Jak2V617F driven myeloproliferative neoplasm
occurs independently of interleukin-3 receptor beta
common signalling

Myeloproliferative neoplasms (MPN) are a phenotypi-
cally defined, heterogeneous group of blood cancers char-
acterised by the proliferation of progenitor cells and the
accumulation of mature myeloid cells, linked by a
propensity to transform into myelofibrosis or acute
myeloid leukaemia. The Jak2V617F mutation is com-

monly found in patients with MPN;, specifically poly-
cythaemia vera (>95%), essential thrombocythaemia and
primary myelofibrosis (~50%)."* This mutation arises in
the haematopoietic stem and progenitor cell (HSPC) com-
partment,” and confers cytokine hypersensitivity and
constitutive Jak2 tyrosine kinase signalling in the pres-
ence of an erythropoietin (EPO), thrombopoietin (TPO)
or interleukin-3 (IL-3) receptor scaffold.”> Canonical Jak2
signalling relies on extracellular ligand binding to a mem-
brane bound receptor to activate downstream pathways,
in particular the phosphorylation of transcription factors
Stat3 and Stat5, triggering nuclear translocation of these

a Wr
& JakF
& Jak2VFRo/BIL-3-

A =003 p=0.03 p=0.03 B =0.0095 p=0.0095 =0.0095
800- p=0.03 p=0.03 p=0.03 p=0.03 p=003 p=ns. £ ¥ =0.0002 p=0.0002 =0.0002
a A 2 ]
2 a4 & =
5 600 vy 5 & g o 5
3 - A 4 o H 3
2 =3a -] o
2 o oo =} 7 € a
T 400f o 2 el £
s 000 1
o 900 2
200- ° o \ -
n— 3
Unsim I3 TPO Unstm I3 TPO Unstm IL3  TPO pOSI‘:‘;t’ B W ) T3 TG
c LK LKS LT-HSC d - D
=0.002 p=0.002 p=0.002 pFns Lol el
p=n.s. p=n.s. p=n.s.
=i =0.002 = =0.002 =N, =0.002 4
8007 p=ns. p; p=ns. P’ p=ns. P Jak2VF g &
o Bc/BIL-37 5
= 600 i LT-HSC g % T 4
£ a o o
s o5
2 o ., o & 2 R & o a i %
S 4o0f P 2 % : 5 A 2By ek | B
s o oo g o0 A, . Unstim 2 Fau A (2
a
2 o0 4 IL-3 B M=
200 z
Unstim I3 TPO Unstm I3 TPO Unstm IL3  TPO "0 10 0 o 1o E
nstim 1L nstim 1L nstim 1L us‘;ozt o T o B RS
LK LKS LT-HSC pStat5—m>
E Peripheral blood WBC F Peripheral blood haemoglobin G Peripheral blood platelets
- =0.05
p=0.0004 p<0.0001 155 p
p=0.009 p=ns. 3 _ p=0009 _ p=ns. p=n.s. p=ns.

1 p=ns

p=0006

00

x108/ml

N
= A“A " # il A“
R I %m m
x i 1 50
5 ¥ o
wT

BoBIL3*  Jak2VF  Jak2VFRO/BIL-3* Bo/BIL-37 Jak2¥F  Jak2VFRC/BIL-3+ W papIL3" T
i Spleen WBC
H Spleen weight
100 — 800 p=0.0025
p=0036 p=ns. p=0.036 p=ns.
” - . uy 601 .
601 A

A
— p=ns. A X
20 pns. 200- ah L]
[rve flewtt . B Bt
wr wr

BoBILa-  Jak2F Jak2"FBopILE

Jak2VFBc/BIL-37

Bc/BIL-37

Jak2VF

BoBIL-3*  Jak2'F  Jak2VFBo/BIL-3*

Spleen CD71* Ter-119*
p<0.0001
p<0.0001 p=ns.

% of singlets

wr BoBIL-3*  JakeVF  Jak2VFBo/BIL-3*

Figure 1. IL-3 signalling does not contribute to Jak2'* MPN pathogenesis. (A) Phospho-Stat5 (pStat5) levels in bone marrow (BM) LK, LKS and LT-HSC cells of
Jak2'" mice after stimulation with IL-3 (20ng/ml), TPO (100ng/ml) or 1% BSA (Unstim), and representative flow cytometric analysis in Jak2'" BM LT-HSC. (B) Fold
change difference of IL-3 stimulation of wild-type (WT), Jak2'" and Jak2" f3c/BIL-37- BM cells compared to unstimulated cells. (C) Phospho-Stat5 (pStat5) levels
in bone marrow LK, LKS and LT-HSC cells of Jak2* $c/BIL-37- mice after stimulation with IL-3, TPO or Unstim (as per panel A), showing IL-3 does not signal to
Stat5 in these mice, and representative flow cytometric analysis in Jak2"f¢/pIL-37- BM LT-HSC. (D) Fold change difference of TPO stimulation of WT, Jak2""
andJak2'"c/BIL-37- BM cells compared to unstimulated cells. Peripheral blood counts of (E) white blood cells (WBC), (F) haemoglobin, and (G) platelets of WT
C57BL/6, pc/BIL-37, Jak2' or Jak2"Bc/BIL-37 mice. (H) Spleen weight and WBC counts are elevated in Jak2"" and Jak2""c/BIL-37" mice, consistent with a PV
phenotype. (I) Representative flow cytometry plots and quantitative data of spleen cells showing erythroid precursor expansion (CD71'Ter119") in Jak2"" and
Jak2""Bc/BIL-37- mice, but not in Bc/BIL-37- mice. All statistical analyses performed with Mann-Whitney test (Graphpad Prism V6.0).
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Figure 2. IL-3 signalling does not affect bone marrow HSPCs of Jak2" mice. (A) Example flow cytometry plots showing gating strategy of LK, LKS and LT-HSC
populations in bone marrow (BM) cells. Enumerated frequencies of (B) LT-HSC, (C) LKS, (D) LK, (E) GMP, and (F) MEP cell populations, demonstrating overall
unchanged proportions of these cells in WT C57BL/6, pc/BIL-37-, Jak2'" and Jak2"Bc/BIL-37- mice. (G) Schema of competitive transplant experiment. BM
chimeras of Jak2"" or Jak2""c/BIL-37- (CD45.2) cells with WT (CD45.1) cells in equal numbers were generated in irradiated (IR) recipient mice (CD45.1/CD45.2).
Mice were bled at four-week intervals to check peripheral blood chimerism. (H) Peripheral blood WBC and Hgb of Jak2"" or Jak2""c/BIL-37-BM chimeras at week
16 showed no difference in WBC levels or (1) spleen weight, but a slight increase was observed in Hgb in Jak2""¢/B1L-37- mice compared to Jak2". (J) Peripheral

blood chimerism between Jak2" and Jak2""c/BIL-3 recipients over 16 weeks was unchanged in three replicate experiments. All statistical analyses performed
with Mann-Whitney test (Graphpad Prism V6.0).
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proteins and activation of multiple target genes. Statb
loss prevents the development of Jak2V617F-induced
MPN and is dispensable in normal haematopoiesis.’ Stat3
deletion in haematopoietic cells accelerates myeloprolif-
eration.” These findings highlight a critical role for Stat5
in MPN pathogenesis but a suppressive role for Stat3.
Non-canonical nuclear roles for JAK2 have recently been
shown,® however Jak2V617F needs to bind to endoge-
nous cytokine receptors for efficient signalling and MPN
transformation.” IL-3 signalling is dependent on down-
stream Jak2 activation, and IL-3R is expressed on HSPC
populations, as is the receptor for TPO, MPL, identifying
these cytokine signalling axes as potentially important in
Jak2V617F MPN.

Recently, the first pharmacological inhibitor of Jak1/2
kinases, Ruxolitinib, has been approved for the treatment
of patients with MPN. Ruxolitinib is effective at control-
ling the symptoms of MPN, but does not eliminate the
MPN-initiating HSC population,”® which may favour
resistant mutants. Conversely, treatments such as inter-
feron-a may directly target HSPC in Jak2V617F-induced
MPN," but remain poorly tolerated clinically. Other
modalities to target Jak2V617F HSPC may include anti-
bodies or small molecule inhibitors that selectively block
cytokine signalling that are required for Jak2V617F
pathogenesis.

As the JAK-STAT pathway and its upstream cytokine
receptors have essential roles in MPN pathogenesis, dis-
secting the individual roles of these molecules is required
to inform therapeutic strategies. In murine models, EpoR
is not expressed on HSCs, but rather on lineage-commit-
ted erythroid precursors, and restricting Jak2V617F
expression to EpoR expressing cells results in a markedly
attenuated MPN phenotype,"” supporting the absence of
a role for the EpoR in MPN initiation. Recently, TPO and
its receptor MPL have demonstrated to be crucial for
Jak2V617F-induced MPN development.” Furthermore,
IL-3R is not only expressed in HSPC populations, but is a
critical regulator of white blood cell production,' there-
fore it may be particularly relevant to the pathogenesis of
polycythaemia vera (PV) which typically manifests with
both elevated white blood cell counts and haematocrit.
Interestingly, HSPC expressing high levels of IL-3Ra have
been described in PV patients but not the progenitors of
healthy individuals,” providing further rationale to study
IL-3 signalling in the pathogenesis of PV. In this work, we
examine the requirement for IL-3 signalling in Jak2V617F
MPN.

Using 6-8 week old conditional Jak2V617F (hereafter
Jak2") knockin mice,"” we generated bone marrow
chimeras by mixing 1x10° Jak2" bone marrow (BM) cells
expressing CD45.2 with 1x10° age-matched wild-type
(WT) CD45.1 BM cells, and injected the cell mix into
lethally irradiated C57BL/6 x Ptprca (CD45.1/CD45.2)
mice (Figure 2G). We first sought to determine the
cytokines responsible for driving JAK-STAT signal trans-
duction in Jak2"" HSPC using phosphorylation-specific
Stat5 antibody by flow cytometry after 10 minutes of
stimulation with recombinant murine IL-3 (20ng/ml) or
TPO (100ng/ml) (Figure 1A), as previously described.
Either IL-3 or TPO activated Stat5 in Jak2"" myeloid-com-
mitted progenitors (LK; lineage"*c-Kit'Sca-1-), multipo-
tent progenitors (LKS; lineage*c-Kit*Sca-1%) and long-
term  haematopoietic stem cells (LT-HSC;
LKS*CD150*CD48-). LK and LKS cells showed greater
pStat5 transduction with IL-3 than with TPO, suggesting
that these progenitor populations may be preferentially
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activated by IL-3. Conversely, Jak2"" LT-HSCs showed
greater pStat5 stimulation with TPO. WT cells were sim-
ilarly stimulated by IL-3 and TPO compared to Jak2"" cells
(Figure 1B,D), consistent with the published data.

Next, to assess the contribution of the IL-3R in Jak2" -
mediated JAK-STAT signalling, Jak2"" mice were bred
with mice lacking the common beta subunit of the IL-3
receptor that is responsible for signal transduction of IL-
3, IL-5 and GM-CSF, as well as the murine-specific IL-3
receptor which signals mIL-3 (Jak2" pc/BIL-37). BM
chimeras of Jak2"" Bc/BIL-37- mice were generated as
detailed above for Jak2""chimeras (Figure 2G). pStat5 was
unable to be stimulated by IL-3 in Jak2"Bc/BIL-37 cells,
indicating total loss of functional IL-3R signalling, while
TPO signalling to Stat5 remained intact (Figure 1C).
Importantly, IL-3 signalling was preserved in WT cells
taken from the same chimeras, demonstrating that the
absence of IL-3 signalling of Stat5 is due to the cell intrin-
sic absence of pc/BIL-37- (Figure 1B,D).

Physiological expression of Jak2V617F in murine HSPC
drives the expansion of committed myeloid progenitors
that results in high haemoglobin (Hgb) levels, increased
white blood cells (WBC) in the peripheral blood and
spleen, and marked splenomegaly due to extramedullary
haematopoiesis. We therefore analysed the phenotype of
6-10 week old Jak2"Bc/BIL-37 vs. Jak2", as well as age-
matched control WT C57BL/6 and Bc/BIL-3-/- mice. Both
Jak2"Bc/pIL-37-  and Jak2" mice displayed increased
WBC, Hgb and platelets compared to controls (Figure 1E-
G) and, importantly, no differences were seen between
Jak2""Bc/BIL-37~ and Jak2", indicating that the peripheral
blood phenotype of Jak2"" MPN is not dictated by IL-3
signalling. Similarly, Jak2"'Bc/pIL-37~ and Jak2" mice
demonstrated pronounced splenomegaly characterised
by increased spleen weight and cellularity (Figure 1H).
Flow cytometric analysis of splenocytes revealed an
expansion of early erythroid progenitors (CD71*Ter119")
in both Jak2"*Bc/BIL-37 and Jak2"* compared to non-Jak2"
controls (Fig 1I).

Next, we sought to determine whether IL-3R signalling
affected the number or function of HSPC compartments
in MPN mice. Using immunophenotypic markers to gate
committed myeloid progenitors (LK), multipotent pro-
genitors (LKS) and LT-HSC as previously described"
(Figure 2A), we observed similar LK and LT-HSC frequen-
cies between WT, Bc/BIL-37, Jak2¥, and Jak2V*Bc/BIL-37
cells (Figure 2B,D). There was a small but significant
increase in LKS cells in Jak2""c/BIL-37- compared with
Bc/BIL-37- (Figure 2C), consistent with the observation
that Jak2" expands myeloid progenitor cells."
Furthermore, immunophenotypically-defined granulo-
cyte-macrophage progenitors (GMP; LKFcG-R'CD34",
Figure 2A) remained unchanged in both cohorts of Jak2"
MPN mice (Figure 2E), while megakaryocyte-erythroid
progenitors (MEP; LK'FcG-R-CD34-, Figure 2A) were sig-
nificantly expanded in Jak2"" mice as previously report-
ed" (Figure 2F), although not significantly expanded in
Jak2""Bc/BIL-37 mice. Altogether, these data reveal that
the expansion of Jak2"" HSPC occurs independently of IL-
3 signalling in Jak2"*-mediated MPN.

Finally, to assess the functional consequences of IL-3
signalling on Jak2"" LT-HSC, we analysed Jak2"" and
Jak2"Bc/BIL-37- bone marrow chimeras (Figure 2G).
Chimeric mice phenocopied the MPN disease of primary
mice, however there were no major differences seen
between Jak2" and Jak2"fc/BIL-37- chimeras (Figure
2H,I). Importantly, the equivalent engraftment of donor
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cells was observed between both groups (Figure 2J), indi-
cating that LT-HSC function is not affected by loss of IL-
3R signalling.

Altogether, we have shown that Jak2"-expressing mice
that are deficient in IL-3R signalling do not show alter-
ations in MPN phenotypes, while bone marrow HSPCs
are also unaffected. Although we cannot completely rule
out that IL-3 signals through an unusual heterodimeric
receptor incorporating IL-3Ra, we did not see any pStat5
induction with recombinant mIL-3 and therefore these
data strongly suggest that neither the IL-3, nor IL-5 nor
GM-CSF signalling axes play a significant role in MPN
pathogenesis. Furthermore, our observations that TPO,
not IL-3, is the key cytokine providing stimulation of LT-
HSCs supports the work of others identifying MPL as a
key mediator of Jak2"" MPN." These findings also suggest
that TPO signalling may be a more relevant target than
IL-3 signalling, thus suggesting caution regarding the
extension of AML clinical trials examining the antibody
blockade of IL-3 signalling (Clinical Trials.gov identifier:
NCT02159495) to MPN.” This work provides further
clarity regarding the role of dysregulated cytokine sig-
nalling in Jak2"* MPN and HSPC biology.
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