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Chronic myeloproliferative neoplasms are characterized by clonal myeloid expansion driven by
activating mutations in the JAK2 pathway and chronic inflammation. The aim was to investigate

the contribution of circulating inflammatory mediators to the abnormalities in the megakaryocytic
lineage characteristic of MF and ET. Plasma samples from 30 MF and 28 ET patients were incubated
with normal cord-blood CD34 + progenitors and megakaryo/thrombopoiesis was evaluated. MF plasma
increased megakaryocyte output, which was attenuvated in sequential samples from ruxolitinib-
treated patients. JAK1/2, MAPK and NF-kB inhibitors reverted this effect, revealing the concomitant
involvement of all three pathways. Elevated levels of circulating IL-1B and IL-6 correlated with
megakaryocyte output, which was reverted by blocking antibodies, indicating this phenotype is

partly driven by these inflammatory cytokines. Instead, ET plasma promoted enhanced proplatelet
formation, which was coupled with increased NFE2 and Bcl-xL expression. Elevated levels of circulating
RANTES correlated with ET plasma-induced proplatelet formation, which was partially reverted by
RANTES receptor CCR5 antagonist Maraviroc, indicating RANTES is involved in this process. These
findings indicate that, in addition to clonal mutations, extrinsic inflammatory mediators play a direct
role in MF and ET megakaryocyte abnormalities. The distinct cytokine profile could potentially be
useful for the development of targeted therapies.

Megakaryopoiesis begins with the differentiation of a hematopoietic stem cell followed by megakaryocyte
(MK) lineage proliferation, polyploidization and maturation. This process is strictly regulated by transcription
factors, such as RUNX1, GATA-1 and FLI-1, and cytokines, such as thrombopoietin and IL-6"2. In normal
hematopoiesis, megakaryocyte progenitors have a low proliferation rate and megakaryocytes (MK) are relatively
rare cells in healthy bone marrow. Thrombopoiesis is the final step of MK maturation leading to proplatelet
formation (PPF), where transcription factor NFE2, and certain chemokines, such as RANTES, are involved>.
Alterations in megakaryopoiesis and thrombopoiesis have been described in several disorders, including
myeloproliferative neoplasms (MPN).

Myelofibrosis (MF) and essential thrombocythemia (ET) are MPN belonging to the Philadelphia chromosome-
negative (Phi-) group, which are characterized by abnormal proliferation of megakaryocytic progenitors and
chronic inflammation. These diseases are closely related and share driver mutations, JAK2V617F, CALR and
MPL*. These mutations induce the constitutive activation of the JAK/STAT signaling pathway, which gives
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the hematopoietic mutated clone a proliferative advantage. MF is associated with the worst outcome among
MPNs. Although there is marked expansion of the megakaryocytic lineage in MF, MK are dysplastic, immature
and promote bone marrow fibrosis through the release of profibrotic and proinflammatory factors into the
microenvironment™®. Patients with ET present thrombocytosis and hyperproliferation of large, mature MK
that display exacerbated PPF with increased number of bifurcations and tips in culture’. Chronic inflammation
is a key feature of MPN that contributes to disease pathogenesis. High levels of a spectrum of inflammatory
cytokines, including IL-1p and IL-6, are found in circulation®. The cytokine profile is variable, both between MF
and ET, as well as among individuals within each pathology®. This inflammatory state is more pronounced in MF
than in ET and is associated with MF disease progression and worse outcome®!°. JAK1/2 inhibitor ruxolitinib
improves constitutional symptoms and reduces splenomegaly in MF patients'!13. The efficacy of this drug is
largely due to the improvement in the cytokine profile rather than to direct action on the neoplastic clone!*.
However, ruxolitinib treatment for prolonged periods of time was not able to completely revert plasma cytokines
levels to normal values, suggesting that, in addition to JAK/STAT hyperactivation, other signaling pathways
are involved!®. In this regard, enhanced activation of NF-kB and MAPK was shown in MF hematopoietic stem
cells'®.
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«Fig. 1. Effect of myeloproliferative neoplasm plasma on CD34 + progenitors. Umbilical CD34 + progenitor
cells were cultured in the presence of 10% plasma from normal controls (C, n=40), essential thrombocythemia
(ET, n=28) or myelofibrosis (MF, n=30) patients and TPO during 12 days to evaluate megakaryopoiesis.

Cells were labeled with CD61-FITC and CD42b-PE antibodies and evaluated by flow cytometry. Cells were
selected by forward scatter (FSC) versus side scatter (SSC) and analyzed by CD61-FITC and CD42b-PE
expression to determine megakaryocyte (MK) percentage and maturation, respectively. (A) An example of
selected gate for MK analysis is shown. (B) Representative analysis of MK output in cultures incubated with
Control, ET and MF plasma analyzed by CD61 and CD42b staining is shown. (C) Total cell number (Neubauer
chamber), (D) MK (CD61 +events), (E) Percentage of CD61 + events, (F) CD61 median florescence intensity,
(G) Mature MK (CD61/CD42b + events) number, (H) Percentage of CD61/CD42 + events and (I) CD42b
median florescence intensity were plotted. Kruskal-Wallis followed by Dunn’s multiple comparisons test. Bars
and error bars indicate the median with interquartile range. (J) Effect of Ruxolitinib on MF plasma-induced
megakaryopoiesis. Megakaryopoiesis was evaluated on CD34 + progenitors in the presence of sequential
plasma samples obtained from MF patients without treatment and during treatment with ruxolitinib (at 1 and
3 months) (n=5). Total cell, MK and mature MK count are shown. Friedman followed by Dunn’s multiple
comparisons test. Bars and error bars indicate median with interquartile range. All experiments were carried
out in triplicate in three independent umbilical cord blood samples.

The effect of proinflammatory cytokines on megakaryopoiesis has been previously demonstrated. In addition
to the well-recognized role of IL-6, IL-1f has been shown to exert a direct stimulating effect on megakaryopoiesis
by activating NF-kB and MAPK!®-!8, In addition, elevated IL-1B and IL-6 in several inflammatory diseases
trigger thrombopoietin production, which, in turn, promotes megakaryopoiesis in vivo!®. However, it remains
to be established whether elevated cytokine levels play a role in megakaryocytic abnormalities displayed by ET
and MF patients and whether inflammatory signaling pathways, such as NF-kB and MAPK, could be involved
in the response of MK to inflammation in these conditions.

Given the central role of MK in these neoplasms, the predominat role of inflammation and the phenotypic
differences between MF and ET, the aim of this study was to assess the effect of soluble inflammatory mediators
present in the plasma of MF and ET patients on the megakaryocytic lineage and identify the intracellular
pathways involved.

Results

Soluble factors in the plasma of MF patients induce exacerbated MK proliferation

To evaluate the effect of soluble factors present in the plasma of MPN patients on megakaryopoiesis, plasma
samples from untreated MF or ET patients were incubated with normal cord blood-derived CD34 + progenitors
and cultured during 12 days under MK differentiation conditions. Total cell number was counted and the
number of MK and mature MK (MMK) were calculated using the percentage of CD61+ (MK marker) and
CD42+ (maturation marker) events obtained by flow cytometry. An example of MK selection strategy is shown
(Fig. 1A, B). Plasma from MF patients induced an increase in total cell, MK and MMK number compared to
control plasma. This increase was not observed with plasma from ET patients, which behaved similarly to the
control group (Kruskal-Wallis followed by Dunn’s multiple comparisons test; Fig. 1C-I). Moreover, expression
levels of CD61 and CD42b were also increased following incubation with MF compared to ET and control
plasma, as evidenced by higher mean fluoresce intensity (Figs. 1F, I). We then analyzed the size and complexity
of MKs incubated with plasma using the forward and side scatter data of the CD61 + population obtained by flow
cytometry. CD34 + progenitors incubated with MF plasma exhibited normal size (FSC), but higher complexity
(SSC) compared to MK incubated with control and ET samples (Fig. S1). Overall, these results indicate that
soluble factors present in MF but not ET plasma lead to enhanced MK output and maturation.

Plasma from ruxolitinib-treated MF patients decrease MK numbers

Treatment with ruxolitinib leads to clinical improvement in MF patients, at least in part by reducing the levels
of circulating inflammatory cytokines. As an approach to evaluate whether the effect of plasma factors on
megakaryopoiesis could be due to elevated inflammatory cytokines present in MF circulation, we evaluated serial
samples from 5 MF patients before treatment and at 1 and 3 months after starting treatment with ruxolitinib,
using the above described system. Three patients showed a decrease in the total number of cells, MK and MMK
at 1 and 3 months of treatment, compared to pre-treatment samples from the same patients, although without
reaching statistical significance (Friedman followed by Dunn’s multiple comparisons test), in accordance with
improvement of constitutional symptoms (Fig. 1J). These data suggest that the inflammatory cytokines present
in patient plasma could be responsible, at least in part, for enhanced MK output induced by MF samples. On the
other hand, MK numbers induced by incubation with the remaining two patient samples was not ameliorated
during ruxolitinib treatment. Interestingly, these two samples belonged to patients whose clinical response to
ruxolitinib was suboptimal or absent (orange and blue lines, Fig. 1J).

Influence of patient clinical and molecular features on abnormal megakaryopoiesis induced
by MF plasma

Toanalyze theinfluence of driver mutations on soluble factors presentin samples that stimulated megakaryopoiesis,
MEF patients were divided according to their mutational status into JAK2V617F- and JAK2V617F+. A trend
towards increased total cell, MK and MMK number was induced by plasma from MF patients carrying the
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JAK2V617F mutation (Student-t test with Welch's correction; Fig. 2A), suggesting a relationship among the
presence of the JAK2V617F mutation, plasma factors and the increase in cell number.

Plasma from patients harboring HMR mutations, including ASXL1, SRSF2 and U2AF1, induced significantly
higher total cell, MK and MMK count (Student-t test with Welch s correction; Fig. 2B). Megakaryopoiesis was
also influenced by the degree of disease progression, as patients in higher risk groups, as stratified according
to the Mutation-Enhanced International Prognostic Score System (MIPSS70), displayed higher MK output
than those classified into lower risk groups (One-way ANOVA followed by Tukey’s multiple comparison test;
Fig. 2C).

C-Reactive Protein (CRP), an inflammatory marker, was elevated in this cohort (data not shown), as
reported?’. Correlation between CRP and both MK and MMK numbers was found (Pearson correlation, Fig.
2D-E), mirroring the effect of MF plasma on megakaryopoiesis and suggesting a direct relationship between the
inflammatory state and MK output.

Plasma from MF induces its effect on MK precursors

To assess whether the stimulatory effect of soluble factors occurs at the level of CD34 + progenitors or is exerted
on immature MK, CD34 +cells were cultured during 12 days and patient plasma was added since day 1, as
described in the previous assays, or at day 6 of culture when progenitors were more differentiated under MK
culture conditions. Addition of MF plasma at day 6 of culture yielded an increase in total cell, MK and MMK
number, to a similar extent as that observed when samples were added since day 1 (p=ns, Wilcoxon test;
Figure S2). These results suggest that the stimulating effect of MF plasma factors can be exerted on cells already
committed to the MK lineage, and imply that at least some of the cytokines implicated in this process are directly
involved in the regulation of megakaryopoiesis. Of note, an increase in MK count was evident when addition
of plasma from healthy subjects was delayed until day 6 of culture (Wilcoxon test), suggesting that steady-state
plasma factors may have an inhibitory effect on MK differentiation. In contrast to ME, plasma from ET patients
behaved similarly to control plasma, increasing total cell count when plasma was added at day 6 compared to
day 1 (Fig. S2).

Plasma from MF upregulate Cyclin D1 expression

To study the mechanisms involved in MK stimulation, expression levels of MK transcription factors RUNXI,
GATA-1 and FLI-1, main genes involved in megakaryocytic differentiation, were assessed by qPCR. To this end,
CD34 + progenitors were incubated in the presence of MF or control plasma during 9 days followed by mRNA
extraction. No significant increase was found respect to control, indicating that exacerbated megakaryopoiesis
is not due to deregulation of these transcription factors (Mann-Whitney test; Fig. 3A). Then, we investigated the
possible role of cell cycle alterations by focusing on cyclin D1, which participates in G1 to S phase transition,
and showed increased expression levels of this cell cycle regulator, suggesting it could be involved on this process
(Mann-Whitney test; Fig. 3A).

NF-kB and MAPK pathways are involved in MK stimulation induced by MF plasma

Previous data indicate that cyclin D1 could be regulated through stimulation of the MAPK and NF-kB pathway
by inflammatory cytokines?!2. To deepen into the mechanisms underlying enhanced MK number triggered
by MF plasma, we focused on inflammatory signaling networks. In addition to the JAK2 pathway, NF-xB and
MAPK have been shown hyperactivated in MF patients!>!°. To this end, inhibitors of the NF-kB (RO106),
MAPK (UO126) and JAK1/2 (ruxolitinib) pathways were added to cell culture at day 6. After 90 min, MF plasma
was added to the culture system and cells were counted at day 12. Addition of each of these inhibitors was able to
revert the increase in cell counts triggered by MF plasma, indicating that exacerbated cell proliferation induced
by MF plasma is dependent on all of these signaling pathways (MF plasma with inhibitors vs. control plasma,
p = ns, One-way ANOVA followed by Tukey’s multiple comparison test; Fig. 3B-D). As expected, all three
inhibitors decreased MK proliferation in cells incubated with control plasma (Fig. S3).

IL-1B and IL-6 participate in MF plasma-induced MK stimulation

NF-kB and MAPK are important mediators in the inflammatory pathways which are activated mainly by
proinflammatory cytokines, including IL-1p and IL-6, respectively'®~!8. Considering their important role in
the development of the megakaryocytic lineage, plasma levels of IL-1B and IL-6 were measured in patients
with MF and ET. Circulating IL-1p and IL-6 were elevated in our MF cohort, while levels in ET were similar
to the control group (Kruskal-Wallis followed by Dunn’s multiple comparisons test; Fig. 4A, E). Indeed,
a close association was found between plasma levels of these cytokines and MF plasma-induced MK output
(Spearman Correlation; Fig. 4C, G), suggesting their role in this observation. Of interest, levels of both cytokines
were higher in patients stratified into higher MIPSS70 scores (Kruskal-Wallis followed by Dunn’s multiple
comparisons or Mann Whitney test for IL1p, low + intermediate vs. high risk group; Fig. 4B, F), in accordance
with the increased MK output induced in vitro by plasma samples from patients belonging to this risk group. To
determine the contribution of these cytokines, specific blocking anti-IL-1p or anti-IL-6 antibodies were added
to the culture system prior to incubating MK with MF plasma. A representative dose-response curve of both
blocking antibodies is shown (Fig. $4) and further experiments were carried out using 50 pg/ml of each antibody.
Inhibition of MK output was observed with both blocking antibodies, further reinforcing the participation of
IL-1p and IL-6 in this phenotype (Wilcoxon test; Fig. 4D, H).

Soluble factors present in ET plasma induce exacerbated PPF from normal MK
To study the effect of soluble mediators from MF and ET patients on thrombopoiesis, we assessed the ability
of plasma to induce PPF from MMK. To this end, CD34 + progenitors were cultured during 12 days in MK
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Fig. 2. Relationship between clinical features and altered megakaryopoiesis induced by MF plasma.
Myelofibrosis (MF) patients were grouped by mutational status in (A) JAK2V617F+ (n=14)/JAK2V617F-
(n=16), including CALR1 (n =10, red), CALR2 (n=2, green), MPL (n=2, violet) and triple-negative (n=2,
blue) patients or (B) by high-molecular risk (HMR) mutations positive (n=9) including ASXL1 (n=8), U2AF1
(n=1), SRSF2 (n=1, coexisting with ASLX1) or negative (n=21). Total cell, megakaryocyte (MK, CD61+)
and mature MK (CD61/CD42+) count are shown. Student-t test with Welch s correction, bars and error bars
indicate mean and standard deviation (SD). (C) MF patients stratified into low (n=5), intermediate (n=17),
and high (n=8) risk groups according to MIPSS70 score. Total cell, MK (CD61+) and mature MK (CD61/
CD42+) count are shown. One-way ANOVA followed by Tukey ‘s multiple comparison test. Bars and error
bars indicate the mean and SD. Correlation between C-reactive protein (CRP) levels and (D) MK or (E) mature
MK number are shown in JAK2V617F+ (n=13)/JAK2V617F- (n=14), including CALR1 (n=9, red), CALR2
(n=1, green), MPL (n=2, violet) and triple-negative (n=2, blue) patients, Pearson correlation.
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Fig. 3. Mechanisms involved in the regulation of megakaryocyte proliferation by myelofibrosis plasma.

(A) RNA expression of transcription factors involved in megakaryopoiesis. CD34 + progenitor cells were
cultured in the presence of 10% plasma of myelofibrosis (MF) patients during 9 days, and after that, RNA was
obtained (n=6). Expression levels of RUNX1, GATA-1, FLI-1 and Cyclin D1 were quantified using GAPDH
as housekeeping gene by qPCR. Fold-change with respect to the control (C) was plotted, Mann-Whitney test.
Bars and error bars indicate the median with interquartile range. (B-D) Inhibition of inflammatory signaling
pathways. CD34 + progenitors were cultured in StemSpan supplemented with TPO during 6 days. At day 6 of
culture, megakaryocyte (MK) were treated with (B) RO106 (NF-B inhibitor), (C) UO126 (MAPK inhibitor)
or (D) Ruxolitinib (JAK1/2 inhibitor) during 1 h, then 10% MF plasma was added (C=3; MF =3). Cells were
counted at day 12 of culture. Repeated-measures one-way ANOVA followed by Tukey 's multiple comparison
test. Bars and error bars indicate the mean and SD.

differentiation conditions, in the absence of plasma. Then, 10% of MF and ET patient plasma was added to the
culture and incubated until day 15. Representative examples of MK forming proplatelets are shown (Fig. 5A).
A significant increase in PPF was induced by ET patient plasma compared to control group (Kruskal-Wallis
followed by Dunn’s multiple comparisons test; Fig. 5B), without differences between JAK2V617F-positive and
negative patients (Mann-Whitney test; Fig. 5C). Although no significant increase in PPF was found in the
presence of plasma from the overall MF cohort (Fig. 5B), samples from 11 (37%) of 30 MF patients induced
exacerbated PPF (higher than mean plus 2SD of control). Of the 11 samples with increased PPE, two are post-ET
MEF and 9 primary MF Interestingly, the ability of MPN plasma to induce PPF correlated with platelet counts
in patient peripheral blood (Spearman Correlation; Fig. 5D). To analyze proplatelet morphology, the number
of swellings and tips contained in each proplatelet were counted. Proplatelet processes displayed an increased
number of swellings and tips when MK were incubated in the presence of ET samples respect to control and
ME group (Kruskal-Wallis followed by Dunn’s multiple comparisons test; Fig. 5E). A representative example of
control, ET and MF proplatelet-bearing MK is shown (Fig. 5F).

RANTES and NFE2 are involved thrombopoiesis stimulation induced by ET plasma

Although there is limited information about the extracellular factors that regulate PPE, RANTES (CCL5) has
been recently shown to be involved in this process®. To identify possible factors underlying the increase in
PPF induced by ET plasma, we measured circulating levels of RANTES and found it elevated in ET patients

Scientific Reports |

(2025) 15:43716 | https://doi.org/10.1038/s41598-025-27594-6 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B p=0.0139 ¢ D
0.8 —B00001 0.6 20— r: 0.6350 40— Iml
p=0.2919p=0.0010 0=0.1020 o p=0.0001 .
— : 5 <
= 06— = =0.0875 ‘S 154 S 30+
£ o 5 0.4 > =
g [J o : - —
= 0.4 .\ - € 10+ S 20
= = 2 3| —
- 1 0.2 o
) ° 2 T T
-1 0.2 = X 5- X 104
- & é = = i
L)
ool T 0.0 T ] 0 T T T 1 o T T
C ET MF Low Interm High 00 02 04 06 08 AbI-1p - +
MIPPS70 SCORE IL-1p (pg/mi)
E F G H
=0.0070
r: 0.4483 =0.0313
P=0.9505 p=0.023) _ _ _ 40— ﬁp
259 N 20 p=0.0099 20 p50'0130
| p= =0.0752 & <
=20 = 15 AR = 930+ \
= X =
P 5 :
2 T 2] = E 201
© 10- © ) 8
4 |
= ° = 54 T X X104
5+ . - = =
o8
°'$ T T 0= T ) o 0 ! !
C ET MF Low Interm High 30 Ab-IL-6 - +

MIPPS70 SCORE IL-6 (pg/ml)

Fig. 4. Relationship between IL-1p and IL-6 and megakaryocyte output. Plasma levels of (A) IL-1p and

(E) IL-6 in myelofibrosis (MFE, n=30), essential thrombocythemia (ET, n=16) and control (n=10) samples
quantified by ELISA, were plotted. Kruskal-Wallis followed by Dunn’s multiple comparisons test. Bars and
error bars indicate the median and interquartile range. MF patients were grouped according to the MIPSS70
score and levels of plasma (B) IL-1f and (F) IL-6 were plotted. Kruskal-Wallis followed by Dunn’s multiple
comparisons or Mann Whitney test (IL1p, low + intermediate vs. high risk group). Bars and error bars indicate
the median with interquartile range. Spearman correlation between (C) IL-1f or (G) IL-6 and megakaryocyte
(MK) count. Inhibition of megakaryopoiesis in MF plasma samples. IL-1p and IL-6 were blocked in plasma
using specific antibodies prior to the addition of MF plasma samples to day 6 MK culture. At day 12, cells
were counted in a Neubauer chamber. MF samples (1 =7) were incubated with blocking (D) IL-1p or (H)
IL-6 (50 pg, +) antibodies and compared to the same plasma samples without previous incubation with the
corresponding antibody (-). Wilcoxon test.

compared to control (Kruskal-Wallis followed by Dunn’s multiple comparisons test; Fig. 6A). Indeed, RANTES
levels displayed a close relationship with ET plasma-induced PPF in vitro (Spearman Correlation; Fig. 6B).
Patients with MF showed variable levels of plasma RANTES, ranging from normal to elevated, which also directly
correlated with PPF in culture (Spearman Correlation; Fig. 6C). Overall, the association between RANTES
levels and PPF in both ET and MF suggests that RANTES is implicated in the alteration in PPF observed,
independently of the specific MPN subtype. Of note, circulating RANTES levels also correlated with peripheral
blood platelet count in MPN patients (Spearman Correlation; Fig. 6D).

To corroborate the effect of RANTES in ET plasma-induced enhanced PPF, MMK were pretreated with
Maraviroc, a specific antagonist of RANTES receptor (CCR5), prior to the addition of ET plasma. Maraviroc
was able to revert the increase in ET plasma-induced PPE, further reinforcing the participation of RANTES in
this phenotype (Paired t-test; Fig. 6E). An inhibition in PPF was also observed when MMK were treated with
Maraviroc and control plasma (Fig. S5).

To assess whether patient plasma induce RANTES deregulation in MMKs, we evaluated its expression
in these cells incubated with ET samples. Interestingly, RANTES expression was upregulated in normal MK
incubated with ET plasma, raising the possibility that circulating factors present in ET could stimulate RANTES
MK synthesis in vivo, potentially contributing to elevated levels of RANTES in patient circulation (Mann-
Whitney test; Fig. 6F).

Considering that RANTES was shown to regulate platelet production by apoptosis inhibition, we assessed the
expression of Bcl-xL, an antiapoptotic factor known to play an essential role in thrombopoiesis®?. Interestingly,
we found increased Bcl-xL expression in MK incubated with ET plasma samples that induced an increase in PPF
in culture (Mann-Whitney test; Fig. 6F), raising the possibility that higher RANTES levels present in patient
plasma could contribute to Bcl-xL upregulation.
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NFE2 is the main transcription factor involved in PPE. An increase of NFE2 expression was found in MK
incubated with these ET samples, whereas RUNX1 expression, which also regulates PPF, was normal, suggesting
that NFE2 but not RUNX1 could be involved in the increase in thrombopoiesis (Mann-Whitney test, Fig. 6F).

Discussion

MPN are characterized by exacerbated growth of myeloid lineages and overproduction of mature blood cells.
Driver mutations trigger the disease, although inflammation has been recently recognized to provide a proper
environment for its development?. Megakaryocytic expansion is a prominent feature in both ET and ME.
While ET MK are pleomorphic mature large cells which produce large numbers of elaborated proplatelets and
platelets, MF patients display marked megakaryocytic hyperplasia leading to the formation of close clusters of
atypical MK which release excessive amounts of profibrotic growth factors. Here we show that soluble factors
present in plasma from MF patients contribute directly to enhanced proliferation of megakaryocytic precursors,
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«Fig. 5. Proplatelet formation in the presence of plasma from myeloproliferative neoplasms patients. Cord
blood-derived day 12 megakaryocyte (MK) were incubated with 10% plasma during 72 hs. (A) Example of a
MK producing proplatelets (inverted microscope) in the presence of control, essential thrombocythemia (ET)
and myelofibrosis (MF) samples. The arrows indicate MK producing proplatelets. (B) Proplatelet processes
were counted in an inverted microscope and proplatelets-bearing MK (PPF) number was calculated and
referred to total cell count (Neubauer chamber). Results are expressed as percentage of PPF (Control, 1 =40;
ET, n=28; MF, n=30). Red empty circles represent post-ET MF, pink empty circles represent post-PV MF,
red filled circles represent primary ME Kruskal-Wallis followed by Dunn’s multiple comparisons test. Bars
and error bars indicate the median with interquartile range. The experiments were carried out in triplicate
in independent umbilical cord blood samples. (C) Percentage of plasma-induced PPF, according to the
JAK2V617F mutational status of the myeloproliferative neoplasms (MPN) patients (p =ns, Mann-Whitney
test). (D) Correlation between plasma-induced PPF in culture and peripheral platelet count in MPN patients
(Spearman correlation). (E) Proplatelet morphology in the presence of plasma samples. MK were seeded in
fibrinogen-coated glass during 72 hs, incubated in the presence of control (#=6), ET (n=6) or MF (n=6)
plasma. Then, cells were labeled with Hoechst (nucleus, blue) and CD61-FITC antibody (green). Number of
swelling and tips per proplatelet process were counted in at least 50 MK. Kruskal-Wallis followed by Dunn’s
multiple comparisons test. Bars and error bars indicate the median with interquartile range. (F) Representative
example of proplatelet-bearing MK incubated with control, ET and MF samples. Swelling and tip are pointed
out. Scale bars, 20 pm.

while plasma from ET promote exacerbated PPF, indicating that extrinsic inflammatory mediators differentially
contribute to megakaryocytic abnormalities that characterize each of these disorders.

In this work, we used CD34 + progenitors from the umbilical cord as an easily available source of MK.
Cord blood (CB) and peripheral blood (PB) from adult donors are alternative sources of CD34 + hematopoietic
progenitors for MK generation in vitro. Differences and similarities have been demonstrated in MKs obtained
from CB compared to those from adult PB under TPO stimulation. MK output derived from CB CD34 + cells
has been shown to be significantly higher than that from adult PB donors, indicating a proliferative phenotype
in newborn MK committed progenitors?®. Furthermore, once fully differentiated, these CB-derived MKs reach
lower levels of ploidy and, consequently, produce fewer platelets than their adult counterparts*’. However, both
types respond to TPO, express similar levels of CD42b and exhibit alpha granules, demonstrating that CB-MKs
do reach maturity?”. Consequently, this system represents a suitable and extensively utilized experimental model
for the study of MK biology and proplatelet formation.

As an approach to identify the soluble mediators present in MF circulation that trigger the increase in MK
output observed and considering that JAK2-positive patients display higher levels of inflammatory cytokines®,
we compared the effect of plasma samples from JAK2V617F-positive and -negative MF patients. Higher MK
numbers were shown in the presence of plasma from patients harbouring the JAK2 mutation, suggesting
that proinflammatory factors present in their plasma may contribute to this finding. Then, we evaluated the
behavior of normal hematopoietic progenitors cultured in the presence of longitudinal MF samples obtained
before and during treatment with the JAK1/2 inhibitor ruxolitinib, which has been shown to decrease
circulating inflammatory cytokines, improving patients’ constitutional symptoms'?. Ruxolitinib-treated
samples ameliorated the increase in MK output induced by paired samples obtained before treatment, although
without reaching control values. These results reinforce the participation of proinflammatory cytokines in the
proliferative effect observed and point to the involvement of the JAK1/2 signaling pathway in this process.
Our in vitro model is based on cord blood-derived MK. The effect of MPN plasma on patient primary cells,
which display hyperactivated JAK2 signalling, and the potential influence of different intrinsic driver mutations
would be worth of further studies. To further investigate the mechanisms involved in the effect of MF plasma
on megakaryopoiesis, we targeted the JAK1/2, as well as the NF-kB and MAPK pathways, which are involved
in inflammation and cell proliferation and have been shown to be hyperactivated in MF!>!®. Normalization
of cell number by blocking each of these three pathways with specific inhibitors suggests that, as shown for
control samples, increased megakaryopoiesis driven by MF plasma relies on these signaling molecules. The
participation of NF-kB and MAPK in MF pathogenesis has been previously described by Fisher and colleagues,
who showed that pharmacological inhibition of these pathways ameliorated inflammatory cytokine production
from mononuclear cells from these patients'>!°. Altogether, these results suggest NF-kB and MAPK pathways
could be attractive therapeutic targets to be combined with ruxolitinib!®. It has been described that NF-«xB and
MAPK activation may lead to cellular division through increased expression of cyclin D12'-%. We found high
levels of cyclin D1 expression in MF plasma-stimulated MK, which may support the role of these pathways in
cytokine-mediated cell proliferation. However, further studies would be necessary to elucidate the connection
of cyclin D1 with this process.

As mentioned above, both MF and ET present a chronic inflammatory state. This state is caused by the
increase of numerous inflammatory cytokines, some of which are decreased by treatment with JAK2 inhibitors.
Among these cytokines, IL-1p and IL-6 have well-established effects on megakaryopoiesis'>. Considering
that IL-1p and IL-6 are able to stimulate the NF-kB and MAPK signaling pathways, respectively'®~!8, we then
focused on the possible role of these inflammatory cytokines on the effects of MF plasma samples on MK
proliferation. An increase in circulating levels of both IL-1f and IL-6 was found in our MF cohort. Interestingly,
plasmatic IL-1B and IL-6 levels tightly correlated with plasma-induced MK number. Patients with advanced
disease displayed higher levels of circulating IL-1p and IL-6 and plasma samples from these patients triggered
higher degree of MK output in our in vitro assay, revealing a direct relationship among the presence of
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inflammatory cytokines in circulation, patients risk status and MK output. Moreover, MF plasma was able to
stimulate the growth of MK precursors, which is consistent with the fact that these cytokines act directly on the
megakaryocytic lineage. This effect was partially reverted by blocking IL-1P and IL-6 with specific antibodies,
further supporting the participation of these soluble mediators on megakaryocytic overgrowth, although the
contribution of other inflammatory mediators cannot be ruled out. Interesting a therapeutic approach could
rely on targeting inflammatory cytokines. Currently, IL-1P receptor antagonist (Anakinra) and IL-6 blocking
antibody (Tocilizumab) are used in the treatment of autoimmune diseases, such as rheumatoid arthritis?®%. In
accordance with the pivotal role of IL-1p in MEF, preclinical models show that anti-IL-1f antibody ameliorates
myelofibrosis in JAK2V617F mice in combination with ruxolitinib*®3!. Our results showing that blockade of IL-
1B and IL-6 in vitro decreases MK overproduction stimulated by patient plasma, provides additional evidence

for the potential benefit of this intervention.
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«Fig. 6. Regulation of thrombopoiesis by essential thrombocythemia plasma. (A) Plasma RANTES was
quantified in controls (n=24), essential thrombocythemia (ET, n=28) and myelofibrosis (MF, n=20) patients
by ELISA. Kruskal-Wallis followed by Dunn’s multiple comparisons test. Bars and error bars indicate
the median with interquartile range. Correlation between RANTES levels and (B) ET or (C) MF plasma-
induced proplatelet formation (PPF) (Spearman correlation). (D) Correlation between plasma RANTES and
peripheral platelet count in myeloproliferative neoplasms patients (Spearman correlation). (E) Umbilical
CD34 + progenitor cells cultured in StemSpan, and TPO (10 ng/ml) were treated on day 12 during 1 h with
Maraviroc (100 nM) and incubated with 10% ET plasma (n=3) during 72 h. PPF were counted in an inverted
microscope and the percentage was calculated relative to total cell count (Neubauer chamber). Percentage of
PPF was plotted. Dotted line represent mean control plasma value. Paired t-test. Bars and error bars indicate
mean and SD values. (F) mRNA expression of transcription factors involved in thrombopoiesis. Mature
megakaryocytes were cultured in the presence of 10% plasma of ET patients during 48hs and then, mnRNA
was obtained (n=6). RANTES, Bcl-xL, NFE2a, NFE2f and RUNXI1 gene expression levels were assessed by
qPCR using GAPDH as housekeeping gene. Mann-Whitney test. Bars and error bars indicate the median with
interquartile range.

Asmentioned, plasma from MF and ET behaved differently regarding their effect on normal megakaryopoiesis
and thrombopoiesis, with MF samples stimulating the former process whereas ET plasma did not modify MK
output but rather exacerbated PPE While IL-1f and IL-6 are likely mediators of the increased MF plasma-
induced MK proliferation, there is scarce information in the literature regarding the extracellular factors that
regulate steady-state proplatelet formation. Machlus et al. have demonstrated the involvement of RANTES in
this process showing that this chemokine binds to its receptor in the MK (CCR5) and that its effect is blocked
by antagonizing CCR5 with Maraviroc®. Then, RANTES, emerges as an attractive candidate to explain the effect
of ET plasma on thrombopoiesis. We found increased levels of this chemokine in ET plasma, that was tightly
associated with PPF in culture. Reversion of the increased PPF by the specific antagonist of RANTES receptor,
Maraviroc, supported this hypothesis. In addition, the increase in RANTES mRNA levels in normal MK incubated
with ET plasma, suggests the contribution of these cells to elevated plasma levels of this chemokine found in
patients. Likewise, RANTES has been shown to stimulate the production of proplatelets by inhibiting apoptosis®.
We found increased expression of Bcl-xL, an anti-apoptotic molecule of relevance in platelet formation, which
could represent a link between high RANTES levels and enhanced thrombopoiesis.

In addition to the regulation of proplatelet formation by RANTES, the hematopoietic transcription factor
NFE2 plays a role in the pathophysiology of MPN as most patients have increased NFE2 levels, and elevated
NFE2 expression recapitulates MPN hallmarks in vitro and in vivo*>~3>. The molecular mechanism causing
elevated NFE2 levels in MPN patients remains unclear. Our findings suggest that soluble factors present in ET
plasma could, directly or indirectly, stimulate NFE2 expression in MK, which could also contribute to enhanced
PPE. Further work would be required to definitively establish the role of NFE2 in this process. Although in
contrast to ET, plasma from the overall MF cohort did not significantly enhance thrombopoiesis, higher PPF
was observed in a subset of MF patients. This samples also display increased RANTES levels, thus mimicking
the behavior of ET plasma. The positive correlation shown between plasma RANTES levels and platelet count in
peripheral blood from the entire MPN population further implicates its participation in this process.

Previous studies have shown consistency in the levels of several inflammatory mediators between peripheral
blood and bone marrow samples from MPN patients®, suggesting that the observed increase in megakaryopoiesis
and proplatelet formation driven by MPN plasma in this study would be likely relevant within the bone marrow
microenvironment. Furthermore, it is well-establish that circulating factors are able to reach the bone marrow
compartment and regulate multiple aspects of hematopoiesis and platelet production®’, further supporting this
possibility. Nonetheless, the potential contribution of other local factors in the bone marrow niche cannot be
excluded.

Treatment options for MPNs are actively expanding. Ruxolitinib and other JAK2 inhibitors provide
substantial clinical benefit for MF patients, although response duration may be limited in a substantial proportion
of patients'>. Amelioration of constitutional symptoms and spleen reduction induced by Ruxolitinib correlate
with a decrease in the levels of inflammatory cytokines. However, recent data and our own studies suggest that
regulation of cytokine levels by JAK inhibitors is not enough by itself to fully abort this aberrant inflammatory
cytokine production'>%. Keohane et al. showed a significant decrease of cytokines levels after the first month of
treatment with ruxolitinib but a further moderate rise after six months of treatment®®. This finding highlights
that, in addition of JAK2, other deregulated signaling pathways and molecular mediators participate in MPN
inflammation. In view of the biologic and clinical importance of cancer-related inflammation, it is reasonable to
consider targeting simultaneously clonal hematopoiesis and the accompanying inflammatory status. New agents,
alone or in combination with ruxolitinib, are currently under investigation, including the bromodomain and
extraterminal domain (BET) inhibitor pelabresib, which downregulates NF-«B signaling and has been shown to
elicit robust clinical responses®. Our in vitro results using an NF-xB inhibitor demonstrate its participation, as
well as that of MAPK and JAK1/2 pathways, in exacerbated MK proliferation, reinforcing the potential benefit
of combined therapies in the treatment of these patients.

In conclusion, this work highlights the importance of the effect of cytokines in the phenotype of MF and ET,
emphasizing the crucial contribution of inflammation to the pathogenesis of these neoplasms. Furthermore,
our results reveal that, in addition to intrinsic clonal abnormalities, MPN inflammatory signals differentially
contribute to exacerbated megakaryocyte proliferation in MF and PPF in ET, which represent central features in
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MF (n=30) | ET (n=28)

Age (years), mean+SD 60+18 50+18
Female, n (%) 15 (50%) 22 (78%)
Myelofibrosis, n (%)

Primary 22 (73.3%)

Post-ET 6 (20%)

Post-PV 2(6.7%)
Driver mutation, n (%)
JAK2V617F 14 (46.6%) | 14 (50%)
CALR type 1/type 1-like 10 (33.3%) | 5(18%)
CALR type 2 2 (6.7%) 3(11%)
MPL 2 (6.7%) 0

Triple-negative 2(6.7%) 6(21%)

Blood cell count
Hemoglobin (gr/dL), mean+SD 11.3+£2.6 14.7+5.4
Platelet count (x 10°/L), mean + SD 408 +271 780+275
Leukocyte count (x 10°/L), mean+SD | 11+7.55 8.8+1.9

Table 1. Features of patients. MF: Myelofibrosis; ET: Essential thrombocythemia; SD: Standard deviation.

these disorders. Further insight into these mechanisms could contribute to generating the bases for optimizing
new therapeutic strategies.

Methods

Patients

Fifty-eight patients with MPN (MF = 30, ET = 28) diagnosed according to the 2016 WHO criteria were included
(median age: 56 years, range: 19-89)*. Patient characteristics are summarized in Table 1. Patients were not
under cytoreductive treatment. Paired samples from consecutive patients who started Ruxolitinib by indication
of the treating physician during the course of this study and had a baseline sample available were analyzed at
baseline, before ruxolitinib was started, and at 1 month and 3 months of treatment. Forty healthy individuals
were studied as controls (median age: 45 years, range 25-83). The study was approved by the Institutional Ethics
Committee and patients and controls signed an informed consent in accordance with the Declaration of Helsinki.
Clinical and laboratory parameters were collected by chart review. Driver mutations including JAK2V617F, MPL
and CALR, and high molecular risk (HMR) mutations in ASXL1, IDHI/2, SRSF2 and U2AFI were assessed as
described®.

Plasma samples

Blood samples were collected with sodium citrate (3.8%). Plasma was obtained by two centrifugation steps at
3000 rpm for 15 min and recalcified with 25 mmol/l CaCl, for 2 h at 37 °C to allow the removal of fibrin and
prevent clotting during culture incubation.

Purification of CD34 + cells

Umbilical cord blood from normal pregnancies and deliveries was obtained from Hospital Materno-Infantil
Dr. Gianantonio, Buenos Aires, Argentina. Low-density mononuclear cells were obtained by Ficoll Hypaque
gradient (SIGMA Aldrich). CD34 + cells were purified using a magnetic cell-sorting system (Miltenyi Biotec)
as described*.

Evaluation of megakaryopoiesis

CD34 +cells were cultured under megakaryocytic differentiation conditions in StemSpan medium (Stemcell
Technologies) supplemented with 25 ng/ml Thrombopoietin (TPO) and 10 ng/ml Interleukin 6 (IL-6) (Miltenyi)
with the addition of 10% patients or control plasma. Medium, TPO (10 ng/ml) and plasma of CD34 + cells
were refreshed at day 5 and day 9 of culture. After incubation at 37 °C in a humidified atmosphere of 5% CO,
for 12 days, cells were counted and analyzed by flow cytometry (FACSCanto II, BD Biosciences) using anti-
human CD61-FITC conjugated and anti-human CD42b-PE conjugated (BD Biosystems) to determinate MK
differentiation and maturation. The parameters used for sample acquisition are as follows (voltage): FSC 286;
SSC 420; FITC 290 log; PE 300 log; compensation (spectral overlap) FL2/FL1:50, FL1/FL2: 0.10. Post-acquisition
data was analyzed using FlowJo software (Turku Centre for Biotechnology, University of Turku, Finland). All
samples were processed by triplicate using different cord blood samples.

Expression of transcription factors

RNA was extracted from MK incubated with patient or control plasma using Trizol reagent (Life technologies)
and reverse transcribed using SuperScript II Reverse Transcriptase (Thermo Fisher Scientific). cDNA was
analyzed by qPCR using SYBR® Green (Life Technologies) in a CFX96 Connect Real-Time PCR Detection
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System (BioRad). Samples were run in triplicate and relative expression gene was determined by the comparative
CT method (AA Ct) using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as housekeeping gene.
Forward and reverse primer sequences:

RUNX1: GAGGCAATGGATCCCAGGTA, CTCCCTGAACCACTCCACTG;

GATA-1: CTGGGATCACACTGAGCTTGC, GATTAACCTGGGCTGGTGGTT;

FLI-1: CACCACCCTCTACAACACGGA, TTG GTCGGTGTGGGAGGTT;

Cyclin D1: CAAATGTGTGCAGAAGGAGGT, CTCGCACTTCTGTTCCTCGG;

NFE2a: CCTGCTGTGACTCCACCACA, GCCAGAGTCTGGTCCAGGTTG;

NFE2f: TGACTCTGCCTTTAGCCAGGA, CCAGATGGCTCTAGAAACCTT;

RANTES: TCCTCATTGCTACTGCCCTCT, GGCAATGTAGGCAAAGCAGCA;

Bcl-xL: AAAGGAAACTTGACAGAGGA, GGATCTTTATTTCATGAGGCA;

GAPDH: ATCATCAGCAATGCCTCCTGC, GGGCCATCCACAGTCTTCTG.

Signal transduction pathways on megakaryocyte precursors

CD34 + progenitors were cultured for 6 days under megakaryocytic differentiation conditions without the
addition of plasma. Then, the participation of JAK1/2, MAPK and NF-kB pathways was assessed with specific
inhibitors: Ruxolitinib (JAK1/2, 1-2 pm, Selleckchem), U0126 (5-10 pm, MAPK, Biomol Gmbh) or RO106-
9920 (6-7 pum, NF-kB, Tocris Bioscience) incubated for 90 min prior to the addition of plasma. Cells were
counted at day 12 of culture.

Quantification of IL-1B, IL-6, C-reactive protein (CRP) and RANTES

Plasma IL-1B and IL-6 were measured by a Quantikine HS enzyme-linked immunosorbent assay (ELISA,
R&D Systems). Plasma C-reactive protein (CRP) concentration was measured by human C-reactive Protein
Quantikine ELISA (R&D Systems) as previously described?*#2. RANTES levels were measured by ELISA MAX
(TM Deluxe Set Human CCLS5, Biolegend). In each case, the recommendations of the manufacturer were
followed.

Inhibition of IL-1B and IL-6 on megakaryocyte precursors

CD34 + progenitors were cultured for 6 days under megakaryocytic differentiation conditions without the
addition of plasma. Plasma IL-1B and IL-6 were blocked by specific antibodies (2.5-100 ug/ml, R&D Systems)
1 h at 37 °C before the addition into the culture (1 x 10*cells/well). Cells were counted at day 12 of culture.

Evaluation of MK producing proplatelets

CD34 + progenitors were cultured during 12 days in megakaryocytic differentiation conditions. Then, mature
MKs were incubated with the addition of 10% plasma. After 72 h, the total number of proplatelet-bearing MKs
(PPF) was counted under an inverted microscope using a 32x objective, and the percentage PPF was calculated
on the basis of the viable cell count. All samples were processed in triplicate at least using different cord blood
samples. In some experiments, Maraviroc (100 nM, Sigma Aldrich) was added before plasma samples.

Morphological analysis of proplatelets

Mature MKs (day 12 of culture) were seeded on glass coverslips previously coated with 200 ug/ml fibrinogen
(SIGMA Aldrich). Cells were incubated for 72 h with 10% plasma from patients or controls. Then, cells were
fixed with 1% paraformaldehyde for 20 min at RT, permeabilized with 0.2 Triton X-100 for 6 min, and blocked
with PBS containing 10% fetal bovine serum (FBS) (Internegocios, Argentina) and human albumin (1% p/v,
Sigma Aldrich). Cells were labelled with anti CD61-FITC in PBS for 1 h and nuclear staining was performed
with Hoechst (Sigma Aldrich) for 4 min at RT. Samples were mounted in VECTAShield (Vecta Laboratories)
and analyzed under an epifluorescent microscope using a 40x objective (Carl Zeiss, Microimaging Inc.).
Microphotographs were obtained using a digital camera (Cannon Power Shot G6, Tokyo, Japan). For proplatelet
analysis, the number of swellings and tips on each proplatelet-bearing MK was counted. At least 50 proplatelet-
bearing MKs were analyzed.

Statistical analysis

Data were tested for Gaussian distribution. For comparison between two groups, Student-t or Paired-t test;
Mann-Whitney test or Wilcoxon matched-pairs signed rank test were used. For comparison among multiple
groups One-way ANOVA followed by Tukey s multiple comparison test, Kruskal-Wallis or Friedman followed
by Dunn’s multiple comparison test were used. For correlations, Pearson’s r or Spearman’s r coefficients were
used according to the data distribution. Data were presented as meant+standard deviation or median with
interquartile range. P<0.05 was considered significant. The GraphPad Prism 8.0.1 (La Jolla, CA) software was
applied.

Data availability
The raw data supporting the conclusions of this article will be made available by the authors, without undue
reservation.
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