (2018)).

One mutation that causes hematological diseases is BcrAbl, the driver mutation for
CML. Studies for differential expressed genes in CD34* CML vs healthy cells show a
downregulation of the transcription factor IRF8 (Hao and Ren, 2000). Furthermore,
studies showed that BcrAbl downregulates IRF8 expression directly via STATS5
(Waight et al. (2014), Waight et al. (2013)). IRF8 is involved in many signaling
pathways during hematopoiesis, especially the development of myeloid cells. It is
the main transcription factor in the development of plasmacytoid DC (pDC) and
CD8a* c¢DC and its lack results in immunodeficiency (Tsujimura et al. (2003),
Bornstein et al. (2014), Schiavoni et al. (2002), Hambleton et al. (2011)).
Increasing findings in IRF8~ mice and primary CD34* CML cells has established
IRF8 as a tumor suppressor gene (Tamura et al., 2015). While TKI like Imatinib are
available to treat CML patients now, IFNa was used to manage CML before.
However, results of IFNa treatment are mixed and studies linked low IRF8
expression with low response rates to IFNa (Lee et al. (1992), Talpaz et al. (1991)).
But the mechanism of how IFNa exerts its anti-proliferative effect in CML cells has
not been described. Moreover, the involvement of IRF8 in IFNa treatment is still

unclear.
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A second mutation that causes a hematological disease is JAK2V617F, a point
mutation in JAK2 and a driver mutation in PV, ET and PMF. IFNa treatment in
JAK2V617F* PV patients can be used as substitute for TKI treatment and its results
are superior to those achieved in CML patients. There have been several studies
investigating the influence of IFNa and its signaling pathway in JAK2V617F*
hematopoietic cells. Studies found that IFNa treatment lead to a reduction in all
blood parameters and JAK2V617F allele burden (Hasan et al., 2013). It was also
shown that IFNa treatment caused an exit from GO phase of murine HSC, a
reactivation of the cell cycle and finally an exhaustion of the leukemic stem cell pool
(Essers et al. (2009), Mullally et al. (2013)). However, these were only hints of a
mechanism how IFNa acts in this disease causing stem cells. A direct mechanism
has not been described yet.

4.1 The relevance of IRF8 in CML and for IFNa therapy

To examine the role of IRF8 in CML pathogenesis IRF8** and IRF8~~ hematopoietic
cells were transfected with BcrAbl followed by culture in cytokine deprived
conditions. Although BcrAbl* IRF8** hematopoietic cells expanded in these
conditions (Figure 19) BcrAbl* IRF8~~ hematopoietic cells showed a higher
expansion in these conditions than BcrAbl™ IRF8** hematopoietic cells (Figure 24B).
Moreover, BcrAbl* IRF8~- hematopoietic cells acquired a TKI resistance (Figure
25B). This thesis also showed that TKI does not eradicate immature ckit* cells
(Figure 26C — D).

The role of IRF8 and other Interferon regulators factors in CML pathogenesis has
been studied in patient samples and mouse models alike (Watanabe et al. (2013),
Manzella et al. (2016), (Tamura et al., 2015)). Early on research showed that
murine IRF87~ cells exhibited reduced apoptosis and enhanced proliferation
(Gabriele et al. (1999), Burchert et al. (2004)). Later it was found that IRF8 controls
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anti-apoptosis related genes, like BCL-2. BCL-2 is a key regulator of mitochondrial
mediated apoptosis. In part this illustrates how IRF8 might act as a tumor
suppressor (Neubauer et al. (2004), Danisz and Blasiak (2013)). A most recent
study showed that the tumor suppressor function of IRF8 is conserved over the
species, as lack of IRF8 in zebrafish showed the same overproduction of myeloid
cells (Zhao et al., 2018). The growth advantage and TKI resitance of BcrAbl* IRF8-
hematopoietic cells seen in this thesis could be explained with a deregulated
apoptosis mechanism due to the absence of the tumor suppressor IRF8 (Figure
24B). As BcrAbl also activates anti-apoptotic pathways on its own it seems that the
lack of IRF8 and the expression of BcrAbl show synergism in leukemic stem cells. It
has been shown that the lack of IRF8 can also synergize with other mutations in
leukemia, such as AML1-ETO or MEIS1 and MEIS3 in AML (Schwieger et al.
(2002), Hara et al. (2008), Sharma et al. (2015)). Also, BcrAbl is known to
synergize with other mutations, such as JAK2 (Grundschober et al.,, 2014). This
synergy between IRF8 deficiency and BcrAbl expression seems to render the cells
resistant to TKI therapy. Weinstein (2002) showed early in CML research that
mutated cells are oncogene addicted, i.e. transformation and signaling relies heavily
on the acquired mutation overriding the normal cell signaling. Therefore, when set
under cytokine starvation BcrAbl* IRF8** cells expand (Figure 20). However, BcrAbl
signaling is needed in cytokine deprived cultures thus when inhibited by Imatinib
BcrAblt IRF8** cells lose their survival advantage in these conditions (Figure 22,
Figure 23 and Supplemental Figure 5). As the lack of IRF8 results in the
uncontrolled transcription of anti-apoptotic genes IRF8~~ cells are not as oncogene
addicted and are able to survive in cytokine deprived cultures in combination with

Imatinib treatment (Figure 25B).

More recent studies have suggested that TKI resistance stems from nuclear B-
catenin that acts independently of BcrAbl or its inhibition by TKI (Eiring et al., 2015).
This might be a hypothesis as to why immature IRF8** BcrAbl* ckit* cells are not
inhibited by TKI (Figure 26C — D). Although Imatinib therapy was a breakthrough in
managing CML and eradicating BcrAbl* cells patients still experience relapses due

to BcrAbl* LSC that have not been eliminated by Imatinib treatment (Bocchia et al.
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(2018), Hiwase et al. (2013), Schubert et al. (2017)). Corbin et al. (2011) proposed
a model for relapses in Imatinib treated cells and the eventual relapse of the disease
due to not eradicating LSC. A recent study by Carter et al. (2016) suggested that a
combination of Imatinib treatment and a BCL-2 inhibitor inhibits BcrAbl and its
downstream signaling. Moreover, Carter et al. (2016) showed that the combination

eradicated CML stem cell numbers in mice and prolonged survival of the mice.

It is suggested that low IRF8 levels in CML patients are indicative of a poor outcome
of IFNa therapy. However, experiments with IFNa in murine BcrAbl* cells did not
show a difference in reducing cell numbers (Figure 25C — D) or specific cell
populations (Figure 26C — D) depending on IRF8.

As IFNa activates a multitude of signaling pathways it is possible that alternative
mechanisms might act in these cells. Indeed, Yokota et al. (2017) suggested that
IFNa induces C/EBPB via STATS in primary Lin- CD34* CML cells and that this
would exhaust leukemic cells in CML. Fish et al. (1999) and Platanias et al. (1999)
suggested that IFNa can activate CRKL1 and CRKL2 proteins. A follow-up study by
Grumbach et al. (2001) showed that IFNa induces the CRKL adapter proteins via
STAT5 and the subsequent activation of PML and RAP1 in BcrAbl* cell lines. PML
and RAP1 expression was followed by activation of anti-proliferative genes. As
BcrAbl also binds CRKL for anti-apoptotic signaling pathways Grumbach et al.
(2001) suggested a competition of BcrAbl and IFNa for the binding of CRKL protein.
Mayer et al. (2001) and Verma et al. (2002) suggested the involvement of the p38
MAPK pathway. However, this only was true for an already IFNa sensitive cell line,
KT-1 cells. K562 cells did not induce the p38 MAPK pathway upon IFNa signaling
(Mayer et al., 2001). As this pathway was also suggested to be activated in
JAK2V617F* cells it would have been a good link between the 2 MPN forms (Lu et
al., 2010).
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4.2 Kinetics of hematopoietic differentiation of patient derived iPSC

Using iPSC to model human hematopoiesis specific protocols and specific cytokine
compositions had to be applied to specifically induce the mesodermal germ layer
and finally the directed differentiation into the hematopoietic lineage. To this end, the
protocol published by Kennedy et al. (2012) was the basis for the hematopoietic
differentiation protocol used in this thesis (Figure 17). CD34* cells were only
detected in EB on day 6 of differentiation and low amounts of CD34* cells were
released into the supernatant between day 14 and day 30 of differentiation (Figure
36, Figure 37, Supplemental Figure 8A). Otherwise, iIPSC-derived hematopoietic
cells co-expressed CD45, CD43 and CD31 (Figure 36).

Over recent years different protocols for the differentiation of IPSC into the
hematopoietic lineage have been published (Kennedy et al. (2012), Kovarova et al.
(2010), Salvagiotto et al. (2011), Li et al. (2017), Leung et al. (2018), Sontag et al.
(2017b)). Early protocols were based on the formation of EB followed either by the
stepwise application of specific transcription factors or the application of FCS for the
induction of the mesoderm and eventual formation of HE cells. However, other
approaches were also developed to seed single cells and treat these with cytokines
like BMP4, VEGF, and bFGF to induce the formation HE cells (Salvagiotto et al.,
2011). All hematopoietic differentiation approaches show the development of the
same cell type — CD34* HE cells — either by EB dissolving into HSC or by EB
attaching to the plate and continuously releasing HSC into the medium (Kennedy et
al. (2012), Kovarova et al. (2010), Li et al. (2017)). As shown in Figure 35 the
formation of HSC was more similar to the approach used by Kovarova et al. (2010)

than the approach by Kennedy et al. (2012).

All mentioned approaches rely on the formation of CD34" HE cells, therefore the
differentiation kinetics are greatly similar to the kinetics shown in this thesis (Figure
36). One difference is the lack of CD43* cells on day 6 of differentiation as shown by
Kennedy et al. (2012), Sturgeon et al. (2014) or Kovarova et al. (2010). For JAK2
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and JAK2V617F iPSC clones CD43 expression could only be detected on day 14 of
differentiation. One might speculate that these differences have technical reasons
depending on the activity of the used cytokines or the used antibody for CD43.
However, Kovarova et al. (2010) showed that CD43" cells expressed CD34 which is
in contrast to this thesis as CD43" cells co-expressed CD45 (Figure 36) and that the
majority of CD34* cells was attached to the EB layer (Figure 42B). Another
difference in published kinetics and the kinetics described in the thesis is the
presence of CD235a* cells during differentiation even for JAK2 iPSC clones (Figure
36 and Figure 37C). While Salvagiotto et al. (2011) showed the emergence of
CD235a" cells during differentiation, Leung et al. (2018) and Sturgeon et al. (2014)
showed that these cells are a marker for primitive hematopoiesis early in
hematopoietic differentiation. This suggests that the differentiation shown is this
thesis is rather primitive hematopoiesis. Consequently, the higher percentage of
CD235a" cells for JAK2V617F iPSC clones (Figure 36 and Figure 37C) suggests
that JAK2V617F has also an influence on the primitive hematopoiesis.

As shown by Kovarova et al. (2010) and the results in this thesis (Figure 35 — Figure
39, Figure 40B) an EB layer developed during hematopoietic differentiation. This EB
layer provided a constant replenishment of hematopoietic stem cells during
differentiation. Furthermore, it was composed of endothelial like cells, HE cells and
housed multiple hematopoietic cell types. These results provided a hypothesis that
the EB layer is able to mimic the hematopoietic stem cells nice. It was shown that
endothelial cells (EC) are an essential component of the hematopoietic stem cell
niche (Asada et al., 2017). Notably, it was shown that EC of PV patients express
JAK2V6E17F (Sozer et al. (2009), Rosti et al. (2013)). Therefore, this might suggest
that EC expressing JAK2V617F and the microenvironment have an influence on
hematopoietic differentiation (Pinho et al., 2018). The promotion of LSC by the
altered microenvironment was already shown for BcrAbl* CML cells (Zhang et al.,
2012). Recent studies showed that JAK2V617F* EC promoted JAK2V617F" HSC
expansion at the expense of JAK2 HSC (Lin et al. (2016), Zhan et al. (2018)).
Therefore, for future applications of the presented culture system (Figure 34, Figure

35) it might be advantageous to investigate the EB layer more closely as there might
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be possible interactions of JAK2V617F* HSC with JAK2V617F* EC in in vitro culture
of iPSC differentiation.

4.3 JAK2V617F oncogenic potential in human hematopoiesis

It this thesis, it was shown that heterozygous JAK2V617F iPSC are not entirely
independent of cytokine signaling as in the absence of EPO no or very low CD45~
CD235a* cells developed (Figure 43A and Figure 39C, respectively).
Overexpression of JAK2V617F in murine BM cells resulted in low expression of
JAK2V617F in murine BM cells (Figure 27). Moreover, even though JAK2V617F was
expressed BM cells showed only a moderate cytokine independence (Figure 28B)
suggesting that JAK2V617F has weak oncogenic abilities on its own. A study by Ishii
et al. (2007b) confirmed that hint as they showed that JAK2V617F mutant CD34*
cells from ET and PV patients demonstrate relatively poor engraftment. Furthermore,
there are several mouse models overexpressing JAK2V617F or in which
JAK2V617F* cells were transplanted in limiting dilution assays into host mice. Knock
in models of JAK2V617F showed an MPN phenotype when only JAK2V617F was
expressed (Grisouard et al. (2015), Lacout et al. (2006), Mullally et al. (2010)).
However, limiting dilution experiments showed a long latency of the disease until
MPN phenotype was visible or mice never showed an MPN phenotype at all
(Shimizu et al., 2016).

JAK2 is usually coupled to type 1 homodimeric cytokine receptors that lack intrinsic
kinase activity. These receptors are found in the myeloid lineage. Consequently, a
gain of function mutation in JAK2, such as JAK2V617F has effects on the myeloid
lineage. Already in 1976 a study of 2 PV patients showed that these patients show
an expansion of erythrocytes, granulocytes and platelets which was confirmed 30
years later in mouse models (Adamson et al. (1976), Lacout et al. (2006), Shimizu

et al. (2016)). This, however, is in contrast to the long-term differentiation of JAK2
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and JAK2V617F iPSC (Figure 39E). Although, there was an increase in the
megakaryocytic lineage this could only be seen between EB layer and supernatant
cells. However, when JAK2 and JAK2V617F were compared there was no
difference in the megakaryocytic lineage. It is tempting to assume that the contrast in
mouse model and iPSC culture stems from the isolation technique of cells from the
EB layer as there were high variations in the percentages of CD45* and CD45- cells
(Figure 38). Meaning that due to a suboptimal isolation there is an
underrepresentation of CD45* cells, consequently, a low representation of total cell
populations in the EB layer. Therefore, the statistics would show no difference in
JAK2 and JAK2V617F. However, it was already shown that JAK2V617F alone is a
weak oncogene (Ishii et al., 2007b). Therefore, it might be possible that JAK2V617F

iPSC cannot recapitulate all aspects of PV in vitro.

4.3.1 JAK2V617F confers an hypersensitivity to cytokines

The expansion of the red cell lineage is the most striking clinical feature of PV.
During hematopoietic differentiation JAK2V617F had a minor effect on the CD45~
CD235a" cell population (Figure 37C). However, directed differentiation of JAK2,
JAK2V617F heterozygous and JAK2V617F homozygous iPSC derived
hematopoietic cells resulted in an increased production on CD45- CD235a* cells
that were later identified as normoblasts (Figure 43, Supplemental Figure 13C).
Consequently, JAK2V617F displayed a dose/allele dependent hypersensitivity
towards EPO in iPSC-derived cells.

This is in line with studies using JAK2V617F* primary cells or iPSC. Dupont et al.
(2007) found that ET patients rather displayed JAK2 and JAK2V617F/WT colonies
and displayed hypersensitivity at low doses of EPO in CFU assays. In contrast, PV
patients displayed JAK2V617F heterozygous and a high amount of JAK2V617F

homozygous colonies which were hypersensitive to EPO. Moreover, homozygous
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colonies from PV patients grew independent of EPO. Another study by Ye et al.
(2014) generated an iPSC line from a PV patient who was homozygous for
JAK2V617F. In line with Dupont et al. (2007) the authors showed an EPO
independence as CD235a* cells for JAK2V617F homozygous clone iPSC were
observed in flow cytometry. However, both studies are in slight contrast to the
results presented in this thesis. Only hematopoietic cells derived from
JAK2VFhom_1 show a minor EPO independency (Figure 43A). However, Ye et al.
(2014) use a 10x higher EPO concentration (2 U/ml) in their red blood cell
differentiation than used in this thesis. It can be speculated that the higher EPO
concentration might enhance the hypersensitivity effect of JAK2V617F. In contrast to
Ye et al. (2014), a study by Saliba et al. (2013) that used a JAK2V617F
heterozygous iPSC clone showed an independency towards TPO rather that EPO.

In combination with additional mutations JAK2V617F expressing cells also gain
advantages over their wild type counterparts. For example, Grand et al. (2009)
analyzed CBL mutations in patient samples and found missense mutations in most
cases of PV patients. When overexpressed in 32D cells co-expressing FLT3
mutations in CBL conferred a proliferation advantage in transduced cells. A study by
Aranaz et al. (2012) confirmed these results and showed that the proliferative
advantage is due to the hypersensitivity. A mutation in the CBL gene was detected
in all iPSC clones used in this thesis (Table 21). Therefore, a possible
hypersensitivity to IL3 due to the CBL mutation is transferred to all iPSC clone
independent of JAK2V617F allele.

4.3.2 JAK2V617F confers enhanced expansion to CD34" cells

Results gained from JAK2V617F iPSC-derived hematopoietic cells showed a
significant increase in CD34* CD31" HE cells in the first 6 days of hematopoietic
differentiation (Figure 36 and Figure 37A). This was supported by a higher number
of JAK2V617F* CD34" cells in the EB layer and a trend towards higher proliferation
of JAK2V617F* CD34* cells (Figure 42C). This suggests that JAK2V617F also
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confers an increased proliferation on the stem cell level. However, in literature there
is a controversy about the possible enhancing capabilities of JAK2V617F in the

hematopoietic lineage (Skoda, 2010).

To uncover the mechanism behind the increased HSC expansion studies with cell
lines such as K562, HEL and BaF3 cells have been carried out (Walz et al. (2006),
Wernig et al. (2008)). Walz et al. (2006) observed that JAK2V617F* cells have an
increased percentage of cells in S phase. Consequently, JAK2V617F cells grew.
Wernig et al. (2008) found that the higher expansion of JAK2V617F* cells is
mediated due to higher PIM and cMyc expression. However, these studies were
done with cell lines and not with primary cells. Results from JAK2 and JAK2V617F
iPSC EB layer did not show any difference in cell cycle phases either for total cells
or CD45" cells (Figure 41).

Several studies in mouse models and also in isolated primary cells showed that
JAK2V617F promoted the cell division of CD34* cells (Lundberg et al. (2014), Fink
et al. (2013), Kent et al. (2013), Hasan et al. (2013)). Moreover, these studies also
provided results detailing an increased entering into the cell cycle and an increase in
the percentages and total cell numbers of early (LSK and SLAM cells). This is in line
with results obtained in this thesis as JAK2V617F* CD34* cells isolated from the EB
layer showed an increased cell number after 12 days of proliferation in comparison
to their JAK2 counterparts (Figure 42D) which would support the higher proliferative
capacity of the most primitive hematopoietic cells. In contrast, other studies using
mouse models and primary cells from PV, ET and MF patients merely showed an
expansion of the late myeloid cells (MEP cells) and that JAK2V617F did not have
any expansion of the stem cells pool (Anand et al. (2011), Mullally et al. (2010),
James et al. (2008)). Notably, Anand et al. (2011) showed an expansion effect in
primary MF patient cells and JAK2V617F homozygous samples suggesting that
either additional mutations or the JAK2V617F allele burden influences the expansion

of the HSC compartment.
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Anand et al. (2011) suggested that the proliferative effect in JAK2V617F* cells may
be attributed to additional mutations. In line with this statement several studies
showed a synergy between JAK2V617F and additional mutations, such as loss of
EZH2 and TET2 (Delnommeau et al. (2009), Moran-Crusio et al. (2011), Chen et
al. (2015), Shimizu et al. (2016)). All studies showed that the loss of EZH2 or TET2
enhanced the oncogenic ability of JAK2V617F and expanded the HSC
compartment. Notably, Chen et al. (2015) showed an expansion of the LT-HSC, ST-
HSC and MPP compartment in the spleen independent of TET2 loss. However,
TET2 deletion conferred a strong functional competitive advantage to JAK2V617F*
HSC. As JAK2V617F clones contain a TET2 mutation it is tempting to say that this is
the underlying cause for the higher explanation of CD34* cells (Figure 42D).

4.4 Evaluating the IFNa signaling pathway
4.4.1 IFNa response in JAK2 and JAK2V617F" iPSC-derived hematopoietic

cells contrasts with other iPSC-derived cells

To understand the molecular mechanism of the IFNa signaling pathway iPSC
derived hematopoietic cells from the supernatant fraction were treated with and
without IFNa followed by gene expression analysis of IFNa target genes, like IRF7
and IRF9. Surprisingly, treatment of JAK2 and JAK2V617F iPSC-derived
hematopoietic cells showed a poor response towards IFNa (Figure 45, Supplemental
Figure 14). IFNa target genes, like IRF7 and IRF9 barely displayed an upregulation
in the presence of IFNa. This is in contrast to the underlying patient PBMNC that

showed as significant upregulation of IRF7 upon IFNa treatment (Figure 46).

A study by Kiladjian et al. (2010) showed that a hematological response was
achieved in 80% of PV patients after IFNa therapy. However, due to an additional
TET2 mutation PV patients showed a resistance towards IFNa treatment. As Table
21 showed both PV 1 JAK2V617F* iPSC clones have a mutation in the TET2 gene.
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It is tempting to assume that the IFNa resistance in the JAK2V617F* iPSC derived
hematopoietic cells is due to the TET2 mutation. However, JAK2_1 iPSC clone does
not show a mutation in TET2 and still showed the same poor response in iPSC-
derived cells (Figure 45). Moreover, the results in iPSC derived hematopoietic cells
contrasts with several studies that showed a robust upregulation of IFNa target
genes in iPSC and ESC derived cells. Studies by D'Angelo et al. (2016) and Wang
et al. (2014b) differentiated mouse ESC into fibroblasts. Both studies found that
though type | IFN response lacks behind primary cells it is still inducible in ESC
derived cells. Moreover, undifferentiated mouse ESC were able to upregulate type |
IFN target genes. This is in line with studies in human ESC and iPSC derived
fibroblasts and hepatic cells (Drukker et al. (2002), Hong and Carmichael (2013),
Irudayam et al. (2015), Schobel et al. (2018)). All studies showed a robust IFN type
| response by the upregulation of ISG, like IRF7, IRF9 and STAT1. Moreover,
[rudayam et al. (2015) also showed that pSTAT1 levels are increased in ESC

derived hepatic like cells upon IFNa treatment.

IFNa is used by the innate immune system as a mediator of the antiviral response of
cells. Therefore, pre-treatment of cells with IFNa should stunt the replication of any
given virus within the cells. Along those lines was a study done by Lafaille et al.
(2012) who investigated the replication of the Herpes Simplex Virus (HSV-1) in cells
of the central nervous system using human ESC and iPSC for neuronal
differentiation. Lafaille et al. (2012) observed the antiviral effect of IFNa as HSV-1
could not replicate in IFNa pre-treated neuronal cells, thus confirming that iPSC and

ESC derived cells respond to IFNa.

Finally, another study by Kaneko et al. (2016) differentiated IPSC into hepatic
progenitors and tested IFNa responses via Western Blot. They showed that iPSC-
derived hepatic cells have sufficient protein levels of STAT1 and show pSTAT1
protein levels upon IFNa treatment. These studies are in contrast to the JAK2 and
JAK2V617F derived hematopoietic cells used in this thesis. Although gene
expression of STAT1 is upregulated in response to IFNa (Figure 51A), JAK2 and
JAK2V617F iPSC derived hematopoietic cells showed low to no pSTAT1 activation
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in Western Blot analysis (Figure 52B — C). In human diseases, low STAT1 protein
can be seen in some patients suffering from STAT1 deficiencies (Kong et al. (2010),
Chapgier et al. (2009)). STAT1 deficiencies occur because of mutations in STAT1
gene, such as a premature STOP codon, which truncates STAT1 protein. However,
these deficiencies have only been described in about 10 patients up to date.
Furthermore, all cases have been reported in families and have been in children so
far, thus the reported STAT1 deficiencies are in the germline. The used iPSC clones
have been analyzed by NGS (Table 21). However, STAT1 mutations have not been
included in the run as an acquired STAT1 deficiency due to reprogramming should
be unlikely. Sendai viruses do not integrate into the genome, thus the possibility of

mutagenesis during reprogramming should be very low.

4.4.2 IFNAR1 downregulated by various human cancers

For IFNa to activate gene expression IFNa has to bind to its receptor on the cell
surface. Flow cytometric analyses of iPSC-derived hematopoietic cells from the
supernatant showed a low percentage of IFNAR1* cells (Figure 47A, Figure 47C,
Supplemental Figure 16A). Hence, only very few cells are able to activate the
JAK/STAT pathway in response to IFNa and the possible upregulation of IRF7 and
IRF9 might be diluted.

Several studies have investigated IFNAR1 and IFNAR2 expression in human
cancers and cancer cell lines (Wagner et al. (2004), Booy et al. (2014)). Both
studies showed a correlation between IFNAR1/IFNAR2 expression and IFNa anti-
proliferative effect. However, IFNa response (measured by reduced cell growth)
varied quite drastically over the tested cell lines that were responding to IFNa. Booy
et al. (2014) showed 3 cell lines that were unresponsive to IFNa treatment although
via Western Blot and RT-gPCR IFNAR1 and IFNAR2 were expressed. This is

reminiscent of the results obtained with iPSC-derived hematopoietic cells in this
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thesis as IFNAR1 and IFNAR2 have been detected in RT-qPCR (Figure 45,
Supplemental Figure 14A), however low amounts have been on the cell surface of

the cells (Figure 47A, Figure 47C, Supplemental Figure 16A).

A study by Katlinski et al. (2017) showed a downregulation of IFNAR1 in human
colorectal cancers (CRC) and in CRC mouse models. They hypothesized that the
lack of IFNAR1 has a role in the immune suppressive niche and is a poor prognosis
for CRC patients. The application of a p38 inhibitor and protein kinase 2 (PKD2)
inhibitor on tumors increased IFNAR1 expression, consequently the IFNa response
in tumor cells. This is in line with a report by Zheng et al. (2011) and Bhattacharya
et al. (2011). Zheng et al. (2011) showed that PKD2 directly phosphorylates
IFNAR1 at Ser535, which marks the receptor subunit for degradation. Bhattacharya
et al. (2011) showed that IFNAR1 was downregulated due to BcrAbl. The study
showed that BcrAbl activates PKD2 which in turn accelerated the phosphorylation-
dependent degradation of IFNAR1. Consequently, IFNa signaling was inhibited in
BcrAbl* cells. For future analyzes it might be worthwhile to investigate whether this
mechanism also applies in JAK2V617F* iPSC derived hematopoietic cells. However,
this does not yet explain the poor response for JAK2 iPSC derived hematopoietic

cells.

Another study that investigated IFNAR1 expression on the cell surface was
performed by Ragimbeau et al. (2003). They found that IFNAR1 expression is
controlled by the presence of TYK2. In the absence of TYK2 the mature IFNAR1 is
barely expressed on the cell surface. IFNAR1 is confined in vesicles and able to
reach cell surface. However, due to TYK2 absence IFNAR1 is constantly
internalized. A forced expression of TYK2 enhanced the expression of IFNAR1 on
cell surface and slowed down IFNAR1 degradation. To investigate whether this
applies to JAK2 and JAK2V617F derived hematopoietic cells an expression analysis
and stabilization of TYK2 might be beneficial for analyzing IFNa signaling pathway in
these cells in the future. A study in a hepatocellular carcinoma cell line (HCC)
combined 5-FU treatment with IFNa (Oie et al., 2006). It showed that 5-FU treatment
induced IFNAR1 and IFNAR2 expression and cell growth is strongly inhibited. For
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future analysis of the IFNa signaling pathway in iPSC-derived hematopoietic cells it
might be beneficial to investigate whether IFNAR1 expression can be induced

pharmacologically using a p38 or a PDK2 inhibitor.
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5 Conclusion and Future Perspective

First, additionally to sole IRF8 knock-out or BcrAbl overexpression that had been
done in literature, this thesis showed that the combination of IRF8 knock-out and
BcrAbl overexpression enhances the expansion of total BcrAbl* BM cells and of Grl1*
cells more drastically than BcrAbl overexpression alone. Additionally, lack of IRF8
resulted in an absence of Imatinib response in BcrAbl* BM cells. Surprisingly, lack of
IRF8 has no negative effect on IFNa treatment as treatment of both IRF8** and
IRF8~ BM cells resulted in a reduction of BcrAbl* BM cells. Overexpression of
human JAK2V617F in murine BM cells resulted in low transduction efficiency.
Therefore, to study IFNa pathways in JAK2V617F* cells and compare it to BcrAbl*
cells JAK2V617F transduction efficiencies have to be optimized. For this thesis IFNa

pathways were studied in patient derived iPSC.

Second, this thesis showed that patient derived iPSC are a useful tool for disease
modeling in vitro. Moreover, it was shown that the formed EB layer is a valuable
source of CD34" stem cells and might be another useful tool to study the
microenvironment during hematopoiesis. It was shown that JAK2V617F increases
the formation and expansion of the most primitive hematopoietic stem cells in vitro
iPSC differentiation. However, to study the IFNa signaling pathway it is not possible
to use iIPSC-derived CD45" committed progenitors from the supernatant fraction as
these have low levels of IFNAR1 on their surface. For future analysis of the IFNa
pathway it might be of value to investigate whether the few CD45* IFNAR1* cells
within the supernatant cell fraction can be sorted followed by IFNa treatment and
RT-gPCR. Another possible approach might be to sort the CD45" cells from the EB
layer. As the EB layer contains a higher percentage of IFNAR1* cells there might be
a higher cell number. A last approach would be to investigate the pharmacological
activation of IFNAR1 expression during differentiation to increase the vyield of
IFNAR1" cells.
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7 Appendix

7.1 Abbreviations

7AAD
(Hyp.)IL6
AFP
bFGF
BrdU
BFU-E
BM
BMP4
CD
CFU-E
CFU-G

CFU-GEMM

CFU-GM
CFU-M
CFSE
KIT

Ctrl

EB

EHT

7-Aminoactinomycin D
(Hyper) interleukin 6
Alpha-Fetoprotein

Basic fibroblast growth factor
Bromodeoxyuridine

Burst forming unit — erythroid

Bone marrow

Bone morphogenetic protein 4
Cluster of differentiation
Colony forming unit — erythroid

Colony forming unit — granulocyte

Colony forming unit — granulocyte, erythrocyte, macrophage,

megakaryocyte

Colony forming unit — granulocyte, macrophage
Colony forming unit — macrophage
Carboxyfluorescein succinimidyl ester

Stem cell factor receptor

Control

Embryoid body

Endothelial-to-hematopoietic transition
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EPO
FceR
FLT3L
FSC-A
FSC -W
GFAP

GFP

H&E staining

HLA (-DR)
HSPC
IFNAR
IFNa
IGF1

IgG

IgM

IL3

iPSC
IPSC-HPC
IRF1

IRF7

IRF8
JAK?2

MACS

Erythropoietin

FcEpsilon Receptor

FMS-like tyrosine kinase 3 ligand
Forward scatter — Area

Forward scatter — Width

Glial fibrillary acidic protein
Green fluorescent protein
Hematoxylin & Eosin staining
Human leukocyte antigen (-DR)
Hematopoietic stem and progenitor cell(s)
Interferon a Receptor

Interferon a

Insulin-like growth factor 1
Immunoglobulin G
Immunoglobulin M

Interleukin 3

Induced pluripotent stem cell(s)
iIPSC-derived hematopoietic progenitor cell(s)
Interferon regulatory factor 1
Interferon regulatory factor 7
Interferon regulatory factor 8
Janus kinase 2

Magnetic activated cell sorting
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MET Mesenchymal-to-epithelial transition

MFI Mean fluorescence intensity

Myh6 Myosin heavy chain 6

PBMNC Peripheral blood mononuclear cells

RT-gPCR Reverse transcription — quantitative polymerase chain reaction
SCF Stem cell factor

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SSC-A Side scatter — Area

SSC-W Side scatter — Width

STAT1 Signal transducer and activator of transcription 1

STAT2 Signal transducer and activator of transcription 2

T Brachyury

TKI Tyrosine kinase inhibitor

TPO Thrombopoietin

VEGF Vascular endothelial growth factor

VE-cad Vascular endothelial cadherin

WT Wild type
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7.2 Supplemental Figures

7.2.1 Supplemental Figures for retrovirally transfected murine BM cells

A ampicillin, P CMV B ampicillin, (P CMV

pUC oril #

/
“ pUC ori,
BGH pA /
pVPack-GP pVPack-Eco
1 07 kb ’ ‘Eco
hisD’

} ' gag-pol BGH pA
IRE puromycirr"

Supplemental Figure 1. Vector maps of packaging vectors

'IRES

(A) The packaging vector pVPack-GP encodes genes for gag and pol. (B) The packaging vector pVpackEco
encodes the eco gene. Both vectors have are under the control of the CMV promotor and have an ampicillin
resistance. The Retroviral genes are separated from the ampicillin resistance by an IRES sequence. Vector
maps were taken from agilent homepage.

A 100 1 B 1201
D oon ] ©100 -
3 80+ T
2 2 801
2 '© 60 - R
5 g =
= 2 © Z 60"
5 g 40 | 5
=5 =5 40
S 20 | Q 20 4
O T T T 0 T T T
0 1 2 3 0 1 2 3
Days of culture Days of culture
& BerAbl +GF » EV +GF & BerAbl +GF - EV +GF
= BerAbl -GF « EV -GF = BerAbl -GF « EV -GF

Supplemental Figure 2. Living BcrAbl* cells increase only after 2 days of cytokine withdrawal

Murine BM cells were transduced with BcrAbl or empty vector. Cultures were split in half and cultured with and
without cytokines. Medium was refreshed every 24h. Samples for flow cytometry were taken every day. To
quantify dead cells via flow cytometry cells were stained with Zombie Aqua as described in Materials and
Methods. (A) The percentage of living (Zombie Aqua~) cells is shown. (B) The percentage of dead (Zombie
Aqua*) cells is shown. Data represent means + standard deviation (n = 3).
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Supplemental Figure 3. Dose response of BcrAbl* cells to Imatinib

Murine BM cells were transduced with BcrAbl. Cells were split and cultured with increasing Imatinib
concentrations for 4 days as shown in Figure 21. Medium and Imatinib was refreshed and analyzed with flow
cytometry every 24h. To this end, cells were stained with Zombie Aqua to quantify dead cells. (A) Living cells
(Zombie Aquar) cells are shown. (B) Dead (Zombie Aqua*) cells are shown. Data represent means * standard
deviation (n = 3).
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A untreated 102 U/ml IFNa .
do — do — 10° U/ml IFNa

0.5 pyM Imatinib 104 U/ml IFNa

[ | [ [
d1 d2 d1 d2
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Flow cytometry and cell count Flow cytometry and cell count
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§ 80 %
. +0 10 -
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s 3]
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> 20- *
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Imatinib - 0.5 - - - Imatinib - 0.5 - - -

Supplemental Figure 4. IFNa inhibits BcrAbl+ BM cells only slightly

Primary murine BM cells were isolated and transduced with BcrAbl as shown in Figure 21A. (A — left panel) Cells
were left untreated or treated with 0.5 uM Imatinib alone as control. Cell counts on day O and on day 2 were
taken with an electronic cell counter. (A — right panel) Cells were treated with 102, 10% and 10* U/ml IFNa for
another 2 days. Percentage of BcrAbl* cells were analyzed via flow cytometry by measuring GFP expression. (B)
The percentage of BcrAbl* cells on day 2 of culture is shown. (C) The number of BcrAbl* cells was determined by
multiplying the cell count with the amount of GFP* cells. Next, the number was normalized to the day O of
treatment (n =1).
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A 0 pM Imatinib B do of treatment

— ] .- 65.5%
do —| 0.15 uM Imatinib 55.6% 1
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Supplemental Figure 5. Refinement of Imatinib concentration to 0.3 uM
BM cells were isolated and cultured as showed in Results Figure 5A. (A) Cells were treated with 0.15 pM, 0.3 uM

and 0.5 uM Imatinib of left untreated for 4 days. Cells were counted daily via an electronic cell counter. Samples
for flow cytometry were taken daily. During Imatinib treatment, cells were cultured under cytokine withdrawal. (B
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— E) BcrAbl* cells were analyzed for their GFP expression by flow cytometry daily. (B) Shown is the flow
cytometry analysis on day O of treatment. (C) Shown are representative flow cytometry analyses per Imatinib
concentration on day 4 of treatment. (D) The percentages of BcrAbl* cells per treatment and over time is shown
(n = 3). (E) The number of BcrAbl* cells over time and per treatment is shown. BcrAbl* cell number was
calculated by multiplying the percentages of BcrAbl* cells in D with the cell number obtained from the electronic
cell counter.

7.2.2 Gating strategies for flow cytometry analysis for mouse BM cells

72.2% 83.8%

[t
Zombie Aqua GFP Gr1

SSC-A
SSC-A

ckit

Supplemental Figure 6. Gating strategy for IRF8** and IRF8~~ BM cells transduced with BcrAbl
IRF8** and IRF8~~ BM cells were transduced retrovirally with BcrAbl followed by TKI and/or IFNa treatment for 4

days. The gating strategy for all experiments with murine BM cells is show. The shown data is taken from
untreated murine IRF8** cells on day 1 of culture.
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7.2.3 Supplemental figures for the hematopoietic differentiation of iPSC

A JAK2VFhom_1 B JAK2VFhom 2 (O JAK2VFhet_3
day 0 7 14 22 day 0 7 14 22 day 0 7 14 22
OCT4 OCT4 OCT4 .
T T T
SOX17 SOX17 SOX17
GFAP GFAP GFAP
SOX1 SOX1 . SOX1
NKX2.5 NKX2.5 NKX2.5
MYH6 MYH6 MYH6
CD31 CD31 CD31
CD34 CD34 CD34
AFP AFP AFP
CDH5 CDH5 CDH5
| | | | | -
139 -017  1.48 147 01 1.49 439 0 147

Supplemental Figure 7. iPSC clones from PV patient 2 and 3 have 3 germ layer differentiation potential

iPSC clones of (A) PV2 and (B — C) PV3 were induced to differentiate into all three germ layers. In short, iPSC
clones were harvested by Collagenase IV treatment for 1h at 37°C. After, MEF depletion for 10 min EB were
washed once with KO-DMEM. EB were resuspended in KO-DMEM supplemented with 10 % FCS, 1 % L-
Glutamine, 1 % Penicillin/Streptomycin, 1 % minimal non-essential amino acids and 0.2 % {3-mercaptoethanol
and seeded onto ULA plates followed by culturing for 7 days. Finally, EB were seeded onto gelatin-coated TCP
and cultured for another 7 to 14 days. On day 0 (undifferentiated iPSC), 7, 14 and 22 samples were harvested
and RNA was isolated. RT-qPCR was performed. OCT4 and T were used as pluripotency marker; CD31, CD34,
CDH5, NKX2.5 and MYH6 were used as mesodermal markers; SOX1 and GFAP were used as ectodermal
marker; SOX17 and AFP were used as endodermal markers. Data is shown in a heatmap format. Z-Score
represents expression levels: red, high expression; blue, low expression.
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Supplemental Figure 8. JAK2V617F mutation has a minor effect during hematopoietic differentiation of iPSC

JAK2 and JAK2V617F iPSC were induced to differentiate into hematopoietic cells according to Figure 34.
Scheme hematopoietic differentiation of patient derived iPSC. Cells were stained with antibodies for CD34,
CD31, CD45, CDA43, ckit and CD235a as described in Materials and Methods and analyzed by flow cytometry on
(A —B) day 6 and (C — D) day 18. Shown is the representative flow cytometry analyses for (A + C) JAK2_1 and
JAK2VFhet_1 and (B + D) JAK2_2 and JAK2VFhet 2. Grey histograms in the overlays show the signal for
isotype stained sample.
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light microscopy H&E light microscopy

= B

CFU-E

CFU-G

Supplemental Figure 9. CFU assay of iPSC-derived hematopoietic cells

JAK2 and JAK2VFhet iPSC-derived cells were harvested from the supernatant fraction on day 18 of
differentiation. 20.000 to 40.000 cells were seeded in semisolid medium according to manufacturer’s protocol.
Colonies were scored and photographed with a light microscope after 14 days of incubation at 37°C. Individual
colonies were picked, spun onto a glass slide and stained with DiffQuick. H&E staining of picked colonies was
analyzed with a Leica DMRX microscope and the Leica Application Software suite v3.1.0.
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Supplemental Figure 10. JAK2V617F has no influence on the formation of mature myeloid cells, ckit* cells or
megakaryocytes

JAK2 and JAK2V617F iPSC clones of PV1 were differentiated into hematopoietic cells as shown in Figure 34.
On day 6 of differentiation EB were harvested, digested with Accutase. From day 14 of differentiation onwards
suspension cells were harvested every 4 days. Cells were stained with antibodies against CD45, CD43, CD31,
CD34, ckit, CD61, CD66b and CD235a followed by flow cytometry analysis. Shown is the flow cytometry analysis
for (A) CD45* CD43* mature hematopoietic cells, (B) CD45* CD61* megakaryocytes and (C) ckit* cells for
multiple independent experiments (n = 5-11).
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Supplemental Figure 11. JAK2V617F does not confer a bias towards a myeloid lineage due to JAK2V617F
PV1 iPSC clones were subjected to hematopoietic differentiation for 49 days. Medium changes were done every

4-5 days. On day 49 of differentiation, suspension cells were harvested whereas the EB layer was collected,
treated for 20 min with Accutase and thoroughly resuspended. Cells were stained with antibodies against
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myeloid lineage markers. (A — B) Flow cytometry analyses of (A) supernatant fraction and (B) EB layer for
JAK2_2 and JAK2V617F_2 is shown as an example. Myeloid cells were gated according to gating strategy in
Supplemental Figure 20. Gating strategy undirected hematopoietic differentiation of iPSC. (C) Summary of HLA-
DR* cells during differentiation. Data is summarized per genotype (JAK2 vs JAK2VFhet) of PV1 iPSC clones and
represents means + standard deviation (n = 3). Unm, unmutated; VFhet, JAK2V617F heterozygous.
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Supplemental Figure 12. Phenotypical analyses of iPSC-derived myeloid cells

JAK2 and JAK2617F iPSC clones of PV1 were differentiated into hematopoietic cells as described in Figure 34.
On day 60 of differentiation EB layers were digested with Accutase for 20 min followed by thoroughly
resuspending with KO-DMEM. Next, cells were passed through a 40 uM cell strainer and stained with CD45, ckit,
CD14, IL5R, CD66b and HLA-DR specific antibodies. Myeloid cell populations were sorted with a FACS Aria
device. Sorted cells were spun on glass slides and stained with H&E. Cells for JAK2 and JAK2VFhet were
pooled. (A) Shown are the gating strategy and cytospin images for immature mast cells (red), mature mast cells
(blue) and monocytes (green). (B) Shown is the gaiting and cytospin images for neutrophils (red), eosinophils
(blue) and DC (green).
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Supplemental Figure 13. JAK2V617F expression confers hypersensitivity to EPO and results in higher RBC
population compared to JAK2

JAK2 and JAK2V617F iPSC were differentiated into hematopoietic cells according to Figure 34. On day 22 of
hematopoietic differentiation, cells of the supernatant fraction were harvested and cultured (A) without and (B)
with EPO (0.2 U/ml EPO) to induced red blood cell differentiation. Flow cytometry analyses were performed on
day 0, 4, 8 and 12 of red blood cell differentiation. (A — B) Left and middle panel show a representative flow
cytometry analysis of JAK2_2 and JAK2VFhet_2 on day 12 of differentiation with and without addition of EPO (A
and B, respectively). (Right panel) Cells were spun onto a glass slide and stained with neutral benzidine/DiffQuik.
Arrows indicate normoblasts. Asterisks indicated neutrophils (*) and eosinophils (**). (C) Red blood cells shown
in A and B were quantified. The percentage of CD45  CD235a* cells over time is shown for JAK2_2 and
JAK2VFhet_2. Data represent means * standard deviation (n = 3).
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Supplemental Figure 14. iPSC-derived hematopoietic cells of PV2 and PV3 do not upregulate IFNa target genes

(A — B) iPSC-derived hematopoietic cells of PV2 and PV3 were harvested on day 18 of differentiation and were
cultured without cytokines in the presence or absence of IFNa (200 U/ml) for 4h. RNA was isolated and RT-
gPCR for the indicated genes was performed (C) Gene expression in the absence and presence of IFNa for
JAK2VFhom_1 is shown (n = 1). (D) Gene expression in the absence and presence of IFNa for
JAK2V617F/V617F_2 is shown (n = 1).
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Supplemental Figure 15. STAT2 gene expression in iPSC-derived hematopoietic cells and patient PBMNC

(A) iPSC were differentiated into hematopoietic cells according to Figure 34. Supernatant cells were harvested
on day 18 of differentiation. Cells were washed two times and put back into culture. Cells were cultured as
described in chapter 2.2.1.17 without growth factors in the presence or absence of IFNa (200 U/ml) for 4h.
Afterwards, cells were collected, RNA isolated and cDNA synthesis followed by RT-gPCR was performed.
GAPDH was used for normalization (n = 3). (B) Patient PBMNC were thawed and treated with IFNa as described
in A (n = 5). Colors represent independent experiments the data was obtained from. Student’s t-test was used to
test for significant expression changes. Unm, unmutated; VFhet, JAK2V617F heterozygous.
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Supplemental Figure 16. iPSC-derived hematopoietic progenitor cells of supernatant fraction express low levels

of IFNAR1

JAK2 and JAK2V617F iPSC of PV1 were induced to differentiate into hematopoietic cells as shown in Figure 34.
On day 18 of differentiation cells from the supernatant fraction were harvested by washing them off of the EB
layer. EB layer was harvested and digested with Accutase to obtain single cells. Cells from both fractions were
stained with IFNAR1 specific antibodies. Additionally, cells were stained with CD45, CD34, CD31, CD43 and
CD235a specific antibodies followed by flow cytometry analyses. Shown are the flow cytometry analyses of (A)
supernatant cells and (B) cells from the EB layer for JAK2_1 and JAK2VFhet_1.
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Supplemental Figure 17. IFNAR2 expression on CD66b* and CD61* cells

JAK2 and JAK2V617F iPSC were induced to differentiate into hematopoietic cells according to Figure 34. On
day 18 of differentiation cells from the supernatant fraction were harvested by washing them off of the EB layer.
EB layer was digested with Accutase to obtain single cells. (A) Cells from the EB layer and (B) supernatant
fraction were stained with IFNAR1 and IFNAR2 specific antibodies. Furthermore, cells were stained with CD43,
CD34, CD45, CD66b, CD61 and CD235a specific antibodies followed by flow cytometry analyses. Shown is a
representative analysis for JAK2_1 and JAK2VFhet_1. Gating strategy was done according to Supplemental
Figure 23A.
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Supplemental Figure 18. STAT1 and pSTAT1 expression by iPSC derived hematopoietic cells and PBMNC

(A — B) iPSC-derived hematopoietic suspension cells were harvested on day 26 to day 34 of hematopoietic
differentiation. Cells were cultured in RPMI without cytokines for 4 h followed by IFNa stimulation (2000 U/ml) for
30 min. Afterwards protein lysates were prepared. SDS-PAGE and Western Blot was done as described (chapter
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2.2.2.7). To this end, 40pug protein was loaded onto 10% SDS gels. SDS-PAGE ran at 25 mA for 2h. Blotting onto
nitrocellulose membranes was done at 80 mA for 2h. Nitrocellulose membranes were probed with antibodies
against STAT1, pSTAT1 and Actin. STAT1 and pSTAT1 were detected on different membranes. The
membranes were not stripped. As control (ctrl) protein lysates from HEK293T overexpressing huJAK2V617F was
used. Shown are the whole membranes. (C) Healthy PBMNC were isolated with density gradient centrifugation
from fresh blood. Cells were processed as in A and B.
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7.2.4 Gating strategies for flow cytometry analysis for hematopoietic iPSC

differentiation

[
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Supplemental Figure 19. Gating strategy hematopoietic differentiation iPSC
JAK2 iPSC were differentiated into hematopoietic cells according to Figure 34. The gating strategy used for cell

analysis during hematopoietic differentiation is shown for JAKWT_2. (A) On day 6 of differentiation EB were
harvested and dissociated with Accutase. Cells were stained with CD34, CD43, CD45, ckit, CD31 and CD235a
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specific antibodies for 30 min. Cells were analyzed with flow cytometry. (B) On day 18 of differentiation
supernatant cells were harvested. Cells were stained with antibodies as in A. Additionally, cells were stained with
CD61 and CD66b followed by flow cytometry analysis.
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Supplemental Figure 20. Gating strategy undirected hematopoietic differentiation of iPSC

JAK2 iPSC were differentiated for 49 days. Supernatant cells were harvested by washing EB layer with medium.
EB layer was harvested by digestion with Accutase. Cells were stained for surface marker expression and
analyzed by flow cytometry immediately afterwards. Gating of supernatant fraction and the EB layer is shown
with the gating strategy of supernatant cells for JAK2_2. HPC, hematopoietic progenitor cell; DC, dendritic cells;
MK, megakaryocytes; Eos, eosinophil; neutro, neutrophil; iMC, immature mast cell; mMC, mature mast cell.
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Supplemental Figure 21. Gating strategy for BrdU/7AAD staining

iPSC clones were subjected to hematopoietic differentiation as described in chapter 2.2.1.10. On day 14 of
differentiation EB layer was harvested by digestion with Accutase for 20 min. Accutase was diluted with KO-
DMEM. Cell suspension was transferred in a Falcon tube followed by vigorous resuspension to detach more
cells from the partially digested EB layer. Cells were passed over a 40 um cell strainer. Afterwards, 1.5x108
cells/ml were seeded into 6 well plates and were pulsed with or without BrdU (10 uM) for 1h. EB layer cells were
stained for flow cytometry with CD45 prior to intracellular staining for BrdU. Fixation and Permeabilization for
BrdU staining was done as described in chapter 2.2.1.13.2. Afterwards, cells were stained with antibodies
against BrdU incorporation. Finally, cells were stained with 7AAD to analyze cell cycle.
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Supplemental Figure 22. Gating strategy for RBC differentiation of iPSC-derived hematopoietic cells

JAK2V617F were differentiated into hematopoietic cells as shown in Figure 34 for JAK2VFhet_1. On day 22 of
differentiation, cells of the supernatant fraction were harvested. For red blood cell differentiation supernatant cells
were washed once and cultured in StemPro34. 0.2 U/ml EPO, 100 ng/ml SCF and 30 ng/ml IL-3 were added
during culture. As control cells were cultured without EPO. On day 8 of culture SCF and EPO were used (see
Figure 18, chapter 2.2.1.11). Cells were analyzed by flow cytometry on day O, 4, 8 and 12 of red blood cell
differentiation. To this end, cells were stained with CD45, CD43 and CD235a specific antibodies. Shown is the
gating strategy on day 12 of red blood cell differentiation for the culture (A) without EPO and (B) with EPO.
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Supplemental Figure 23. Gating strategy for flow cytometric analysis of IFNAR1

iPSC were differentiated into hematopoietic cells as described in chapter 2.2.1.10. Supernatant cells were
washed off the EB layer. EB layer was digested with Accutase and thoroughly resuspended to make a single cell
suspension. Cells were stained with CD45, CD43, CD31 and IFNAR1 specific antibodies and analyzed with flow
cytometry. Shown is the gating strategy for IFNAR1 analysis on day 18 of differentiation for JAK2_2.
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7.3 Supplemental Tables

Supplemental Table 1. Cytokines and supplements used in hematopoietic differentiation of iPSC

Reagent Catalog # Stock Dilution Factor
concentration

bFGF Peprotech 100-18B 100 pg/ml 10000

BMP4 130-098-786 25 pg/ml 3000

FLT3L Peprotech 300-19 25 pg/ml 2500

hyper-IL6 gift from Dr. Batch dep. Batch dep.
Rose-John

IGF1 100-11 40 pg/ml 1600

IL-3 130-094-193 150 pg/ml 5000

L-Ascorbic A4403 50 mg/ml 1000

acid (LAA)

SCF Selfmade 100 pg/ml 100

TPO 130-094-013 20 pg/mi 1000

VEGF Peprotech 100-20 100 pg/ml 10000

Supplemental Table 2. Media used in cell culture

Reagent Supplier Catalog #

DMEM Gibco 41965-039

RPMI 1640 Gibco 11875-093

KO-DMEM Gibco 10829-018

KO-Serum Replacement Gibco 10828028

StemPro34 Thermo Scientific 10639-11

StemSpan™ SFEM Stemcell Technologies 09650

iPSbrew Miltenyi 130-104-368

DPBS Gibco 14190-094
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Supplemental Table 3. Media supplements used in cell culture

Reagent Supplier Catalog # Stock Dilution
concentration Factor
FCS Gibco Different LOT - 10
numbers
used
FCS LONZA -
L-Glutamine Thermo 25030 200 mM 100
Scientific
Monothio- Sigma M1753 100 mM 250
glycerol
(MTG)
Penicillin/ Thermo 15140 10000 U/ml 100
Streptomycin  Scientific
B-Mer- Gibco 31350-010 50 mM 1000
captoethanol
Supplemental Table 4. Human primers for RT-gPCR of undirected differentiation of iPSC
Target Sequence (5’ > 3) Reference
Forward GGGGGTTCTATTTGGGAAGGTA Tran et al.
ocT Reverse =~ ACCCACTTCTGCAGCAAGGG (2009)
Forward ~ ACCTCAACAGCTCCCTGACTCT Yang et al.
NKx2.5 Reverse ATAATCGCCGCCACAAACTCTCC (2008)
D31 Forward GAGTCCTGCTGACCCTTCTG Zambidis et
Reverse  ATTTTGCACCGTCCAGTCC al. (2005)
Forward TGGACCGCGCTTTGCT Zambidis et
b3 Reverse = CCCTGGGTAGGTAACTCTGGG al. (2005)
Forward ~ AAGCTCAAGAACGCCTAC Chen et al.
MYHG Reverse CATTCTTTCCTCCTTCTCC (1999)
VeCadherin Forward TGGAGAAGTGGCATCAGTCAACAG Kennedy et
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Reverse TCTACAATCCCTTGCAGTGTGAG al. (2007)
T Forward CAGTGGCAGTCTCAGGTTAAGAAGGA Yang et al.
Reverse  CGCTACTGCAGGTGTGAGCAA (2008)
Forward CCTGTGTGTACCCTGGAGTTTCTGT Yang et al.
SO Reverse  TGCACGAAGCACCTGCAATAAGATG  (2008)
Forward ~ AGGAGGAGGTTCGGGAACTC Sontag et
CFAP Reverse CGCCATTGCCTCATACTGC al. (2017a)
AEP Forward GCCAAGCTCAGGGTGTAG Sontag et
Reverse = CAATGACAGCCTCAAGTTGT al. (2017a)
SOX17 Forward AGGAAATCCTCAGACTCCTGGGTT Yang et al.

Reverse = CCCAAACTGTTCAAGTGGCAGACA (2008)

Supplemental Table 5. Primer sequences for JAK2V617F allele specific PCR adapted from (Jones et al., 2005)

Primer Sequence 5’ to 3’

JAK2 forward primer TCCTCAGAACGTTGATGGCAG

JAK2 reverse primer ATTGCTTTCCTTTTTCACAAGAT

JAK2 WT Primer GCATTTGGTTTTAAATTATGGAGTATATG
JAK2V617F primer GTTTTACTTACTCTCGTCTCCACAAAA

Supplemental Table 6. Human primers used for RT-gPCR of IFNa target genes

Primer Sequence 5'to 3' Reference
hulFNAR1 tQ F TCGCAAAGCTCAGATTGGTCCTC Hong and Carmichael
hulFNAR1_tQ_R ACCATCCAAAGCCCACATAACAC (2013)
hulFNAR2_tQ_F AGCACCATAGTGACACTGAAATG

G Hong and Carmichael
hulFNAR2 tQ R GAGACCTTGCCTCAAGACTTTGG (2013)
IRF7_tQ_F TGTGCTGGCGAGAAGGC
IRF7_tQ_R TGGAGTCCAGCATGTGTGTG
IRFO_tQ_F TTCTTCAAGGCCTGGGCAAT
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IRF9_tQ_R CCTGGTGGCAGCAACTGATA

STATL tQ_F TGTATGCCATCCTCGAGAGC

STATL tQ R AGACATCCTGCCACCTTGTG

STAT2_tQ_F CCGGGACATTCAGCCCTTTT

STAT2_tQ_R CTCATGTTGCTGGCTCTCCA

GAPDH tQ F  GAAGGTGAAGGTCGGAGTC

GAPDH_tQ_R GAAGATGGTGATGGGATTTC

Szabo et al. (2010)

Supplemental Table 7. RIPA and lysis buffer for protein extraction

Buffer Reagent Amount
RIPA buffer Tris-HCL, pH 7.4 50 mM
NP-40 1%
SDS 0.1 %
Sodiumdeoxycholate 0.625¢g
NacCl 150 mM
EGTA 0.475¢
Lysis buffer RPIA buffer 747 ul
500 mM NaF 100 pl
200 mM NasVos 10 pl
7x complete mini 143 pl
Supplemental Table 8. Buffer composition SDS-Page
Buffer Reagent Amount
Running buffer Tris 25 mM
Glycine (pH 8.3) 250 mM
SDS 0.1 %
Transfer buffer (1L) Tris 5.8¢9
Glycine 299
Methanol 200 ml
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Distilled water Filledupto1L
TBS buffer (10x) NaCl 8049
(pH 7.4) KClI 24
Trizma base 3049
Distilled water 1L
TBS-T buffer (1x) TBS buffer (10x) (pH 7.4) 100 ml
Distilled water 900 ml
Tween-20% 1ml
Ponceau S Solution Ponceau 05¢9
Acetic acid 25 ml
Distilled water 475 ml
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