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Proinflammatory phenotype of iPS cell-derived JAK2 V617F megakaryocytes
induces fibrosis in 3D in vitro bone marrow niche
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SUMMARY

The myeloproliferative disease polycythemia vera (PV) driven by the JAK2 V617F mutation can transform into myelofibrosis (post-PV-
MEF). It remains an open question how JAK2 V617F in hematopoietic stem cells induces ME. Megakaryocytes are major players in murine
PV models but are difficult to study in the human setting. We generated induced pluripotent stem cells (iPSCs) from JAK2 V617F PV pa-
tients and differentiated them into megakaryocytes. In differentiation assays, JAK2 V617F iPSCs recapitulated the pathognomonic
skewed megakaryocytic and erythroid differentiation. JAK2 V617F iPSCs had a TPO-independent and increased propensity to differen-
tiate into megakaryocytes. RNA sequencing of JAK2 V617F iPSC-derived megakaryocytes reflected a proinflammatory, profibrotic pheno-
type and decreased ribosome biogenesis. In three-dimensional (3D) coculture, JAK2 V617F megakaryocytes induced a profibrotic pheno-
type through direct cell contact, which was reversed by the JAK2 inhibitor ruxolitinib. The 3D coculture system opens the perspective for

further disease modeling and drug discovery.

INTRODUCTION

Induced pluripotent stem cells (iPSCs) from patients repre-
sent an appealing resource to study malignant hematopoi-
etic differentiation, elucidate molecular mechanisms of the
cell types involved in disease onset, and test novel treat-
ment regimens (Papapetrou, 2019; Yamanaka, 2020). Pa-
tient-specific iPSCs reflect the mutational background of
the malignant clone and allow extensive expansion. This
is key to modeling diseases in vitro, screening drugs, or
studying cell types rarely found in patient specimens and
to establish personalized treatment decisions.
Mpyeloproliferative neoplasms (MPNs) are a group of he-
matopoietic malignancies, including polycythemia vera
(PV), essential thrombocytopenia (ET), and primary myelo-
fibrosis (PMF) (Arber et al., 2016). The main driver muta-
tion JAK2 V617F is prevalent in 50%-95% of MPN patients,
depending on the subtype of the disease (Luque Paz et al.,
2023; Vainchenker and Kralovics, 2017). The JAK2 V617F
mutation initiates cytokine-independent constitutive
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downstream signaling in hematopoietic stem cells (HSCs)
causing aberrant platelet production and red cell and
myeloid proliferation (Mead and Mullally, 2017). Myelofi-
brosis (MF) can be either present at diagnosis in PMF or
as a consequence of PV and ET (post-PV or post-ET MF)
(Arber et al., 2016). In MF, hematopoiesis is replaced by
extensive networks of fibers resembling scar formation in
bone marrow (Tefferi, 2021). As a consequence, the bone
marrow niche is disrupted, and megakaryocyte (MK) hy-
perplasia and clustering is pathognomonic for the disease.
Currently, there is a lack of understanding as to why some
patients progress to MF and what triggers this switch.
iPSCs capture the specific mutational landscape of
JAK2 V617F PV patient cells. This entails comutations in
ASXL1, TET2, and EZH2 genes that improve the fitness of
the aberrant hematopoietic clone (Grinfeld et al., 2018).
iPSCs allow the study of these potentially subtle molecular
and cellular differences. Previous research showed hetero-
geneity in the iPSC clones with JAK2 V617F mutation (Ho-
soietal., 2014; Nilsri etal., 2021; Saliba et al., 2013; Ye et al.,
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2014). Here, we generated iPSCs from a panel of JAK2
V617F PV patients and used CRISPR-Cas9 to establish
isogenic controls to better understand this PV disease
heterogeneity.

The majority of MPN patients are treated with cytoreduc-
tive therapies, and the only curative treatment is allogenic
stem cell transplantation. Allogenic stem cell transplanta-
tion is, however, associated with significant morbidity
and mortality (Gagelmann et al., 2022) and is thus reserved
for patients with higher risk MFE. Disease-modifying, antifi-
brotic treatments represent an urgent and unmet clinical
need. Inhibitors of JAK2 (e.g., ruxolitinib) are the first-
line treatment in intermediate risk MF, but have relatively
modest effects on bone marrow fibrosis and the mutant
clone (Kvasnicka et al., 2018; Verstovsek et al., 2017). It is
crucial to understand the initiation of MF and how
mutated MKs initiate the fibrotic transformation of
fibrosis-driving mesenchymal stromal cells (MSCs) (Leim-
kiihler et al., 2021). This should allow the development
of new treatment options and also identify predictors for
the phase transitions of PV toward post-PV-MFE.

Human iPSCs can be differentiated into HSCs and
various specialized blood cells by three-dimensional (3D)
embryoid body (EB) formation (Ackermann et al., 2015;
Ivanovs et al., 2017; Sturgeon et al., 2014). The addition
of thrombopoietin (TPO) directs iPSC differentiation to-
ward MKs and erythrocytes (Alsinet et al.,, 2022; Dalby
et al., 2018; Lawrence et al., 2022; Liu et al., 2015). MKs
represent only a small fraction of bone marrow cells, are
not present in the peripheral blood, and are fragile to regu-
lar isolation methods (e.g., cell sorting), which makes them
difficult to sample and study in vitro. Thus, there has been
limited research on the interaction between fibrosis-
driving MSCs and MKs (MSC-MK interaction) to date.

In recent years, it has become evident that MKs are
involved in the initiation of MF in mouse models (i.e.,
through C-X-C motif ligand 4 [CXCL4]) (Gleitz et al.,
2020; Leimkiihler et al., 2021; Psaila et al., 2016, 2020),
but a deeper understanding of the leading mechanism is
lacking. The bone marrow niche is particularly difficult to
mimic in vitro due to many components, such as vascular
compartments, hematopoietic cells, stromal cells, bone,
and extracellular matrix (ECM) components (e.g., collagen,
other noncollagenous proteins such as fibronectin, lami-
nin, and elastin). Only a few models have been developed
thus far and have focused either on in vivo application (Gri-
goryan et al., 2022) or a broader approach that does not
allow modifying the JAK2 V617F allele burden or cell types
present (Khan et al., 2023).

We aimed to recapitulate the initiation of fibrosis by facil-
itating MSC-MK interactions in a 3D microfiber scaffold,
which mimics the structure of the bone marrow in vitro.
Here, we present patient-specific iPSCs from three PV pa-

tients and generated the complete repertoire of JAK2
V617F genotypes and CRISPR-Cas9-engineered isogenic
controls. We demonstrate genotype-specific differences in
MK cytokine secretion and profibrotic gene expression,
which leads to the fibrotic activation of fibrosis-driving
MSCs. This involves both soluble factors and direct MSC-
MK interaction. Interestingly, ruxolitinib can inhibit the
profibrotic MSC-MK interaction in vitro.

RESULTS

JAK2V67F ipSCs show altered hematopoietic
differentiation as observed in patients

Patient-specific iPSCs were generated from peripheral
blood mononuclear cells (PBMCs) from PV patients
(1-3) with JAK2 V617F mutation (37%, 96% and 25%
allele burden, respectively Tables 1 and S4). Nine clones
were obtained with the genotypes JAK2 (no mutation),
monoallelic JAK2 V617F mutation (JAK2V®'7*), and bial-
lelic JAK2 V617F mutation (JAK2V617¥/V617F) 'CRISPR-Cas9
was applied to JAK2V®'7¥/~ clones of patients 1 and 3, and
patient 2 JAK2V617F/VOI7F clone to generate isogenic con-
trols (Figures 1A and S1). The iPSC clones had the correct
allelic status of JAK2 (chr9:4.5073770 [hg19], Exon 14, po-
sition 617), and the CRISPR-Cas9-edited clones contained
additionally the silent mutation implemented in the
donor template during editing (Tables S2 and S3). All of
the iPSC clones were pluripotent and showed a normal
karyotype and the expected DNA sequence at the JAK2 lo-
cus (Figures S1-S3). The JAK2 V617F genotype of clones
was confirmed by next-generation sequencing (NGS)
and by PCR and Sanger sequencing. The iPSCs showed
additional SNPs, but they were not classified as patho-
genic or occurred in the normal population (Table 1).
These SNPs affect ASXL1 and TP53 found in all patient
iPSC clones. In patients 1 and 3 SNPs in TET2, SETBP1,
and CBL were found. Patient 2 also had a SNP in EZH2.
Only patient 2 progressed to MF later.

Since the discovery of the JAK2 V617F mutation in MPN
patients, it became clear that it has a profound impact on
hematopoiesis in terms of myeloid proliferation and clonal
expansion (James et al., 2005; Kralovics et al., 2005). To
investigate whether this has a similar impact in vitro,
JAK2, JAK2V'7F/= and JAK2V6!7F/V617F ipSCs were differen-
tiated into hematopoietic cells adapting a protocol pub-
lished by Liu et al. (2015) (Figures 1B-1E and S4A). EBs pro-
duced hematopoietic progenitor cells (CD34"CD43%;
Figures S4B and S4C), erythrocytes (CD235a*CD457;
Figures 2A and 2B), and hemogenic endothelium-like cells
(CD34*CD43") as described previously (Satoh et al., 2021).
In JAK2VO7F/VOI7F cells, a significant increase in cell pro-
duction for all of the patients was found (Figure 1C).
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Table 1. NGS analysis of patient-derived iPSCs

Transcript Location  c.HGSV p.HGVS Mutation class  JAK2  JAK2V6'7F/—  gpK2V617F/V617F
Patient 1
JAK2 NM_004972 E14 c.1849G>T p.Val617Phe 5 0 48 100
ASXL1 NM_015338 E12 C.2444T>C p.Leu815Pro 1 100 100 100
CBL NM_005188 E9 .1380_1382dup  p.Asp460dup 2 43 46 42
MPL NM_005373 E3 c.340G>A p.Vall14Met 1 47 50 48
SETBP1 NM_015559 E4 €.691G>C p.Val231leu 1 99 100 100
SH2B3 NM_005475 E3 c.784T>C p.Trp262Arg 1 n.a. 51 50
TET2 NM_001127208 E11 €.5284A>G p.Ile1762Val 2 49 49 52
TP53 NM_000546 E4 c.215C>G p.Pro72Arg 2 49 59 51
Patient 2
JAK2 NM_004972 E14 €.1849G>T p.Val617Phe 5 0 52 99
ASXL1 NM_015338 E12 C.2444T>C p.Leu815Pro 1 100 100 100
EZH2 NM_004456 E6 €.553G>C p.Asp185His 1 53 51 51
TP53 NM_000546 E4 c.215C>G p.Pro72Arg 2 100 100 99
Patient 3
JAK2 NM_004972 E14 €.1849G>T p.Val617Phe 5 0 39 100
ASXL1 NM_015338 E12 C.2444T>C p.Leu815Pro 1 100 100 100
SETBP1 NM_015559 E4 c.3301G>A p.Val1101Ile 1 49 51 50
TET2 NM_001127208 E11 €.5284A>G p.Ile1762Val 2 49 50 50
TP53 NM_000546 E4 c.215C>G p.Pro72Arg 2 53 52 50

Genomic DNA of patient-derived iPSCs was analyzed for 31 or 32 MPN-related genes with NGS (see also supplemental information). For all of the detected
nonsynonymous variants, the transcript affected, the type of mutation on DNA and protein level, and their classification in disease (5: pathogenic, 4: likely
pathogenic, 3: uncertain, 2: likely not pathogenic or of little clinical significance, and 1: not pathogenic or of no clinical significance) are listed. c.HGVS and
p.HGVS, DNA coding and protein coding variants, respectively, defined by the Human Genome Variation Society (HGVS); n.a., not analyzed.

CD61°CD41" MKs were prominently observed in all
differentiations in the presence of TPO. More important,
patient 2, who developed post-PV-MF, showed a significant
increase in the CD61*CD41" population in the JAK2V6!7¥/~
and JAK2V67F/VEI7E (clones (Figures 2C and 2D). For
the CD61* MK population, Romanowsky staining and im-
aging confirmed MK features, such as pro-platelet forma-
tion. Transmission electron microscopy (TEM) images re-
vealed a demarcation membrane system and granules
(Figures 1B, 1D, and 1E). iPSC clones from patients 1 and
3 (no progression to MF) did not have a significant increase
in CD61*CD41" cells derived from JAK2Y®'’"~ and
JAK2VOI7F/VOI7E 4psCs compared to JAK2 iPSCs without
mutation.

A prominent CD235a*CD45~ population was obser-
ved after differentiating patient 2 JAK2Y®'’¥~ and
JAK2VO17F/VOI7F ipgCs into hematopoietic cells (Figures 2A,

226 Stem Cell Reports | Vol. 19 | 224-238 | February 13, 2024

2B, 2E, and 2F). This was a significant increase compared
to the JAK2 clone without mutation of the same patient.
Of note, the JAK2 V617F-associated erythrocytosis was
observed independent of erythropoietin (EPO), similar to
iPSC lines from patients with a high JAK2 V617F allele
burden established previously (Ye etal., 2014). t-Distributed
stochastic neighbor embedding (tSNE) analysis of flow cy-
tometry data of CD31, CD34, CD41, CD42b, CD43,
CD45,CD61, and CD235a, including data from all three pa-
tients and the respective isogenic controls, revealed a coex-
pression of progenitor markers CD31 and CD34 with the
MK markers CD41 and CD61 Figure S4C), highlighting
a strong MK differentiation commitment in progenitor
cells. JAK2VOV7F/VOITE and JAK2VO7Y/~ cells showed distinct
CD45~CD235" clusters, which did not appear for JAK2 cells
without mutation (Figure 2E). Taken together, these results
indicate that the iPSC clones recapitulate the malignant
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Figure 1. Patient-derived JAK2V%Y7"/~ and JAK2V67F/V617F jps( differentiation into MKs
(A) Representative allele-specific PCR analysis and Sanger sequencing of iPSCs without JAK2 mutation and monoallelic and biallelic JAK2
V617F mutation (JAK2, JAK2"6Y77/~ and JAK2"67F/VO17F yaspectively). The G>T transition in JAK2 V617F mutated clones is indicated. W,

water control.

(B) iPSC differentiation into EBs, hematopoietic progenitors, and MKs by specific cytokines as indicated.
(C) JAK2 V617F mutation increased the total cell numbers produced per EB (day 14) of all 3 patients. Each dot represents an independent

experiment (n = 11-12).

(D) The iPSC-MKs showed MK morphology with budding and proplatelet formation (Romanowski staining, patient 2). Scale bars, 50 um.
(E) Images of iPSC-MKs by TEM (patient 2). DMS, demarcation membrane system; N, nucleus. Asterisks indicate proplatelet protrusions.

White arrows mark granules. Scale bars, 1,000 nm.
See also Figures S1-S3.

and skewed hematopoiesis observed in the patient from
whom they originated.

MK differentiation in JAK2V'”F iPSCs is TPO
independent

TPO is the main effector of the cytokine receptor MPL
(myeloproliferative leukemia protein). Activated MPL
drives megakaryopoiesis and platelet production, which re-
lies on JAK2 (Sangkhae et al., 2014). The addition of TPO
to the differentiation of JAK2 iPSCs from patient 2

enhanced the frequency of CD617CD41" cells significantly
(Figures 3A and 3B). This effect, however, was less promi-
nent in JAK2V®17¥/~ iPSCs with an increase of only 7.3%
induced by TPO. The JAK2V®!7¥/~ iPSCs already produced
similar amounts of CD61*CD41" cells without TPO as
JAK2 iPSCs in the presence of TPO and also significantly
more CD617CD41* cells compared to unstimulated JAK2
cells. JAK2VO7F/VOI7F ipgCs produce significantly more
CD61*CD41" cells compared to unstimulated JAK2 cells,
without an additional effect of TPO. A similar trend was
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observed when looking at the CD41°CD42b* cells
(Figures 3A and 3B).

JAK2VO17F/VE17F \MKg exhibit a proinflammatory
signature

Based on the prominent PV-like phenotype during
differentiation, we proceeded to interrogate patient 2
JAK2VOI7F/VEITE \MKs and JAK2 controls by performing
bulk RNA sequencing of CD617 cells (day 14 of differentia-
tion) (Figure 2C). A total of 279 significantly differentially
expressed genes (92 downregulated and 187 upregulated
genes, respectively) were detected between the genotypes
(Figures 4A and 4B). CIBERSORT was applied, which im-
putes gene expression profiles and provides an estimation
of the abundances of member cell types in a mixed cell pop-
ulation (Newman et al., 2015). This analysis confirmed a
high similarity of iPSC-derived MKs to primary MKs in vivo
(Mills and Krantz, 2018) (GSE119828) (Figure 4C).

Next, we applied PROGENy to identify signaling
pathway-responsive genes based on publicly available
perturbation experiments and DoRothEA to identify differ-
entially regulated transcription factors (TFs) (Garcia-Alonso
et al., 2019; Schubert et al., 2018). As expected, the JAK2
pathway was activated in JAK2V6!7"/V617F MKs compared
to controls, which was also visible by pronounced activa-
tion of genes in the STATI network (Figures 4D and 4E).
Indicative of a proinflammatory and profibrotic phenotype
and in line with in vivo observations, V617F mutated MKs
showed upregulation of hypoxia 1a (HIF1A), tumor necro-
sis factor alpha (TNF-a) and the transforming growth factor
B (TGEF-B) pathways (Figure 4D). The most downregulated
genes in JAK2V617F/V617F MKs were COL1A1 and COL3A1,
with other structural proteins, such as FNI1, COL4Al,
COL4A2, and COL5A1, also among the top 20 (Figure SSA).
Gene Ontology (GO) terms for collagen were also
among the most significantly downregulated terms in
JAK2VOI7F/VOI7E \Ks (Figure S5B). The most upregulated
genes were complement C3b/C4b receptor 1-like (CRIL)
and HIF1A-AS3 (Figure S5A).

To gain more information about the effect of both of the
JAK2 V617F mutations in MKs and the global gene expres-

sion changes, we applied gene set enrichment analysis
(GSEA) (Mootha et al., 2003; Subramanian et al., 2005).
An abundant chemokine profile in JAK2V617F/V617F ks
was detected. A ribosome-associated gene set was enriched
in JAK2 CD617 cells without mutation (Figures 4F and 4G);
hence, fewer ribosome associated genes were found in
JAK2VOI7FIVEITE N [Ks. The cytokine CXCLS (also known as
interleukin-8 [IL-8]) was most prominently upregulated, a
feature also visible in PMF patient iPSCs (Hosoi et al.,
2014). The increased CXCL8 expression was accompanied
by increased CXCLS8 secretion measured in a cytokine array
(Figure 4H). Other cytokines that were secreted at high
levels in JAK2V6!7F/V617F \fKs were monocyte chemoattrac-
tant protein-1 (MCP-1), IL-6, growth-related oncogene
(GRO), tissue inhibitor of metalloproteinases metallopepti-
dase inhibitor-1 (TIMP-1), osteopontin, neutrophil acti-
vating protein-2 (NAP-2) , GRO-a, and epithelial neutro-
phil-activating protein-78 (ENA-78), some previously
described to be upregulated in MPN patient blood (Obro
et al., 2020; Pardanani et al., 2011; Verachi et al., 2022).
Transcripts of these cytokines were also found to be more
strongly enriched in JAK2 V617F MKs (data not shown).

We observed pronounced inflammatory and profibrotic
signatures and a decrease in structural proteins in JAK2
V617F CD61* cells, potentially related to the altered matu-
ration of MKs in MPN (Balduini et al., 2011). In particular,
our gene expression study reveals activation of the HIF1A
locus in accord with previous findings (Baumeister
et al., 2020).

Impaired protein synthesis in JAK2V¢17¥/V617F MK

In JAK2V617F/VEI7F \ (K5, the gene set ribosome biogenesis
(GO: 0042254) was significantly negative enriched
(Figures 4F and 4G). Previous studies showed that in PMF
the activation of the JAK/STAT signaling leads to ribosomal
protein small subunit 14 (RPS14) deficiency, directly influ-
encing the ribosome (Ling et al., 2018). To show that there
was an effect on the protein synthesis in JAK2Y6!7F/V617F
MKs, we measured the incorporation of OP-Puro in iPSC-
MKs during protein synthesis and found a reduction in
JAK2VOI7F/VOI7E NKs (Figure 41). Thus, the MKs from PV

Figure 2. Hematopoietic differentiation of JAK2"577/~ and JAK2V617F/V617F jpSCs recapitulates skewed myeloid differentiation of

PV patients

(A and B) Increased erythropoiesis of patient 2 iPSCs with JAK2 V617F mutation in MK differentiation (day 14) independent of EPO by

increased frequency of CD235a"CD45 cells in flow cytometry.

(C and D) Production of CD61°CD41* MKs for all iPSC clones of all of the patients, which was particularly prominent for the JAK2 V617F

mutated cells of patient 2.

(E) tSNE analysis of events from all 3 patients revealed more prominent clusters of CD235a"CD45~ cells overlapping especially with the

JAK2Y67F/~ and JAK2YOY7F/VOLTF a5 (patients 1 and 2).
(F) Increased erythropoiesis in JAK2'017F/Ve17F

cells as evidenced by red cell pellet at day 14 of differentiation as in (A)-(E).

(B and D) Each dot represents an independent experiment (patient 1, n = 5-10; patient 2, n = 7-17; patient 3, n = 2-4).

See also Figure S4.
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Figure 3. JAK2"57%~ and JAK2"677/V617F ipsCs develop into MKs independently of TPO
(A) Flow cytometry analysis (CD41, CD42b, CD61) of JAK2 V617F MKs of patient 2 in response to TPO (2 days) on day 14 of MK differ-

entiation shows independence of TPO in JAK2/617F/V617F cq|(s,

(B) Quantification of CD61*CD41* and CD41*CD42b* cells in response of TPO as in (A) of patients 1-3. JAK2'®7/V617F depicts data of
patient 2. JAK2 V617F cells show TPO independent increased production of MKs, whereas MK production of unmutated cells was TPO
dependent. Each dot represents an independent experiment (JAK2, n = 13-15; JAK2Y°Y7%/~, n = 10-12; JAK2'617F/V617F n —5_11),

patients mimic main features of other MPN model systems,
such as GATAY mice, describing a correlation between the
mutation, decreased ribosome biogenesis, and translation.
This finding is of particular interest because reduced pro-
tein synthesis has been linked to proinflammatory but
not yet to profibrotic phenotypes. In addition, RPS14 defi-
ciency was shown to have an impact on MK and erythroid
differentiation (Schneider et al., 2016).

MSC-MK JAK2V®'7F coculture recapitulates MF features
Next, we explored the profibrotic phenotype of JAK2V6!”F
MKs. Conventional 2D coculture of MKs with MSC on tis-
sue culture plastic did not induce profibrotic gene expres-
sion, such as ACTA2/a2-smooth muscle actin (Figure S6A;
data not shown). Three-dimensional culture systems are
known to better mimic the bone marrow niche function-
ality in terms of hematopoietic support (Bourgine et al.,
2018) than 2D models and would therefore provide a
more faithful recapitulation of fibrotic transformation in
MF. To investigate the impact of JAK2V®'”F MKs on MF,
iPSC-derived MKs were cocultured with primary or
immortalized bone marrow MSCs (Bourgine et al., 2017)
for 72 h on a fiber-based scaffold produced by melt electro-
writing (MEW) technology (Castilho et al., 2018, 2019)
(Figures 5A and 5B). This scaffold was chosen to facilitate
cell infiltration and better approximate the complex bone
marrow niche ECM fiber environment.
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iPSC-derived CD61* MKs of patients 1 and 2 were used
for coculture with MSCs (Figure 5A), one of whom trans-
formed to MF (patient 2). The presence and interaction
of MKs and MSCs on the scaffold was analyzed by
GFP (MSCs) and immunofluorescence staining of
CD42b (MKs) (Figure 5C). CD42b"™ MKs were located in
close proximity to GFP™ MSC. Following coculture in
scaffolds for 3 days, MSCs were isolated from scaffold
and subjected to RNA expression analysis (Figures 5D
and S6B-S6D).

MSCs cocultured with JAK2V617F/V617F VK upregulated
the fibrotic marker genes ACTA2, FAP, and GLII signifi-
cantly compared to a coculture with JAK2 MKs without
mutation (Figures 5D, S6C, and S6D). Moreover, TGF-31
and COLIA1 expression was also increased in MSCs, but
the increase of COLIA1 expression was not statistically sig-
nificant. JAK2V®Y”¥~ MKs induced a similar but not as
prominent trend of upregulation. A coculture with condi-
tioned medium of CD61* MKs (supernatant) did have
similar effects on GLII but not on ACTA2 or FAP
(Figures S6E-S6G). Thus, the induction of fibrotic marker
genes appears not to be fully mediated by soluble factors
but requires direct MSC-MK contact. In summary, because
MKs have been attributed a major role in the development
of bone marrow fibrosis in vivo (Gleitz et al., 2020; Kramann
and Schneider, 2018), it was reassuring to observe similar
effects in our in vitro model.
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Figure 4. JAK2Y617F/V617F jpg MKs express an inflammatory gene signature
iPSCs with homozygous JAK2 V617F mutation and without mutation were differentiated into MKs (day 14) and subjected to bulk RNA
sequencing analysis (N = 3, patient 2).
(A and B) JAK2'67F/V617F MKs showed 279 significantly differentially expressed genes (187 downregulated and 92 uprequlated genes,
respectively) and are represented in heatmap and volcano plot format (A and B, respectively).
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Perturbation of iPSC-MK-induced fibrosis by
ruxolitinib

The JAK2 inhibitor ruxolitinib can reverse or delay bone
marrow fibrosis in patients (Kvasnicka et al., 2018). There-
fore, to further extend the MSC-MK JAK2VO17¥/VO17F coeyl-
ture experiments, we performed perturbations by pharma-
cological intervention using ruxolitinib. The profibrotic
effect of JAK2VO17F/VO17F N\ [Ks was ameliorated or almost
abolished when 1 uM ruxolitinib was added to coculture
(Figure 5D). Ruxolitinib alone had no effect on MSC and
on coculture of MSC and JAK2 MKs without mutation
(Figures S6H and S6I). MSC stimulated by JAK2V617F/V617F
MKs also expressed less of the HSC supporting cytokine
CXCL12, but this effect was not reversed by ruxolitinib
(Figure SD).

Previous work in mouse models demonstrated the
impact of CXCL4 in MF (Gleitz et al., 2020). To assess the
activity of CXCL4 on MK-induced fibrosis in our 3D cocul-
ture system, CXCL4 knockout MKs were used (Boehnke
et al., 2021). JAK2V®V¥~ CXCL4 knockout MKs caused
low GLII expression in MSC but left profibrotic gene
expression unaffected (Figure S6J). This may be because
CXCL4 action on profibrotic genes requires an additional
cell type, which is not present in the MSC-MK coculture
system.

In summary, we observe that ruxolitinib abolished the
upregulation of fibrotic markers, thereby paving the way
to use the 3D MSC-MK coculture system for drug screening.

DISCUSSION

HSCs driven by JAK2 V617F cause PV, which can progress
in MF, and MKs were shown as major players of MF in mu-
rine models. Here, we generated a panel of JAK2 V617F
iPSCs from PV patients and differentiated them in MKs.
We developed a 3D MSC-MK coculture system to mimic
the MF bone marrow niche. The iPSC-derived MKs showed
the intrinsic differences between JAK2 V617F genotypes
and patient-specific features. This highlights the advan-
tages of the iPSC model to capture the patient-specific ge-

netic profile and mutational landscape, including comuta-
tions, which correlate with clinical outcomes in MPN
(Grinfeld et al., 2018; Luque Paz et al., 2023).

We differentiated homozygous and heterozygous JAK2
V617F iPSCs and isogenic controls into MKs. JAK2 V617F
iPSCs of all patients matured from progenitors into MKs
independently of TPO. Patient 2 exhibited a particularly
high JAK2 V617F allele burden (97%) and transformed to
ME. Interestingly, Saliba et al. (2013) reported on a PV pa-
tient with homozygous JAK2 V617F mutation and high
allele burden (99%) who progressed to MF and thus ex-
hibited the same genotype, similar high allele burden,
and disease progression as patient 2. JAK2 V617F iPSCs
of patient 2 showed a strong propensity to develop
CD235a* erythrocytes independently of EPO, which is in
accordance with a prevalence of hyperplastic erythropoi-
esis in JAK2 V617F PV patients with high allele burden.
Which factors contribute to an increased erythropoiesis
in PV (Levine and Gilliland, 2008) and in PV iPS cells re-
mains an open question, as shown here. Overexpression
of JAK2 V617F alone in iPSCs showed modest effects on
erythropoiesis (Liu et al., 2023; Nilsri et al.,, 2021). In
JAK2 V617F PV patients and JAK2 V617F knockin mice
loss of heterozygosity through uniparental disomy of
9p24, where JAK2 is located, is supposed to correlate with
the switch to increased erythropoiesis (Li et al., 2014).

The properties of patient 2 JAK2 V617F iPSCs and the
diseased cells derived thereof emphasize the impact of
the iPSC approach chosen here to captures the patient’s
genomic profile, including thus-far unknown and poten-
tially disease-relevant mutations. We can expect with the
advance of molecular profiling of PV by NGS (Luque Paz
et al., 2023) to get to know more about the genetic predis-
position, disease-associated mutations, and molecular
mechanism involved.

JAK2 V617F MKs showed a skewed gene expression pro-
file toward cytokines involved in inflammation and MF
(e.g., CXCLS8/IL-8, MCP-1, TNF-a, TGF-B) in accordance
with other studies (Fleischman et al., 2011; Hosoi et al.,
2014; Olschok et al., 2021). In addition, JAK2 V617F MKs
induced aspects of fibrosis in MSCs shown by the

(C) CIBERSORT analysis identified iPSC-MKs of all genotypes as MK and erythromyeloid progenitors (GSE_Meg and GSE_HPC refer to MK and

hematopoietic progenitor [HPC] datasets).

(D) PROGENy analysis revealed prominent upregulation of the JAK-STAT and also upregulation of hypoxia, TNF-a, and TGF-f pathways (red

boxes).

(E) DoRothEA analysis showed downregulation of TFs MYCN and upregulation STAT1 and HIF1A (red boxes).
(F and G) GSEA analysis showed, among others, the positive enrichment of chemokines and the negative enrichment of ribosome-asso-

ciated genes.

(H) ELISA of multiple chemokines shows prominent upregulation of inflammatory cytokines in JAK2/*7F/V617F MKs (CXCL8/IL-8, MCP-1,

IL-6).

(I) Uptake of OP-Puro in nascent peptide chains was decreased in JAK2'6Y7/Y617F MKs (patients 1 and 2; n = 2-3 and n = 3-4, respectively).

See also Figure S5.

232 Stem Cell Reports | Vol. 19 | 224-238 | February 13, 2024



CD61* magnetic sorting

Start of co-culture

Day 7 Day 14 Day 17
BM-MSC - Seeding MSC]| | b End of
expansion  on scaffolds ~ 10% FCS SCF co-culture
TPO
c .

D ACTA2 FAP
Aok *k

%% *

0.1

Fold to GAPDH

0.014

0.001 0.01

0.1 GLI1 0.1 CXCL12

0.014 0.014

Fold to GAPDH

0.001 0.0014

0.0001 T T T T

0.0001 T T T T

& S & NS
YO S T
NS q ¥ 4O 0o a 0
o o S & Q$+
¥ W ¥ Y
x'\Q N

7

Angle-plied fibers
Porosity: 75+ 3 %
Thickness ~150 um

/PCL/WO]E

Polycaprolactone, PCL

&

3

0 JAK2

0 JAK2Ve17F/-

(| JAK2V617FN617F

JAKQVE17TFVBI1TF
+1uM Ruxolitinib

0.1

0.014

0.001
1 TGFp1
o
==
- % =
0.01 T T T T
42 & & &
5?* © ,\&Q’ R
N & SIS
\a v O
¥ o
¥ Yo
N3

(legend on next page)

Stem Cell Reports | Vol. 19 | 224-238 | February 13,2024 233

‘



;0‘
(&

upregulation of fibrosis marker genes, such as ACTA2 and
FAP. More important, this was genotype specific and inde-
pendent of the individual patient and not observed with
unmutated MKs. Interestingly, JAK2 V617F MKs decreased
hematopoietic support as indicated by lower CXCL12
expression in MSCs, thus recapitulating another hallmark
of MF (Kramann and Schneider, 2018).

The JAK2 inhibitor ruxolitinib showed an impact on
erythrocyte differentiation in JAK2 V617F mutated iPSCs
(Yeetal., 2014). In our study in 3D MSC-MK coculture, rux-
olitinib compromised the upregulation of fibrosis markers
in JAK2VO17F/VO17F N K but not MKs without mutation or
MSCs only. This shows that our 3D coculture platform is
highly suitable for screening drugs in vitro for the inhibi-
tion of MK-induced fibrosis. In this context, we note that
so far ruxolitinib had only minor effects on fibrosis in pa-
tients (Kvasnicka et al., 2018; Oh et al., 2022). This may
be because the inhibition of additional signaling pathways
further to JAK2 signaling, such as nuclear factor-xB (NF-xB)
signaling, are required to treat fibrosis, as demonstrated in
mouse models (Kleppe et al., 2018).

Previous work showed that CXCL4 knockout reduces
fibrosis in vivo (Gleitz et al., 2020), which was thus far not
observed in our coculture system. In addition, Hoeft et al.
(2023) demonstrated that platelet-derived CXCL4 stimu-
lates macrophages to polarize and drive fibrosis in a mouse
model of myocardial infarction. Thus, to gain further in-
sights into MKs driving fibrosis, we envision the addition
of further cell types with a potential role in fibrosis to
advance our 3D coculture model. The strength of our cocul-
ture platform is to allow individual fine-tuning of parame-
ters, such as using a defined stromal compartment and cells
with a defined genotype and allele burden. These features
are not present in other coculture platforms presented so
far (Khan et al., 2023). Microfiber scaffolds have already
proven to be useful for cartilage tissue regeneration (Cas-
tilho et al., 2019) and allowed us to approximate a bone
marrow-like environment for the culture of MSCs.

In summary, we show that the JAK2 V617F mutation in
iPSCs from PV patients recapitulates myeloid proliferation.
MKs with homozygous JAK2 V617F mutation have the
potential to initiate fibrosis. Our 3D coculture platform
allowed us to study the induction of fibrosis by
JAK2VOI7F/VOI7E \Ks and should permit exploring novel

treatment options. The 3D coculture platform is expected
to serve as a valuable tool to further investigate novel
drug candidates and/or gain further insights into MSC-
MK interactions and PV disease progression toward MF.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author.

Materials availability

iPSCs generated in this study will be made available on request, but
may require a completed Materials Transfer Agreement.

Data and code availability

The data discussed in this publication have been deposited in
NCBI's Gene Expression Omnibus and are accessible through
GEO: GSE228092. (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE228092).

Patient-specific iPSCs with JAK2 V617F mutation
Patient-specific iPSCs were reprogrammed from PBMC:s of three PV
patients (referred to as patient 1, patient 2, and patient 3) with
JAK2 V617F mutation after written informed consent (local ethics
board reference no. EK206/09) using OCT4, SOX2, ¢-MYC, and
KLF4 in CytoTune Sendai virus vectors (Thermo Fisher Scientific,
Waltham, MA) as described (Boehnke et al., 2021; Satoh et al.,
2021; Sontag et al., 2017). iPSCs with monoallelic and biallelic
JAK2 V617F mutation (JAK2VC'Y~ and JAK2V67F/VO17Fy and
without mutation were isolated. For patient 2 (JAK2 V617F allele
burden 96%), only JAK2V6!7F/V617F ipSC clones were obtained.
For patients 1 and 3 (JAK2 V617F allele burden of 37% and 25%,
respectively) JAK2 and JAK2VO'7F/~ iPSC clones were obtained.
JAK2VO17F/= and JAK2Ve17F/VEI7F ipsCs and isogenic controls per
patient were generated by CRISPR-Cas9 editing (IDT, Coralville,
IA). Routinely, iPSCs were maintained in StemMACS iPS-Brew XF
on 6-well plates coated with Matrigel (Corning, Corning, NY).

iPSC differentiation into MKs and 3D culture with
MSC

Differentiation of human iPSCs into MKs was done by a spin EB
protocol (Liu et al., 2015) with some modifications, as described
in Satoh et al. (2021) and Olschok et al. (2021). Primary MSCs
from the femoral heads of hip replacement surgeries (local ethics
board reference no. EK300/13) or the immortalized MSC line

Figure 5. JAK2Y6Y7%/~ and JAK2V617F/V617F MKs induce profibrotic gene expression in stromal cells in a 3D coculture model

(A) Schematic representation of coculturing MSCs and MKs on 3D scaffolds.

(B) Representative scanning electron microscopy image of MEW printed fiber scaffolds with respective scaffold characteristics.

(C) MSC growing on the scaffolds (left) and in coculture (right). JAK2 V617F MKs (CD42b, arrows) were in close proximity to MSC (GFP).
(D) ACTA2, FAP, GLI1, COL1A1, and TGF-B1 gene expression in MSC was upregulated in coculture with JAK2 V617F MKs and CXCL12 gene
expression was downregulated (patients 1 and 2). Ruxolitinib treatment abolished the activity of JAK2/677/V617F MKs. Each dot represents
an independent experiment (JAK2, n = 4-10; JAK2"°Y%/ =, n = 6-9; JAK2"617F/V617F ' _ 3_9; ruxolitinib, n = 2-4).

See also Figure S6.
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MSOD (Bourgine et al., 2017) were obtained from human bone
marrow and seeded on polycaprolactone (PCL) MEW scaffolds (Fig-
ure 5B) at a density of 2 x 10° cells/cm? scaffold and cultured in
a-MEM (Cytiva, Marlborough, MA) supplemented with 10% fetal
calf serum (Capricorn, Ebsdorfergrund, Germany), 100 U/mL peni-
cillin and 100 pg/mL streptomycin, 2 mM glutamine, 10 mM
HEPES, and 1 mM sodium pyruvate (all Thermo Fisher Scientific).
In cocultures 2 x 10° CD61* iPSC-MKs (day 14) were added to 3D
cultured MSC on MEW scaffolds in serum free medium (SFM) con-
taining the corresponding cytokines. Half- medium changes were
performed daily, and MKs and MSC were cocultured for 3 days.

Flow cytometric analysis of hematopoietic
differentiation

Cells were analyzed by flow cytometry as described by Olschok
et al. (2021) and Toledo et al. (2021) (Figure S4B; Table S1) and
analyzed with FACS Canto II or LSR Fortessa and Flow]Jo software
(all BD Bioscience, Franklin Lakes, NJ). For the analysis of protein
biosynthesis with flow cytometry, the protein synthesis assay kit
(ab239725, Abcam, Cambridge, UK) was used.

Diff-Quik staining cells were centrifuged onto glass slides in the
Cytospin 4 cytocentrifuge (Thermo Fisher Scientific). Cells were
fixed with methanol, stained with Diff-Quik (Medion Diagnostics,
Diidingen, Switzerland), and mounted with Entellan (Merck, Rah-
way, NJ).

Statistical analysis

Statistical analyses were performed in Prism 9 (GraphPad, San
Diego, CA) using one-way or two-way ANOVA with Tukey’s multi-
ple comparisons test or Dunnett’s multiple comparisons test. Re-
sults were reported as follows: 0.1234 (ns), 0.0332 (*), 0.0021 (**),
0.0002 (***), <0.0001 (****) with specific comparisons as indicated
in the respective figure legends.

Additional methods

Detailed description of CRISPR-Cas9 editing of iPSCs, iPSC differ-
entiation into MKs, immunofluorescence staining, Epi-Pluri-
Score, TEM, NGS and cytogenetic analysis, gene expression anal-
ysis by QRT-PCR and RNA sequencing, ELISA analysis, and MEW
of fiber scaffolds are contained in the supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.12.011.
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