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A B S T R A C T

Inflammatory bowel disease (IBD) is characterized by very severe intestinal inflammation associated with extra-
intestinal manifestations. One of the most critical ones is bone destruction, which remains a major cause of
morbidity and a risk factor for osteopenia and osteoporosis in IBD patients. In various mouse models of IBD, we
and other have demonstrated concomitant bone loss due to a significant increase in osteoclast activity. Besides
bone resorption, osteoclasts are known to control hematopoietic niches in vivo and modulate inflammatory
responses in vitro, suggesting they may participate in chronic inflammation in vivo. Here, using different models
of colitis, we showed that osteoclast inhibition significantly reduced disease severity and that induction of
osteoclast differentiation by RANKL contributed to disease worsening. Our results demonstrate a direct link
between osteoclast activity and myeloid cell accumulation in the intestine during colitis. RNAseq analysis of
osteoclasts from colitic mice revealed overexpression of genes involved in the remodeling of hematopoietic stem
cell niches. We also demonstrated that osteoclasts induced hematopoietic progenitor proliferation accompanied
by a myeloid skewing in the early phases of colitis, which was confirmed in a model of RANKL-induced osteo-
clastogenesis. Mechanistically, inhibition of TNF-α reduced the induction of myeloid skewing by OCL both in
vitro and in vivo. Lastly, we observed that osteoclastic activity and the proportion of myeloid cells in the blood
are positively correlated in patients with Crohn’s disease. Collectively, our results shed light on a new role of
osteoclasts in colitis in vivo, demonstrating they exert their colitogenic activity through an early action on he-
matopoiesis, leading to an increase in myelopoiesis sustaining gut inflammation.

Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease and
ulcerative colitis, is a severe inflammatory disorder of the gastrointes-
tinal tract with increased incidence of bone destruction, ranging from

osteopenia to osteoporosis.1–2 Bone destruction is a common compli-
cation in patients with IBD representing a major cause of morbidity and
due to an over-activation of the bone resorbing OCLs. In this context, we
identified CD4+ Th17 as an osteoclastogenic subset emerging in IBD that
induces OCL differentiation and links bone destruction to chronic
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intestinal inflammation both in mice and patients.3 However, the link
between gut inflammation and OCL activity is not yet fully understood,
particularly in view of the recent in vitro characterization of the immune
function of OCLs,4 especially in the context of IBD.5 Indeed, OCLs are
myeloid cells, and as such, emerging evidences reveal that they play a
much broader role than bone resorption.4 We and others demonstrated
that OCLs are antigen-presenting cells that trigger immune tolerance in
steady state.5–7 Interestingly, we showed in vitro in the context of colitis
that OCLs lose their tolerogenic capacity and instead display inflam-
matory properties associated with higher TNF-α expression compared to
tolerogenic OCLs.5 Altogether, these data revealed that OCLs are
phenotypically and functionally heterogeneous depending on their
context and may participate in the control of immune responses.4

Interactions between OCLs and osteoblasts are essential for bone
remodeling, and are carried out in close proximity to hematopoietic
stem cell (HSC) niches.8–10 We previously showed that OCLs promote
the formation of HSC niches at birth and modulate niches for B lym-
phopoiesis by controlling the fate of mesenchymal stromal cells (MSCs)
that participate in these niches.11–13 On the other hand, OCL formation
is induced in response to acute stress signals or stimulation by RANKL
(the main osteoclastogenic cytokine) and these OCLs secrete more pro-
teolytic enzymes such as Matrix metallopeptidase 9 (Mmp9) and
Cathepsin-K (Ctsk) that are involved in the remodeling of the niches and
the mobilization of HSCs.14 Furthermore, in steady state, in vivo
blockade of OCL function reduces the number of HSC in the bone
marrow.15 Overall, these observations underline the fundamental role of
OCLs in the regulation of hematopoiesis in response to acute stress, but
which has not yet been investigated in the context of chronic inflam-
mation. Interestingly, increased HSC proliferation and skewing towards
myelopoiesis have been observed in chronic inflammation such as
arthritis and colitis16–18 where increased activation of OCLs has also
been observed. Thus, participation of OCLs to HSC reactivation and
myeloid skewing might represent an essential mechanism for initiating
and sustaining chronic inflammation, which has been neglected and
remains to be elucidated.

Here, to address the contribution of OCLs in the chronic inflamma-
tion and myeloid skewing observed in IBD, we used two well charac-
terized and widespread models of colitis (Rag1-/- mice transferred with
naive CD4+ T cells, andWTmice treated with 3 % DSS). We showed that
inhibition of OCL significantly reduced chronic colitis and that induction
of OCL differentiation by RANKL contributed to worsening of colitis in
both models. Our results showed a direct link between OCL activity and
myeloid cell accumulation in the intestine during inflammation. Inter-
estingly, we found OCLs to be activated very early during the disease.
Bulk RNAseq analysis of colitic OCLs revealed an overexpression of
genes involved in remodeling of HSC niches compared to control OCLs.
We demonstrated for the first time that OCLs induce hematopoietic
progenitor proliferation accompanied by a substantial myeloid skewing
in the early phases of colitis. These results were further confirmed in the
RANKL-inducing OCL model.

Mechanistically TNF-α blockade inhibited the induction of myelo-
poiesis by OCLs both in vitro in colony forming assays and in vivo in
colitic mice, revealing that TNF-α is a major mediator of the induction of
myeloid skewing by OCLs. Lastly, we observed an increase in myeloid
cells correlated with high OCL activity in Crohn’s disease patients.

Altogether, these data identify OCLs as potent regulators of HSC
homeostasis and myelopoiesis required to maintain gut inflammation
and point to them as a promising target in chronic intestinal
inflammation.

Results

OCLs control intestinal inflammation

Since mousemodels with inactive OCLs die before 3 weeks of age due
to their severe osteopetrosis phenotype associated with strong

hematopoietic defects in the BM,11,19 we favored the use of pharmaco-
logical inhibitors used clinically to inhibit OCLs in osteoporosis. Thus, to
assess the contribution of OCL activity in the development of intestinal
inflammation, we used the well-characterized colitis model induced by
transfer of naive CD4+CD45RBhigh T cells into syngenic Rag1-/-

mice.20–22 These mice were treated with two anti-osteoclastogenic
agents, the bisphosphonate zoledronic acid (ZA), and Calcitonin
(Calci) that inhibit OCL formation and activity.23 Treatment with both
drugs one week after T cell transfer prevented colitis as assessed by
reduced weight loss, clinical score and myeloid infiltration in the gut
(Fig. 1A-D) and reduced OCL differentiation as indicated in Fig. 1E.

To confirm these results, we treated naive CD4 T cells-transferred
Rag1-/- mice (referred to as colitic mice) with RANKL by i.p injection.
RANK-L injection in mice is known to induce fast osteoclastogenesis in 2
days as shown in Suppl Fig. 1 A-B.14,24 Our results show that colitic mice
treated with RANKL developed a more severe colitis (Fig. 1 E-F)
accompanied by an increased infiltration of monocytes and neutrophils
in the lamina propria of the gut (Figure G-H) compared to untreated
transferred mice. These results suggest that RANKL-induced osteoclas-
togenesis accelerates the development of colitis associated with highly
increased number of monocytes and neutrophils in the gut.

To further validate the impact of OCLs on colitis in wild type mice,
we exposed C57Bl/6 mice to Dextran Sodium Sulfate (DSS) in the
presence or absence of RANKL as an alternative way of triggering colitis.
C57Bl/6 mice that received RANKL by i.p injection and were sacrificed
2 days after, showed a marked decrease in femoral trabecular BV/TV
attested by µCT and increase of OCL differentiation (Suppl Fig. 1A-B).
Then, RANKL-treated C57Bl/6 mice were given 3 days of 3 % (w/v) DSS
in drinking water and 4 days water as final cycle before euthanasia as
indicated in Fig. 2A. Colitis-induced macroscopic changes (body weight
loss, diarrhea, length of colon and size of spleen) were significantly
exacerbated in RANKL treated mice compared with PBS-control mice
(Fig. 2 A, B and C). The analysis of myeloid cell subpopulations in the
lamina propria showed an increased infiltration of monocytes and
activated macrophages in RANKL-treated mice (Fig. 2D-E). In contrast,
C57Bl/6 mice treated with RANKL alone did not develop any signs of
inflammation in the colon and we did not observe any activation of CD4
T lymphocytes or DCs, nor any expansion of innate lymphoid cells (ILCs)
in particular ILC3 (Suppl Fig. 2A-F). These observations indicate that
stimulation of OCL activity by RANKL aggravated DSS-induced colitis.
Together, these findings suggest that OCLs control intestinal inflam-
mation by exacerbating myeloid differentiation in the bone marrow.

Comparative transcriptomic analysis revealed that OCLs in colitis are
distinct from control OCLs

To better understand the biological properties of OCLs in colitis, we
performed transcriptomic profiling by bulk RNA-seq on mature multi-
nucleated OCLs differentiated from the bone marrow (BM) of colitic
mice (Rag 1-/- mice transferred with naive T cells) and of control
Rag1-/- mice and sorted based onmultinucleation as described.25 A total
of 453 genes were significantly differentially expressed (pVal < 0.05,
Log2FC>1) between the 2 populations. Interestingly, Principal Compo-
nent Analysis (PCA) revealed that colitic and control OCLs were clus-
tered into 2 distinct populations (Fig. 3A), which was reinforced by
hierarchical clustering analysis (HeatMap) of the top of 60 significantly
differentially expressed genes (pVal < 0.05, Log2FC>2) (Fig. 3B). These
results clearly demonstrate that colitic OCLs differ from control OCLs,
confirming thereby the diversity of OCLs.4 Pathway annotation using
Gene Ontology Biological Process (GOBP, ShinnyGo) revealed strong
association with inflammatory responses, various immune processes,
and hemopoiesis (Fig. 3C) which was confirmed by gene set enrichment
analysis (GSEA) on GOBP pathways for inflammatory response and
cytokine production (Fig. 3D) confirming the differences previously
observed in immune responses between control and colitic OCLs.5

Moreover, pathway analysis also revealed association with OCL
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differentiation and tissue remodeling (Fig. 3C). In particular, colitic
OCLs expressed higher levels of genes involved in OCL differentiation
and bone resorption function, such as Ctsk and Acp5, 2 major enzymes
involved in bone resorption, Tcirg1 and Clcn7 involved in mineralized
matrix dissolution, Nfatc1, the master gene of OCL differentiation, and
several metallopeptidases (Fig. 3E-F). This result is in line with the
increased bone resorption previously observed in colitic mice.3 Of note,
among these genes,Mmp9, Mmp14, and Ctsk have been involved in HSC
mobilization and expansion through their capacity to degrade HSC niche
components.26–27 Therefore, colitis OCLs generated from BM precursors
in vitro differ from control OCLs, particularly in the expression of genes
involved in bone resorption and HSC mobilization.

Increased OCL differentiation precedes the development of colitis

To better assess the contribution of OCLs to colitis, in particular, in
the early stage of intestinal inflammation, we analyzed the number of
OCLs during the first weeks after naive CD4+ T cell-transfer and before
any clinical signs are observed. As expected, during the first 3 weeks,
transferred mice did not develop colitis as indicated by an increased
body weight, the absence of clinical features of colitis and a clinical
score below 2 (Fig. 4A). However, already by 3 weeks, the number of
TRAcP+ OCLs at the bone surface was considerably increased in the
femur of colitic mice compared to controls (Fig. 4B-C). These results
indicate that activation of OCL differentiation occurs before the clinical
onset of colitis in these mice.

We then analyzed the expression of Mmp9, Mmp14 and Ctsk by RT-
qPCR on purified OCLs derived from the BM of colitic mice at 2, 3 and
4 weeks. Our results clearly showed a significant increase of the
expression of these 3 genes as early as week 2 after the induction of
colitis. This increase peaked at week 3 with a 10-fold induction for
Mmp9 andMmp14 and a 3-fold induction for Ctsk (Fig. 4D). These results
are consistent with the increased number of OCLs observed at 3 weeks.

Collectively, these data show that, contrasting with the common idea
of late OCL activation as a consequence of inflammation, modifications
in the number and phenotype of OCLs occur in the early stages of colitis.

Increase in HSC expansion and myeloid skewing in the BM of colitic mice

These results prompted us to analyze the influence of colitic OCLs on
hematopoiesis and myelopoiesis. To address this point, we analyzed the
hematopoietic Lin- Sca1+ c-kit+ (LSK) progenitor cells in the BM of T
cell-transferred mice during the first weeks. We observed an increase in
the proportion of LSK cells as early as 2 weeks after transfer that
continued to grow up to 15-fold at 3 weeks (Fig. 5A-C). This accumu-
lation of LSK cells is associated with an increase of their proliferation
attested by Ki-67 staining (Fig. 5D). These results suggested an alteration
of the niche generally linked to LSK cell mobilization, which was
confirmed by their increased proportion in the spleen of T cell-
transferred mice compared to controls (Suppl Fig. 2A-B). Overall, LSK
cell proliferation was increased in the BM of T-cell-transferred mice,
which was particularly striking at week 3 in parallel with the increased
osteoclastogenesis.

To determine whether the activation of HSC progenitor cells might
subsequently induce a change in the orientation of their differentiation,

the proportion of common myeloid progenitor (CMP), megakaryocyte-
erythrocyte progenitor (MEP) and granulocyte-monocytes progenitors
(GMP) were quantified. During the first weeks after T cell transfer in
Rag1− /− mice, the cell composition within the myeloid progenitor (MP)
cells (Linneg c-kithigh Sca-1neg) changed considerably with a shift to
increased GMP that peaked at week 3 compared to control mice (Fig. 5E-
F). Altogether, the myeloid progenitor composition was dramatically
altered with a skew toward GMP differentiation particularly at week 3.
The consequence of this change was also observed in the periphery with
extramedullary hematopoiesis in the spleen (Suppl Fig. 2A-B) as well as
an accumulation of monocytes and neutrophils in the spleen of T cell
transferred Rag1− /− mice (Suppl Fig. 2C-D).

Progenitor expansion and myeloid skewing are induced by colitic OCLs

We next confirmed the implication of OCL in this myeloid skewing in
vivo by stimulating OCL formation by RANKL injection in C57Bl/6 mice
as shown in Suppl Fig. 1. As expected and already described,14 the
number of TRAcP+ OCLs on bone surface was elevated in treated mice
compared to controls (data not shown). We also observed an increase in
the percentage and absolute number of LSK cells (Fig. 6A-B), confirming
the data previously reported.14 Interestingly, we also observed a shift in
hematopoiesis towards increased GMP formation in mice injected with
RANKL (Fig. 6C-D), confirming that increased OCL formation is associ-
ated with myeloid skewing in vivo.

We next blocked RANKL-induced OCL formation in Rag1-/- mice
transferred with naive T cells to evaluate the effect of OCLs on he-
matopoietic progenitor expansion in vivo. LSK cell and GMP percentages
were significantly decreased in the BM of T cell transferred mice injected
with anti-RANKL antibody compared to mice injected with an isotype
control antibody (Fig. 6E-F). Furthermore, treatment with the 2 anti-
osteoclastogenic agents (ZA and Calci) caused a significant decrease in
the percentage of LSK cells and their proliferation (Fig. 6 G-I) as well as
their differentiation towards GMP (Fig. 6J).

Collectively, these data showed a fundamental role of colitic OCLs in
the proliferation and myeloid skewing of LSK cells, which could place
OCL activity as a key downstream colitogenic mechanism leading to
increase inflammatory myelopoiesis and colitis.

TNF-α promotes OCL-driven myeloid skewing

Hematopoiesis is tightly controlled by the interaction between he-
matopoietic progenitors and mesenchymal stromal cells (MSCs). To
evaluate how OCLs can induce myeloid skewing from LSK cells, we
performed colony-forming assay of sorted LSK cells, in co-culture with
MSCs (BM CD45neg cells) from control mice and OCLs from colitic or
control mice. Our results showed that the presence of purified colitic
OCLs is sufficient to dramatically enhance the number of CFU-GM from
LSK cells (Fig. 7A) compared to OCLs from control mice. Interestingly, in
the absence of MSCs, OCLs don’t have any effect on CFU-GM, indicating
that they act by disrupting the interaction between LSK cells and their
niche (MSCs) (Fig. 7A).

Our previous study showed that, compared to steady state OCLs,
inflammatory OCLs express higher level of inflammatory cytokines
including TNF-α.5 To assess the effect of TNF-α on the myeloid skewing,

Fig. 1. Blockade of OCLs in the IBD model induced in Rag1-/- mice by naive CD4 T cell transfer reduces intestinal inflammation. (A) Naive CD4 + T cells
transferred Rag1-/- mice were injected twice a week with zoledronic acid (ZA), Calcitonin (Calci) or PBS 1X (colitic), starting from week 1 (arrow “treatment”). The
graph represents the mean weight normalized to the initial weight of each mouse of 4 animals per group, versus time. (B) Histological analysis of the distal colon from
each mice group. Representative sets of H&E stained colonic sections from the indicated groups are shown. (C) Clinical score determined at 6 weeks of treatment. (D)
Representative flow cytometry plot and percentage of neutrophils and monocytes in the colon. Histograms represent the mean ± SD of the indicated cells for 4 mice
per group. (E) BM cells from treated with OCL inhibitors were differentiated in vitro into OCL as previously described.25 OCLs were enumerated as TRAcP+cells with
at least 3 nuclei. (F) Naive CD4 T cell-transferred Rag1-/- mice were injected with RANKL or PBS 1X (colitic), starting from week 1 (arrow “treatment”). The graph
shows the weight of the mice (normalized to day 0) versus time. (G) Clinical score (mean ± SD) of the mice in each group. (H and I) Enumeration (the mean ± SD) of
inflammatory monocytes and neutrophils in the colon of the mice (4 per group) in each group. All results are representative of data generated in at least three
independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 2. Intestinal inflammation in DSS-colitis mouse model is accelerated after OCL induction by RANKL. (A) Daily recording of body weight during ex-
periments. (B) Representative photos of colon length and quantitation of colon length. (C) Gross appearance of the spleen and quantitation of spleen length. (D)
Representative staining of Neutrophils, monocytes and macrophages from the colon. Data are representative of two independent experiments. **p < 0.01; ****p
< 0.0001.
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Fig. 3. Comparative analysis of purified OCLs from colitic and control mice revealed distinct transcriptomic signatures. Sorted mature OCLs generated from
the bone marrow (BM) of colitic (6 weeks after T cell transfer) and control mice were compared using bulk RNAseq analysis. (A) Principal component analysis of the
genes showed that colitic and control OCLs segregate into 2 distinct clusters. (B) Heatmap visualization of the top 60 differentially expressed (DE) genes (pVal < 0.05,
Log2FC>1). (C) Pathway annotation of the 453 DE genes with ShinnyGo using GO-Biological Process. (D) Gene set enrichment analysis (GSEA) on GOBP pathways for
inflammatory response and cytokine production. (E) Heatmap visualization of selected genes involved in OCL differentiation and bone resorption activity that are
significantly increased in colitic OCLs compared to control OCLs (pVal < 0.05). (F) Expression ofMmp9,Mmp14 and Ctsk in colitic and control OCLs from the RNAseq
analysis. Data are expressed as fragments per million (fpm) normalized to total reads per sample. *p < 0.05; **p < 0.01.
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Fig. 4. Increased OCL differentiation precedes the development of colitis Rag1-/- mice received naive CD4 T cells (referred to as transferred mice) or PBS 1X
(Ctrl) and were analyzed at the indicated time. (A) Clinical score of transferred Rag 1-/- mice. (B) TRAP staining of femora from controls and transferred Rag 1-/-
mice. Arrowheads indicate TRAP+ OCLs. (C) Quantification of OCLs (TRAP+cells with 3 nuclei and more) at bone surface. (D) RT-qPCR analysis for the expression of
Mmp9, Mmp14 and Ctsk genes in colitic and control OCLs at week 2, 3 and 4 after transfer of naive CD4 T cells or PBS 1X injection. Results were normalized to the
36B4 gene. Data are representative of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.

M.-B. Madel et al. Mucosal Immunology xxx (xxxx) xxx 

7 



Fig. 5. Increased in HSC expansion and myeloid skewing in the BM of colitic mice. (A) Total cell numbers in BM (one leg, femur and tibia). (B) Representative
flow cytometry staining of LSK cells. (C) Percentage of LSK cells among BM Lin- cells of control (Ctrl) and transferred Rag1-/- mice at different time as indicated. (D)
BM cells were stained for the proliferation marker Ki-67 and the proportion of Ki-67 + cells among LSK cells was analyzed by flow cytometry. (E) Representative flow
cytometry analysis of CMP, GMP and MEP progenitors in the BM. (F) Percentage of GMPs among of MPs. Each point represents an individual mouse. Data are
representative of at least three independent experiments. *p < 0.05; **p < 0.01; ****p < 0.0001.
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we neutralized TNF-α in the co-culture. In fact, anti-TNF-α treatment
induced a dramatic reduction of the number of CFU-GM in the presence
of colitic OCLs (Fig. 7B). To further validate the role for TNF-α in pro-
moting OCL- induced myeloid skewing, we used TNF-α KO mice to
generate either MSC or inflammatory OCLs deficient in TNF-α and
perform CFU-GM assays. Our results confirmed that WT inflammatory
OCLs increased CFU-GM numbers, whereas those from TNF-α KO did not
(Fig. 7C). Furthermore, the presence of BM MSCs from TNF-α KO mice
did not affect CFU numbers, suggesting a role for a role for TNF-α in
promoting OCL- induced myeloid skewing (Fig. 7C). Interestingly, the
increase in CFU-GM was not observed when using inflammatory
monocytes instead of inflammatory OCLs in coculture with MSC (data
not shown). We next confirmed these results in vivo by anti-TNF-α in-
jection into Rag1-/- mice transferred with naive T cells. Interestingly,
treatment with anti-TNF-α showed a significant reduction in GMP as
shown in Fig. 7D. Taken together, these findings suggest that OCLs
participate in myeloid skewing of HSCs during colitis in a TNF-α
dependent manner.

Increased in myeloid dendritic cells and pro-inflammatory monocytes in
Crohn’s disease patients correlates with high OCL activity

We next evaluated the link between OCL activity and myelopoiesis in
patients affected with Crohn’s disease (CD). Serum concentration of
Cross laps (CTx), the carboxyterminal telopeptide region of type I
collagen alpha (1) chain cleaved by OCLs during bone resorption, re-
flects the osteoclastic activity.28 CTx levels measured in the serum of 6
patients with CD (recently diagnosed) and 6 healthy donors, were
increased in the CD patients compared to controls (Fig. 8A). In parallel,
we observed a significant increase in the percentage of myeloid BDCA-
1+ DCs in the blood of CD patients compared to the controls (Fig. 8B). In
agreement with recent studies,29–30 a significant increase of intermedi-
ate CD14+ CD16+ blood monocytes was also observed in patients with
CD versus controls (Fig. 8C). We next asked whether this increase in
inflammatory myeloid cells in CD disease correlated with OCL activity.
In contrast to the non-classical monocytes, there was a strong correlation
between CTx and the blood proportion of BDCA-1+ DCs (R2 = 0.94), as
well as intermediate monocytes (R2 = 0.78) (Fig. 8D-E). These data
suggest that, as in mice, increased OCL activity in CD patients could
potentially participate in increased myelopoiesis.

Discussion

Myeloid skewing is a hallmark of chronic inflammatory diseases and
in particular inflammatory bowel disease. Despite their well described
implication in the modulation of hematopoietic niches in acute stress, as
well as their innate immune function, participation of OCLs in this
dysregulated myelopoiesis remains neglected. Here, we show that OCLs
are activated very early in colitis, before clinical signs of gut inflam-
mation and are involved in the increased myelopoiesis observed in this
context by disrupting interaction between HSCs and the MSCs forming
their niches, in a TNF-α-dependent manner. Moreover, early blockade of
OCL significantly reduces myelopoiesis. Therefore, these results
revealed an unexplored function of OCLs in sustaining inflammation
through the modulation of myelopoiesis.

Interestingly, transcriptomic profiling of colitic OCLs revealed an
overexpression of genes involved in bone resorption in line with the high
level of bone destruction observed in colitic mice and IBD patients.2–3

We show that in vivo inhibition of OCL in colitic mice reduces the
severity of the disease and the level of myelopoiesis, and in the other end
that stimulating OCL activity in normal mice strongly enhances myelo-
poiesis. The implication of OCLs in the control of myelopoiesis is further
demonstrated by our in vitro clonogenic assays in which the number of
CFU-GM is dramatically augmented only in the presence of colitic OCL.
Interestingly, transcript levels of Mmp9, Mmp14 and Ctsk, encoding
proteolytic enzymes known to induce mobilization of BM progeni-
tors,31–32 were increased during the first weeks before the onset of co-
litis. Mmp9 and Mmp14 expressed in OCLs jointly participate in bone
resorption making them key regulators of OCL activity in vivo.33

Furthermore, the activity of Mmp9 and Mmp14 disrupts major niche
factors, such as CXCL12 and kit ligand (SCF) involved in HSC retention
and homeostasis, which facilitates release and egress of HSCs.27

Increased expression by colitic OCLs of the Mmp9/Mmp14 couple may
represent a molecular mechanism by which the colitic OCLs induce the
expansion of HSCs during the onset of colitis. In other hand, Ctsk, the
key marker of bone degradation, also has an important role in the
regulation of niche factors such as CXCL12, and in progenitor mobili-
zation, together with Mmp9, in acute stress condition.14 Overall, our
results suggested that overexpression of Ctsk and Mmp9/Mmp14 in
colitic OCLs, each with a variety of overlapping substrates involved in
HSC niches, may contribute to the disruption of the interaction between
HSCs and their niches, providing a powerful regulation of the niche and
thus facilitating HSC mobilization and myeloid skewing observed early
in the disease.

Importantly, we found OCLs to be activated very early, and before
any gut inflammation is observed. OCL activation is generally consid-
ered as a late consequence of inflammation. However, several observa-
tions revealed that they may play a role in the inflammatory process.
First, in inflammatory condition, OCLs as innate immune cells have a
direct inflammatory role that has been demonstrated in vitro.5 More-
over, clinical observations revealed that local and systemic bone loss is
detected very early in the rheumatoid arthritis (RA) disease process.
Indeed, It was shown that antibodies against citrullinated proteins
(ACPA) bind OCL progenitors and directly promote their differentiation
into OCLs and that, in ACPA positive patients, bone loss starts even
before the onset of clinical disease.34–35 Interestingly, our results in
Crohn’s patients prior to treatment showed an increase in the level of
CTx in the blood indicating a high OCL activity. In addition, there was a
strong correlation between CTx and the proportion of inflammatory
myeloid cells. This result suggests that osteoclastic activity may also
increase early during the human disease and accelerate throughout the
years of the disease. This would promote an early HSC expansion with
myeloid skewing leading to a destructive feed-forward loop in which
increased numbers of inflammatory myeloid cells would enhance in-
flammatory cytokines, which in turn would perpetuate an aberrant he-
matopoiesis response and an increased osteoclastogenesis leading to
osteoporosis. It would be interesting to extend the cohort of patients at
the start of IBD to validate this hypothesis.

Inflammatory cytokines directly control distinct components of the
aberrant hematopoietic response. In colitis, IFN-γ increases HSC prolif-
eration and GM-CSF is involved in the accumulation of GMPs in the
BM.17 TNF-α is the most significantly increased cytokine across multiple
murine models of IBD.36 Interestingly, we show in our in vitro clono-
genic assay that TNF-α blockade significantly reduced the increase in
CFU-GM induced by colitic OCLs. These results suggest that OCLs
participate in myeloid skewing of HSCs during colitis in a TNF-α

Fig. 6. Progenitor expansion and myeloid skewing are induced by colitic OCLs. Absolute numbers (A) and proliferation assessed by Ki-67 (B) of LSK cells in the
BM of wild type mice injected with RANKL. (C-D) Percentages and absolute numbers of GMP in the BM of wild type mice injected with RANKL. Data are repre-
sentative of two independent experiments. (E-F) Rag1-/- mice were injected 24 h after naive CD4 T cell transfer with anti-RANKL twice per week for 2 and 3 weeks.
Representative flow cytometry analysis of LSKs (E) and and GMPs (F) in the BM of untreated and treated transferred Rag1-/- mice with RANKL. Data are repre-
sentative of two independent experiments. *p < 0.05; **p < 0.01. Transferred Rag1-/- mice were injected twice per week with zoledronic acid (ZA), calcitonin (Cal)
or PBS 1X (colitic), starting from week 1 as indicated in Fig. 1. (G-J) Absolute numbers, percentage, proliferation of LSKs and percentage of GMP population in the
BM. All results are representative of data generated in three independent experiments. ****p < 0.0001.

M.-B. Madel et al. Mucosal Immunology xxx (xxxx) xxx 

10 



dependent manner.
Peripheral inflammatory myeloid cells have a major pathologic role

by infiltrating the mucosa and contribute to the initiation and perpet-
uation of mucosal inflammation characteristic for human IBD. They are
targets for interventions by ablation or granulocyte/monocyte apheresis
(GMA) which led to major improvements in IBD therapy even in patients

with CD refractory to conventional medications.29,37–38 Anti-resorptive
treatments such as bisphosphonates (ZA) are used to treat bone
resorption in IBD patients developing osteoporosis.39 As bone resorption
is coupled with bone formation, these long-term treatments also inhibit
bone remodeling and dramatically affect the bone quality, increasing the
risk of fracture and osteonecrosis. In contrary to our observations, ZA

Fig. 7. OCL-derived TNFa promotes myeloid skewing Colony-forming assay (CFU-GM) of sorted LSK cells in co-culture with MSCs from the BM of control mice
and in the presence of sorted OCLs differentiated from BM of colitic or control mice (A) or in presence of anti-TNF-α (B). (C) CFU-GM assay of sorted LSK cells in co-
culture with MSC from the BM of control mice or from TNF-α KO mice and in the presence of sorted inflammatory OCLs (i-OCLs) from control mice or from TNF-α KO
mice. The data are presented as the mean+/-SD of GM-CFU numbers induced by MethoCult GF 3434 medium. Each point represents the average of triplicate of each
mouse. Data are representative of two independent experiments. *p < 0.05; **p < 0.01; ****p < 0.0001. (C) Naive CD4 T cells transferred Rag1-/-mice were injected
twice per week with TNF-α inhibitor (Etanarcept), starting from week 1during 3 weeks. Percentage of GMP in the BM was analyzed by flow cytometry. Each point
represents an individual mouse. Data are representative of two independent experiments. ***p < 0.001; ****p < 0.0001.
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promotes the accumulation of myeloid progenitors by blocking their
differentiation into macrophages and dendritic cells in cancer con-
text.40–41 These controversial effects can probably be explained by dif-
ferences in the models used.

Ultimately, we believe that precise characterization of OCLs that
control the function of hematopoietic system will offer opportunities to
develop novel therapeutics in IBD but also in other chronic inflamma-
tory diseases with a strong myeloid component such as rheumatoid
arthritis and spondylarthritis. It will also improve our general under-
standing of the implication of OCLs in the regulation of hematopoiesis.

Materials and methods

Mice

C57BL/6J mice were purchased from Harlan Laboratory (France),
and C57BL/6 Rag1-/- mice from Charles River Laboratory (France). The
TNF-α KO mice were kindly provided by Dr A Monfort (Cancer research
center of Toulouse). Animals were maintained in our animal facility in
accordance with the general guidelines of the institute, and approval for
their use in this study was obtained from the Institutional Ethic Com-
mittee for Laboratory Animals (CIEPAL-Azur). Bone loss model with
inflammatory OCLs was mimicked by i.p. injection of RANKL in C57BL/

Fig. 8. Increase of myeloid dendritic cells and pro-inflammatory monocytes in Crohn’s disease (CD) patients is correlated with OCL activity. (A) Serum
concentration level of CTx in healthy donor and patients with CD. Frequency of dendritic cells (DCs) (B) and monocytes (Mn) (C) in the peripheral blood from healthy
donor or patients with CD were assessed by flow cytometry. Correlation between CTx and myeloid DCs (D) or monocytes subsets (E) was analyzed using the
spearman’s rank correlation test.
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6J mice as described in.24

Induction of colitis

Colitis was induced in Rag1-/- mice by one i.p. injection of 4.105

sorted splenic naive CD4+CD25negCD45RBhigh T cells from C57BL/6J
mice as described.22 When indicated, mice were i.p injected twice a
week with 0.25mg of anti-RANKL (IK22-5) or isotype control (rat IgG2a,
eBioscience) or 100 µg/kg Zoledronic Acid (ZA) (Novartis) or 0.25 mg of
Etanercept (Embrel) or 20U/kg of calcitonin (Calci)(Sigma). Clinical
score was graded semi-quantitatively from 0 to 4 for each of the four
following criteria: hunching, weight loss, diarrhea, and colon length as
described,3 Scores for each criterion were added to give an overall
inflammation score for each mouse of 0–16. As control, C57Bl/6 mice
were treated with zoledronic acid and calcitonin every day for 4 weeks.

DSS-induced colitis: C57BL/6 mice (8 weeks old; n= 4 per treatment
group) were given 3 days of 3 % DSS in their drinking water and a final
cycle of water for 4 days before sacrifice.

High resolution μCT

Fixed femora were scanned with high resolution μCT (Viva CT40,
Scanco) (EcellFrance facility, Université Montpellier, France) as
described in.3

Histological analysis

Femora were fixed in 4 % paraformaldehyde for 24 h at 4 ◦C,
decalcified for 10 days in 10 % EDTA at 4 ◦C and incubated overnight in
30 % glucose solution. 7-µm bone sections were stained for TRAcP ac-
tivity (leukocyte acid phosphatase kit, Sigma-Aldrich) according to the
manufacturer’s protocol. After hematoxylin staining, images were ac-
quired on a light microscope (Carl Zeiss, Inc.). Colons were removed
from the transferred Rag1-/- mice treated by ZA and Calci, fixed in
Bouin’s fixative, embedded in paraffin, sectioned at 5 µm and stained
with H&E.

Primary osteoclast culture

Osteoclasts were differentiated from total murine BM cells as
described previously,42 collected from the culture plates using Accutase
(Sigma-Aldrich) and sorted based on their multinucleation after Hoescht
staining as previously described25 for bulk RNAseq analysis. Inflam-
matory OCLs (i-OCLs) were generated as previously described5.

RNA-sequencing on sorted osteoclasts

Total RNA was extracted with the RNeasy kit (Qiagen) and 100 ng
RNA was processed for directional library preparation (Truseq stranded
total RNA library kit, Illumina). Libraries were pooled and sequenced
paired-ended for 2x75 cycles on a Nextseq500 sequencer (Illumina) to
generate 30–40 million fragments per sample. Total RNA (100 ng) from
4 biological replicates (from 4 different mice) in each group was
extracted from in vitro differentiated OCLs (after sorting according to
their multinucleation as described in25 with the RNeasy kit (Qiagen) and
processed for directional library preparation (Truseq stranded total RNA
library kit, Illumina). Libraries were pooled and sequenced paired-ended
for 2 x 75 cycles on a Nextseq500 sequencer (Illumina) to generate
30–40 million fragments per sample. After quality controls, data anal-
ysis was performed with 2 different approaches. For the first one, reads
were ‘quasi’ mapped on the reference mouse transcriptome (Gencode
vM15) and quantified using the SALMON software with the mapping
mode and standard settings.43 Estimates of transcripts counts and their
confidence intervals were computed using 1000 bootstraps to assess
technical variance. Gene expression levels were computed by aggre-
gating the transcript counts for each gene. Gene expression in biological

replicates was then compared using a linear model as implemented in
Sleuth44 and a false discovery rate of 0.01. Lists of differentially
expressed genes were annotated using Innate-DB and ShinnyGo web
portals. For the second approach, raw RNAseq fastq reads were trimmed
with Trimmomatic and aligned to the reference mouse transcriptome
(Gencode mm10) using STAR (v. 2.6.1c)45 on the National Institutes of
Health high-performance computing Biowulf cluster. Gene-assignment
and estimates counts of RNA reads were performed with HTseq.46

Further analyses were performed with R software and gene expression in
biological replicates (n = 4) was compared between the different con-
ditions to identify differentially expressed genes using DESeq247 with
the Wald test (FDR<0.01). Gene ontology (GO) pathway analyzes were
performed using Goseq.48 Both approaches gave equivalent results (not
shown).

Gene expression analysis

Total RNA of sorted OCLs differentiated in vitro fromBMof control and
T cell-transferred Rag1-/- mice were extracted using TRIzol reagent
following manufacturer’s instructions. RT-qPCR was performed after
reverse transcription (Superscript II, Life Technologies) as described pre-
viously using SYBR Green. List of primers: Mmp9 (5′-TGAGTCCGGCA-
GACAATCCT-3′; 5′-CGCCCTGGATCTCAGCAATA-3′), Mmp14 (5′–CCC
TAG GCC TGG AAC ATT C-3′; 5′-TCT TTG TGG GTG ACC CTG ACT-3′),
Ctsk (5′-CAGCAGAGGTGTGTACTATG-3′; 5′-GCGTTGTTCTTATTCCGAGC-
3′), Samples of 3 biological replicates were run in triplicates and results
were normalized to the reference gene 36B4 (5′-TCCAGGCTTTGGG-
CATCA-3′; 5′-CTTTATCAGCTGCACATCACTCAGA-3′) using the 2 − ΔCt
method as described.11

Leukocyte Isolation, antibodies and flow cytometry

Single cell suspensions were prepared from spleen, Lamina Propria
(LP) and BM as previously described3 and were stained with different
antibodies for FACS analysis (FACS canto, BD Biosciences) as indicated
in the figures.

HSCs were analyzed after exclusion of lineage positive (Lin) cells
using FITC-conjugated antibodies against CD3, B220, CD11b, Gr-1 and
Ter-119, and after staining with PE-Cy7 Sca-1 and PE-c-kit. HSCs were
indicated as Lin- Sca-1+ c-kit+ (LSK). Common myeloid progenitor
(CMP), megacaryocyte-erythrocyte progenitor (MEP) and granulocyte-
monocytes progenitors (GMP) were analyzed using Lin- Sca-1- c-
kithigh, CD34 and CD16/CD32. For LSK proliferation, cells were fixed
and stained with Ki-67.

Antibodies anti-CD3 (17A2), anti-CD11b (M1/70), anti-CD11c
(HL3), anti-CD16/CD32 (2.4G2), anti-CD34 (RAM34), anti-c-kit (2B8),
anti-Ly6C (AL-21), anti-Ly6G (1A8), anti-B220 (RA3-6B2), anti-MerTK
(BB14-16) and anti-Ter119 (TER-119) were purchased from BD Bio-
sciences (Le Pont De Claix, France). Purified anti-RANKL (IK22-5) was
gift from CG. Mueller (CNRS UPR 3572, Strasbourg, France). Antibodies
anti-CD45RB (C363,16A), Sca-1 (D7), anti-TNF-α (PA5-46945) and anti-
Ki-67 (SOLA 15) were purchased from Thermo Fisher Scientific).

Colony forming assay

Sorted LSK cells from BM of control Rag 1-/-mice were suspended in
methylcellulose medium and co-cultured with sorted OCLs from BM of
colitic, control Rag 1-/-mice and inflammatory OCLs from BM of control
mice or TNF-a KO mice and with or without control sorted BM CD45neg

cells considered as MSCs from control mice or TNF-a KO mice with or
without anti-TNF-α (10 µg/ml) or mouse TNF-α (Peprotec, France), as
indicated in the figures, to quantify clonogenic colony forming units in
triplicate cultures (MethoCult GF M3434, Stem Cell Technologies).
Colonies were scored after 10–14 days. CFU-G (granulocyte), M
(macrophage), or GM (granulocyte–macrophage) colonies are referred
to as CFU-GM.
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Patients

PBMC and serum were isolated from freshly collected, heparinized
peripheral blood of healthy voluntary donors and patients with Crohn’s
disease (CD) (Department of gastroenterology, CHU of Nancy, France).
All the CD patients are naive without treatment at the time of blood
collection. The protocol was approved by the local ethics committee of
the Hospital Center of Nancy University and all patients and control
subjects who were included in the study provided a signed informed
consent. For the blood staining, mouse anti-human CD14, CD16, CD19,
HLA-DR and CD66b were purchased from BD Biosciences for monocytes
staining and the blood dendritic cell (DC) enumeration kit was pur-
chased from Miltenyi Biotech.

Statistical analysis

All data were analyzed using Graph Pad Prism 8.0 software using an
appropriate two tailed student’s t-test with Bonferroni adjustment when
comparing two groups. When more than two groups were compared
two-way analysis of variance (ANOVA) was used. Statistical significance
was considered at p < 0.05. Experimental values are presented as mean
± standard deviation (SD) of at least three biological replicas. Error bars
for gene expression analysis of mice using RT-qPCR show the mean
value with 95 % confidence interval. All experiments were repeated
with a minimum of three biological replicates and at least two technical
replicates.

Data availability

Sequencing reads have been deposited in European Nucleotide
Archive (https://www.ebi.ac.uk/ena/) under accession number
PRJEB41236. Other data will be available upon reasonable request.
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