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Myelofibrosis (MF) is a bone marrow disorder characterized by clonal myeloproliferation, aberrant
cytokine production, extramedullary hematopoiesis, and bone marrow fibrosis. Although somatic
mutations in JAK2, MPL, and CALR have been identified in the pathogenesis of these diseases,
inhibitors of the Jak2 pathway have not demonstrated efficacy in ameliorating MF in patients.
TGF-p family members are profibrotic cytokines and we observed significant TGF-p1isoform
overexpression in a large cohort of primary MF patient samples. Significant overexpression of
TGF-p1was also observed in murine clonal MPL"*": megakaryocytic cells. TGF-p1 stimulated

the deposition of excessive collagen by mesenchymal stromal cells (MSCs) by activating the
TGF-p receptor | kinase (ALK5)/Smad3 pathway. MSCs derived from MPL"*": mice demonstrated
sustained overproduction of both collagen | and collagen lll, effects that were abrogated by ALK5
inhibition in vitro and in vivo. Importantly, use of galunisertib, a clinically active ALK5 inhibitor,
significantly improved MF in both MPL"*" and JAK2"*"F mouse models. These data demonstrate
the role of malignant hematopoietic stem cell (HSC)/TGF-/MSC axis in the pathogenesis of MF,
and provide a preclinical rationale for ALK5 blockade as a therapeutic strategy in MF.

Introduction
Philadelphia-negative myeloproliferative neoplasms (MPNs) comprise multipotent stem cell disorders
including polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF) (1).
These disorders are characterized by clonal expansion of myeloid lineage cells due to constitutive activa-
tion of the JAK/STAT pathway driven by several somatic mutations in JAK2, MPL, and CALR genes (2-4).
Myelofibrosis (MF), either presenting as PMF or evolving from PV or ET secondarily, is exemplified by
remodeling of bone marrow stroma towards excessive deposition of extracellular matrix (ECM), neoangio-
genesis, and osteosclerosis. These changes collectively result in substitution of normal bone marrow niche
proteins and factors with dense fibrillar matrix (5, 6). MF patients suffer from a series of symptoms such as
splenomegaly, hepatomegaly, severe anemia, bleeding, and thrombosis caused by bone marrow fibrosis and
extramedullary hematopoiesis, which decrease both quality of life and survival. Currently there are limited
treatment options for MF, although allogeneic stem cell transplantation provides remissions in younger
patients (7, 8). Curative therapies may be lacking, owing, in part, to the poorly understood bone marrow
niche-related pathogenesis of MF.

It has been hypothesized that the development of MF is attributable to aberrant interactions between
neoplastic hematopoietic clones and bone marrow niche—comprising mesenchymal stromal cells (MSCs)
and their differentiated counterparts, adipocytes, chondrocytes, and osteoblasts. Neoplastic clones might
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modify the bone marrow niche by releasing fibrotic and angiogenic cytokines such as platelet factor 4
(PF4), TGF-B1, PDGF, and VEGF (6, 9-13). However, it is still not fully understood what the pathologic
changes are in bone marrow stromal cells and how they participate in MF pathogenesis and survival. In our
previous studies, MSC cultures have been informative in understanding the mechanisms leading to exces-
sive collagen production in patients’ bone marrow (14), which may be useful to evaluate therapeutics that
target these pathways specifically.

Among the abnormally expressed cytokines in MF, TGF-B1 has received attention due to its critical
role in inducing fibrosis not only in bone marrow (15-18), but other organs (19-21). TGF-B1 may be pro-
duced by abnormal megakaryocytes or monocytes, and this in turn may remodel the MSCs that promote
the changes illustrated by MF (22-25). In this study, galunisertib (LY2157299) (26), a TGF-p receptor I
kinase (ALKY) inhibitor, was used to show that TGF-f1 indeed alters the bone marrow microenviron-
ment through modulation of MSCs. Since galunisertib is an ALKS inhibitor, it is possible that TGF-$1 or
other TGF-p—family proteins induce the fibrotic phenotype in MF mouse models. Collectively, blockade of
TGF-p signaling by galunisertib reverses the fibrotic MSC phenotype and restores the microenvironment
in animal models of MF.

Results

TGF-1 is overexpressed in human PMF samples and MPL">"L mice. Expression patterns of various TGF ligands
in human MPN neutrophil samples were first examined in a large cohort of samples representing PV, ET,
and MF (27). TGFp1 mRNA was significantly overexpressed compared with TGFf2 and TGF33 mRNA
when compared with healthy controls (P = 0.03) (Figure 1A). A subgroup analysis in the MPN cohort
demonstrated that TGFf1 overexpression relative to control was highest in MF samples (z = 18, P=0.002),
followed by samples from patients with PV (n = 28) and ET (n = 47) (Figure 1B). Expression of the Tgfb1
isoform was also markedly increased in bone marrow mononuclear cells from mice on day 17 after trans-
plantation with MPL"*"L bone marrow compared with those from MPL"" recipients (P < 0.0001) (Figure
1C). Furthermore, mouse bone marrow hematopoietic cells transduced in vitro with MPL#5"L retrovirus
displayed significantly higher Tgfb/ mRNA expression compared with those expressing MPL"" virus (P =
0.0024) (Figure 1D).

Since megakaryocytes are known to be major source of TGF- secretion (24), we analyzed whether
numbers of megakaryocytes were increased in the mice transplanted with MPL">"*L-transduced cells that
coexpressed GFP. Megakaryocytes were determined by anti-CD41 antibody staining and platelets were
stained with anti-CD42 (glycoprotein Ib, GP1b). We observed a significantly higher number of CD41*
megakaryocytes in the MPL"?"L mice when compared with controls (Figure 1, E and F). The CD41* cells
expressed GFP, indicating derivation from the mutant MPL"°"! stem and progenitor population (Figure 1,
G-I). Sorting and expression analysis of these megakaryocytes demonstrated that GFP*CDA41* cells that
arose from the mutant clone displayed a significantly higher expression of 7gfb/ mRNA when compared
with WT GFP- megakaryocytes (Figure 1J). These data confirm that TGFf1 is increased in human MF as
well as in a mouse model based on expression of the mutant MPL""L oncogene. The increased expression
in Tgfbl in the mouse model is collectively due to higher numbers of megakaryocytes as well as greater
secretion of Tgfbl by mutant megakaryocytes. This then prompted us to assess the therapeutic effect of
TGF-p blockade in mouse models of MF.

Galunisertib antagonizes TGF-f 1-stimulated collagen production by normal MSCs. Next, studies were per-
formed on MSCs that were cultured from bone marrow of mice transplanted with MPL""- and MPL">"t-
transduced grafts. MSCs derived from MPL"" mice and normal human bone marrow were cultured with
recombinant murine or human TGF-B1 together with variable doses of the clinical ALKS5 inhibitor, galu-
nisertib (28-30), for 72 hours and collagen (Col/1A1 and Col341) mRNA expression was determined. Col-
lagen I and III are clinically relevant since they are recognized by trichrome and reticulin staining, respec-
tively. Our results show that TGF-B1 led to induction of both CollA1 and Col3A41 production in MSCs that
was suppressed by the ALKS5 inhibitor galunisertib in a dose-dependent manner (Figure 2, A and B). A
similar result was seen using MSCs from normal human bone marrow (Figure 2, C and D). To confirm
ECM deposition from cultured MSCs, immunofluorescence staining was also performed using multispec-
tral fluorescence. Specificity of this staining with collagenase pretreatment was shown previously (14). We
determined that excessive collagen deposition after TGF-B1 treatment was reduced by ALKS5 inhibition
(Figure 2, E and F). TGF-B1 also led to activation of p-Smad3 in MSCs that was abrogated by galu-
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Figure 1. TGF-B1is overexpressed in human primary myelofibrosis samples and MPL"*"*! mice. (A and B) Neutrophils derived from myeloproliferative
neoplasm (MPN) patients were evaluated for expression of TGFf family members by gene expression analysis (using Gapdh as reference gene). *P < 0.05
by unpaired Student’s t test. (A) Analysis of TGFA1, TGF2, and TGFA3 mRNA expression in an MPN cohort compared with healthy donors (Control). *P

< 0.05 as compared with control group by unpaired Student’s t test. (B) TGF1 mRNA expression was determined in MPN patients stratified by disease
subtype including essential thrombocytosis (ET, n = 47), polycythemia vera (PV, n = 28), and myelofibrosis (MF, n = 18). Data represent values relative

to healthy control cells (Control). (C) gRT-PCR was performed for Tgfb7 mRNA using bone marrow mononuclear cells from MPLY" and MPL"*! mice (n

=6). ****P < 0.0001 by unpaired 2-sided Student’s t test with Welch’s correction. (D) Normal mouse bone marrow cells were directly transduced with
retroviruses overexpressing either MPL"™ or MPLW*", following which cells were collected and Tgfb7 mRNA was measured by gRT-PCR. ****P < 0.0001 by
unpaired 2-sided Student’s t test. (E-H) Representative contour flow cytometry plots of cells stained with antibodies against CD41 (clone HIP8) and CD42
(clone 1C2). GFP was simultaneously determined by flow cytometry and represents expression of GFP* retroviral constructs (y axis, G and H). The total
CD41* cells (E and F) and GFP*CD41* cells (G and H) in MPL"*" spleens compared to MPL"" controls. (I) Graph represents percentage of each population
(CD41*, GFP-, and GFP*) among live cells in the sample. Graphs (1 and )) represent cells from spleens of 5 individual mice with the mean of the population
indicated as a line (n = 5 MPL"T and n = 5 MPL""), Statistical significance determined using the Holm-Sidak method, with a = 5.000%. ****P < 0.0001. (J)
Fold change in normalized Tgf;1 mRNA expression of CD41*GFP- cells vs. Tgf31 expression in CD41*GFP- population from the same mouse (n = 3 MPL"" and
n =3 MPLY™ L), *P < 0.05 by unpaired 2-sided Student’s t test. All error bars indicate the mean + SD.

nisertib (Figure 2G). Since STAT3 has also been indicated in tissue fibrosis and potentially interacts with
the TGF-B pathway (31-33), STAT3 was also tested. TGF-B1 failed to induce p-STAT3, but galunisertib
slightly decreased this activation signal which could result from the modulation of a signaling network.
These results indicate that galunisertib selectively suppresses TGF-f signaling that is associated with the
synthesis and deposition of collagen ECM in vitro in MSCs.

Elevated collagen production by MSCs derived from MPL">"L mice is decreased by galunisertib in vitro. MPLW15t
mice developed enlarged spleens (Figure 3A) and severe MF (Figure 3B) within 17 days after transplantation
with MPL"*"L-transduced bone marrow. Increased collagen production was detected in MSCs derived from
MPL""L mice compared with those from MPL"" mice, as determined by quantitative reverse transcription
PCR (qRT-PCR) (Figure 3, C and D) and immunofluorescence (Figure 3E). Since TGF-f blockade sup-
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Figure 2. Galunisertib antagonizes the stimulatory effect of TGF-B1on collagen production by normal murine and human MSCs in vitro. (A and B)
Mesenchymal stromal cells (MSCs) derived from MPL"™ mice (n = 6) were cultured in the presence of TGF-B1and different concentrations of galunisertib
(Galu) in vitro for 72 hours, following which collagen | (Col7A7) and collagen 11l (Col3A7) mRNA levels were assessed by gRT-PCR with TATA sequence-bind-
ing protein (TBP), as reference gene (70). *P < 0.05, **P < 0.01, ****P < 0.0001 by ANOVA, multiple comparisons using 20 ng/ml TGF-f group as control.
(Cand D) Human COL1AT and COL3A7 mRNA levels were measured by gRT-PCR in MSCs that were derived from normal human bone marrow (n = 3) and
treated with human TGF-B (hTGF-B) and galunisertib for 72 hours. **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA, multiple comparisons using 10 ng/
ml hTGF- group as control. Results are representative of 3 independent experiments. (E) Representative immunofluorescence images showing collagen

| (red), collagen Il (green), and DAPI (white) in MSCs derived from MPLY™ mice with different treatments in vitro. A merged image is shown on the right.
Scale bar: 75 um. (F) Mean pixel intensity was acquired from the immunofiuorescence images (n = 3-6) to quantify collagen | and collagen Il deposition.
*P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA, followed by Dunnett’s multiple comparison test. All dot plots represent randomly taken images with means
indicated. (G) Western blot showing p-Smad3 and p-STAT3 in MSCs derived from MPLY" mice under indicated treatments, which represents 1of 3 indepen-
dent experiments conducted. See complete unedited blots in the supplemental material.

presses collagen production, MSCs from MPL"?"*!-transplanted mice were treated with galunisertib in vitro.
Galunisertib significantly decreased Co/1A1 and Col341 production by these MSCs to levels that approached
or were reduced compared with mice transplanted with MPL""-expressing virus (Figure 3, C and D). Col-
lagen I and collagen ITII ECM deposition was also markedly diminished by galunisertib treatment, as shown
by immunofluorescence staining (Figure 3, E and F), which is consistent with a role for TGF-$ in MF and
suggests that galunisertib is a possible therapy for MF. Furthermore, p-Smad3 and p-STAT3 were suppressed
by galunisertib in a dose-dependent manner in MPL">"** bone marrow—derived MSCs, suggesting that this
pathway is susceptible to inhibition with this drug (Figure 3G). These findings indicate that TGF-f blockade
by the ALKS inhibitor galunisertib may suppress the fibrotic phenotype of MPL"*"L-derived MSCs.

In vivo treatment with galunisertib significantly improves myelofibrosis in MPL"*"" mice. Next, the antifi-
brotic effect of galunisertib was determined after in vivo treatment, as outlined in Figure 4A. MPL""L
mice were randomized to receive vehicle or galunisertib at 150 mg/kg or 300 mg/kg daily from day 12

insight.jci.org  https://doi.org/10.1172/jci.insight.90932 4
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Figure 3. Galunisertib suppresses collagen production by MSCs derived from MPLY*! mice in vitro. (A) Photographs of excised spleens from MPLY" (n = 3)
and MPL"*"t (n = 3) mice to demonstrate the exemplary increase in size of MPL"**! mice consistent with the presence of an myeloproliferative neoplasm-
like (MPN-like) disease. (B) Reticulin staining was performed with bones isolated from MPLY" and MPL"*"! mice. Scale bars: 10 um. (C and D) Col1A7 and
Col3AT1 mRNA levels were assessed by gRT-PCR in mesenchymal stromal cells (MSCs) derived from MPLW™ and MPL"*"! mice. Results are representative of 3
independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA, followed by Dunnett’s multiple comparison test. (E) Representative immu-
nofluorescence images of collagen | (red), collagen Il (green), and DAPI (blue) in MSCs derived from MPL"**' mice and treated with galunisertib (Galu) in
vitro. A merged image is shown on the right. Scale bar: 75 um. (F) Mean pixel fluorescent intensity was acquired for the images in D (n = 5) to compare colla-
gen deposition. *P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA, followed by Dunnett’s multiple comparison test. In C, D, F, and G, graphs represent the mean
and 95% confidence interval represented as a box-and-whisker blot of 5 individual mice or images per group. (G) Signaling pathways including p-Smad3 and
p-STAT3 were detected by Western blot in MSCs. See complete unedited blots in the supplemental material.

after bone marrow transplantation for 14 days by oral administration. Representative flow cytometry
plots show GFP* cells in mice transduced with MPL"" (Figure 4, B and C) and MPL"*"! (Figure 4, D
and E) on day 0 and on day 14 after therapy. After treatment on day 14, MF was assessed by reticulin
stain (Figure 4, F—-H) and assigned a pathology score of 1 to 3 based on the European consensus grad-
ing scale used to assign fibrosis severity to patients with MF (34) (Figure 4I). Additionally, hydroxy-
proline quantification was used to quantify these results, as shown in Figure 4J. Compared with severe
fibrosis in the vehicle-treated group, reduced reticulin staining was seen in MPL"?"! mice receiving the
ALKS inhibitor (Figure 4, G and H). Fibrosis grade showed a reduced trend in mice treated with 150
mg/kg, but was significantly reduced in mice treated with 300 mg/kg galunisertib (Figure 4C). Since
hydroxyproline is a direct measure of the amount of collagen in tissues (35), hydroxyproline content
in femurs was markedly reduced to near baseline levels in both the 150 mg/kg galunisertib and the
300 mg/kg galunisertib group compared with vehicle control-treated animals, providing quantitative
assessment of decreased fibrosis with ALKS5 inhibition (Figure 4J).
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Figure 4. Galunisertib in vivo treatment significantly improves myelofibrosis of MPL"*"! mice. (A) Diagram showing the procedures of the experi-
ments. Bones isolated from MPL"*"" mice were randomized on day 10 to receive 1 of 2 doses of galunisertib (Galu) or vehicle control. Then, the mice
were treated by oral gavage once daily for 14 days. (B-E) Representative flow cytometry staining of GFP* retrovirally transduced bone marrow cells
from MPL"T (B and C) and MPL"*"! (D and E) on day O (representative mouse randomly selected and sacrificed) and on day 14 after treatment when all
mice were sacrificed and further examined for pathological changes and for hydroxyproline quantification. Reticulin staining was then performed to
evaluate fibrosis. Representative images of the reticulin stains are shown after treatment with vehicle (F), 150 mg/kg galunisertib (G), and 300 mg/
kg galunisertib (H) to assess myelofibrosis in MPL"*"! mice. Scale bars: 10 um. (1) Fibrosis was scored according to European consensus on grading
myelofibrosis (n = 3). *P < 0.05 by ANOVA, followed by Dunnett's multiple comparison test. (J) Hydroxyproline amount was determined in the bones
to quantify myelofibrosis in MPL""-transduced mouse bone marrow, vehicle (n = 7), 150 mg/kg galunisertib (n = 7), and 300 mg/kg galunisertib (n = 6)
groups. *P < 0.05 by ANOVA, followed by Dunnett’s multiple comparison test.

Galunisertib in vivo treatment suppresses the fibrotic phenotype of the MSCs from MPL"*" mice. Based on the collec-
tive findings, the effect of galunisertib treatment in vivo was assessed on abnormal MSCs. Cultured MSCs were
established from MPL"*"** mice after galunisertib or vehicle in vivo treatment with the 300 mg/kg dose (Figure
5A). The morphological appearance of profibrotic MSCs has previously been shown to adopt a fattened shape
relative to normal MSCs (14). Compared with MPL""-transduced mice (Figure 5B), MSCs from MPL"*"*" mice
displayed an abnormal morphological shape (Figure 5C), which was reversed by galunisertib treatment (Figure
5D). MSCs from galunisertib-treated mice produced significantly less CollAI and Col341 mRNA compared
with those from vehicle-treated mice measured by qRT-PCR (Figure 5E), and both p-Smad3 and p-STAT3 were
downregulated in the MSCs from galunisertib-treated mice compared with vehicle-treated mice (Figure 5F).
These results suggest that galunisertib suppresses the fibrotic phenotype associated with malignant hematopoi-
esis by blocking the TGF-f signaling pathway activated in MSCs. Subsequent decrease in collagen production is
consistent with the mechanism for improved MF in galunisertib-treated MPL"*"L transplanted mice.

In vivo treatment with galunisertib does not significantly change blood counts and spleen size in MPL"*"L-trans-
duced mice. There have been concerns that TGF-$ suppression may promote myeloid proliferation, thus
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increasing disease burden. Therefore, we evaluated tumor burden in MPL"*"L mice after galunisertib treat-
ment. Peripheral blood cell counts were similar in vehicle- and galunisertib-treated animals (Figure 6, A—C).
Although not significant, mice receiving galunisertib showed some inconsistency, but slightly decreased
spleen weights (Figure 6, D and E) compared with those receiving vehicle. No difference was observed in
liver weight among vehicle- or galunisertib-treated mice (Figure 6F). Bone marrow populations were also
assessed using flow cytometry. The percentages of GFP" cells (Figure 6G), myeloid cells (CD11b", Figure
6H), GFP*CD41* megakaryocytes (Figure 61), and GFP*CD71" erythrocytes (Figure 6J) show no signifi-
cant differences in response to galunisertib treatment. These data support the safety of TGF-f3 blockade in
an aggressive MPN animal model driven by the MPL"*"L mutation.

MF in JAK2V*"F transgenic mice is significantly reduced by galunisertib in vivo treatment. Further evaluation
of the therapeutic effect of galunisertib was conducted using JAK2"*” transgenic mice (36). These mice
display high levels of peripheral blood cell counts at early stages, and begin to develop MF at 20 weeks old
and by 30 weeks present with severe splenomegaly and progressive MF (36). Transcriptome analysis of
total RNAs from whole femurs revealed that 7gfb1 and several TGF-f-induced genes were overexpressed in
56-week-old JAK2"*"” mice with severe MF (Figure 7, A—C). The reason for using femur RNAs for the anal-
ysis is that it was difficult to collect bone marrow cells from mice with severe MF. Nonetheless, qRT-PCR
analysis confirmed the overexpression of 7gfb!/ in both femur and bone marrow cells (Figure 7B). The data
suggest that TGF-B1 may also contribute to MF in JAK2"%"’ transgenic mice. Since these mice show rela-
tively chronic disease progression compared with MPL"*5E mice, a lower dose of galunisertib was adminis-
tered orally for an extended period of time. Galunisertib was orally administered to 30-week-old JAK2"*!"F
transgenic mice at 50 mg/kg daily for 4 weeks. Bone marrow reticulin stains demonstrated improvement
of MF in the galunisertib-treated group compared with vehicle-treated mice (Figure 7C). Hydroxyproline
content was also quantified from the femurs of the mice, confirming that collagen production is decreased
by drug treatment (P = 0.005) (Figure 7D). Note that the drug treatment did not cause changes in blood cell
counts (Figure 7, E-G) but showed significantly reduced spleen size (P = 0.04) (Figure 7H).
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Figure 6. In vivo treatment with galunisertib does not increase tumor burden of MPL"*"' mice. (A-C) Peripheral blood cell counts of MPL"5" mice

after 14 days treatment with either vehicle or 150 mg/kg or 300 mg/kg galunisertib (Galu) in vivo. Values of MPL"" mice served as normal control. n=7.
Results are representative of 3 independent experiments. **P < 0.01, ****P < 0.0001 by ANOVA, followed by Dunnett’s multiple comparison test using
vehicle group as control. PLT, platelets. (D) Photographs of excised spleens from MPLY" and MPLW**: mice in A-C. (E) Spleens and (F) livers were isolated
from the mice and weights were compared (n = 6). **P < 0.01 by ANOVA, followed by Dunnett’s multiple comparison test using vehicle group as control.
Flow cytometry for bone marrow cell populations was conducted after gating on viable cells (using DAPI) including percentages of (G) GFP*, (H) CD11b*, (1)
GFP*CD41*, and (J) GFPCD71*. Percentages were assessed in 5 individual mice and repeated in 3 independent experiments (data points represent individual
mice with means indicated). **P < 0.01, ****P < 0.0001 by ANOVA, followed by Dunnett’s multiple comparison test using vehicle group as control.
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Discussion
TGF-p is a well-established fibrotic cytokine that plays a vital role in the pathophysiology of MF as well
as other fibrotic diseases (15, 17, 19-21, 37-42). Elevated levels of the TGF-B1 isoform were detected
in plasma and bone marrow serum in MF mouse models. Overexpression of thrombopoietin generates
typical features of MF in WT mice, but this phenotype is prevented by the homozygous genetic dele-
tion of TGF-B (16, 17, 43). However, targeting TGF-p for the treatment of MF has not been accom-
plished clinically owing to the lack of clinical inhibitors of this pathway. In addition, TGF-p1-mediated
changes to the bone marrow niche remain to be fully elucidated. In this study, we first show that normal
MSCs produce increased ECM collagen components after TGF-f1 treatment, mimicking the fibrotic
features of MSCs derived from MPL"?"! mice. The TGF-B1 isoform is also overexpressed in both MF
patients and MPL"5*L mouse samples, further reinforcing that TGF-B1 is responsible for reprogram-
ming the MSCs present in the bone marrow niche, which induces them to adopt the fibrotic phenotype.
Most importantly, we show the efficacy of a clinical inhibitor of ALKS5 in mouse models of MF.

Our results further the understanding of the bone marrow niche in MF. MSCs are multipotent stromal
cells that are critical components of bone marrow niche that regulate proliferation, differentiation, and
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Figure 7. TGF-B is elevated in JAK2"*”F transgenic mice and galunisertib treatment markedly reduces myelofibrosis. (A) cDNA microarray was performed
with total RNAs from femurs of 56-week-old JAK2"*”F transgenic and control mice. Changes in expression levels of 16 probe sets representing 13 distinct
genes are shown that are involved in the TGF-B pathway together with the housekeeping gene Gapdh. (B) Real-time PCR confirmed elevation of Tgfb1
expression in femurs from 56-week-old mice and bone marrow cells from 30-week-old mice (4 mice used in each group). **P < 0.01 by unpaired 2-sided
Student’s t test, control vs. transgenic (Tg). (C-H) JAK2"¢"F transgenic mice (30-week-old males, 5 in each group) were treated through oral gavage with
vehicle control or galunisertib (Galu) at a daily dose of 50 mg/kg for 4 weeks. Data represent images of reticulin staining of femurs from vehicle- and
drug-treated JAK2"*"F transgenic mice (C; original magnification, x200), quantification of fibrosis by determining hydroxyproline contents in femurs (D),
and blood cell counts (E-G) together with spleen weights (H). Untreated nontransgenic mice of comparable ages are provided for comparison (n = 6). PLT,
platelets. Error bars indicate the mean + SD. **P < 0.01, ***P < 0.001 by ANOVA, followed by Dunnett’s multiple comparison test. n.s., not significant.
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homing of hematopoietic stem cells (HSCs). They possess self-renewal and immunomodulatory capacities
and could differentiate into osteoblasts, adipocytes, and chondrocytes under specific conditions (44—46).
Evidence indicates that neoplastic HSCs lead to profound modification of the bone marrow niche, which
in turn affects the proliferation and trafficking of HSCs in MF (6, 9, 11, 47-49). Although the mechanism
for these profound changes in the bone marrow niche are poorly defined, recent studies reported that
MSCs in MPN patients have elevated fibronectin levels and exhibit both genetic and functional aberra-
tions (50, 51). Martinaud et al. showed that MF-MSCs have increased osteogenic potential contributing
to MF development (52). Our previous results show that cultured MSCs do not originate from HSCs and
do not have MPL"*t mutations (53). In patient-derived xenografts, Verstovsek et al. showed that fibrosis
may also be caused by fibrocytes which are morphologically distinct from MSCs and are derived directly
from a CD14" monocyte mutant precursor cell population (54). In our study based on the finding that
MSCs from MF mice produced elevated collagen I and collagen III, which accounted for osteosclerosis
and fibrillar ECM, respectively, we further confirm the role of TGF-B1 in MSC modulation and bone mar-
row niche remodeling in MF. Although malignant fibrocytes were not studied here, traditional MSCs from
recipient mice are indirectly modified by HSCs and are notable contributors to fibrosis.

https://doi.org/10.1172/jci.insight.90932 9
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Based on these observations, the effect of TGF-p blockade with galunisertib was further tested in MF
mouse models. It has been challenging to develop TGF-f inhibitors for clinical use as they can have cardi-
ac-adverse effects, can affect bone development, and also alter inflammatory responses in the skin or gut
of rats and dogs. It has also been shown that blocking TGF-f signaling can cause chronic inflammation in
certain models (26). Significant improvement in the severity of fibrosis was observed in 2 different models
of MPN driven by MPL"*"L and JAK2"*!’F, The observation that ALKS5 inhibition reverses the abnormal
morphology and fibrotic characteristics of MSCs both in vitro and in vivo provides a mechanistic explana-
tion for the rational development of TGF-f pathway inhibitors for the treatment of MF. Galunisertib is
an ALKS5 inhibitor that has been shown to be safe in human studies and is a potential therapeutic agent
in MF owing to good specificity, tolerability, and oral administration (28). The ALK5/Smad3 pathway is
considered to be critical in the profibrotic activities mediated by TGF-B1 (55, 56). Loss of Smad3 inter-
rupts TGF-B1-mediated induction of collagen genes (57). Smad3 null mice displayed attenuated fibrosis
in several experimental models such as bleomycin-induced pulmonary fibrosis (58), irradiation-induced
dermal fibrosis (59), and cardiac fibrosis (60, 61). In our findings, we observed elevated Smad3 signaling in
MPL"*B-derived MSCs and normal MSCs treated with TGF-B1, both of which were markedly suppressed
by galunisertib. Collectively, galunisertib treatment effectively inhibits the intrinsically elevated ALKS/
Smad3 pathway, leading to a diminution in collagen production by abnormal MSCs. Interestingly, we also
observed decreased p-STAT3 by TGF-$ blockade, which may result from the modulation of interacting
pathways (62, 63) important for regulation of collagen production and inflammation related to IL-6 (64).

Detecting TGF-f protein levels in human blood samples has been problematic owing to patient hetero-
geneity, issues with sample collection, and the need for platelet depletion for adequate estimation of levels.
Thus, we analyzed TGF-B1 levels at the expression level in purified neutrophils and found that PMF patients
specifically had significant overexpression of this cytokine. Previous efforts to test TGF-1 suppression in
MF (65) were conducted by Shehata et al. They found that TGF-B1 enhances collagen production by fibro-
blasts, which is reduced by TGF-f1-neutralizing antibodies in vitro (43). Regarding in vivo treatment, there
has been 1 clinical trial with anti-TGF-p antibody (GC1008) reported, which enrolled 3 subjects before it
was terminated. However, transfusion independence was observed in 1 of the 3 subjects and 12 cycles of
treatment did not induce disease progression or leukemic transformation, which was consistent with our
findings in this study (66). Furthermore, there are data suggesting that stroma-derived cytokines might pro-
tect JAK2"!7F-mutated cells against JAK2 inhibitor therapy (67). This highlights the importance of targeting
the interaction between neoplastic HSCs and the bone marrow niche to rescue the abnormal niche and
reverse stroma-mediated protection of the malignant clone.

Collectively, in this study using 2 distinct MF mouse models, the profibrotic role of TGF-B1 was con-
firmed and a direct role in modulating MSC-derived ECM was established. Therapeutic effects of TGF-f
pathway blockade appears to reverse, not only prevent, fibrosis severity in the JAK2""”" MPN model, which
is currently observed only after HSC transplantation. Therapies targeting the interplay between HSCs and
MSCs in MF may improve the clinical outcome of MF patients.

Methods

Animal experiments. The MPL"?"! transplantation model of MPN was established using procedures as
described previously with minor modifications (68). Bone marrow cells were harvested from C57BL/6
donor mice 7 days after 5-fluorouracil injection (150 mg/kg). Cells were then treated with red blood
cell lysis buffer and cultured overnight in transplantation medium (RPMI + 10% FBS + 6 ng/ml IL-3,
10 ng/ml IL-6, and 10 ng/ml stem-cell factor) at 37°C and 5% CO,. The next day cells were transduced
with recombinant retroviruses overexpressing either MPL"3"t or MPL"" by spin infection at 1,140 g
for 90 minutes at 30°C. The spin infection was repeated 24 hours later. Cells were then resuspended
in PBS and injected into tail veins of lethally irradiated (2 X 450 ¢cGy) C57BL/6 recipient mice at
0.8 x 10% to 1.0 x 10° cells/mouse. Viral constructs used included MSCV-human-MPL"**.-GFP and
MSCV-human-MPL""-GFP (68). Retroviral vectors were obtained from Ross Levine at the Memorial
Sloan-Kettering Cancer Center. Recipient mice receiving MPL"*"*:-transduced bone marrow developed
leukocytosis, thrombocytosis, and MF in 2 to 3 weeks. In the interest of brevity, mice transplanted with
MPL"5E. or MPL""-transduced bone marrow cells will be referred to as MPL"*" and MPL"" mice,
respectively. For drug studies, MPL"*"*L mice were randomized to the vehicle or treatment group and
peripheral blood cell counts among groups were comparable at the starting point. MPL"7 mice served as
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nontumor controls. Vehicle (NaCMC/SLS/PVP/antifoam solution) or galunisertib was administered
to MPL"5L mice by oral gavage daily from day 12 after bone marrow transplantation for 14 consecu-
tive days. Stable homozygous JAK2"5/7F transgenic mice were generated using a vav gene promoter, as
previously described (36). The transgenic mice exhibited a stable phenotype that closely resembled PV
at an early stage and developed MF as they aged, exhibiting a relatively chronic disease status. Thus, a
lower dose of galunisertib at 50 mg/kg was administered to 30-week-old mice orally once per day for 4
weeks after onset of fibrosis. Mice were sacrificed at the end of treatment and organs were harvested for
analysis. Spleens were homogenized through a 100-um mesh, and splenocytes were frozen in FBS with
10% DMSO until sorting.

MSC isolation and culture. MSC cultures were established as previously described by adhesion to plastic
(14, 69). Cells were cultured in tMEM (Life Technologies) supplemented with 10% FBS, 100 U/ml penicil-
lin, and 100 U/ml streptomycin under hypoxic conditions (5% CO,, 93% nitrogen, and 2% O,) at 37°C.
Bone marrow aspirates from healthy human volunteers were obtained commercially (Lonza) and MSCs
were established using similar methods. Culture medium was replaced at least once per week and cells were
trypsinized and passaged when 90% confluence was reached. Cells from the second or third passages were
used for experiments since there was no evidence of viral infection or hematopoietic contamination at this
time (data not shown).

Virus production. For virus production, 293T cells (2.6 X 10°) were seeded in a 10-cm dish the day before
transfection and then transfected with MSCV-human-MPL"?"E-GFP or MSCV-human-MPL""-GFP plas-
mids together with envelope plasmids and 2.5 M CaCl,. Forty-eight hours after transfection, viral superna-
tant was collected and frozen until use.

Human MPN expression data. Expression patterns of various TGF ligands in human MPN neutrophil
samples were obtained from a publically available gene expression cohort of samples representing PV,
ET, and PMF (27).

gRT-PCR analysis. Total RNAs were extracted from cultured MSCs using an RNeasy Micro Kit (Qia-
gen), and converted into cDNA using iScript cDNA synthesis kit (Bio-Rad) according to the manufacturers’
indications. cDNA was added to Tagman PCR mix (Life Technologies) in a final volume of 25 ul containing
forward and reverse primers. All primers were purchased from Life Technologies (Col/al Mm00801666_
gl, Col3al Mm01254476_m1, Tgffl Mm01178820_m1, TATA-binding protein (7BP) Mm00446971_m1).
Amplification cycles (n = 40) were performed on a 7900HT Real-time PCR System (Applied Biosystems).
Data were normalized to the reference gene TBP by a relative quantification using the AACt method.

Total RNA from sorted splenocytes was isolated using an RNeasy Micro Kit and reverse transcribed
with the SuperScript III First-Strand Synthesis System (Invitrogen). Multiplex gPCR was performed with
TagMan hydrolysis probes for TgfF1 (Mm01178820_m1, FAM) and glyceraldehyde-3-phosphate dehydro-
genase (Gapdh, Mm99999915_g1, VIC, primer limited) in TagMan Multiplex Master Mix (all Life Tech-
nologies) on a CFX 96 touch thermocycler (Bio-Rad) in 45 amplification cycles. TGF[1 levels were normal-
ized to the reference gene Gapdh by a relative quantification using the AACt method.

¢DNA microarray analysis. Total RNAs were isolated from bone marrow cells or whole femurs using the
RNeasy Plus Mini Kit (Qiagen). The Illumina mouse ref-8 microarray was employed for analysis of gene
expression in whole femurs from 56-week-old control and JAK2V617F transgenic mice using the core facility
at the Oklahoma Medical Research Foundation. The data were normalized by using MATLAB and ana-
lyzed by using BRB ArrayTools. For real-time PCR confirmation, single-strand cDNAs were synthesized with
equal amounts of total RNAs using the QuantiTect reverse transcription kit (Qiagen). Real-time PCR was per-
formed with iQ SYBR Green Supermix (Bio-Rad) and Tgf5! primers 5'-GCGCTTGCAGAGATTAAAAT-
CAA and 5-GTAACGCCAGGAATTGTTGCTATA. Gapdh served as control as previously described (36).

Immunofluorescence staining. MSCs were cultured in Lab-Tek chamber slides (Nalgene Nunc) for 3 days
to allow collagen production and formation of fibrillar structures. Polychromatic collagen stains were per-
formed with antibodies against collagen types I (Abcam, ab6308) and III (Abcam, ab7778). Secondary
stains were conducted using Alexa Fluor 647 F (ab’), donkey anti-mouse and Alexa Fluor 488 F (ab’),
donkey anti-rabbit (Jackson ImmunoResearch Laboratories). Vectashield mounting medium containing
DAPI (Vector Laboratories) was used to stain nuclei. To visualize the fibrillar structure, a Leica DMI6000
inverted microscope, TCS SP5 confocal scanner, and a 20x/0.7NA Plan Apochromat oil immersion objec-
tive (Leica Microsystems) were used. LAS AF lite version 2.6 was used to analyze fluorescence images and
mean pixel intensity was calculated for each field.
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Western blot. MSCs were lysed in RIPA buffer (Sigma-Aldrich) supplemented with protease inhibitors
(Roche) and phosphatase inhibitors (Sigma-Aldrich, P5726). Proteins were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane. Membranes were blotted with antibodies detecting p-Smad3
(Abcam, ab52903), Smad3 (Abcam, ab40854), p-STAT3 (Cell Signaling Technology, 9145) and STAT3
(Cell Signaling Technology, 9139).

Histology. Femurs were fixed in 10% neutral-buffered formalin, decalcified in 5% nitric acid, and
embedded in paraffin. Sections (2—4 pm) were mounted for Gomori’s silver impregnation (reticulin). MF
was scored according to European consensus grading scale (34).

Hydroxyproline quantification. Hydroxyproline assays were performed based on an established pro-
tocol (35). After fixation and decalcification, bone marrow tissues were dissected from the bones under
a stereo microscope and hydrolyzed with 6 M HCI at 120°C for 3 hours. The hydrolysates were then
dried in a speed vacuum concentrator and oxidized with chloramine T for 5 minutes at room tem-
perature. Ehrlich’s reagent was then added and incubated for 90 minutes at 60°C. The absorbance was
then measured at 560 nm using a spectrophotometer. Standard hydroxyproline was measured in the
same way and hydroxyproline contents in the samples were calculated based on standard curves and
normalized to total protein concentrations, which were determined by measuring OD,,, and OD
of the hydrolysates.

260nm

Flow cytometry. Single-cell suspensions of bone marrow cells were prepared by resuspending the
cells in PBS with 1% BSA (Sigma-Aldrich) and 2 mM EDTA (Life Technologies). Surface marker
staining was performed using the following antibodies: APC-CD11b (clone M1/70) (BD Bioscienc-
es, BDB561690); BV605-CD41 (clone MWReg30) (BioLegend, 133921); and PE/Cy7-CD71 (clone
RI7217) (BioLegend, 113812). Viability was determined using DAPI (Invitrogen). Acquisition was
achieved on an LSRII cytometer (BD Biosciences). Aggregates were excluded using the height and
width of forward scatter and side scatter parameters. Analysis was performed using FlowJo software
version 10.0.8 (Tree Star).

Frozen splenocytes were thawed and dead cells were depleted using the Dead Cell Removal Kit with
LS columns (Miltenyi Biotec). Negative fractions were stained in 1% BSA/2 mM EDTA buffer with Fix-
able Viability Dye eFluor 780 (eBioscience), PE-CD41 (BD Biosciences, clone HIP8), and APC-CD42
(Biolegend, clone 1C2) antibody conjugates and sorted on an Aria II Special Order flow cytometer (Beck-
ton Dickinson). Data were analyzed and graphed using FlowJo software version 10.0.8.

Statistics. Statistical analyses were conducted using GraphPad Prism software v6.04 and the R soft-
ware package (https://www.r-project.org). Differences between groups were compared using the unpaired
2-tailed Student’s ¢ test with Welch’s correction for unequal variance. One-way ANOVA, followed by
Tukey’s honest significant difference (HSD) multiple comparison test, was performed on datasets when
comparing multiple groups. ANOVA, followed by Dunnett’s multiple comparison test, was performed
when comparing multiple groups with a single group in a dataset. All tests were evaluated at a statistical
significance of 0.05, if not otherwise specified.

Study approval. Animal experiments regarding MPL"*"" mice were conducted in the H. Lee Moffitt
Cancer Center and Research Institute in accordance with IACUC protocols (IS00001729) approved by
University of South Florida IACUC. Animal experiments regarding JAK2"'”F mice were conducted in
Oklahoma University Health Sciences Center, and the experiments were performed in accordance with
animal protocols (15-122-HW) approved by Oklahoma University ITACUC.
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