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Osteoblasts support megakaryopoiesis through production
of interleukin-9
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Severe thrombocytopenia is a significant challenge in patients undergoing myelosup-
pressive chemotherapy for malignancies. Understanding the biology of platelet-

¢ QOsteoblast-produced IL-9
supports megakaryopoiesis
and platelet formation.

e |L-9is a promising therapeutic
agent for treatment of
thrombocytopenia.

producing megakaryocytes development in the bone marrow microenvironment may
facilitate the development of novel therapies to stimulate platelet production and
prevent thrombocytopenia. We report here that osteoblasts supported megakaryopoiesis
by secreting interleukin-9 (IL-9), which stimulated IL-9 receptor (IL-9R)/Stat3 signaling
in promoting megakaryopoiesis. IL-9 production in osteoblasts was negatively regulated by
the mechanistic target of rapamycin complex 1 (nTORC1) signaling in a NF-xB—dependent
manner. Constitutive activation of mTORC1 inhibited IL-9 production in osteoblasts and
suppressed megakaryocytic cells expansion, whereas mTORC1 inactivation increased IL-9 production and enhanced megakaryocyte
and platelet numbers in mice. In mouse models, we showed that IL-9 administration stimulated megakaryopoiesis, whereas neutralizing
endogenous IL-9 or IL-9R depletion inhibited the process. Importantly, we found that low doses of IL-9 efficiently prevented
chemotherapy-induced thrombocytopenia (CIT) and accelerated platelet recovery after CIT. These data indicate that IL-9 is an
essential regulator of megakaryopoiesis and a promising therapeutic agent for treatment of thrombocytopenia such as CIT. (Blood.

2017;129(24):3196-3209)

Introduction

Circulating blood platelets are specialized cells that prevent bleeding
and minimize blood vessel injury.' Large progenitor cells in the bone
marrow (BM) called megakaryocyte (MK) are the source of platelets.
Megakaryopoiesis is the process by which mature MK are derived
from pluripotent hematopoietic stem cells (HSCs) in the BM micro-
environment. CD41"CD34™ cells arise from HSCs and proliferate
and differentiate into platelet-producing mature MK, which undergo
endomitosis, granule formation, proplatelet formation, and terminal
platelet formation and release.”* Because platelets are essential for
hemostasis, morbidity and mortality from bleeding resulting from
moderate to severe thrombocytopenia is a major problem facing
patients with chemotherapy-induced thrombocytopenia (CIT), immune
thrombocytopenia, and hepatitis C—related thrombocytopenia.”’
Although blood disorders arise primarily from defects in hemato-
poietic cells, contextual signals from multiple cell types in the BM
microenvironment or niche are also critical for disease development.”®
Among these cell types, osteoblasts play an important role in controlling
multiple hematopoietic lineages.”'® Several groups have shown the
importance of osteoblastic cells to the HSC niche in the BM.''""?

Beyond their support for HSCs, osteoblasts directly regulate erythro-
poiesis and the maturation and differentiation of B lymphocytes.'*'>
Osteoblasts may produce many cytokines that are critical for normal
hematopoiesis.'*!°

Megakaryocytopoiesis and platelet production also occur within
the BM microenvironment in highly specialized osteoblastic and
vascular niches, where gradients of chemokines, growth factors,
calcium, oxygen, and adhesive interactions drive MK proliferation,
maturation, and thrombopoiesis. MK may promote osteoblastic
bone formation in vitro and in vivo' '°; however, there is no in vivo
evidence that osteoblasts regulate megakaryopoiesis directly or
indirectly. Furthermore, little is known about the mechanisms by
which osteoblasts regulate megakaryopoiesis and platelet formation.
Understanding the biology of MK niches may uncover new drug
targets and facilitate the development of novel therapies to stimulate
platelet production and prevent thrombocytopenia.

In this study, we show that osteoblasts produce interleukin-9 (IL-9)
to promote CD417Sca-1" cell expansion and megakaryopoiesis via
stimulation of IL-9 receptor (IL-9R)/Stat3 signaling. The mammalian
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target of rapamycin complex 1 (mnTORC1) signaling pathway, a major
regulator of cell metabolism, growth, proliferation, and survival,?>*!
suppressed IL-9 transcription via inhibition of NF-«kB in osteoblasts.
Importantly, low doses of IL-9 prevented CIT and accelerated platelet
recovery after CIT. These findings reveal an unexpected but essential
role for osteoblasts in the modulation of megakaryopoiesis and
suggest that IL-9 can serve as a therapeutic agent for the treatment of
thrombocytopenia.

Materials and methods

General methodology

No samples, mice, or data points were excluded from the reported analyses.
Samples were randomized to experimental groups in C57BL/6 and BALB/c CIT
mice mode, but not in TSC1 or Raptor knockout (KO) mice. Analyses were not
performed in a blinded fashion.

Cells

RAW264.7, human umbilical vein endothelial cells (HUVECs), hFOB1.19, and
TM4 were obtained from the American Type Culture Collection (Manassas,
VA). Human calvarial osteoblasts were obtained from Sciencell Research
Laboratories (Carlsbad, CA). RAW264.7 and HUVECs were cultured in
Dulbecco’s modified Eagle medium (DMEM); TM4, human calvarial osteo-
blasts, and hFOB1.19 cells were maintained in 1:1 DMEM and Ham’s F-12
medium with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 pg/mL streptomycin (Gibco, Paisley, Scotland) at 37°C in 5% CO,. For
western blot analysis, cells were plated in 6-well plates. After 24 hours, cells
were treated with 50 nM rapamycin (R0395, Sigma, St. Louis, MO) for 0.5, 1,
2, and 12 hours. Cells not treated with rapamycin were used as controls.
Primary osteoblastic cells were prepared from the calvaria of newborn mice,
as described previously,?*?* and cultured and exposed to rapamycin using the
same method as for TM4 cells. Lymphocytes and monocytes were isolated
from the BM of 8-week-old C57BL/6 mice using lymphocyte or monocyte
isolation Ficoll-Paque (GE Healthcare, Little Chalfont, UK), respectively,
and cultured in RPMI 1640 medium containing 10% FBS. Endothelial cells
were isolated from the BM of 8-week-old C57BL/6 mice using an endothelium
isolation kit (Miltenyi, Bergisch Gladbach, Germany, 130-109-679), and
cultured in endothelial cell growth medium containing 10% FBS.

Mice

Conditional KO mice were produced by interbreeding TSC1 VA (Jax#005680) or
Raptor™ (Jax#013188) mice with Osterix (OSX)-Cre (Jax#006361) and
osteocalcin  (OCN)-Cre (Jax#019509) mice, respectively. All mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). TSC1" or
Raptor™" littermates were used as controls for all experiments. Mice were treated
with doxycycline (0.2 mg/mL in drinking water) to repress expression of OSX-
Cre recombinase before they were born. Genotyping was performed on genomic
DNA obtained from tail biopsies as previously described.'”> C57BL/6 and
BALB/c mice (2 months old) were purchased from the Laboratory Animal
Centre of Southern Medical University. The Southern Medical University
Animal Care and Use Committee approved all procedures involving the mice.
All animal procedures involving animals and their care were conducted in
accordance with the guidelines of Animal Use and Care of the National Institutes
of Health.

Evaluation of BM MK number

The mice were euthanized by cervical dislocation, and 1 femur and 1 tibia from
each mouse were used for evaluation of MK number in the BM. BM samples
were smeared on the slides and stained with Wright and Giemsa dyes. The
number of MK was counted under the microscope based on cell size and their
previously described features.>*

OSTEOBLASTS SUPPORT MEGAKARYOPOIESIS BY IL-9 3197

Flow cytometry analysis

Cells were stained by standard protocols with the following antibodies
(eBioscience, San Diego, CA, unless otherwise noted). BM cells were isolated
as described previously,? and cells were incubated with antibodies. For cell
lineages analysis, cells were stained with Ter119 (catalog no. 11-5921), CD11b
(catalog no. 53-0112), Gr-1 (catalog no. 12-5931), CD41 (catalog no. 17-0411),
and Sca-1 (catalog no. 11-5981), respectively; for MK proliferation or mTORC1
activation analysis, cells were stained with 5-ethynyl-2'-deoxyuridine (Edu;
Invitrogen, Carlsbad, CA) or phospho-S6 (catalog no. 12-9007-42), Sca-1, and
CD41; for MK maturation status or mTORCI activation analysis, cells were
stained for CD41, CD42d (catalog no. 12-0421) or CD41, CD42d, and phospho-
S6; for IL-9R analysis, cells were stained for CD41, Ter119, CD11b,CD42d, and
IL-9Rs (310404; Biolegend, San Diego, CA), respectively; for integrin o231
level in CD41"Sca-1" cells analysis, cells were stained with integrin «2@1
(561067; BD Biosciences, San Diego, CA), CD41, and Sca-1; and for integrin
a2B1 level in CD41CD42d™ cell analysis, cells were stained with integrin
a2f1, CD41, and CD42d. To examine the ploidy of murine MK, cells were
incubated in cold 70% ethanol at 4°C overnight. The cell pellets were washed
with phosphate-buffered saline (PBS) and resuspended in solution containing
propidium iodide (50 pg/mL) and 100 pg/mL RNAse A (Sigma); after
incubation at 37°C in the dark for 1 hour, the cells were sorted and analyzed on
a FACScan flow cytometer (Becton Dickinson, San Jose, CA).

In situ hybridization

Femur and tibia tissue was dissected from the mice and fixed with 4%
paraformaldehyde in PBS at 4°C for 24 hours, followed by decalcification in
15% EDTA (pH 7.4) at 4°C for 14 days. The tissue was embedded in paraffin,
and 3-pum sagittal sections were cut and permeabilized with 1% Triton X-100 in
PBS for 30 minutes. Cells were then washed in 2X saline-sodium citrate (SSC)
with 50% formamide for 5 minutes at room temperature. Hybridization was
carried out overnight at 38.5°C in hybridization buffer consisting of 10% dextran
sulfate, 2 mM vanadyl ribonucleoside complex, 0.02% bovine serum albumin,
and 10 ng RNA probe in 2X SSC with 50% formamide. Cells were washed with
prewarmed 2X SSC with 50% formamide at 37°C for 30 minutes, washed twice
in PBS, and mounted with Vectashield mounting medium (Vector Laboratories,
Burlingame, CA). The sequences of sense and antisense probes corresponding to
mouse 5’ IL-9 RNA are CCAAGCTTTTGCTCTTCAGTTCTGTGCTGGG and
CCCAGCACAGAACTGAAGAGCAAAAGCTTGG, respectively (Invitrogen).

In vivo treatments

Recombinant murine IL-9 (219-19; Peprotech, Rocky Hill, NJ) was reconstituted
in 1X PBS and injected intraperitoneally (IP) at a dose of 1 pg/kg per day into
3-week-old OSX-TSC1 KO and wild-type (WT) mice daily for 14 days. To block
IL-9 in vivo, 40 p.g purified IL-9 antibody (16-7093; eBioscience) was injected
into the marrow cavity of OSX-Raptor KO mice and WT littermates by bilateral
intratibial injection. Mice were euthanized after 14 days of treatments, BM
was collected for MK count and flow cytometry analysis, and whole blood was
collected for quantitative analysis.

Collection of conditioned medium from osteoblast,
BMSC, lymphocyte, monocyte, and endothelial cells cultures

BM stromal cells (BMSCs) were isolated as previously described.?® Osteo-
blast, lymphocyte, monocyte, and endothelial cells were cultured as described
previously. Conditioned medium was collected when cells reached 80% to
90% confluence.

Coculture of mouse BM cells with conditioned medium from
osteoblast, BMSC, lymphocyte, monocyte, and endothelial cells

C57BL/6 mouse total BM cells were plated in 6-well plates containing DMEM:
Ham’s F-12 medium with 10% FBS. Cocultures were cultured with fresh
medium and osteoblast, lymphocyte, BMSC, monocyte, or endothelial cells
culture-conditioned medium (1:2); or with TSCI- or Raptor-null osteoblast
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Figure 1. mTORC1 signaling in mouse osteoblasts regulates megakaryopoiesis and platelet (PLT) formation. (A) Platelet count and MPV in 3-week-old OSX-TSC1
and OSX-Raptor mice and control littermates (n = 8, Student unpaired t test). (B) BM of a femur and a tibia collected from OSX-TSC1 and OSX-Raptor mice stained with
Wright and Giemsa dyes. Total numbers of MKs were counted (n = 8, Student unpaired t test). (C) Quantification of FACS analysis of the fraction of CD41" MK lineage cells
in OSX-TSC1 and OSX-Raptor mouse BM (n = 6, Student unpaired t test). (D) Femur sections of OSX-TSC1 and OSX-Raptor mice stained for VWF. Cells positive for VWF
were counted under a microscope. Results represent mean MK number/mm? (+ standard error of the mean) for each group analyzed (40 sections from 8 mice) (n = 8,
Student unpaired t test). Scale bar = 100 um. (E) Western blot analysis of p-S6 (S235/236) expression in primary osteoblasts isolated from OSX-TSC1, OSX-Raptor, and
control mice. S6 was used as a loading control. Data are representative of 3 independent experiments and are represented as mean = standard deviation (SD). *P < .05;
**P < .01; **P < .001. NS, not significant; T.Ar, tissue area.
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Figure 2. Osteoblasts support MK lineage cell expansion in vitro and in vivo. (A) Quantification of FACS analysis of the fraction of CD41*CD42d* mature MK in BM of
3-week-old OSX-TSC1 and OSX-Raptor mice and control littermates (n = 6, Student unpaired t test). (B) Quantification of FACS analysis of CD41*Sca-1* MK
proliferation rates in BM of OSX-TSC1 and control littermates (n = 6, Student unpaired ttest). (C) Quantification of FACS analysis of CD41*Sca-1"* MK proliferation rates
in BM of OSX-Raptor and control mice (n = 6, Student unpaired ttest). (D) Quantification of FACS analysis of proliferation rate of CD41*Sca-1* and CD41*CD42d" cells
(n = 3, 1-way analysis of variance [ANOVA]). BM cells were cultured in conditioned medium (CM) from osteoblast, monocyte, BMSC, or endothelial cell culture

supernatant for 4 days. The lymphoid and granulocytes were then removed from the CM-stimulated BM cells by direct lineage cell depletion kit (130-110-470; Miltenyi,

Bergisch Gladbach, Germany) and the proliferation rate of CD41"Sca-1" and CD41"CD42d" cells was analyzed by FACS. Data are representative of 3 independent

experiments and are represented as mean + SD. **P < .01; ***P < .001.
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Figure 3.
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culture-conditioned medium (1:2) with or without recombinant murine IL-9
(40 ng/mL) or purified IL-9 antibody (40 pg/mL) at days 3 and 7. Cells were
harvested on day 10. All samples were analyzed by flow cytometry.

Immunofluorescence on tissue sections

Femur and tibia tissues dissected from the mice were fixed using 4%
paraformaldehyde in PBS at 4°C for 24 hours and then decalcified in 15%
EDTA (pH 7.4) at 4°C for 14 days. The tissues were embedded in paraffin, and
3-wm sagittal-oriented sections were prepared for histological analyses. For
immunofluorescence, we incubated primary antibodies that recognized primary
antibodies against the following proteins: CD41, IL-9, osteocalcin, and p-STAT3
(Y705) (AP0070; Abclonal, College Park, MD) and labeled with secondary
antibodies for 1 hour in the dark. After labeling, cells were incubated with 4',6-
diamidino-2-phenylindole (DAPI) for 5 minutes. The images were acquired with
an Olympus 200 M microscope. We counted the numbers of positively stained
cells in the whole medullary space or bone trabecula per femur or tibia in
3 sequential sections per mouse in each group with Image Pro Plus software.

In vivo siRNA knockdown of IL-9R

Small interfering RNA (siRNA) against IL-9R (sense 5'-GUUAUGAGGA
CAAGACAGATT-3" and antisense 5'-UCUGUCUUGUCCUCAUAACTT-
3') and a control scrambled siRNA were purchased from Invitrogen. IL-9R or
negative control siRNAs (10 pg/mouse) were injected into the bilateral
medullary cavity of 3-week-old OSX-Raptor KO and WT mice (n = 6).
Entranster in vivo transfection reagent (Engreen Biosystem, New Zealand)
was used as a vehicle for siRNA delivery according to the manufacturer’s
recommendations. Ten days after the injection, mice were euthanized, BM
was collected for MK counts and flow cytometry analysis, and whole blood
was collected for quantitative analysis.

CIT mouse model and treatment

C57BL/6 or BALB/c female mice (2 months old) were used for experiments.
Carboplatin (C-2538; Sigma) was reconstituted with sterile 0.9% NaCl and
injected IP at a dose of 100 mg/kg to induce thrombocytopenia. Recombinant
murine IL-9 (1-7.5 pg/kg), thrombopoietin (TPO; 100 pg/kg) (315-14;
Peprotech), and IL-11 (100 pg/kg) (220-11; Peprotech) were injected IP each
day for varying durations starting 1 day after carboplatin injection. For platelet
recovery experiments, C57BL/6 and BALB/c mice (2 months old) were injected
with carboplatin (100 mg/kg) and treated 8 days later with 2.5 pg/kg IL-9 for
another 8 days.

Microarray analysis

For messenger RNA (mRNA) array assay, calvarial osteoblasts from OSX-TSC1
mice and WT mice were hybridized on an Agilent-014868 Whole Mouse
Genome Microarray 4x44K G4122F (Probe Name version). Each microarray
chip was hybridized to a single sample labeled with Cy3. Background subtraction
and normalization were performed. mRNAs with expression levels differing by
at least threefold between WT and Tsc1 null osteoblasts were selected (P < .05).
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Statistical analysis

All experiments were carried out in triplicate. Multiple comparisons were
assessed by 1-way analysis of variance; otherwise, Student unpaired ¢ test was
used for statistical analysis. Results were considered significant difference at
*P < .05; %P < .01; #**P < 001.

Results
Osteoblasts regulate megakaryopoiesis in mice

We previously generated mice that constitutively express mTORC1 in
preosteoblasts by crossing T'sc/ (mTORCT1 inhibitor)-loxP mice with
OSX-Cre mice (OSX-TSC1) mice.?” These mice exhibited immature
woven bone because of excess proliferation but impaired differentiation
and maturation of cells in the osteoblast lineage.”” Interestingly, a
routine blood examination revealed a significant decrease in platelet
count and mean platelet volume (MPV) in OSX-TSC1 mice as com-
pared with their littermate controls (Figure 1A), but the numbers of red
blood cells and white blood cells were unaffected (see supplemental
Table 1, available on the Blood Web site). An examination of BM
cells indicated that the decrease in platelet number and MPV could
result from reduced megakaryopoiesis, because quantitative analysis
and fluorescent-activated cell sorting (FACS) revealed that the
number of BM MK was decreased by one-third and that the number
of CD417 cells were also reduced in OSX-TSC1 mice (Figure 1B-C).
In contrast, no significant differences in granulocytic (CD11b™),
myeloid (Grl1™), and erythroid (Ter119™") lineages and mTORC1
activation in MKs were observed between OSX-TSC1 and control
mice (supplemental Figure 1). Furthermore, analysis of femur
sections also revealed fewer von Willebrand factor (VWF) (MK
marker)-positive cells in OSX-TSC1 mice than in littermate controls
(Figure 1D). The expression level of integrin a231, a matrix receptor
whose mutation or deletion in megakaryocytes results in reduced
MPV in mice,”®?? was significantly decreased in megakaryocytes
of OSX-TSC1 KO mice (supplemental Figure 2). These findings
suggest that mMTORC1 activation in osteoblasts specifically inhibits
megakaryopoiesis in mice.

We conditionally inactivated mTORC1 in osteoprogenitor cells by
crossing Raptor (mTORC1 component)-loxP mice with OSX-Cre
mice (OSX-Raptor). These mice exhibited mTORCT1 inactivation in
osteoblasts and slight osteoporosis, as evidenced by decreased phos-
phorylation of S6 (S235/236) (a marker for mTORCI activity)
(Figure 1E). Significantly, OSX-Raptor mice showed a marked in-
crease in platelet count (Figure 1A) and the number of MK and MK
lineage cells (Figure 1B-D), whereas no significant differences were
observed in the development of granulocytic, myeloid, and erythroid
lineages and mTORC1 activation in MKs between OSX-Raptor
and control mice (supplemental Figure 1). These results demonstrate

Figure 3. IL-9 produced by osteoblasts promotes MK lineage cell expansion and platelet formation. (A) In situ hybridization analysis of IL-9 mRNA expression and
hematoxylin and eosin staining of mouse tibia at 3 weeks. Scale bar = 100 um. (B) IL-9 expression in the BM microenvironment. Mouse femur sections at 3 weeks were
labeled with antibodies against OCN (red) and IL-9 (green). Blue, nuclear DAPI staining. Scale bar = 30 um. (See supplemental Figure 7.) (C) IL-9 levels in BM of OSX-
TSC1, OSX-Raptor, and control mice at 3 weeks (n = 6, Student unpaired t test). (D) Peripheral blood platelet count and MK numbers in OSX-TSC1 and control mice
injected IP with recombinant murine IL-9 (1 wg/kg per day) for 14 days (n = 8, Student unpaired t test). (E) Quantification of FACS analysis of CD41"*Sca-1" cells
proliferation (Sca-1*CD41"Edu™) in BM of IL-9-treated mice (n = 6, Student unpaired t test). (F) Peripheral blood platelet count and MK numbers in OSX-Raptor and
control mice bilateral intratibially injected into the marrow cavity with purified IL-9 antibody (40 .g) for 14 days (n = 8, Student unpaired ttest). (G) Quantification of FACS
analysis of proliferation rate of CD41%Sca-1" cell proliferation (CD41"Sca-1"Edu™) in BM of IL-9 antibody-treated mice (n = 6, Student unpaired t test). (H)
Quantification of FACS analysis of proliferation rate of CD41"Sca-1" cells (CD41"Sca-1"Edu™) cultured in conditioned medium from Raptor- or TSC1-deficient
osteoblast cultures supplemented with IL-9 antibody or IL-9 (n = 3, Student unpaired t test). Data are representative of 3 independent experiments and are represented

as mean * SD. *P < .05; **P < .01; ***P < .001. OB, osteoblast.
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that mTORC inhibition in osteoblasts stimulates megakaryopoiesis in
mouse BM.

OSX-Cre mediates efficient Cre-recombinase activity in osteopro-
genitor cells, thereby targeting the entire osteoblastic lineage.*® To
evaluate further the effect of mTORCI inactivation in mature
osteoblasts on megakaryopoiesis, we generated osteoblast-specific
Raptor or Tscl depletion mice by crossing Raptor or Tscl 10xP mice
to OCN-Cre mice. Similarly, OCN-Raptor and OCN-TSC1 mice
exhibited an increase and decrease, respectively, in the number of MK
lineage cells and platelets without any changes in the development
of other hematopoietic lineages (supplemental Figures 3 and 4). These
findings indicate that mTORCT1 signaling in osteoblasts controls
megakaryopoiesis in mice.

Osteoblasts support CD41*Sca-1" cells expansion in vitro and
in vivo

During the process of megakaryopoiesis, CD34"CD417" cells pro-
liferate and differentiate into platelet-producing mature MK (CD41™"
CD42").>* We found that the number of CD41"Sca-1" cells and
mature MK (CD41*CD42d ) decreased markedly in OSX-TSC 1 mice
as compared with control mice (Figures 1C and 2A). Cultured MKs
with osteoblast culture supernatant produced the similar results
(supplemental Figure 5). On the contrary, MK and CD41*Sca-1*
cells numbers were increased in OSX-Raptor mice (Figures 1C and
2A). These results suggest that osteoblastic mTORCI1 may affect
megakaryopoiesis by regulating the expansion of CD41*Sca-17 cells.
Notably, EdU staining of BM cells confirmed that the proliferation of
CD41%Sca-1" cells was increased in OSX-Raptor but impaired in
OSX-TSC1 mice (Figure 2B-C). This evidence demonstrates that
osteoblastic mTORC1 prevents CD41"Sca-1" cells expansion in
mice.

We next investigated whether osteoblasts regulate CD41% Sca-1"
cells expansion in vitro. BM cells cultured in osteoblast culture
supernatant exhibited an enhancement in CD41%Sca-1" and CD417"
CD42d" cells proliferation rate compared with cells cultured in
monocyte, BMSC, or endothelial cell culture-conditioned medium
(Figure 2D). Thus, osteoblasts support CD41 " Sca-17 cells expansion
both in vivo and in vitro.

IL-9 production by osteoblasts is essential for CD41*Sca-1*
cell expansion and platelet formation

The in vitro and in vivo evidence suggest that osteoblasts regulate MK
expansion in a paracrine manner by modulating production of signaling
molecules. To investigate which osteoblast-derived molecules were
regulated by mTORCI, a global mRNA expression profile in TSC1
ablation or WT osteoblasts was developed using a microarray. Unex-
pectedly, levels of growth factors or cytokines known to promote
megakaryopoiesis such as TPO, stem cell factor, erythropoietin,
leukemia inhibitory factor, and IL-11 were unaltered in TSC1-deficient
osteoblasts (supplemental Table 2). However, IL-9, a cytokine with
diverse biological functions, was markedly downregulated in TSC1-
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null osteoblasts (supplemental Table 2). T helper cells and mast cells
are major sources of IL-9 in the immune system,*'~* but in the BM
the source of IL-9 is unknown. Surprisingly, among osteoblasts,
monocytes/macrophages, BMSCs, and endothelial cells, osteoblasts
produced the highest level of IL-9 mRNA (supplemental Figure 6A).
IL-9 could also be detected in culture of human osteoblast (supple-
mental Figure 7). IL-9 in situ hybridization and OCN double labeling
confirmed that IL-9 was predominantly expressed by osteoblasts in the
BM (Figure 3A-B; supplemental Figure 8). Furthermore, TSC1
deletion reduced, whereas Raptor depletion increased, IL-9 mRNA
and protein levels in cultured osteoblasts (supplemental Figure 6B-C)
and BM (Figure 3C). These results suggest that osteoblasts are the
major source of IL-9 in BM and produce IL-9 in an mTORCI1-
dependent manner.

To investigate the role of IL-9 in megakaryopoiesis in vivo, we
injected recombinant mouse 1L-9 or antibody against IL-9 into mouse
BM for 2 weeks. IL-9 enhanced platelet count and MPV and restored
CD41%Sca-1* MK proliferation in OSX-TSC1 mice (Figure 3D-E;
supplemental Figure 9A) without affecting red blood cell and white
blood cell numbers (supplemental Table 3). In contrast, neutralization
of endogenous IL-9 using a specific antibody reduced platelet count and
suppressed CD41"Sca-1" MK proliferation in OSX-Raptor mice
(Figure 3F-G; supplemental Figure 9B). Importantly, addition of IL-9
antibody to MK cultures abolished the stimulation of CD41*Sca-1*
MK proliferation (CD41%Sca-1"Edu™) by Raptor-null osteoblast-
conditioned medium (Figure 3H). Incubation of BM cultures with IL-9
restored the ability of TSC1-null osteoblast-conditioned medium to
stimulate CD41"Sca-1" MK proliferation (Figure 3H). Interestingly,
IL-9 also increased MK ploidy and proplatelet formation (supplemental
Figure 10). These results suggest that osteoblasts promote CD41 " Sca-
1" MK expansion and megakaryopoiesis via mTORCI-dependent
production of IL-9 both in vitro and in vivo.

IL-9 promotes CD41"Sca-1* cells via IL-9R/Stat3 signaling

IL-9 activates a heterodimeric receptor that consist of the IL-9R a chain
(IL-9Rav) and v chain and induces the cross-phosphorylation of JAK,
leading to activation of Stat signaling and the upregulation of IL-9-
induced gene transcription.*'** Consistent with the effects of IL-9 on
hematopoietic cells, FACS analysis of mouse BM cells revealed that
MK lineages (CD41% or CD42d™), but not granulocytic (CD11b™) or
erythroid (Ter119™) lineages expressed high levels of IL-9Ra
(Figure 4A). Furthermore, Stat3 phosphorylation was increased in
CD417 cells from OSX-Raptor mouse BM, whereas the level was
lower in OSX-TSC1 mouse BM CD41™ cells (Figure 4B; supple-
mental Figure 11). IL-9 treatment increased Stat3 phosphorylation in
BM CD417 cells (Figure 4C; supplemental Figure 12). Importantly,
injection of IL-9Ra siRNAs into mouse BM suppressed IL-9Ra
expression and Stat3 phosphorylation in CD41™" cells (Figure 4D-E;
supplemental Figure 13), inhibited CD41*Sca-1* MK proliferation,
and reduced platelet number in WT mice (Figure 4F-G; supple-
mental Table 3). IL-9Ra siRNA also abolished the increase
in Stat3 phosphorylation and megakaryopoiesis in OSX-Raptor

Figure 4. IL-9 promotes MK lineage cell expansion via activation of IL-9R/Stat3 signaling. (A) Quantification of FACS analysis of IL-9R expression in CD41" MK,
CD42d" MK, CD11b™ granulocytic, and Ter119™ erythroid lineages in BM of 3-week-old mice (n = 6, Student unpaired t test). (B) Femur sections of OSX-Raptor, OSX-TSC1,
or control mice at 3 weeks probed for expression of CD41 (red) and p-Stat3 (green). Blue, nuclear DAPI staining. Scale bar = 30 um. (See supplemental Figure 10.) (C)
Femur section of mice bilaterally injected IP with IL-9 (1 wg/kg per day) for 14 days and probed for expression of CD41 (red) and p-Stat3 (green). Blue, nuclear DAPI staining.
Scale bar = 30 pm. (See supplemental Figure 11.) (D) OSX-Raptor and control mice at 3 weeks bilaterally intratibially injected into the marrow cavity with IL-9R or control
siRNA for 10 days. The effect of specific siRNAs for IL-9R in BM cells was detected by western blot. (E) Femur section of treated mice immunolabeled for CD41 (red) and
p-Stat3 (green). Scale bar = 20 um. (See supplemental Figure 12.) (F) Platelet and MK counts (+ standard error of the mean) of IL-9R siRNA-treat mice (n = 8, Student
unpaired ttest). (G) Quantitative analysis of proliferation rate in CD41*Sca-1" cells (CD41"Sca-1"Edu*) in BM of IL-9 siRNA-treated mice (n = 6, Student unpaired t test).
Data are representative of 3 independent experiments and are represented as mean *= SD. **P < .01; ***P < .001. Con, control; NC, no significance.
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mice (Figure 4E-G). These findings indicate that IL-9 activates
IL-9R/Stat3 signaling in CD41 " Sca-1" MK to promote their ex-
pansion and megakaryopoiesis.

mTORC1 inhibits NF-«B signaling to suppress IL-9
transcription in osteoblasts

We next explored the mechanism by which mTORCI inhibits IL-9
expression in osteoblasts. Several transcription factors were reported to
regulate the 7/9 gene transcription and were required for the develop-
ment of [L-9—secreting cells.** Among these factors, NF-kB is activated
by mTORC] in cancer cells** and is essential for IL-9 transcription by
binding to /9 gene promoter in mast cells.*> Unexpectedly, NF-kB
activity was strongly inhibited in TSC1-deficient osteoblasts with
constitutive mTORC1 activation, as manifested by the markedly
reduced phosphorylation and nuclear localization of p65 NF-kB
(S653) (Figure 5SA-B). Electrophoretic mobility shift assay (EMSA)
confirmed the reduced binding of NF-kB to the //9 promoter in TSC1-
deficient osteoblasts (Figure SC). On the contrary, NF-kB was activated
in Raptor-deficient osteoblasts in which mTORC1 was inhibited
(Figure 5D-F). The change in NF-kB activity was associated with
IL-9 expression in osteoblasts. Importantly, inhibition of NF-kB
abrogated the enhanced IL-9 expression in Raptor-deficient osteo-
blasts (Figure 5G). Rapamycin treatment stimulated NF-kB activity
and IL-9 expression in osteoblasts (Figure SH-I). The stimulatory
effects of the drug on IL-9 expression were blocked by inhibition of
NF-kB (Figure SI). These findings demonstrate that mTORCl1
represses IL-9 expression through inhibition of NF-kB signaling.
Several studies have reported that mTORC]1 activates NF-kB
downstream of Akt and upstream of inhibitor of NF-«kB kinase (IKK)
in tumor cells.**?*® To confirm the negative regulation of NF-«kB
by mTORCI1, we tested a variety of cells including osteoblasts,
TSC2-deficient mouse embryonic fibroblasts (TSC2~/~ MEFs),
monocytes (Raw264.7), Sertoli cells (TM4), and HUVECs. Hyper-
activation of mTORC1 in TSC1-null osteoblasts or TSC '~ MEFs
strongly reduced phosphorylation of IKK-a/B (S180/181) and p65
NF-kB, while blocking mTORC1 by rapamycin-enhanced phos-
phorylation of IKK-a/f3 and p65 NF-kB in all examined cells
(supplemental Figure 14A-B). These observations support the negative
regulation of IKK/NF-kB signaling by mTORCI1. Because Akt is
critical for activation of IKK/NF-kB signaling in many cells, we
surmised that activated mTORC1 suppresses IKK/NF-kB signaling by
inhibiting Akt activity via several negative feedback loops.?' Indeed,
we found that phosphorylation of Akt at S473 and T308 was abrogated
in mTORC1-hyperactivated osteoblasts (TSC1 null) and enhanced in
mTORC 1-inactivated osteoblasts (Raptor-null or rapamycin treatment)
(supplemental Figure 14C). In addition, pharmacological inhibition of
PI-3K/Akt repressed IL-9 expression in both WT and Raptor-null
osteoblasts (Figure 5I). These results suggest that mTORC1 may
repress IKK/NF-«B through negative feedback inhibition of Akt.

Low doses of IL-9 prevent CIT and accelerate platelet recovery
after thrombocytopenia

CIT is acommon problem in cancer patients. Aside from bleeding risk,
thrombocytopenia limits chemotherapy dose and frequency.®’ Based
on the thrombopoietic effects of IL-9 described previously, we assessed
its potential application in the treatment of CIT in mice. Severe
thrombocytopenia was induced in C57BL/6 and BALB/c mice (2
months old) by administering a high dose of carboplatin (100 mg/kg)
for 8 days (Figure 6A-B; supplemental Table 4). Interestingly, in addition
to thrombocytopenia, carboplatin reduced the number of osteoblasts and
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the IL-9 level in BM (supplemental Figure 15); however, the drug-
induced thrombocytopenia was completely blocked by treatment with
low doses of recombinant mouse IL-9. IL-9 was more effective than TPO
and IL-11, 2 cytokines commonly used to treat CIT patients, because the
dose required to completely block thrombocytopenia was much lower
(100 pg/kg per day for TPO and IL-11) (Figure 6). Furthermore, a low
dose of IL-9 accelerated the recovery of megakaryopoiesis and platelet
count resulting from high-dose CIT in mice (Figure 7A-B). These
findings demonstrate that IL-9 can effectively prevent CIT and
accelerate platelet recovery after thrombocytopenia, suggesting
that IL-9 is a promising candidate for CIT treatment.

Discussion

Postnatal hematopoiesis occurs almost entirely in the BM close to or at
endosteal surfaces, and many studies have investigated the molecular
and cellular interactions between hematopoietic cells and osteoblast
lineage cells.®'*'* MK directly stimulates osteoblast proliferation and
differentiation.'®!° However, there is no in vivo evidence for direct or
indirect regulation of megakaryopoiesis by osteoblasts. In addition to
previously known cytokines that support hematopoiesis, we found that
osteoblasts produced a high level of IL-9, implying a specific function
for osteoblast-secreted IL-9 in BM. Our in vivo and in vitro evidence
demonstrate the essential role of osteoblasts in supporting CD41 " Sca-
1" MK expansion, megakaryopoiesis, and platelet formation via IL-9
production, underscoring the important contribution of osteoblasts to
the BM microenvironment and megakaryopoiesis (Figure 7C). Cells of
osteoblast lineage are a heterogeneous population consisting of BMSCs
and osteoblasts at different stages of differentiation. Several lines of
evidence suggest that mature osteoblasts are important for CD41 " Sca-
1" MK expansion: first, loss of TSC1 or Raptor in osteoblasts (OCN-
Cre) had similar effects on megakaryopoiesis as osteoprogenitor- and
osteoblast (OSX-Cre)-specific deletion; second, BMSCs produced less
IL-9 than mature osteoblasts; and, finally, mMTORC1 activity declined
during the differentiation of osteoblasts from BMSCs>’ and inhibited
megakaryopoiesis.

Although many biological functions have been attributed to IL-9,
it remains an understudied cytokine. Beyond the major description as a
T-cell or mast-cell growth factor, IL-9 may affect other immune cells,
as well as resident tissue cells that contribute to the development of
inflammation.** The diverse functions of IL-9 are mediated by IL-9Rs,
which consist of the cytokine-specific a chain and the -y chain shared by
other cytokine receptors, such as those for IL-2, IL.-4, and IL-7. Ligand
binding to the cognate receptor activates JAK/Stat signaling in target
cells.**** Although IL-9 originally was identified as a hematopoietic
cell regulatory factor,>® it has been reported to potentiate MK expansion
in culture in the presence of TPO and/or stem cell factor.*® However, its
role in megakaryopoiesis in vivo is unknown. Interestingly, a recent
study found that IL-9R expression is upregulated by eightfold during in
vitro MK development, implying that it has a role in megakaryopoi-
esis.”” Our finding that neutralizing IL-9 or knocking down IL-9R
prevented megakaryopoiesis suggests an important role for IL-9/IL-9R
in this process.

mTOR signaling integrates diverse signals to control cell growth,
proliferation, differentiation, and metabolism.?! The present study
showed that mTORC 1 activation in osteoblasts prevented CD41*Sca-
1% MK proliferation via downregulation of NF-kB—dependent IL-9
production, implying that low osteoblastic mMTORC1 activity is impor-
tant for megakaryopoiesis. Osteoblasts modulate the physiological
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Figure 5. mTORC1 represses IL-9 transcription through inhibition of NF-kB signaling. (A) Western blot analysis of p-p65NF-«kB (S653) and p-IKK-B (S180/181) in
TSC1-deficient osteoblast. (B) Nuclear and cytosol localization of p65 in TSC1-deficient osteoblasts. Histone H1 and B-actin were used as nuclear and cytosolic protein
markers, respectively. (C) EMSA of DNA binding activity of NF-«B to //9 gene promoter in the TSC1 deletion or control osteoblasts. (D) Western blot analysis of p-p65NF-«xB
(S653) and p-IKK-B (S180/181) in Raptor-deficient osteoblast. (E) Nuclear and cytosolic localization of p65 in Raptor-deficient osteoblasts. Histone H1 and B-actin were used
as nuclear and cytosol protein markers, respectively. (F) EMSA of DNA binding activity of NF-kB to //9 gene promoter in the Raptor deletion or control osteoblasts. (G) IL-9
mRNA levels in Raptor-deficient osteoblasts (ROs) treated with NF-xB inhibitor (PDTC) or PI3-K/Akt inhibitor (LY294002), as detected by quantitative polymerase chain
reaction (n = 3, 1-way ANOVA). (H) Western blot analysis of p-p65NF-kB (S653) and p-IKK-B (S180/181) in osteoblast (OB) cells treated with 50 nM rapamycin. (1)
Quantitative polymerase chain reaction analysis of IL-9 mRNA levels in OBs treated with rapamycin (50 nM) and PDTC (50 M), or LY294002 (50 uM) (n = 3, 1-way ANOVA).
Data are representative of 3 independent experiments and are represented as mean = SD. **P < .01.

activity of neighboring cells in the microenvironment via paracrine Management of severe thrombocytopenia in patients with malig-
mTORCI signaling, which represents an important but lesser known nancies undergoing myelosuppressive chemotherapy remains a
function of this pathway. significant challenge to practicing hematologists and oncologists.*
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Figure 6. Low doses of IL-9 prevent chemotherapy-induced thrombocytopenia. (A) BALB/c and C57BL/6 mice (2 months old) were injected with carboplatin (100 mg/kg)
followed by daily injection with IL-9 (1, 2.5, or 7.5 pg/kg per day), TPO (100 ng/kg per day), or IL-11 (100 pg/kg per day) starting on the second day for 8 days. IL-9-1, 2, and
3 represent the dose of 1, 2.5, and 7.5 pg/kg per day, respectively. Mean platelet count was determined (n = 10, 1-way ANOVA). (B) MK counts in mice (n = 10, 1-way
ANOVA). (C) FACS analysis of proliferation rate of MK progenitor cells (CD41"Sca-1"Edu™) in BM of treated mice (n = 6, Student unpaired ¢ test). (D) Quantification
analysis of CD41%Sca-1"Edu* cells in (C) (n = 6, Student unpaired t test). Data are representative of 3 independent experiments and are represented as mean + SD.
*P < .05; **P < .01; ***P < .001.

Multiple cytokines affect platelet formation, and TPO is the phys-  application is limited by antibodies that neutralize the recombinant
jological regulator of thrombopoiesis.*® Although promising bi-  proteins. Several novel TPO receptor (c-Mpl) agonists, including
ologic activity was observed with recombinant TPOs, their clinical  romiplostim and eltrombopag, with lesser potential for immunogenicity
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Figure 7. Low doses of IL-9 accelerate platelet recovery after chemotherapy-induced thrombocytopenia. (A) C57BL/6 mice (2 months old) were injected with
carboplatin (100 mg/kg); 8 days later, mice were treated with IL-9 (IP, 2.5 wg/kg per day) for another 8 days and platelet numbers were counted (n = 10, 1-way ANOVA). (B)
MK counts in mice (n = 10, 1-way ANOVA). Data are representative of 3 independent experiments and are represented as mean = SD. *P < .05; **P < .01; ***P < .001. (C)
Schematic model for regulation of megakaryocyte formation by osteoblast through secretion of IL-9. IRs, insulin receptor substrates.

have been developed for immune thrombocytopenia treatment.*'**

However, they are less effective for patients with severe thrombocyto-
penia after intensive chemotherapy. Recombinant IL-11 is another agent
approved by US Food and Drug Administration for CIT, but its use is
restricted due to its narrow therapeutic index.** Several lines of evidence

from the present in vivo study suggest that IL-9 may be a better option for
treatment of CIT than existing agents for the following reasons: (1) IL-9
is more effective than TPO and IL-11 for treatment of severe CIT; (2)
IL-9 not only prevents CIT, but accelerates platelet repopulation and
shortens the period of severe CIT; and (3) the minimum effective dose
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of IL-9 used in this study is very low, which can prevent potential
adverse effects such as asthma. Further studies are warranted
to evaluate the full therapeutic potential of IL-9 in the treatment
of CIT.
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