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1 | INTRODUCTION

Abstract

Allogeneic stem cell transplantation is currently the only curative therapy for pri-
mary myelofibrosis (MF), while the JAK2 inhibitor, ruxolitinib. Has been approved
only for palliation. Other therapies are desperately needed to reverse life-threaten-
ing MF. However, the cell(s) and cytokine(s) that promote MF remain unclear. Sev-
eral reports have demonstrated that captopril, an inhibitor of angiotensin-converting
enzyme that blocks the production of angiotensin Il (Ang II), mitigates fibrosis in
heart, lung, skin and kidney. Here, we show that captopril can mitigate the develop-
ment of MF in the Gata1®” mouse model of primary MF. Gata1®” mice were trea-
ted with 79 mg/kg/d captopril in the drinking water from 10 to 12 months of age.
At 13 months of age, bone marrows were examined for fibrosis, megakaryocytosis
and collagen expression; spleens were examined for megakaryocytosis, splenome-

galy and collagen expression. Treatment of Gatal'®"

mice with captopril in the
drinking water was associated with normalization of the bone marrow cellularity;
reduced reticulin fibres, splenomegaly and megakaryocytosis; and decreased colla-
gen expression. Our findings suggest that treating with the ACE inhibitors captopril

has a significant benefit in overcoming pathological changes associated with MF.

KEYWORDS
drug repurposing, myelofibrosis, myeloproliferative neoplasms

Gene sequencing of patients with primary MF has revealed muta-
tions in JAK2, MPL and CALR genes. To date, the JAK2 inhibitor rux-

Primary myelofibrosis (MF) is a life-threatening disease with a med-
jan survival of 3.5-5.5 years.® Allogeneic stem cell transplantation is
currently the only curative therapy for primary MF,? but, because of

comorbidities and limited donor availability, its application is limited.

olitinib is approved only for palliation of symptoms associated with
splenomegaly and fatigue,® and there is no evidence that JAK2 inhi-
bitors can reverse MF. Other JAK inhibitors have been evaluated in

clinical trials but have displayed toxicities.* Ruxolitinib therapy must
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frequently be withdrawn due to side effects, such as anaemia,
thrombocytopenia and infections. Thus, novel, non-toxic therapies
are desperately needed for this molecularly heterogeneous disorder.

Primary MF is characterized by abnormal megakaryocytes, aber-
rant cytokine production and bone marrow failure with extramedul-
lary haematopoiesis.> Stem cell-derived myeloproliferation and
abnormal cytokine production lead to the dysregulation of megakary-
ocytes and fibrotic remodelling of the bone marrow.® The degree of
collagen fibrosis in the bone marrow can be correlated with the
severity of primary MF.%

Several genetically engineered mouse models based on JAK2,
MPL or CALR mutations are available to study MF.””? Patients with
idiopathic MF were found to harbour reduced levels of the transcrip-
tion factor GATA1 in megakaryocytes.10 GATA1 is a haematopoietic
master transcription factor that provides regulation for both ery-
throid and myeloid lineages.!* Due to a deletion in the hypersensi-
tive site of its promoter, which drives its transcription in
megakaryocytes, GATA1 deficiency results in aberrant megakaryocy-
topoiesis resulting in hyperproliferative progenitors, defective termi-
nal differentiation, impaired erythropoiesis and transient
anaemia.>*2 The Gata1™ mouse strain has been especially useful
to study MF because fibrotic remodelling of the bone marrow
microenvironment also occurs.*®4

A final common pathway that leads to MF is thought to involve
aberrant regulation of TGF-B1 and the subsequent deposition of
reticulin and collagen.’® Recent work suggests that malignant and
non-malignant cells cooperate in this inflammatory process and sub-
sequent fibrosis and that fibrocytes may play an important role in
this process.*®'” However, the identity of the cell types and the
inflammatory cytokines directly responsible for myelofibrotic remod-
elling are not known, but might be important in developing more
effective, non-transplant therapies.

A number of studies have demonstrated the role of Ang Il in
fibrotic remodelling of the lung, heart, kidney, skin and liver.182% |t
has been demonstrated in a number of animal models that inhibitors
of angiotensin-converting enzyme (ACE) can block or reverse fibrotic
remodelling through the reduction in Ang Il maturation.?22¢ There-
fore, we hypothesized that captopril, an ACE inhibitor, could reverse
MF. We tested this hypothesis in the Gata1'®” mouse model of pri-

mary MF.

2 | METHODS

2.1 | Chemicals

Reagents were obtained from Sigma-Aldrich (St. Louis, MO) except
where indicated.

2.2 | Animals and captopril treatment

All animal handling procedures were performed in compliance with
guidelines from the National Research Council for the ethical han-

dling of laboratory animals and were approved by the Uniformed
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Services University of the Health Sciences Institutional Animal Care
and Use Committee. Male and female Gata1®" and wild-type CD1
mice were purchased from Jackson Laboratories (Bar Harbor, ME).
Quantitative PCR confirmed low expression of Gatal (results not
shown). The mice were crossed to a CD1 background as previously
described to establish a line of homozygous mutant mice.** Mice
were kept in a barrier facility for animals accredited by the Associ-
ation for Assessment and Accreditation of Laboratory Animal Care
International. Mice were housed in groups of four. Animal rooms
were maintained at 21 + 2°C, 50% 4+ 10% humidity and 12-hour
light/dark cycle with commercial freely available rodent ration (Har-
lan Teklad Rodent Diet 8604, Frederick, MD, USA). Captopril (USP
grade; Sigma-Aldrich, St Louis, MO, USA) was dissolved in acidified
water at 0.6 g/L and provided to animals starting at 10 months of
age until 12 months of age, as previously described.?” An earlier
study established the stability of captopril in acidified water.?®
Based on previously measured volumes of water consumed per day
by the mice, we determined that daily water consumption resulted
in a dose of 79 mg/kg/d.?” Control animals received acidified water
(vehicle) without captopril. Animals were killed at 13 months of
age.

2.3 | Blood cell analysis

Complete blood counts (CBC) with differentials were obtained using
a Baker Advia 2120 Hematology Analyzer (Siemens, Tarrytown, NY,
USA). Separate mice were used for each point (n = 5-6 per group).

2.4 | Histology and myelofibrosis scoring

Sternebrae, humeri and femurs were surgically removed from killed
animals and fixed in 10% neutral formalin overnight. Tissues were
paraffin blocked and stained using standard methods for haema-
toxylin and eosin (H&E), Masson’s trichrome and Gomori reticulin
stain by Histoserve (Germantown, MD). Stained slides were evalu-
ated by a pathologist who was blinded to the identity of the treat-
ment groups using a published system for scoring MF.?° Bone
marrow sections were digitally scanned using the Zeiss Axio Scan
and images for publication were produced with Zen Lite software
(Carl Zeiss, USA).

2.5 | Bone marrow and spleen cell isolation

Mice were killed with pentobarbital (10 mg/kg). Humeri and fe-
murs were surgically removed from killed animals and flushed with
sterile PBS. Spleens were smashed through 40 pmol/L cell strainer
(Cell Treat, Pepperell, MA) using the plunger end of a small syringe.
Cell strainer was rinsed with PBS (end volume of 30 mL) and cells
were collected by centrifugation at 300x g for 10 minutes at room
temperature. Red blood cells were lysed by resuspending bone mar-
row cells in 2 mL (1 minute incubation) or spleen cells in 5 mL of
ACK lysis buffer (5 minutes incubation). Cells were then diluted in
20 mL PBS, washed twice and pelleted as before.
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2.6 | Cell staining and analysis

Cells isolated from spleen and bone marrow were resuspended in
~200 pL PBS and placed on 5 mL nylon cell strainer topped Falcon
tubes (Corning Life Sciences, Corning, NY) and centrifuged for
10 minutes at 860x g at room temperature. Cells were resuspended
in 100 pL PBS and transferred to Falcon 96 well clear V-bottom not
treated polypropylene storage microplates (Corning Life Sciences).
Cells were then stained with LIVE/DEAD viability stain (Molecular
Probes, Life Technology, Grand Island, NY) for 20 minutes in the
dark, washed with staining buffer (0.5% FBS, 0.05% NaNs in PBS)
and pelleted by centrifugation for 5 minutes at 860x g at room tem-
perature and subsequently blocked by 1 uL Fc Block (BD Bioscience,
San Jose, CA) diluted in 99 uL staining buffer for 20 minutes on ice.
Plates were centrifuged at 860x g for 5 minutes at room tempera-
ture, and supernatants were removed. After washing with 200 pL of
staining buffer, the cells were stained with a cocktail containing: Bril-
liant Violet 605-labelled CD45 (1:160, Cat#: 103140, BioLegend, San
Diego, CA); allophycocyanin (APC)-eFluor 780-labelled CD115 (1:80,
Ref#: 47-1152-82, Affymetrix eBioscience, San Diego, CA); and R-
Phycoerythrin (PE)-labelled CD41 (1:160, Cat#558040, BD Bio-
science, San Jose, CA) for 20 minutes on ice. After washing, cells
were stained with anti-biotin-FITC (1:45, Miltenyi Biotec, San Diego)
for 20 minutes on ice. The cells were washed, pelleted, resuspended
in Perm/Wash buffer and analysed using a BD LSR Il flow cytometer
(BD Bioscience). Data analysis was carried out with FlowJo data
analysis software version 10.1r5 (FlowJo, Ashland, Oregon). The gat-

ing strategy is shown in Figure S1.

2.7 | Reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA was extracted from cells isolated from bone marrow or
spleen cells using phenol-chloroform extraction with silicone lubri-
cant using a modified protocol.2° Approximately 25 mg of tissue was
homogenized in 1 mL of TRIzol reagent. After the addition of
200 pL of chloroform, 125 puL of RNase-free water was added. Sam-
ples were added to prepared tubes and centrifuged at 8050 g for
15 minutes at 4°C. After recovery of RNA-containing aqueous
phase, one volume of 70% ethanol was added. RNA was obtained
using the Qiagen RNeasy kit (Qiagen, Valencia, CA) for purification
of total RNA from animal cells. RNA (500 ng) was used with the
iScript ¢cDNA kit (Bio-Rad) for cDNA synthesis. Quantitative PCR
was carried out on a CFX96 real-time PCR detection system (Bio-
Rad), using 15 ng equivalent cDNA and SYBR Green gPCR master
mix (Bio-Rad). PCR reaction conditions were 3 minutes at 95.0°C,
followed by cycles of 10 seconds at 95.0°C, 30 seconds at 55.0°C
for 39 total cycles (Bio-Rad CFX Manager 3.1 preloaded, CFX-2ste-
pAmp protocol). The following primers sequences were used for
target amplification: collagen type Il (Col Ill) (forward) 5-TCTGAA
GCTGATGGGATCAA-3', (reverse) 5'-TCCATTCCCCAGTGTGTTTAG-
3'; collagen type la2 (Colla2) (forward) 5-GCAG- GTTCACCTAC
TCTGTCCT-3, (reverse) 5-CTTGCCCCATTCATTTGTCT-3; CD41

(forward) 5'-AAGCTGAAGCCACAGTGGAG-3, (reverse) 5-TGGA
GACCCATCTGTCCAA-3; CDé61 (forward) 5'-GCAAGTACTGTGA
GTGCGATG-3, (reverse) 5-CGCAGTCCCCACAGTTACA-3'; glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) (forward) 5'-CC
GGGTTCCTATAAATAC -GGACTG-3, (reverse) 5-GTCTACGGGAC
GAGGCTGG-3'. Relative gene expression to the housekeeping genes

was calculated using the AACq method.3%32

2.8 | Statistical analysis

Statistical analysis was performed with GraphPad Prism 7 (San
Diego, CA). Results are represented as means & SEM. P values
of < .05 were considered significant. Two-way ANOVA with either

Tukey's or Sidak’s post hoc tests was used for multiple comparisons.

3 | RESULTS

To determine the efficacy of captopril in reversing MF, we evaluated
morphologic and phenotypic changes in the Gata1®" mouse model.
Untreated Gata1®” mice at 13 months of age exhibited classic fea-
tures of marrow MF as compared to wild-type CD1 mice (Figure 1A,
B). Additional morphologic indications of fibrosis included cellular
streaming and dilated sinuses. Megakaryocytes in the bone marrow
of the Gata1'®” mice were abnormally present in patchy clusters and
with paratrabecular distribution. The megakaryocytes in the Gata1'®¥
mice also displayed moderate megakaryocytic hyperplasia, with atyp-
ical morphology and enlarged bulbous nuclei compared with wild
type. The reticulin score averaged 1.8 out of 3 in the Gata1"®" mice,
in contrast to wt mice that scored reticulin as O (normal) (Figure 1C,
P value < .05 by one-tailed Mann-Whitney test). Captopril treatment
for 2 months, from 10 to 12 months of age, reduced the severity of
bone marrow fibrosis at 13 months of age, with only focal and pat-
chy cellular streaming and rare dilated sinuses (Figure 1A-C). Capto-
pril-treated mice had only mild megakaryocytic hyperplasia, with
scattered morphologically abnormalities and displayed only focal

1" mice.

megakaryocytic clusters compared with untreated Gata
Treatment with captopril reduced the averaged reticulin score to 0.5
in the Gata1"" mice.

Levels of megakaryocytes and extramedullary haematopoiesis
were compared in the spleens of wt and untreated and captopril-
qlow

treated Gata1” mice. Histologically, the untreated Gata mice

demonstrated significant extramedullary haematopoiesis  with
increased numbers of enlarged atypical megakaryocytes which were
present, in some areas, in large aggregates and sheets. The captopril-
treated Gata1" mice demonstrated moderate amounts of extrame-
dullary haematopoiesis with reduced numbers of atypical megakary-
(Figure 1D,E).

splenomegaly in Gata1®" mice, we observed that the splenic weight

ocytes Consistent  with  previous reports of

was increased sixfold in untreated Gatal1" mice as compared to wt
CD1 mice (P value < .05). Captopril treatment for 2 months induced

llow

a ~2-fold decrease (P < .05) in splenic weight in Gata mice as

compared to untreated Gata1®” mice (Figure 1F). Peripheral blood
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counts were studied in captopril-treated and untreated Gata1'®"
mice and their wild-type littermates. As shown in Figure 2, captopril
treatment normalized white blood cells (WBC), lymphocytes, eosino-
phils and neutrophils compared with untreated Gata1®” mice (Fig-
ure 2A-D). Interestingly, captopril treatment did not ameliorate the
platelet count (Figure 2E) or mean platelet volume (data not shown).
Gata1®” mice have been demonstrated to have reduced platelet
numbers, believed to be due to MK dysfunction; although captopril
reduced the numbers of MKs, the remaining MKs were still not func-
tional for platelet production. We did not observe significant reduc-
tion in red blood cells (RBC) in the Gata1®" mice at this time-point

(Figure 2F); this is consistent with previous findings indicating that

WT  GATA1™"  GATA1

+ captopril

the onset of anaemia is usually later than 13 months (REF). These
data suggest that captopril's effects serve to normalize the levels of
a number of blood cells.

We investigated the possible mechanism of action of captopril in
the bone marrow and spleen. Flow cytometric analysis of murine
mononuclear cells demonstrated a ~3-fold increase in the frequency
of CD115 /CD41* megakaryocytes of total live cells in the bone
marrow of Gata1®” mice compared to wt CD1 mice, from 0.5% to
1.45% (P < .05) (Figure 3A). Captopril treatment reduced the number
of megakaryocytes to 0.6% of total live cells (P < .05). These results
were confirmed by qRT-PCR detection of CD41 and CDé1 markers,

which were decreased ~3-fold and 2-fold, respectively, in Gata1®"
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FIGURE 2 Effects of captopril administration on peripheral blood counts. Wild-type (wt) or Gata1®"

mice were treated from 10 to 12 mo

with either captopril 72 mg/kg/d or vehicle in drinking water. Mice were killed at 13.5 mo, and tissues were harvested. Complete blood cell
counts with differentials were obtained. (A) white blood cells (WBC); (B) lymphocytes; (C) eosinophils; (D) neutrophils; (E) platelets; and (F) red

blood cells (RBC). Means are indicated; *indicates P < .05

mice treated with captopril as compared to untreated mice (P < .05)
(Figure 3B,C). There was reduced expression of both Colla and
Col3a2, which decreased ~15-fold and ~4-fold, respectively (P < .05)
(Figure 3D,E).

Because of the observed changes in spleen histology and weight
from captopril administration, we investigated the effect of captopril
on megakaryocytes and collagen in the spleens of Gata1®" mice.
Flow cytometric analysis also showed that Gata1®* mice had a
trend towards higher levels of splenic megakaryocytes as compared
to wt CD1 mice (Figure 3F), although this did not reach significance.
We observed a ~2-fold decrease in the frequency of megakary-
ocytes as a percentage of total live cells in response to captopril
treatment (P < .05). This decrease in megakaryocytes as determined
by FACS was also reflected in gqRT-PCR detection of CD41 and
CD61 markers, which decreased ~6-fold and ~5-fold, respectively, in
captopril-treated Gata1'®” mice (P < .05) (Figure 3G,H). Histological
observations of the spleen suggested that captopril induced a
decrease in collagen fibres, so we investigated collagen expression
levels in the spleen. gPCR analysis showed a ~4-fold reduction in
the level of Colla expression (P < .05) and a trend towards reduced

Col3a2 expression, although this did not reach significance
(Figure 31,J).
4 | DISCUSSION

MF is a rare myeloproliferative neoplasm characterized by hyperpro-
liferation of abnormal megakaryocytes, deposition of collagen and
reticulin in the bone marrow and splenomegaly associated with
extramedullary haematopoiesis. Here we demonstrate that in the
Gata1®” murine model of spontaneous myelofibrosis a 2-month

administration of captopril, an ACE inhibitor commonly used for the

treatment of systemic hypertension, decreased bone marrow
megakaryocytic hyperplasia and marrow fibrosis. Furthermore, we
show that captopril administration reduced the deposition of retic-
ulin and collagen in the bone marrow of Gata1®" mice histochemi-
cally, correlating with reduced collagen 1a and 3a synthesis at the
mRNA level in marrow. These findings were also reflected in data
demonstrating that captopril treatment decreased extramedullary
haematopoiesis in the spleen, as indicated by both decreased splenic
mass and morphologic changes in the spleen and attenuated collagen
1a and 3a mRNA in the spleen. As megakaryocytosis is believed to
contribute to MF, the resolution of megakarycytosis is a critical
event for reversal of the disease.

The fibrotic alterations observed in myelofibrotic bone marrow
are similar to fibrotic alterations identified in other organs with
regard to the up-regulation of abnormal extracellular matrix proteins,
most notably collagens, and the loss of normal cell types of the tis-
sue.35 Thus, we hypothesized that inhibition of fibrotic signalling
pathways would result in a reduction in bone marrow abnormalities
of MF, possibly mitigating the disease. ACE and Ang Il are believed

36-42 and

to play a causative role in fibrosis of a number of tissues,
captopril and other ACE inhibitors or angiotensin receptor blockers
(ARBs) were demonstrated to reduce fibrotic remodelling in a num-
ber of rodent models of fibrosis in tissues including kidney, lung,
skin, liver and heart.?243-°° |n many of these studies, prevention of
fibrosis by ACE inhibitors or ARBs was accompanied by reduced
levels of myofibroblasts, attenuated collagen production, decreased
inflammation and the preservation of normal tissue function and
structure. Findings in animal model systems promoted the study of
ACE and ARBs for treatment of human fibrotic disease. Clinical trials
have also demonstrated that ACE inhibitors reduce medical radio-
therapy-induced kidney and lung fibrosis.>*>> The mechanism(s) by

which ACE inhibitors and Ang |l receptor antagonists inhibit fibrotic
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FIGURE 3 Effects of captopril administration of megakaryocytes and collagen. Wild-type (wt) or Gata1®* mice were treated from 10 to

12 mo with either captopril 72 mg/kg/d or vehicle in drinking water. Mice were killed at 13.5 mo, and tissues were harvested. (A) Flow
cytometric analysis was performed on femur bone marrow cells to measure percentage of CD45" cells expressing CD41" cells. Representative
FACS data are presented for wt, Gata1'°"-untreated mice and Gata1" captopril-treated mice. (B-E) qPCR of mRNA isolated from bone
marrow of Gata1" mice treated + captopril, as described above. Interrogated transcripts were CD41, CD61, Col 1a and Col 3a. Data show
Gata1®” qPCR transcript levels from untreated mice compared to the ratio of Gata1®" transcript levels from mice treated with captopril
relative to Gata1'°”-untreated mice. *P value .05. (F) Flow cytometric analysis was performed on spleen-derived cells to measure percentage of
CDA45" cells expressing CD41" cells. Representative FACS data are presented for wt, Gatal®"-untreated mice and Gata1"" captopril-treated
mice. (G-J) gPCR of mRNA isolated from spleens of Gata1" mice treated = captopril, as described above. Interrogated transcripts were CD41,
CDé1, Colla and Col3a. Data show Gata1®” qPCR transcript levels from untreated mice compared to the ratio of Gata1®" transcript levels
from mice treated with captopril relative to Gata1®"-untreated mice. *P value .05

remodelling are not completely understood. Our observations in the Our study also demonstrated a marked reduction in abnormal
Gata1®” murine model of MF are consistent with previous studies megakaryoctyes in the Gata1®" mice after captopril treatment. Ang
showing a mitigation of fibrotic remodelling by ACE inhibitors, I, as a part of the renin-angiotensin system, is a master regulator of
including a reduction in abnormal collagen deposition and the blood pressure and blood volume homeostasis.’® This system has

restoration of more normal tissue architecture. also been demonstrated to regulate cell proliferation and
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differentiation of specific haematopoietic lineages.>” Ang Il was
shown to be required for normal myelopoiesis and erythropoiesis.”®
ACE knockout mice, in which Ang Il levels are 10-fold lower than in
wt mice, have several myelopoietic abnormalities resulting in a
reduction in normal, mature macrophages and have an accumulation
of myeloblasts and myelocytes.>® Additionally, Ang Il peptide admin-
istration in mice was shown to increase levels of megakaryocyte pre-
cursors and megakaryocytes in the blood after radiation exposure.®®
Findings from our laboratory and others indicated that captopril
increased survival from radiation-induced haematopoietic injuries
suggesting that ACE inhibition can also reduce injuries to the
haematopoietic system.?”%1"%% ACE inhibitors were also shown to
cause a reduction in granulocyte colony-forming and erythroid burst-
forming units which were accompanied by an increase in undifferen-
tiated cells, including granulocyte, erythroid, macrophage and
megakaryocyte colony-forming units (CFU).>®%* Investigation of the
direct effects of Ang Il on bone marrow colony formation demon-
strated that the addition of Ang Il to bone marrow cultures resulted
in the stimulation of immature CFU granulocyte/macrophage and
CFU granulocyte/erythrocyte/monocyte/megakaryocyte under pan-
myeloid culture conditions.®® However, it was later demonstrated
that the addition of Ang Il did not affect CFU megakaryocyte colony
formation in a lineage assay in culture.>’

Captopril’s ability to reverse fibrosis in this murine model is novel
and future studies are needed to assess its feasibility for clinical use.
The JAK2 inhibitor ruxolitinib reduces splenic haematopoiesis but
does not reverse MF in the Gata1” mice,% and ruxolitinib is cur-
rently approved by the Food and Drug Administration (FDA) only for
palliation of splenomegaly and MF-associated symptoms. Results of
several clinical trials have thus far failed to demonstrate its reversal
of fibrosis.®” Because captopril is a FDA-registered drug with wide-
spread use, low cost and little toxicity, our studies provide com-
pelling evidence to initiate a phase I/l trial in patients with primary
MF aimed at reducing marrow fibrosis, replacement blood product
usage and MF-associated symptoms. The human equivalent dose to
110 mg/kg/d captopril (0.55 g/L in the drinking water) is ~330 mg/
d.%® Captopril's maximally tolerated dose of 500 mg/d ,° which
makes our dosage feasible. Our initial treatments with captopril were
based on our findings of prevention of bone marrow injury by total
body irradiation in mice.2”*® We have since found that reduction in
captopril levels to as low as 13 mg/kg/d is sufficient for the preven-
tion of radiation-induced bone marrow injury in mice (R.M. Day,
unpublished findings). We wish to repeat our work in the Gata1®"
myelofibrosis model also using this reduced dosage of captopril. In
addition, we are currently investigating the molecular mechanism of
captopril-mediated reduction in fibrosis and identifying the cytokine

(s) responsible.
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