
Regular Article

PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS

Osteocytes regulate neutrophil development through
IL-19: a potent cytokine for neutropenia treatment
Min Xiao,1,2,* Wuju Zhang,1,2,* Wen Liu,2,* Linlin Mao,1 Jincheng Yang,3 Le Hu,1 Sheng Zhang,2 Yaling Zheng,4 Anling Liu,1 Qiancheng Song,1

Yuhua Li,4 Guozhi Xiao,5 Zhipeng Zou,2 and Xiaochun Bai1,2,6

1State Key Laboratory of Organ Failure Research, Department of Cell Biology, School of Basic Medical Sciences, Southern Medical University, Guangzhou, China;
2Academy of Orthopedics, Guangdong Province, Guangdong Provincial Key Laboratory of Bone and Joint Degeneration Diseases, The Third Affiliated Hospital of
Southern Medical University, Guangzhou, China; 3Department of Spinal Surgery, Nanfang Hospital, Southern Medical University, Guangzhou, China; 4Department
of Hematology, Zhujiang Hospital, Southern Medical University, Guangzhou, China; 5Department of Biochemistry, School of Medicine, Southern University of
Science and Technology (SUSTech), Guangdong Provincial Key Laboratory of Cell Microenvironment and Disease Research, Shenzhen Key Laboratory of Cell
Microenvironment, Shenzhen, China; and 6Guangzhou Regenerative Medicine and Health Guangdong Laboratory, Guangzhou, China

KEY PO INT S

l IL-19 produced by
osteocytes stimulated
granulopoiesis and
neutrophil formation.

l IL-19 is a promising
therapeutic agent for
the treatment of
neutropenia.

Osteocytes are the most abundant (90% to 95%) cells in bone and have emerged as an
important regulator of hematopoiesis, but their role in neutrophil development and the
underlying mechanisms remain unclear. Interleukin 19 (IL-19) produced predominantly by
osteocytes stimulated granulopoiesis and neutrophil formation, which stimulated IL-19
receptor (IL-20Rb)/Stat3 signaling in neutrophil progenitors to promote their expansion
and neutrophil formation. Mice with constitutive activation of mechanistic target of
rapamycin complex (mTORC1) signaling in osteocytes (Dmp1-Cre) exhibited a dramatic
increase in IL-19 production and promyelocyte/myelocytic expansion, whereas mTORC1
inactivation in osteocytes reduced IL-19 production and neutrophil numbers in mice. We
showed that IL-19 administration stimulated neutrophil development, whereas neutral-

izing endogenous IL-19 or depletion of its receptor inhibited the process. Importantly, low-dose IL-19 reversed
chemotherapy, irradiation, or chloramphenicol-induced neutropenia in mice more efficiently than granulocyte colony-
stimulating factor. This evidence indicated that IL-19was an essential regulator of neutrophil development and a potent
cytokine for neutropenia treatment.

Introduction
Neutrophils are the most abundant cell type among circulating
white blood cells (60% to 70%) and immune cells in humans.1,2

They are produced in the bonemarrow (BM) from hematopoietic
stem cells (HSCs) that proliferate and differentiate into mature
neutrophils, which are fully equipped with an armory of granules.3,4

These granules contain proteases that enable them to deliver lethal
hits against invading microorganisms and form the first line of
defense against invading pathogens, such as bacteria and fungi,
playing a critical role in initiating inflammation and innate
immunity.5,6 Patients with congenital neutrophil deficiencies or
iatrogenic forms of neutropenia such as chemotherapy-induced
neutropenia (CIN) suffer from severe infections that are often
fatal, underscoring the importance of these cells in immune
defense.7,8 Furthermore, they have a short half-life and an esti-
mated 107 neutrophils in mice and 1011 in humans are produced
each day.6,9 Therefore, the means to control the development,
homeostasis, and functional activities of neutrophils is essential to
mounting robust host defense responses.

Contextual signals from multiple cell types in the BM micro-
environment or niche being critical for hematopoiesis and

disease development is well established.10-13 The osteoblast was
the first identified niche-supporting cell that produces many
cytokines essential for normal hematopoiesis.13,14 Osteocytes
are the most abundant (90% to 95%) and have the longest
lifespan, yet are the least understood cells in bone.15 These
matrix-embedded cells have emerged as master regulators of
bone homeostasis via integrating mechanical signals and se-
creting sclerostin and receptor activator of NF-kB ligand to
control osteoblast and osteoclast formation, respectively.16-19

Recent findings have suggested that osteocytes may control the
hematopoietic microenvironment and contribute to hemato-
poiesis and inflammatory bone loss.20-22 However, the exact role
of osteocytes in neutrophil development and the underlying
mechanisms are unclear. Understanding the biology of gran-
ulopoiesis niches may facilitate the development of novel ther-
apies to stimulate neutrophil production andprevent neutropenia.

Granulocyte colony-stimulating factor (G-CSF) is the primary
cytokine driving granulopoiesis and is essential for tuning the
production of neutrophils to meet the increased need during
infection.23-25 Although G-CSF is widely used clinically to reduce
CIN,26,27 it is not absolutely required for granulocytopoiesis
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because G-CSF–null mice have ;25% residual granulocyto-
poiesis and generate fully mature neutrophils,28 indicating that
alternative factors released by cells residing in the BM might
stimulate granulocytopoiesis. In this study, we showed that
interleukin-19 (IL-19) produced predominantly by osteocytes
promote neutrophil progenitor expansion via stimulation of
IL-19 receptor (IL-20 receptor b chain [IL-20Rb])/Stat3 signaling.
Strikingly, low doses of IL-19 recovered neutrophils after che-
motherapy, irradiation, or chloramphenicol-induced neutropenia
much more efficiently than G-CSF. Our findings revealed an
unexpected but essential role for osteocytes in the regulation of
neutrophil development and suggest that IL-19 is a potent
therapeutic agent for the treatment of neutropenia.

Materials and methods
General methodology
No samples, mice, or data points were excluded from the re-
ported analyses. Samples were randomized to experimental
groups in C57BL/6 mice model (neutropenia of mice induced by
arabinoside, radiation and chloramphenicol), but not in TSC1- or
Rheb-knockout (KO) mice. Analyses were not performed in a
blinded fashion.

Clinical specimens
Serum samples were obtained from acute myelocytic leukemia
patients of prechemotherapy and postchemotherapy stages.
Informed written consent was obtained from all subjects. The
study protocols concerning human subjects were consistent with
the principles of the Declaration of Helsinki, and were approved
by the Clinical Research Ethics Committee of Southern Medical
University and Zhujiang Hospital of Southern Medical University.

Mice
Conditional KO mice were produced by interbreeding TSC1fl/fl

or Rhebfl/fl mice with Dmp1-cre mice. TSC1fl/fl and Dmp1-cre
mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). Rhebfl/fl mice were a generous gift from Bo Xiao (Sichuan
University, Sichuan, China). TSC1fl/fl or Rhebfl/fl littermates were
used as controls for all experiments. Routine genotyping of tail
DNA was performed according to The Jackson Laboratory’s
instructions. Sex-matched littermate mice 12 weeks of age (half
male and half female) were used for experiments unless oth-
erwise noted. Two-month-old C57BL/6 mice were purchased
from the Laboratory Animal Centre of Southern Medical Uni-
versity (Guangzhou, China). All animals were provided with a
standard diet and housed in pathogen-free cages at constant
temperature and humidity. The circadian rhythmwasmaintained
at 12 hours. The Southern Medical University Animal Care and
Use Committee approved all procedures involving mice. All
animal procedures involving animals and their care were con-
ducted in accordance with the guidelines of Animal Use and
Care of the National Institutes of Health.

Cells
Primary osteocytes were prepared from the long bones of mice
as described previously.29 Primary osteoclasts were prepared
from the BM cells of mice as described previously.30 Lympho-
cytes and monocytes were isolated from the BM of 8-week-old
C57BL/6 mice using lymphocyte or monocyte Ficoll-Paque
isolation (GE Healthcare, Little Chalfont, United Kingdom), re-
spectively, and cultured in RPMI 1640 medium containing 10%

fetal bovine serum (FBS). Endothelial cells were isolated from the
BM of 8-week-old C57BL/6 mice using an Endothelium Isolation
Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), and cultured
in endothelial cell growth medium containing 10% FBS. NIH3T3
cells were cultured in Dulbecco modified Eagle medium con-
taining 10% FBS.

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,31 and
cells were incubated with antibodies. For neutrophil develop-
ment analysis, cells were stained with hematopoietic lineage,
Sca-1, c-Kit, CD16/32, and CD34 (BD Biosciences, San Diego,
CA). For cell-lineage analysis, cells were stained with Ter119,
B220, and Sca-1. For neutrophil-proliferation analysis, cells were
stained with 5-ethynyl-29-deoxyuridine (Edu; Invitrogen, Carls-
bad, CA) or CD11b and Gr-1. For IL-20Rb level analysis, cells
were stained for Ter119, Gr-1, F4/80, B220, and IL-20Rb. For IL-
20Ra (PA141167; Invitrogen) level analysis, cells were stained for
Ter119, Gr-1, F4/80, B220, and IL-20Ra. For phosphorylated
STAT3 (p-STAT3) level in neutrophil analysis, cells were stained
with p-STAT3 and Gr-1. For lymphocyte analysis in spleen, cells
were stained for CD19 and CD3e.

In vivo treatments
Recombinant murine IL-19 (R&D Systems, Minneapolis, MN) was
reconstituted in 13 phosphate-buffered saline and injected
intraperitoneally (IP) at a dose of 25 mg/kg per day into 12-week-
old Dmp1-Rheb KO and control mice daily for 14 days. To block
IL-19 (or IL-10) in vivo, 50mg of purified IL-19 (or 50mg of purified
IL-10) antibody (GeneTex, Irvine, CA for IL-19; R&D Systems
for IL-10) was injected into the marrow cavity of Dmp1-TSC1 KO
mice and wild-type littermates by bilateral intratibial injection.
Mice were euthanized after 14 days of treatment and the BMwas
collected for flow cytometry analysis.

Collection of conditioned medium from osteoclast,
BMSC, lymphocyte, monocyte, and endothelial
cell cultures
BM stem cells (BMSCs) were isolated as respectively previously
described.32 Osteoclasts, lymphocytes, monocytes, and endo-
thelial cells were cultured as above. Conditioned medium was
collected when cells reached 80% to 90% confluence.

Coculture of mouse BM cells with conditioned
medium from osteoclasts, BMSCs, lymphocytes,
monocytes, and endothelial cells
C57BL/6 mouse total BM cells were plated in 6-well plates
containing Dulbecco modified Eagle medium:F-12 with 10%
FBS. Cocultures were cultured with fresh medium and osteo-
clast, lymphocyte, BMSC, monocyte, or endothelial cell culture
conditioned medium (1:2); or with TSC1- or Rheb-null osteocyte
culture conditioned medium (1:2) with or without recombinant
murine IL-19 (50 ng/mL) or purified IL-19 antibody (50 mg/mL;
GeneTex) at days 3 and 7. Cells were harvested on day 10. All
samples were analyzed by flow cytometry.

In vivo siRNA knockdown of IL-20Rb
The small interfering RNA (siRNA) against IL-20Rb and a control
scrambled siRNAwere purchased from SantaCruz Biotechnology.
IL-20Rb or negative control (NC) siRNAs were injected in the
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bilateral medullary cavity of 12-week-old Dmp1-TSC1 KO and
wild-type mice (n 5 10). Entranster in vivo RNA transfection
reagent (Engreen Biosystem, Auckland, New Zealand) was used
as a vehicle for siRNA delivery according to the manufacturer’s
instructions. Six days after injection, mice were euthanized and
BM was collected for flow cytometry analysis.

CIN mouse model and treatment
Two-month-old C57BL/6 female mice were used for experi-
ments. Cytarabine (Sigma-Aldrich, St Louis, MO) was recon-
stituted with sterile phosphate-buffered saline and injected IP
from day 1 to day 8 at a dose of 100 mg/kg to induce neu-
tropenia. Recombinant murine IL-19 (25 mg/kg) and G-CSF
(100 mg/kg; PeproTech, Rocky Hill, NJ) were twice-daily injected
IP from day 2 to day 8.

Irradiation-induced neutropenia mouse model and
treatment
Two-month-old C57BL/6 female mice received 15 exposures of
0.3 Gy per day whole-body irradiation from day 1 to day 15 to
induce neutropenia. Recombinant murine IL-19 (25 mg/kg) and
G-CSF (100 mg/kg) were injected IP from day 2 to day 15 once
a day.

Chloramphenicol-induced neutropenia mouse
model and treatment
Two-month-old C57BL/6 female mice were used for experi-
ments. Chloramphenicol (Selleckchem, Houston, TX) was in-
jected IP from day 1 to day 21 daily at a dose of 200 mg/kg to
induce neutropenia. Recombinant murine IL-19 (25 mg/kg) and
G-CSF (100 mg/kg) were injected IP from day 7 to day 21 once
a day.

RNA sequencing and messenger RNA analysis
Complementary DNA (cDNA) libraries were constructed with
osteocytes from Dmp1-TSC1 KO and control mice, and total
RNAwas used as the input material for a cDNA library. After total
RNA was extracted, and the enriched RNAs were fragmented
into short fragments and reverse transcribed into cDNAs,
double-stranded cDNAs were synthesized by replacing deox-
ythymidine triphosphate with deoxyuridine triphosphate in the
reaction buffer. Then uracil-N-glycosylase was used to digest the
second-strand cDNAs. The products were selected, polymerase
chain reaction (PCR) amplified, and sequenced by Gene Denovo
Biotechnology Co (Guangzhou, China) with an Illumina HiSeq
4000 instrument.

The sequencing raw reads were obtained after removing of
reads containing adapters, reads containing ploy-N, and low-
quality reads from raw data. The clean reads of samples were
then mapped by Tophat2 (version 2.1.1). Known and novel
transcripts from the TopHat alignment results were identified
with the Annotation Based Transcript (RABT) assembly in Cuf-
flinks v2.1.1. The levels of transcript expression were normalized
by using the fragments per kilobase of transcript per million
mapped readsmethod.Messenger RNAs (mRNAs) with a P value
,.05 and fold change $2 were then identified as significant
differentially expressed genes (DEGs) by using the edgeR
package.

Functional enrichment analysis
All DEGs and target genes of differentially expressed mRNAs
were classified with Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis by using OmicShare tools (https://
www.omicshare.com/tools/). P values ,.05 in the results were
considered significantly enriched.

Statistical analysis
All experiments were carried out in triplicate. Multiple com-
parisons were assessed by 1-way analysis of variance; otherwise,
the unpaired Student t test was used for statistical analysis.
Results were considered significant at *P , .05, **P , .01, and
***P , .001.

Results
OsteocytemTORC1 regulates neutrophil formation
in mice
Mechanistic target of rapamycin complex 1 (mTORC1) is a
master regulator of cellular growth, proliferation, and metabo-
lism in response to nutrients, growth factors, and stresses.33,34

We generated mice with mTORC1 activation in osteocytes by
crossing Tsc1 (mTORC1 inhibitor)-loxP mice with Dmp1-Cre
mice (Dmp1-TSC1). These mice exhibited a hyperactivation of
mTORC1 in osteocytes, as evidenced by increased phosphor-
ylation of S6 (S235/236) (Figure 1A-C), and increases in bone
mass, cancellous bone, and cortical bone thickness (supple-
mental Figure 1A-B; supplemental Table 1; available on the
Blood Web site). Interestingly, a routine blood examination
revealed a dramatic increase in neutrophils in Dmp1-TSC1 mice
compared with their littermate controls (Figure 1D), but the
spleens and the numbers of red blood cells and platelets were
unaffected (supplemental Figure 2; supplemental Table 2).
Fluorescent-activated cell sorting (FACS) analysis indicated that
the number of CD11b1Gr-11 granulocytic cells (mainly neutro-
phils) was increasedmarkedly in the peripheral blood (PB) and BM
of Dmp1-TSC1 mice (Figure 1E). In contrast, no significant dif-
ferences in monocytes, lymphocytes, and erythroid lineages were
observed between Dmp1-TSC1 and control mice (supplemental
Table 2). These findings suggested that mTORC1 activation in
osteocytes specifically stimulated granulocytopoiesis and in-
creases neutrophil numbers in mice.

We further conditionally inactivated mTORC1 in osteocytes by
crossing Rheb (mTORC1 upstream activator)-loxP mice with
Dmp1-Cre mice (Dmp1-Rheb). These mice exhibited mTORC1
inactivation in osteocytes and osteoporosis (Figure 1A-C; sup-
plemental Figure 1C-D; supplemental Table 3). Significantly,
Dmp1-Rheb mice showed a decrease in neutrophils (Figure
1D-E), whereas no significant differences were observed in the
development of monocytes, lymphocytes, and erythroid lineages
between Dmp1-Rheb and control mice (supplemental Table 2).
These results demonstrated thatmTORC1 inhibition in osteocytes
reduced neutrophils in mice BM.

Osteocytes stimulate neutrophil progenitor
proliferation in vitro and in vivo
During the process of granulocytopoiesis, a common myeloid
progenitor (CMP) arises from HSC development into megakar-
yocyte and erythrocyte progenitors (MEPs) and granulocyte–
monocyte progenitor cells (GMPs), which give rise to either a
monocyte (monoblast) or a granulocyte precursor cell myeloblast.
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Figure 1. Osteocyte mTORC1 in mice regulates granulopoiesis. (A) The level of P-S6 (S235/236) in primary osteocytes isolated from 12-week-old Dmp1-TSC1, Dmp1-Rheb,
and control mice was detected by western blotting. (B) The TSC1 and RhebmRNAexpression in osteocytes, heart, liver, kidney, spleen, and lung tissues from 12-week-oldDmp1-
TSC1, Dmp1-Rheb, and control mice was detected by qPCR. (C) Immunofluorescencemicroscopy of femur sections of 12-week-old Dmp1-TSC1, Dmp1-Rheb, and control mice.
Cells were stained with anti-Dmp1 (red) and anti–P-S6 (green). Blue, nuclei visualized by 49,6-diamidino-2-phenylindole (DAPI) stain. Scale bar, 50 mm. (D) The total number of PB
neutrophils in 12-week-old Dmp1-TSC1, Dmp1-Rheb, and control mice (mean6 standard deviation [SD]; n 5 10). (E) FACS analysis of BM and PB CD11b1Gr-11 neutrophils in
12-week-old Dmp1-TSC1, Dmp1-Rheb, and control mice (mean 6 SD; n 5 10). Data are mean 6 SD of 3 independent experiments. **P , .01; ***P , .001.
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Myeloblasts differentiate to promyelocytes (PMs) and subsequently
myelocytes (MCs) at which point proliferation ceases. After matu-
ration, they are released to the PB as mature polymorphonuclear
granulocytes.3,4 We found that the percentage of BM GMPs was
increased in Dmp1-TSC1 mice (Figure 2A), whereas it was de-
creased in Dmp1-Rhebmice compared with their littermate controls
(Figure 2B). In contrast, CMPs, MEPs, and HSCs (Lin2Sca-11c-Kit1

[LSK]) remained unchanged in both Dmp1-TSC1 and Dmp1-Rheb
mice (Figure 2A-D). These findings suggested that osteocyte
mTORC1 may affect granulocytopoiesis by regulating the ex-
pansion of GMPs and neutrophil progenitors. The Edu staining
of BM cells confirmed that the proliferation of PMs/MCs
(CD11bintGr-1int) was increased markedly in Dmp1-TSC1 but was
impaired in Dmp1-Rheb mice (Figure 2E-F). This evidence
demonstrated that osteocyte mTORC1 stimulated the expansion
of neutrophil lineages (CD11b1Gr-11 cells) in mice.

To determine whether osteocytes regulate CD11b1Gr-11 cell
proliferation in vitro, BM cells were cultured in conditional
medium from primary osteocyte, osteoclast, endothelial cell,
BMSC, lymphocyte, and monocyte culture supernatants. Only
osteocytes exhibited a great capacity to stimulate CD11b1Gr11

cell proliferation in BM culture (Figure 2G; supplemental Fig-
ure 3). According to a previous report,35 and because osteocytes
develop from osteoblasts and osteoblast precursor cells, we also
tested the neutrophils of OCN-TSC1, OSX-TSC1 KO, and control
mice. We observed no changes in neutrophils of OCN-TSC1 and
OSX-TSC1 KO compared with those of control mice (supple-
mental Figure 4). Furthermore, conditional medium from osteo-
cytes of Dmp1-TSC1 mice markedly elevated CD11b1Gr11 cell
number in BM culture (supplemental Figure 5). These results
suggested that osteocytes may modulate neutrophil progenitor
proliferation both in vivo and in vitro.
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Figure 2. Osteocytes stimulate neutrophil development in vitro and in vivo. (A) FACS analysis of myeloid progenitor cell populations of BM in 12-week-old Dmp1-TSC1 and
control mice (mean6 SD; n5 10). (B) FACS analysis of myeloid progenitor cell populations of BM in 12-week-old Dmp1-Rheb and control mice (mean6 SD; n5 10). (C) FACS
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Osteocytes regulate the expansion of neutrophil
cell lineages via secretion of IL-19
The findings herein suggested that osteocyte mTORC1 might
stimulate neutrophil formation in a paracrine manner. To screen
the contribution of osteocyte-derived signaling molecules to

neutrophil development, a global mRNA expression profile in
TSC1-deficient or control osteocytes was developed by RNA
sequencing (National Center for Biotechnology Information
Sequence Read Archive [NCBI SRA: PRJNA590045]). The
analysis of DEG transcript levels revealed a significant difference
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Figure 3. IL-19 secreted predominantly by osteocytes regulates granulopoiesis. (A) Immunofluorescencemicroscopy of femur sections of 12-week-old Dmp1-TSC1, Dmp1-
Rheb, and control mice. Cells were stained with anti-Dmp1 (red) and anti–IL-19 (green). Blue, nuclei visualized by DAPI stain. Scale bar, 50mm. (B) Level of IL-19 or G-CSF in serum
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in Dmp1-TSC1 KO and control mice osteocytes. There were
2017 significant DEGs, including 471 upregulated and 1546
downregulated mRNAs in the Dmp1-TSC1 KO compared with
the control mice. To elucidate the functional roles of DEGs, we
performed KEGG pathway enrichment analysis for the DEGs.
The pathway enrichment revealed DEGs involved in hema-
topoietic cell lineage, extracellular matrix–receptor interaction,
and cytokine-cytokine receptor interaction (supplemental
Figure 6). Unexpectedly, levels of G-CSF and granulocyte
macrophage–colony-stimulating factor were unaltered in
TSC1-deficient osteocytes (supplemental Table 4). However,
IL-19, a cytokine with diverse but poorly defined biological
functions,36,37 was elevated 150-fold in TSC1-null osteocytes.
Many different cell types, such as keratinocytes, epithelial cells,
fibroblasts, monocytes/macrophages, and B cells, have been re-
ported to secrete IL-19.36,38 Surprisingly, quantitative PCR (qPCR)
analysis of IL-19 mRNA from cells residing in the BM revealed that
osteocytes producedmore IL-19mRNA than osteoclasts, endothelial
cells, BMSCs, and lymphocytes (supplemental Figure 7A). mTORC1
activation strongly stimulated, whereasmTORC1 inhibition impaired,
IL-19 expression in TSC1- or Rheb-null osteocytes, respectively
(supplemental Figure 7B,D). Although monocytes produced some
IL-19, there was a difference in IL-19 mRNA in Dmp1-TSC1 and
Dmp1-Rheb KO mice compared with control mice (supplemental
Figure 7C). The level of IL-19 in conditional medium from osteocytes,
but not osteoblasts, was greater in OSX-TSC1 and OCN-TSC1 mice
than in control mice (supplemental Figure 7E-F). IL-19 and Dmp1
double staining confirmed that IL-19 was predominantly expressed
by osteocytes and regulated by mTORC1 in bone (Figure 3A;
supplemental Figure 8). Consistently, serum IL-19, but not G-CSF,
was elevated in Dmp1-TSC1 mice (Figure 3B). Although IL-10 was

elevated 811-fold in TSC1-null osteocytes (supplemental Figure 6;
supplemental Table 4), injection of IL-10 neutralization antibody did
not rescue the neutrophil phenotype of Dmp1-TSC1 KO mice, thus
indicating that IL-10was not responsible for the increased neutrophils
in Dmp1-TSC1mice (supplemental Figure 9). Considering that bone
is the largest organ in the human body and osteocytes are the most
abundant (90% to 95%) and have the longest lifespan in bone,15 our
results suggested that osteocyteswere the predominant source of IL-
19 in theBMandproduced IL-19 in anmTORC1-dependentmanner.

To define the role of IL-19 in neutrophil formation in vivo, we
injected recombinant mouse IL-19 or antibodies against IL-19
into mouse BM for 2 weeks. IL-19 neutralization antibody re-
duced the CD11b1Gr-11 cell number and PM/MC (CD11bintGr-
1int) cell proliferation in Dmp1-TSC1 mice (Figure 3C-D). In
contrast, IL-19 increased the number of CD11b1Gr-11 cells and
restored PM/MC (CD11bintGr-1int) cell proliferation in Dmp1-
Rheb mice (Figure 3E-F). Importantly, addition of IL-19 anti-
body to BM cultures abolished the stimulation of CD11b1Gr-11

cell proliferation (CD11b1Gr-11Edu1) by TSC1-null osteocyte-
conditioned medium (Figure 3G). Incubation of BM cultures
with IL-19 restored the ability of Rheb-null osteocyte-conditioned
medium to stimulate CD11b1Gr-11 cell proliferation (Figure 3G).
These findings indicated that osteocytes stimulated CD11b1Gr-
11 cell expansion and neutrophil formation via production of IL-19
both in vitro and in vivo.

IL-19 promotes neutrophil progenitor expansion
via IL-20Rb/STAT3 signaling
IL-19 can signal through receptor complexes containing IL-20Rb
and the IL-20 receptor a chain (IL-20Ra) and activate the JAK and
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Figure 3. (Continued).
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Figure 4. IL-19 promotes granulopoiesis through IL-20Rb/STAT3 signaling. (A) FACS analysis of IL-20Rb levels in Gr-11, Ter1191, B2201, and F4/801 cells in the BM of 12-
week-old mice (mean6 SD; n5 6). (B) Expression levels of IL-20Rb in skin cells and BMGr-11 cells in 12-week-old mice were detected by western blotting. (C) FACS analysis of
IL-20Ra in Gr-11, Ter1191, B2201, and F4/801 cells in the BMof 12-week-old mice (mean6 SD; n5 6). (D) Expression levels of IL-20Ra in colon cells and BMGr-11 cells in 12-week-
old mice were detected by western blotting. (E) Immunofluorescence microscopy of femur sections of 12-week-old Dmp1-TSC1, Dmp1-Rheb, and control mice. Cells were
stained with anti–Gr-1 (red) and anti–p-STAT3 (green). Blue, nuclei visualized by DAPI stain. Scale bar, 30mm. (F) FACS analysis of BM and PBGr-11p-STAT31 cells in 12-week-old
Dmp1-TSC1 and control mice (mean6 SD; n5 10). (G) FACS analysis of BM and PB Gr-11p-STAT31 cells in 12-week-old Dmp1-Rheb and control mice (mean6 SD; n5 10). (H)
Immunofluorescence microscopy of femur sections of 12-week-old Dmp1-Rheb and control mice IP injected with recombinant murine IL-19 (25 mg/kg per day) for 14 days. Cells
were stained with anti–Gr-1 (red) and anti–p-STAT3 (green). Blue, nuclei visualized by DAPI stain. Scale bar, 30 mm. (I) FACS analysis of BM and PB Gr-11p-STAT31 cells in
recombinant IL-19–treated 12-week-old mice (mean 6 SD; n 5 10). (J) Dmp1-TSC1 and control mice with bilateral intratibial injection into the marrow cavity with IL-20Rb or
negative control (NC) siRNAs for 10 days. The efficiency of IL-20Rb siRNAs for IL-20Rb in BM cells was measured by western blotting. (K) FACS analysis of BM and PB CD11b1Gr-
11 cells in IL-20Rb siRNA-treated 12-week-old mice (mean 6 SD; n 5 10). (L) Immunofluorescence microscopy of femur sections of 12-week-old Dmp1-TSC1 and control mice
treated with IL-20Rb or NC siRNAs. Cells were stained with anti–Gr-1 (red) and anti–p-STAT3 (green). Blue, nuclei visualized by DAPI stain. Scale bar, 30 mm. (M) FACS analysis of
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STAT pathway, particularly STAT3.36,37 Consistent with the ef-
fects of IL-19 on hematopoietic cells, neutrophil lineages in-
cluding PMs/MCs (CD11bintGr-1int), immature neutrophils
(CD11blowGr-1high), and mature neutrophils (CD11bhighGr-1high)39

expressed high levels of IL-20Rb (Figure 4A-B). Furthermore,
GMP expressed 6.4- and 3.0-fold more IL-20Rb than CMP and
MEP, respectively. This IL-19 receptor expression pattern is
consistent with the effect of IL-19 on these progenitor types
(supplemental Figure 10). As previously reported,40,41 IL-20Ra
was nearly undetectable in all examined hematopoietic cells
(Figure 4C-D). Furthermore, p-STAT3 and Gr-1 double staining
and FACS analysis showed that STAT3 phosphorylation (Figure
4E-F; supplemental Figure 11) was increased in Gr-11 cells from
Dmp1-TSC1 mouse BM, whereas the level was lower in Dmp1-
Rheb mouse BM Gr-11 cells (Figure 4E,G; supplemental Fig-
ure 11). IL-19 treatment increased STAT3 phosphorylation in BM
Gr-11 cells (Figure 4H-I; supplemental Figure 12). Importantly,
injection of IL-20Rb siRNAs into mouse BM suppressed IL-20Rb

expression and STAT3 phosphorylation in Gr-11 cells (Figure 4J,L;
supplemental Figure 13), and inhibited CD11b1Gr-11 cell ex-
pansion in mice (Figure 4K). IL-20Rb siRNA also abolished the
increase in p-STAT3 and neutrophil formation in Dmp1-TSC1
mice (Figure 4M). These findings indicated that IL-19 acti-
vated IL-20Rb/Stat3 signaling in neutrophil lineages to promote
their expansion and neutrophil formation.

mTORC1 activates NF-kB signaling to induce IL-19
transcription in osteocytes
Transcription factor NF-kB was reported to regulate Il-19 gene
transcription and be activated or inhibited by mTORC1 in dif-
ferent cell types.42,43 We next examined whether mTORC1
stimulates IL-19 expression through NF-kB. As expected, NF-kB
activity was strongly activated in TSC1-null osteocytes with
constitutive mTORC1 activation, as manifested by the markedly
increased phosphorylation (S536) and nuclear localization of
p65 NF-kB, accompanied by enhanced phosphorylation of
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Figure 4. (Continued).
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IKK-b (S180/181) andS6 (S235/236) (Figure 5A-B). In contrast,NF-kB
was inhibited in Rheb-null osteocytes in which mTORC1 was
inhibited (Figure 5C-D). Importantly, chemical inhibition of
NF-kB abolished the increased IL-19 mRNA in TSC1-null osteocytes
(Figure 5E). Phosphatidic acid (PA), an mTORC1 activator, strongly
stimulated IL-19 expression, which was blocked by the NF-kB
inhibitor (Figure 5F). These results indicated that mTORC1 stim-
ulated IL-19 expression through activation of NF-kB signaling.

IL-19 is a potent cytokine for the treatment
of neutropenia
Based on the strong granulocytic effects of IL-19 described pre-
viously, we assessed its potential application in the treatment of
neutropenia in mice. Severe neutropenia was induced in C57BL/6
mice by administering a high dose of the antineoplastic chemo-
therapy reagent cytosine arabinoside (100 mg/kg) for 8 days (Figure
6A-B; supplemental Figure 14). IL-19 efficiently recovered neutrophil
formation in mice with severe CIN. Strikingly, IL-19 was much more
effective than G-CSF because a low dose (25 mg/kg per day) of IL-19
yielded more neutrophils in the PB and CD11b1Gr-11 cells in BM

thanG-CSF (100mg/kgper day) (Figure 6A-B; supplemental Tables 5
and 6), without affecting G-CSF secretion in arabinoside-induced
neutropenia (Figure 6C). Irradiation and radiotherapy could also in-
duce myelosuppression and neutropenia. Similarly, IL-19 reversed
radiation-induced neutropenia with more efficiency than
G-CSF (Figure 6D-E; supplemental Figure 15). The emergence of
resistant organisms has increased the use of chloramphenicol.
Chloramphenicol-induced neutropenia is another type of iatrogenic
neutropenia. We treated C57BL/6 mice with a high dose of chlor-
amphenicol (200 mg/kg per day) for 21 days to induce severe
neutropenia (Figure 7A). Consistently, IL-19 increased the number of
neutrophils in the PB and CD11b1Gr-11 cells in the BM and suc-
cessfully reversed chloramphenicol-induced neutropenia (Figure 7B;
supplemental Figure 16). Interestingly, serum from cancer patients
who have undergone chemotherapy had reduced activity to pro-
mote neutrophil formation in cultured BM (Figure 7C), accompanied
with a downregulation of serum IL-19 (Figure 7D). The IL-19 levelwas
also reduced in both osteocytes and serum of all 3 neutropenia
model mice (supplemental Figure 17). These findings demon-
strated that IL-19 efficiently reversed chemotherapy, irradiation,
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or chloramphenicol-induced neutropenia, suggesting that IL-19
is a promising candidate for neutropenia treatment.

Discussion
Osteocytes differentiate from osteoblasts, and extend long
cell processes that connect with neighboring osteocytes, or

communicate directly with osteoblasts and osteoclasts, as well as
BM cells, by extending dendrites to the marrow space and by
secreting molecules such as sclerostin, fibroblast growth factor-
23, and receptor activator of NF-kB ligand, which act locally or
on distant organs.15-17 In addition to control adaptive bone
remodeling, recent studies have identified osteocytes as a major
component of the BM microenvironment and important regulators
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Figure 7. IL-19 prevented chloramphenicol-induced neutropenia. (A) Two-month-old C57BL/6 male mice were injected with chloramphenicol (200 mg/kg per day) followed
by injection of IL-19-1 (25mg/kg), IL-19-2 (50mg/kg), or G-CSF (100mg/kg per day) starting from 6 days after chloramphenicol injection; mice were euthanized on day 22. The total
number of neutrophils in PB was detected (mean 6 SD; n 5 10). (B) FACS analysis of BM and PB CD11b1Gr-11 neutrophils in treated mice (mean 6 SD; n 5 10). (C) C57BL/6
mouse total BM cells were cultured with serum of patients before and after chemotherapy with cytarabine at days 3 and 7; cells were harvested on day 10. FACS analysis of
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of hematopoiesis.20,21,44,45 Osteocytes are essential for G-CSF–
stimulated mobilization of hematopoietic stem/progenitor cells,46

and play critical roles in lymphopoiesis, as ablation of osteocytes
in mice leads to severe lymphopenia.45 Mice lacking Gsa in
osteocytes (Dmp1-Cre) develop striking myeloproliferation
with increased myeloid cells and platelets.20 AlthoughG-CSF is
increased twofold in these mice, how osteocytes control hema-
topoiesis or the granulopoiesis niche is still unclear.20 The exact
role of osteocytes in neutrophil formation needs to be defined.
We found that mice with ablation of TSC1 in osteocytes (Dmp1-
cre), but not in mature osteoblasts (Ocn-cre) or osteoprogenitors
(Osx-cre), produced a high level of IL-19 and neutrophils,33,34

implying a specific function for IL-19 secreted predominantly by
osteocytes in the granulopoiesis niche and neutrophil develop-
ment. Our in vivo and in vitro evidence demonstrated the essential
role of osteocytes in supporting CD11b1Gr-11 cell expansion, and
neutrophil formation via IL-19 production and IL-20Rb/Stat3-
signaling activation, underscoring the important contribution of
osteocyte-produced IL-19 to neutrophil formation (Figure 7E).

IL-19 belongs to the IL-20 subfamily of cytokines, which includes
IL-19, IL-20, IL-22, IL-24, and IL-26, is primarily produced by
leukocytes, and acts on epithelial tissues to enhance epithelial
innate immunity.36-38 It is now clear that IL-19 is produced not
only by activated immune cell subsets (monocytes, macro-
phages, B cells) but also to a similar extent by activated tissue
cells, such as keratinocytes, epithelial cells, fibroblasts, smooth
muscle cells, and synovial tissues.38 Although first reported in
1999, no clear role for IL-19 has yet been defined. Several human
diseases and their animal models have implicated a role for IL-19
in psoriasis, inflammatory bowel disease, atherogenesis, endo-
toxic shock, rheumatoid arthritis, and cancer.36,46-48 However,
key questions remain, especially with respect to the nature of
its receptor and contradictory functions on leukocytes and

inflammation.36-38 Although recombinant IL-19 has been shown
to induce monocytes to produce proinflammatory cytokines,
such as IL-6 and tumor necrosis factor a (TNF-a),49 and anti-
inflammatory cytokine IL-10,50 its roles in immune cells have not
been extensively investigated. The role of IL-19 in neutrophil
formation is unknown. Although the effect of genetic IL-19
ablation on neutrophil numbers is currently lacking,47 our results
clearly showed that IL-19 secreted predominantly by osteocytes
stimulated CD11b1Gr11 cell expansion and neutrophil forma-
tion both in vivo and in vitro, highlighting its role in innate
immunity. IL-19 may function through the IL-20Ra/Rb complex.
However, no apparent IL-20Ra expression was detected in
hematopoietic and immune cells in previous studies40,41 nor in
our results. Given the fact that IL-20Rb is always expressed by
these cells37 and that it is IL-20Rb, but not IL-20Ra, that binds IL-
19 directly in solution,51 it is plausible that IL-19 predominantly
derived from osteocytes may target neutrophil progenitors
via IL-20Rb, although the involvement of additional undefined
receptors cannot be ruled out. Supporting this notion, there
were reduced numbers of dermal neutrophils in IL-23–treated
IL-20Rb–null mice.51 Additionally, our finding that knocking down
IL-20Rb eliminated the effects of IL-19 on neutrophils also in-
dicated an important role for IL-20Rb in this process. Furthermore,
together with the finding that endogenous IL-19 predominantly
from osteocytes of Dmp1-Rheb mice, as well as injected
recombinant IL-19, had no significant effects on serum G-CSF
levels, our results collectively suggested that the IL-19–IL-
20Rb axis may function to promote neutrophil formation in a
G-CSF–independent way.

Neutropenia can be secondary to irradiation and cytotoxic drugs
such as antibiotics and chemotherapy.52 CIN has a high in-
cidence rate and is considered an unpreventable side effect of
many types of cancer treatment; CIN can lead to infection,
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increased length of hospital stay, discontinuation of cancer treat-
ment, and increased morbidity and mortality.26 The administration
of myeloid growth factors (eg, G-CSF) is the only approved
treatment for the prevention of CIN; however, their high cost,
specific indications and contraindications, andpotential side effects
limit their application to only a relatively small subset of patients
at the highest risk of complications, such as infection.53 Novel
agents that increase neutrophil counts or protect marrow pro-
genitors could be used as a stand-alone preventive strategy or as
an adjunct to G-CSF. Evidence from the present in vivo study
suggested that IL-19 may be an attractive option for the treat-
ment of neutropenia as it is more effective than G-CSF in the
treatment of chemotherapy-, irradiation-, or chloramphenicol-
induced neutropenia. The minimum effective dose of IL-19 used
in this study was very low, which can prevent potential adverse
effects and reduce the cost. Further studies are warranted to
evaluate the full therapeutic potential of IL-19 (or combinatorial
approaches) in the treatment of neutropenia.
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