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Chronic inflammation decreases HSC fitness by
activating the druggable Jak/Stat3 signaling
pathway
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Monika Burocziova1 , Romana Mikyskova4 , Karolina Vanickova1,2 , Sladjana Kosanovic1,2 ,

Jana Pokorna5, Milan Reinis4 , Tomas Brdicka5 & Meritxell Alberich-Jorda1,3,*

Abstract

Chronic inflammation represents a major threat to human health
since long-term systemic inflammation is known to affect distinct
tissues and organs. Recently, solid evidence demonstrated that
chronic inflammation affects hematopoiesis; however, how chronic
inflammation affects hematopoietic stem cells (HSCs) on the
mechanistic level is poorly understood. Here, we employ a mouse
model of chronic multifocal osteomyelitis (CMO) to assess the
effects of a spontaneously developed inflammatory condition on
HSCs. We demonstrate that hematopoietic and nonhematopoietic
compartments in CMO BM contribute to HSC expansion and impair
their function. Remarkably, our results suggest that the typical
features of murine multifocal osteomyelitis and the HSC pheno-
type are mechanistically decoupled. We show that the CMO envi-
ronment imprints a myeloid gene signature and imposes a pro-
inflammatory profile on HSCs. We identify IL-6 and the Jak/Stat3
signaling pathway as critical mediators. However, while IL-6 and
Stat3 blockage reduce HSC numbers in CMO mice, only inhibition
of Stat3 activity significantly rescues their fitness. Our data
emphasize the detrimental effects of chronic inflammation on
stem cell function, opening new venues for treatment.
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Introduction

Chronic inflammation is a hallmark of autoimmune and autoinflam-

matory disorders and is characterized by a low-grade and persistent

increase in cytokines and chemokines. During the last years, com-

pelling evidence linked sterile chronic inflammation with disease

risk and mortality (Emerging Risk Factors et al, 2010, Dregan

et al, 2014, Proctor et al, 2015, Straub & Schradin, 2016). However,

the underlying mechanisms of how chronic inflammation affects

hematopoiesis and the most primitive hematopoietic stem cells

(HSCs) remain poorly understood.

HSCs are a rare population of cells whose activity is regulated by a

plethora of cell intrinsic and extrinsic factors (Blank et al, 2008; Rossi

et al, 2012; Pietras et al, 2015; Pinho & Frenette, 2019). While cell intrin-

sic factors have been extensively studied, the role of cell extrinsic fac-

tors remains rather elusive. Cell extrinsic factors are provided by

specialized BM cells located in close proximity to HSCs and referred to

as the BM niche. The BM niche consists of distinct cell types, which

provide an optimal environment for HSCs and can influence HSC activ-

ity by secreting factors such as neurotransmitters, cytokines, chemoki-

nes, hormones, and growth factors (Zhang et al, 2003; Katayama

et al, 2006; Sacchetti et al, 2007; Mendez-Ferrer et al, 2008, 2010; Chow

et al, 2011; Ding et al, 2012). Interestingly, while some cytokines

provide pro-survival signals to HSCs and impose quiescence, excessive

exposure to inflammatory cytokines may lead to impaired self-renewal

and increased differentiation, thus compromising HSC function (Essers

et al, 2009; Baldridge et al, 2010; Chen et al, 2010; Boettcher et al, 2012;

Kunisaki et al, 2013; Helbling et al, 2019).

During the last decade, several studies attempted to decipher how

chronic inflammation affects HSCs. For instance, mice challenged with

pathogens, polyinosinic:polycytidylic acid (pI:pC) or lipopolysaccharide

(LPS) exhibited functional defects in HSCs (Baldridge et al, 2010; Esplin

et al, 2011; Zhao et al, 2013; Walter et al, 2015; Matatall et al, 2016;
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Isringhausen et al, 2021; Bogeska et al, 2022). However, all these mod-

els are based on the artificial administration of biological agents or fac-

tors and provided a limited understanding on how sterile chronic

inflammation affects HSCs. In a non-infection context, genetic and

collagen-induced mouse models of rheumatoid arthritis reported that

HSCs displayed skewing toward the myeloid lineage, but surprisingly,

their quiescence and long-term repopulating abilities were not affected

(Ma et al, 2009; Oduro Jr et al, 2012; Hernandez et al, 2020). On the con-

trary, dysregulated HSC activity was recently reported in a mouse

model of spondyloarthritis, a chronic inflammatory disease (Regan-

Komito et al, 2020). Possibly, the contradictory results on the effect of

chronic inflammation on HSCs can be explained by the distinct, and

sometimes controversial, murine models employed to induce chronic

inflammation, and thus, further studies investigating the effect of sterile

chronic inflammation on the functionality of HSCs are needed.

Chronic multifocal osteomyelitis (CMO) is a murine autoinflam-

matory disorder that resembles a human condition known as chronic

recurrent multifocal osteomyelitis (CRMO; Giedion et al, 1972). CMO

mice carry a missense mutation, L98P, in the gene proline-serine–thre-

onine phosphatase-interacting protein 2 (Pstpip2), and consequently

lack Pstpip2 protein (Ferguson et al, 2006; Chitu et al, 2009). CMO

mice exhibit a gradual increase in pro-inflammatory cytokines

and suffer from chronic inflammation (Chitu et al, 2009). Up to

9–10 weeks old, CMO mice are healthy and asymptomatic; however,

they develop visible signs of inflammation and exhibit a 100% pene-

trance phenotype by the age of 14–15 weeks. The inflammatory signs

are manifested as a progressive disease characterized by swollen and

deformed paws, tail kinks, splenomegaly, bone lesions, and inflamed

ears (Byrd et al, 1991; Hentunen et al, 2000; Ferguson et al, 2006;

Chitu et al, 2009, 2012; Lukens et al, 2014a). The pathology is driven

by the expansion of the granulocytic compartment, which contributes

to the production of high levels of interleukin 1b (IL-1b; Chitu

et al, 2009; Drobek et al, 2015). Importantly, IL-1b signaling pathway

was shown to be crucial for disease development, as in the absence

of interleukin-1 receptor type 1 (IL-1RI), the disease was abolished

(Cassel et al, 2014; Lukens et al, 2014a).

Here, we asked how sterile chronic inflammation affects HSC

long-term activity. By using CMO mice we observed that chronic

inflammation exerts detrimental effects on HSCs, inducing an

expansion of the HSC pool and reducing HSC fitness. In contrast to

the critical role of IL-1b in disease progression, inactivation of the

IL-1b/MyD88 signaling pathway was not enough to prevent defects

in the HSC compartment. Instead, we demonstrate that IL-6 and the

Jak/Stat3 signaling pathway mediate HSC alterations. However,

while both IL-6 and Stat3 blockage significantly reduce HSC num-

bers in CMO mice, only inhibition of Stat3 activity is able to rescue

HSC function. Altogether, our observations show that sterile chronic

inflammation, in addition to the typical features of chronic multifo-

cal osteomyelitis, has detrimental effects on HSCs and provides new

insights into the mechanisms driving these phenotypes.

Results

Increased number and impaired fitness of HSCs in the BM of
CMO mice

Since we and others previously reported that CMO mice suffer from

sterile chronic inflammation and exhibit increased cytokine levels

(Chitu et al, 2009, 2012; Cassel et al, 2014; Lukens et al, 2014a;

Drobek et al, 2015), we employed this mouse model to investigate

the effects of chronic inflammation on the BM composition, and in

particular the HSC pool, defined here as Lin� c-kit+ Sca-1� CD48�

CD150+ (Kiel et al, 2005). We observed that 7-week-old CMO mice,

which are asymptomatic, showed a similar number of BM cells as

WT controls, while 20-week-old mice, which are symptomatic, exhib-

ited a significant increase in BM cellularity (Fig 1A), mainly driven by

increased granulocytic counts (Figs 1B and C, and EV1A). Myeloid

progenitor populations in CMO mice demonstrated a decrease in the

number of megakaryocyte-erythroid progenitors (MEPs), while the

number of granulocyte-monocyte progenitors (GMPs) was expanded

(Fig EV1B); nevertheless, this bias did not affect the total number of

c-Kit+ myeloid progenitors (Fig 1D–F). Further, we detected an

increased number of Lin� c-Kit+ Sca-1+ cells (LKS), LKS CD48+

CD150� multipotent progenitors (MPPs), including the earliest

myeloid precursor MPP3, and HSCs (Fig 1D–F). Strikingly, these stem

cell-enriched populations were expanded already in asymptomatic

CMO mice, and later persisted as the disease progressed (Fig 1F). As

expected, in terms of percentages, the expansion of LKS, MPPs, and

HSCs was masked in older mice due to the increased BM cellularity

and was only detected in asymptomatic CMO mice, which did not

suffer from increased BM cellularity yet (Fig EV1A).

▸Figure 1. Expansion and reduced fitness of HSCs in the BM of CMO mice.

A, B Absolute number of BM cells (A) and granulocytes (B). Y-axes indicate the number of cells per leg. X-axes indicate the age of the mice: 7 or 20 weeks old (w). Each
symbol indicates values for one biological replicate (mouse). At least six mice were used per group in two separate experiments. Data represent mean � s.d. Statis-
tical significance was assessed using two-tailed Student’s t-tests (****P < 0.0001, ns, not significant).

C, D Representative flow cytometry plots from 20-week-old WT and CMO BM. Plots illustrate the percentage of granulocytes defined as Gr1+ CD11b+ (C) and distinct
BM subpopulations (D). Color boxes indicate the following populations: Lin� cells (black), Lin� c-Kit+ Sca-1� (c-Kit+, purple), Lin� c-Kit+ Sca-1+ (LKS, green), Lin� c-
Kit+ Sca-1+ CD48+ CD150� (MPPs, red), and Lin� c-Kit+ Sca-1+ CD48� CD150+ (HSCs, blue). Numbers indicate the percentage of cells in total BM.

E Gating strategy to identify MPP3, defined as Lin� c-Kit+ Sca-1+ CD135� CD150� CD48+. Numbers indicate the percentage of MPP3 in total BM.
F Quantification of the absolute number of distinct stem and progenitor populations in BM. Each symbol indicates values for one biological replicate (mouse). At

least five mice were used per group in two separate experiments. Data represent mean � s.d. Statistical significance was assessed using two-tailed Student’s t-
tests (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant).

G Transplantation scheme of 20-week-old WT and CMO HSCs.
H Frequency of functional WT (blue) and CMO (orange) HSCs measured by limiting dilution competitive repopulation unit assays and calculated using ELDA online

software based on Poisson distribution statistics (Chi-square test; Chisq = 7.42; P = 0.00646). Graph shows the curve fit of the log fraction of nonresponding mice
(solid lines) and confidence intervals (dashed lines) versus the number of mice tested. Logarithmic plot; X-axis indicates the dose of transplanted cells and Y-axis
percentages of negative responders. Reconstitution was evaluated in blood of recipient mice 16 weeks after transplantation. A responder mouse was defined as
engraftment ≥ 0.5% Ly5.2+ cells and contribution ≥ 0.5% in at least two out of three lineages (granulocytes, B-cells, and T-cells).
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Since the number of phenotypically defined HSCs is increased in

the BM of CMO mice (Fig 1F), we next investigated whether this

phenotypical expansion affected their functionality. Limiting dilu-

tion transplantation assays were performed using 20-week-old

donors as indicated in Fig 1G. Analysis of peripheral blood (PB) of

recipient mice 16 weeks post-transplantation showed that the

engraftment of CMO HSCs presented similar lineage distribution as

the WT HSCs (Fig EV1C). However, the long-term repopulating abil-

ity of CMO HSCs was impaired in comparison to WT HSCs (Fig 1H).

Altogether, these results indicate that in CMO mice BM HSCs are

expanded and their function compromised, suggesting that chronic

inflammation might affect HSC properties.

Both the hematopoietic and the nonhematopoietic compartment
in CMO BM exert detrimental effects on HSCs

Since chronic inflammation in CMO mice is mediated by hematopoi-

etic cells and by nonhematopoietic niche cells (Chitu et al, 2009,

2012), we next investigated which of these compartments executes

detrimental effects on HSCs. First, to investigate whether CMO

hematopoietic cells were able to affect the functional properties of

HSCs, we assessed the function of WT HSCs that co-habited with

WT or CMO hematopoietic cells. As depicted in Fig 2A, WT or CMO

BM (Ly5.2) cells isolated from 20-week-old mice were mixed

with WT BM (Ly5.1) in a 10:1 ratio and transplanted into lethally

irradiated primary recipient mice (Ly5.1). Twelve weeks post-

transplantation donor Ly5.1 HSCs, which co-habited with either WT

or CMO donor hematopoietic cells, were isolated and re-

transplanted into lethally irradiated secondary recipients (Ly5.2).

Sixteen weeks post-transplantation, engraftment of WT HSCs that

co-habited with WT or CMO hematopoietic cells was determined by

flow cytometric analysis. We observed that CMO hematopoietic cells

negatively affected the long-term repopulating capacity of WT HSCs

in comparison to the effect that WT hematopoietic cells had on WT

HSCs (Figs 2B and EV2A). Next, we investigated whether the non-

hematopoietic BM niche was also able to alter HSC properties. Thus,

WT BM cells (Ly5.1) were transplanted into 10-week-old WT or

CMO congenic mice (Ly5.2) in which hematopoietic cells were

ablated by lethal irradiation, while the radioresistant niche cells

were preserved (Sugrue et al, 2013; Fig 2C). Twelve weeks after

transplantation, Ly5.1 WT donor cells (total BM or HSCs) exposed

to either WT or CMO BM niche, were isolated and re-transplanted

into lethally irradiated secondary recipients (Ly5.2). We observed

that WT BM cells exposed to the CMO BM niche engrafted signifi-

cantly worse in secondary recipients than WT BM cells exposed to

WT BM niche (Figs 2D and E, and EV2B and C), while their capacity

to reconstitute B-cells, T-cells, and myeloid cells was not affected

(Fig EV2D). Similarly, limiting dilution transplantation assays

demonstrated that WT HSCs exposed to CMO BM niche had signifi-

cantly impaired engraftment in secondary recipients compared with

WT HSCs exposed to WT BM niche (Fig 2F), while preserving their

ability to reconstitute B, T, and myeloid cells (Fig EV2E). Altogether,

these results indicate that both inflammatory signals coming from

hematopoietic cells and the nonhematopoietic BM niche exert detri-

mental effects on HSC fitness.

CMO mice lacking MyD88 adaptor protein retain HSC expansion
and reduced fitness

We and others have shown that IL-1b, a cytokine suggested to

impair HSC functionality (Pietras et al, 2016), is the main driving

force behind the inflammatory phenotype of CMO mice (Cassel

et al, 2014; Lukens et al, 2014a; Drobek et al, 2015). Remarkably,

increased IL-1b levels can be detected in paws, but not in BM, of

CMO mice (Fig EV3A), and accordingly, WT and CMO HSCs exhib-

ited similar levels of IjB-a, a negative modulator of the NF-jΒ sig-

naling pathway (Fig EV3B). Thus, we investigated whether deletion

of myeloid differentiation primary response 88 (MyD88) adaptor

protein, an essential part of the IL-1b signaling pathway, would be

sufficient to prevent the CMO phenotype, including the expansion of

the HSC pool. First, we investigated whether ablation of MyD88

specifically in the hematopoietic compartment would be sufficient

to observe the rescue, and thus, CMO mice were crossed to

MyD88flox/flox VAV-iCre transgenic mice. Interestingly, we observed

that CMO MyD88flox/flox VAV-iCre+ mice, lacking expression of

MyD88 specifically in hematopoietic cells, retained all

▸Figure 2. Hematopoietic cells and nonhematopoietic BM niche exert detrimental effects on HSCs.

A Schematic representation of the experimental setup. 0.3 × 106 WT BM Ly5.1 cells were mixed with 3 × 106 BM Ly5.2 cells isolated from WT or CMO mice and
transplanted into lethally irradiated Ly5.1 WT primary recipient mice. Twelve weeks after transplantation, donor Ly5.1 HSCs were sorted and re-transplanted into leth-
ally irradiated Ly5.2 secondary recipients in the presence of Ly5.2 BM support.

B Percentage of Ly5.1+ cells derived from WT HSCs exposed to WT (blue) or CMO (green) hematopoietic cells. Each symbol indicates values for one biological replicate
(mouse). At least 11 mice were used per group in two separate experiments. Data represent mean � s.d. Statistical significance was assessed using two-tailed Stu-
dent’s t-tests (*P < 0.05).

C Schematic representation of experimental setup. 3 × 106 Ly5.1 WT BM cells were transplanted into lethally irradiated WT or CMO primary recipient mice (Ly5.2).
12 weeks after transplantation, Ly5.1 WT donor BM or HSCs cells were isolated and re-transplanted into lethally irradiated secondary recipients (Ly5.2) in the presence
of support BM (Ly5.2).

D Representative flow cytometry plots from secondary recipient mice transplanted with 0.5 × 106 WT BM exposed to WT (WT to WT) or to CMO (WT to CMO) BM niche.
Numbers indicate the percentage of WT donor-derived Ly5.1+ cells in peripheral blood (PB) 8 and 16 weeks (w) after transplantation.

E Quantification of panel (D) Y-axes show the contribution of WT BM Ly5.1+ cells after exposure to WT (blue) or to CMO (green) BM niche. X-axes indicate the dose of
transplanted cells. Each symbol indicates values for one biological replicate (mouse). At least 12 mice were used per group in three separate experiments. Data repre-
sent mean � s.d. Statistical significance was assessed using two-tailed Student’s t-tests (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

F Frequency of functional HSCs after exposure to WT (blue) or to CMO (green) BM niche. Logarithmic plot shows the percentage of nonresponder recipient mice.
Responders exhibited engraftment of ≥ 0.01% Ly5.1+ cells and contribution ≥ 0.5% to at least one out of three lineages (granulocytes, B-cells, and T-cells) at week 16
post-transplantation. X-axis indicates the dose of transplanted cells. Graph shows the curve fit of the log fraction of nonresponding mice (solid lines) and confidence
intervals (dashed lines) versus the number of mice tested. Right table shows the number of responders and the total number of recipients transplanted per cell dose.
Frequencies of HSCs were calculated using ELDA online software based on Poisson distribution statistics (Chi-square test; Chisq = 8.6; P = 0.0037).

4 of 19 EMBO reports 24: e54729 | 2023 � 2022 The Authors

EMBO reports Srdjan Grusanovic et al



%
 n

on
-re

sp
on

de
rs 100

37

10

1
0 50 100 150

F

dose

%
 L

y5
.1

 c
el

ls

0.5×106 1.5×106

* *** ** ****

# of HSCs WT to WT
BM niche

WT to CMO
BM niche

20
40
100

6/17
2/4

12/12

1/14
0/4
9/13

HSC frequency 1 in 37.9 1 in 122.4

95% conf. interval

Chisq = 8.6; DF = 1; p= 0.0037

1/23.3-
1/61.9

1/66.3-
1/226.3

Ly5.2

Ly
5.

1

W
T 

to
 W

T
B

M
 n

ic
he

W
T 

to
 C

M
O

B
M

 n
ic

he

C

1.72.3

6.47.4

A

0
5

10
15
20
25

0.5×106 1.5×106
0
5

10
15
20
25

8 w PB 16 w PB
D

8 w PB 16 w PB
E

WT Ly5.1

Ly5.2
WT or CMO

Ly5.1 Ly5.2

WT
Ly5.1
HSC

Ly5.2
BM

0.3×106 BM

3×106 BM

WT Ly5.1

BM WT Ly5.2

CMO Ly5.2

BM or HSCs (Ly5.1)

BM or HSCs (Ly5.1)

BM (Ly5.2) WT Ly5.2

WT Ly5.2

0
1
2
3

5

B
WT HSCs

exposed to:

WT CMO
hematopoietic cells

%
 L

y5
.1

+  
ce

lls
 in

 P
B 

*
4

Figure 2.

� 2022 The Authors EMBO reports 24: e54729 | 2023 5 of 19

Srdjan Grusanovic et al EMBO reports



characteristics of CMO mice, including swollen paws (Fig 3A),

increased BM cellularity (Fig 3B), expansion of granulocytes

(Figs 3C and D, and EV3C), and increased number of MPPs and

HSCs (Figs 3E and F, and EV3C). Next, we crossed CMO mice with

whole-body MyD88 knockout (KO) mice and observed that CMO

MyD88 KO mice did not present swollen paws (Fig 4A). Further,

ablation of MyD88 in CMO mice prevented the increased BM

cellularity (Fig 4B), splenomegaly (Fig 4A and C), and the

# 
BM

 c
el

ls
/

le
g 

(×
10

7 )

# 
G

r /
 le

g
(×

10
7 )

0

6
9

3

0

4
6

2

0

2

# 
BM

 c
el

ls
/

le
g 

(×
10

4 )

0

12

4
8

CMO MyD88f/f

VavCre- VavCre+

0.1 0.1

0.03 0.04
CD150

C
D

48

C
M

O
 M

yD
88

f/f

74 70

CD11b

CMO MyD88f/f

Cre- Cre+

C
D

48

57 51G
r1

0.2 0.1

0.01 0.01

WT MyD88f/f

Cre- Cre+

WT MyD88f/f

VavCre- VavCre+

W
T 

M
yD

88
f/f

ns

MPP HSCGated on LKS
E F

4

* *

ns
* *

ns ** *

ns
***

*
ns

ns

ns

*
ns

ns ***
*

ns

****

CMO MyD88f/f

Cre- Cre+

WT MyD88f/f

Cre- Cre+

Cre-Cre-

Cre+Cre+

A B

DC

Figure 3. CMO mice lacking MyD88 in hematopoietic cells retain HSC expansion in BM.
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bol), and CMO MyD88flox/flox VAV-iCre+ (purple symbol) mice.

B Absolute number of BM cells per leg.
C Representative flow cytometry plots from BM cells isolated from the indicated mouse genotypes. Y-axes indicate Gr1 expression and x-axes CD11b expression. Num-

bers indicate the percentage of Gr1+ CD11b+ granulocytes.
D Quantification of the absolute number of granulocytes per leg.
E Representative flow cytometry plots from indicated mouse genotypes. Y-axes indicate CD48 expression and x-axes CD150 expression in the LKS population. Numbers

indicate the percentage of MPPs (upper box) and HSCs (lower box) in total BM.
F Quantification of the absolute number of MPPs and HSCs per leg. Y-axes indicate the number of MPPs (left panel) and HSCs (right panel) per leg.

Data information: In this figure, each symbol indicates values for one biological replicate (mouse). At least five mice were used per group in two separate
experiments. Data represent mean � s.d. Statistical significance was assessed using two-tailed Student’s t-tests (*P < 0.05, **P < 0.01, ***P < 0.001, ns, not sig-
nificant).
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hyperproduction of granulocytes observed in CMO mice (Fig 4D and

E). In line with these findings, CMO MyD88 KO mice did not exhibit

increased levels of IL-1b (Fig EV3D). However, we observed that the

populations enriched for stem cells (LKS, MPP, and HSC) remained

expanded in the BM of CMO MyD88 KO mice compared with WT

BM (Figs 4F–H and EV3E). Further, we observed that CMO MyD88

KO HSC retained the functional impairment exhibited by CMO HSCs

(Figs 4I and J, and EV3F). Altogether, these experiments indicate

that the IL-1b/MyD88 signaling pathway in hematopoietic and non-

hematopoietic cells is dispensable to induce expansion and impair

the fitness of HSCs, suggesting that other factors, rather than IL-1b,
mediate HSC defects. Further, our data indicate that MyD88-mediated

signaling in the BM niche, but not in the hematopoietic cells, is cru-

cial to induce the increase in BM cellularity, splenomegaly, and the

hyperproduction of granulocytes observed in CMO mice.

The CMO BM niche imprints a myeloid and pro-inflammatory
profile in HSCs

To better understand how the CMO niche affects the functionality of

HSCs, we performed gene expression profile analysis of WT HSCs

exposed to WT or CMO BM niche (Fig 2C). WT HSCs transplanted

into lethally irradiated 10-week-old WT or CMO recipients were

sorted 12 weeks after transplantation and subjected to RNA

sequencing (RNA-seq). The principal component analysis demon-

strated a certain degree of variability among samples (Fig EV4A);

however, unsupervised cluster analysis gathered HSCs exposed to

WT BM niche to one clade and HSCs exposed to CMO BM niche to

another clade (Fig EV4B). We identified 104 genes differentially

expressed between WT HSCs exposed to WT or CMO BM niche (P-

value < 0.05, log2 fold change > 0.585, FDR < 0.01; Fig 5A;

Dataset EV1). In particular, 48 genes were upregulated and 56 genes

were downregulated in WT HSCs exposed to CMO niche. Further,

enrichment analysis showed top relevant pathways upregulated in

WT HSCs exposed to CMO niche (Figs 5B–E and EV4C). Among

those, several pathways related to myeloid inflammatory responses

and myeloid differentiation/activation were identified, and particu-

larly interesting was the upregulation of a myeloid immunity signa-

ture and of the IL-6/Jak/Stat3 signaling pathway (Fig 5F).

Altogether, these data suggest that the CMO BM niche can affect

HSC fitness by activating an inflammatory response and imposing

expression of myeloid markers in HSCs.

CMO mice exhibit increased levels of IL-6, elevated pStat3 in
HSCs, and increased HSC survival

Since the RNA-seq analysis indicated that the IL-6/Jak/Stat3 signal-

ing pathway was upregulated in WT HSC exposed to the CMO BM

◀ Figure 4. CMO/MyD88�/� double-mutant mice retain HSC expansion and functional defects.

A Representative paw and spleen pictures from each experimental group: WT, MyD88�/�, CMO, and CMO/MyD88�/� mice.
B Absolute number of BM cells per leg. Each symbol represents a biological replicate (mouse). At least eight mice were used per group in two separate experiments.

Data represent mean � s.d. Statistical significance was assessed using two-tailed Student’s t-tests (****P < 0.0001, ns, not significant).
C Spleen weight (mg). Each symbol indicates values for one biological replicate (mouse). At least seven mice were used per group in two separate experiments. Data

represent mean � s.d. Statistical significance was assessed using two-tailed Student’s t-tests (***P < 0.001, ns, not significant).
D Representative flow cytometry plots from WT, MyD88�/�, CMO, and CMO/MyD88�/� mice. Plots illustrate the expression of Gr1 (Y-axes) and CD11b (X-axes) in BM.

Numbers indicate the percentage of Gr1+ CD11b+ granulocytes.
E Quantification of the absolute number of granulocytes per leg. Each symbol indicates values for one biological replicate (mouse). At least eight mice were used per

group in three separate experiments. Data represent mean � s.d. Statistical significance was assessed using two-tailed Student’s t-tests (****P < 0.0001, ns, not
significant).

F Representative flow cytometry plots from WT, MyD88�/�, CMO, and CMO/MyD88�/� mice. Left panels: Y-axes indicate c-Kit expression and x-axes Sca-1 expression
in lineage� cells. Box indicates LKS population. Right panels: y-axes indicate CD48 expression and x-axes CD150 expression in the LKS population. Boxes represent
MPPs (upper box), and HSCs (lower box). Numbers indicate the percentage of total BM.

G, H Percentage (G) and absolute number (H) of MPPs and HSCs per leg. Blue symbols indicate WT, green MyD88�/�, orange CMO, and red CMO/MyD88�/� double-
mutant mice. Each symbol represents a 20-week-old mouse (biological replicates). At least eight mice were used per group in three separate experiments. Data rep-
resent mean � s.d. Statistical significance was assessed using two-tailed Student’s t-tests (*P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant).

I Transplantation scheme of CMO and CMO MyD88�/� HSCs.
J Frequency of functional CMO (orange) and CMO MyD88�/� (red) HSCs measured by limiting dilution competitive repopulation unit assays and calculated using

ELDA online software based on Poisson distribution statistics (Chi-square test; Chisq = 0.00488; P = 0.944). Graph shows the curve fit of the log fraction of nonre-
sponding mice (solid lines) and confidence intervals (dashed lines) versus the number of mice tested. Logarithmic plot; X-axis indicates the dose of transplanted
cells and Y-axis percentages of negative responders. Reconstitution was evaluated in blood of recipient mice 16 weeks after transplantation. A responder mouse
was defined as engraftment ≥ 0.5% Ly5.2+ cells and contribution ≥ 0.5% in at least two out of three lineages (granulocytes, B-cells, and T-cells).

▸Figure 5. CMO BM niche induces activation of pathways involved in myeloid differentiation and inflammation in HSCs.

A Volcano plot showing the differentially expressed genes in WT HSCs exposed to WT BM niche compared with WT HSCs exposed to CMO BM niche.
B, C Gene Set Enrichment Analysis (GSEA) showing top relevant pathways upregulated in WT HSCs exposed to CMO BM niche compared with WT HSCs exposed to WT

BM niche. Data were generated using (B) MSigBD Hallmark gene set v.7 (ranked according to NES values, FDR < 0.25) and (C) and MSigDB GO Biological Processes
gene set v.7 (ranked according to NES values, FDR < 0.00001).

D, E Representative enrichment plots showing (D) two upregulated pathways in WT HSC exposed to CMO recipient mice from MSigDB Hallmark gene set v.7 and (E)
two from MSigDB GO Biological Process gene set v.7.

F Heatmaps of unsupervised hierarchical cluster analysis of the top 15 genes differentially expressed in the Hallmark myeloid immunity signature (upper heatmap)
and top 15 genes differentially expressed in the GO IL-6/Jak/Stat3 signaling pathway (lower heatmap) in WT HSC exposed to WT or CMO recipient mice (P < 0.05,
log2 fold change > 0.5). Data is normalized to z-scores for each gene. Red color indicates increased and blue color decreased gene expression in comparison to the
universal mean for each gene.
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niche, we first assessed IL-6 levels in WT and CMO mice, as well as

in transplanted WT and CMO recipients. We observed that the

amount of IL-6 was significantly higher in serum and BM of CMO

mice compared with WT (Fig 6A), and a similar tendency was

observed in CMO mice upon transplantation (Fig EV5A). Thus, we

next investigated the effect of IL-6 stimulation on the levels of pStat3

in WT HSC and observed that IL-6 stimulation upregulated pStat3

levels in WT HSCs (Fig 6B). On the contrary, IL-1b, which was

reported to be elevated in CMO mice and responsible for the CMO

inflammatory phenotype (Cassel et al, 2014; Lukens et al, 2014a;

Drobek et al, 2015), failed to trigger Stat3 phosphorylation in HSCs

(Fig 6B). Next, we verified the RNA-seq results by phospho-flow

analysis. We observed a significant upregulation of pStat3 levels in

WT HSCs exposed to CMO BM niche in comparison to WT HSCs

exposed to WT BM niche (Fig 6C and D), and accordingly, we

observed upregulation of pStat3 target genes in WT LKS cells iso-

lated from CMO recipients (Fig EV5B). Further, we investigated

whether pStat3 was similarly increased in CMO mice. In line with

the results in the transplantation setting (Fig 6C and D), HSCs from

CMO mice exhibited significantly higher pStat3 levels than WT con-

trol HSCs (Fig 6E and F). We also assessed whether the increase in

pStat3 levels was exclusive to the HSC pool in CMO mice. Western

blot and phospho-flow analysis using c-Kit+ BM cells demonstrated

that pStat3 was also increased in c-Kit+ myeloid progenitors

(Fig EV5C and D). Since the IL-6/Jak/Stat3 signaling pathway favors

cell survival (Gilbert & Hemann, 2010, 2012), we next assessed HSC

viability in WT and CMO mice. Indeed, we observed that the per-

centage of Annexin V+ apoptotic cells was lower in stem and pro-

genitor cells (including LKS, MPP, and HSC) from CMO mice in

comparison to WT controls (Fig 6G and H). Altogether, these data

suggest that the augmented levels of IL-6 detected in CMO mice may

contribute to the increased pStat3 levels in CMO HSCs and promote

HSC survival.

pStat3 inhibition prevents HSC expansion and restores HSC
fitness in CMO mice

Since our data pointed at IL-6 as a contributing cytokine to HSC

defects, we next investigated whether blockage of IL-6 activity in

CMO mice would be sufficient to prevent the detrimental effects in

HSCs. Thus, CMO mice were treated with IL-6- or IL-6 receptor-

blocking antibodies, and the effects on HSC numbers and activity

were determined. We observed that IL-6- and IL-6 receptor-blocking

antibodies reduced the number of HSCs in CMO mice in comparison

to the vehicle control-treated animals (Fig EV5E and F). However,

limiting dilution transplantation assays demonstrated that neither of

the approaches was sufficient to rescue the CMO HSC functional

defects (Fig EV5E and F). In line with the lack of a functional rescue,

we observed that Stat3 phosphorylation was not reduced upon anti-

body treatment (Fig EV5G). Since the Jak/Stat3 signaling pathway

can be activated by other cytokines (McLemore et al, 2001; Yu

et al, 2009; Nguyen et al, 2015), we next investigated whether

pStat3 directly contributes to the expansion and reduced fitness of

HSCs. CMO mice were treated with PBS control or a Stat3 inhibitor,

referred to as Stattic (Li et al, 2020), which inhibits Stat3 phosphory-

lation (Fig 7A). As expected, Stattic-treated CMO mice developed

signs of inflammation such as swollen paws (Fig 7B), symptoms

mainly driven by IL-1b, a cytokine not affected by Stattic

administration. Similarly, Stattic-treated CMO mice retained the

increased BM cellularity and expansion of granulocytes (Figs 7C and

D, and EV5H). However, Stattic-treated CMO mice had significantly

fewer HSCs in their BM than the PBS-treated CMO control group

(Figs 7E and F, and EV5I). Further, limiting dilution transplantation

assays demonstrated improved CMO HSC activity upon Stat3 inhibi-

tion in comparison to PBS treatment (Fig 7G and H). Phospho-flow

analysis verified a decrease in pStat3 levels in the LKS compartment

in Stattic-treated CMO mice (Fig 7I and J). Of note, in WT mice, Stat-

tic treatment did not affect the number of HSCs and pStat3 levels

(Fig EV5J–P). Altogether, our data indicate that despite the possible

contribution of IL-6 to the CMO HSC detrimental effects, specific

blockage of this cytokine/receptor was not sufficient to rescue HSC

functional defects, while inhibition of the downstream Jak/Stat3 sig-

naling pathway reduced HSC numbers and improved HSC fitness in

CMO mice.

Discussion

The effects of infection and chronic inflammation on HSCs have

mostly been studied in WT mice treated with particular stimuli,

such as Mycobacterium avium (Baldridge et al, 2010; Matatall

et al, 2016), pI:pC (Walter et al, 2015; Bogeska et al, 2022), viruses

(Isringhausen et al, 2021), LPS (Esplin et al, 2011; Zhao et al, 2013),

IL-1 (Pietras et al, 2016), IFNa (Essers et al, 2009), or collagen (Her-

nandez et al, 2020). These studies reported that the effects of

chronic inflammation on HSCs can vary from detrimental to consid-

erably mild. Here, we employed a model of a progressive autoin-

flammatory disorder based on mice harboring a naturally occurring

mutation that leads to sterile chronic inflammation. Thus, we were

able to bypass the artificial setup of externally inducing inflamma-

tion and assess the consequences of a spontaneously developed

inflammatory condition. This approach gave us a unique insight

into the interactions of the inflammatory BM niche, immune cells,

and HSCs. We showed that both hematopoietic cells and BM niche

contributed to the expansion and functional impairment of HSCs. In

line with our study, the KRNxG7 mouse model of rheumatoid arthri-

tis also displayed myeloid skewing (Oduro Jr et al, 2012); however,

KRNxG7 mice did not exhibit defects in HSCs (Ma et al, 2009). We

speculate that this difference can be explained by the particular

inflammatory profile of each disease model.

CMO mice exhibit increased levels of pro-inflammatory media-

tors, such as MIP-1a, IL-1a, IL-1b, IL-6, IFNc, MCP-1, G-CSF, and M-

CSF (Chitu et al, 2009, 2012; Cassel et al, 2014; Lukens et al, 2014a;

Drobek et al, 2015). Remarkably, the whole CMO phenotype

reported so far was dependent on the hyperproduction of IL-1b,
and the CMO defects could be fully rescued by the inactivation of

the IL-1b signaling pathway (Cassel et al, 2014; Lukens et al,

2014a). Interestingly, previous studies showed the effect of IL-1

on HSCs (Heimfeld et al, 1991; Orelio et al, 2008) and Pietras

et al (2016) demonstrated that chronic exposure of mice to IL-1b
compromised the self-renewal ability of murine HSCs. Nevertheless,

in sharp contrast to the critical role of IL-1b in the development of

the CMO phenotype, here we observed that the effects on HSCs

occur in an IL-1b independent fashion. On one hand, we demon-

strated that hematopoietic cell-specific deletion of MyD88 adaptor

protein, an essential molecule in the IL-1b signaling pathway, had

10 of 19 EMBO reports 24: e54729 | 2023 � 2022 The Authors

EMBO reports Srdjan Grusanovic et al



*

pS
ta

t3
 M

FI
(fo

ld
 c

ha
ng

e)

C D E F

**

WT CMO
0

0.5
1.0
1.5

pStat3

M
od

al
0

0.5
1.0
1.5

WT HSCs
exposed to:

WT CMO
niche

HG

LKS MPP HSC

0
8

16

32
24

* * **

LKS MPP HSC%
 a

po
pt

ot
ic

 c
el

ls

Annexin V

SS
C 9

3

14

72

6

W
T

C
M

O
B

IL-6
IL-1� NC

pS
ta

t3
 M

FI
(fo

ld
 c

ha
ng

e)

pStat3

M
od

al

pStat3

M
od

al

WT HSCs
exposed to:

WT CMOCMO niche

WT niche

A

0

20
30

10

WT CMO

Se
ru

m
 IL

-6
(p

g/
m

L)

**

0

10
15

5BM
 IL

-6
(p

g/
m

L)

***

WT CMO

Figure 6. CMO HSCs exhibit increased IL-6/Jak/Stat3 signaling and reduced apoptosis.

A IL-6 levels in serum and BM of WT (n = 6) and CMO (n = 8) symptomatic mice. Y-axis indicates the amount of IL-6 (pg/ml). Data represent mean � s.d.
B Representative flow cytometry histograms of pStat3 signal in WT HSCs stimulated with IL-1b (red), IL-6 (purple), or nonstimulated control (NC, green).
C Representative flow cytometry histograms of pStat3 signal from WT HSCs exposed to WT (blue) or to CMO (green) niche.
D Quantification of panel (C). Y-axis indicates pStat3 mean fluorescence intensity (MFI). Values are normalized to the average of the WT. Each symbol indicates values

for one biological replicate (mouse). At least seven mice were used per group in three separate experiments. Data represent mean � s.d.
E Representative flow cytometry histograms of pStat3 signal from WT (blue) and CMO (orange) HSCs.
F Quantification of panel (E). Y-axis indicates pStat3 mean fluorescence intensity (MFI). Values are normalized to the average of the WT. Each symbol represents one

biological replicate, either a WT mouse (blue) or a CMO mouse (orange). At least 10 mice were used per group in three separate experiments. Data represent
mean � s.d.

G Representative flow cytometry plots from WT (upper plots) and CMO (lower plots) BM cells. Numbers indicate the percentage of Annexin V+ cells in distinct BM
populations.

H Quantification of panel (G). Y-axis indicates the percentage of Annexin V+ cells and x-axis the distinct BM subpopulations. Each symbol represents one biological repli-
cate (WT mice in blue and CMO mice in orange). At least eight mice were used per group in three separate experiments. Data represent mean � s.d.

Data information: In this figure, statistical significance was assessed using two-tailed Student’s t-tests (*P < 0.05, **P < 0.01, ***P < 0.001).
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no effect on the CMO disease onset nor on the expansion of HSCs.

On the other hand, CMO mice with whole-body MyD88 deletion did

not develop signs of the autoinflammatory disorder; however, these

mice still exhibited an expansion of the HSC compartment. These

observations indicate that signals originating in the nonhematopoi-

etic BM niche drive HSC expansion under chronic inflammatory

conditions, although strikingly, independently of the pro-

inflammatory cytokine IL-1b.
IL-6 is a multifunctional cytokine whose production is enhanced

during inflammation. Here, we demonstrated that IL-6 levels are ele-

vated in CMO mice and that IL-6 can directly act on HSCs and

increase the levels of pStat3, promoting myelopoiesis, survival, and

expansion of the HSC pool. Nevertheless, inhibition of IL-6 activity,

either by using IL-6- or IL-6 receptor-blocking antibodies, although

able to reduce HSC numbers in CMO mice, was not sufficient to

restore the functional defects in HSCs. These observations suggest

that additional factors may contribute to HSC alterations under

chronic inflammatory conditions, and future studies should address

this point. Remarkably, an additional aspect that could contribute to

HSC alterations in CMO mice is the microbiota. It was previously

published that CMO mice were protected from developing an

inflammatory phenotype when fed with a diet high in fat and

cholesterol and that these effects were mediated by changes in the

intestinal microbiota (Lukens et al, 2014b). In fact, a large body of

evidence supports the role of microbiota in the pathogenesis of

inflammatory disorders (Clarke et al, 2010; Maloy & Powrie, 2011;

Koh & Kim, 2017; Tajik et al, 2020), and thus, future research

should determine whether the microbiome composition can also

affect the HSC pool under chronic inflammatory conditions.

We demonstrated that the nonhematopoietic compartment in the

BM can imprint a pro-inflammatory profile in HSCs exposed to a

chronic inflammatory context. Using RNA-seq in WT HSCs exposed

to the CMO niche, we reported the activation of IFNa and IFNc
responses, NF-jΒ activity, and elevated ROS pathway, which was

previously reported to regulate HSC activity (Ito et al, 2006;

Baldridge et al, 2010; King & Goodell, 2011; Mirantes et al, 2014;

Poulos et al, 2016; Nakagawa et al, 2018). Particularly interesting

was the activation of the IL-6/Jak/Stat3 signaling pathway, since we

and others reported its critical role in stressed-induced myelopoiesis

(Maeda et al, 2005, 2009; Danek et al, 2020), a hallmark of the CMO

phenotype. As mentioned above, blocking IL-6 activity was not suf-

ficient to restore the HSC defects in CMO mice; however, the Jak/

Stat3 signaling pathway can be activated by distinct cytokines

(McLemore et al, 2001; Yu et al, 2009; Nguyen et al, 2015). Accord-

ingly, using Stat3 inhibitors, which are currently in clinical trials

(Beebe et al, 2018), we demonstrated that Stat3 blockage was suffi-

cient to prevent HSC expansion and rescue HSC fitness in CMO

mice, enforcing the idea that in addition to IL-6, other factors acti-

vating the Jak/Stat3 signaling pathway contribute to detrimental

effects observed under chronic inflammatory conditions in HSCs. In

fact, we also observed that upon transplantation of WT BM cells

into CMO recipients, the levels of IL-6 were not elevated in all CMO

recipients, supporting the notion that additional cytokines are

involved in activating the Jak/Stat3 signaling pathway. Thus, future

studies should determine which additional factors in the CMO

mouse model contribute to the activation of this signaling pathway

in HSCs.

Technically, we need to consider that we employed lethal irradia-

tion of WT and CMO recipient mice to perform BM transplantation

studies and determine the role of the niche on WT HSCs. Thus, a

potential pitfall of this approach is that the irradiation may affect

cellular components from the niche or induce a certain degree of

inflammation that could affect the BM reconstitution upon trans-

plantation (Cao et al, 2011; Green et al, 2013; Severe et al, 2019).

Future experiments assessing the role of WT or CMO BM niche on

HSCs may benefit from nonmyeloablative strategies to condition the

recipient mice (Hsieh et al, 2007; Du et al, 2018).

CMO mice share many features with CRMO patients, including

elevated levels of cytokines and chemokines in serum such as IL-1b
and IL-6 (Chitu et al, 2009; Hofmann et al, 2016). Patients diag-

nosed with CRMO are mostly children, as the median age of diagno-

sis is 10 years old. CMRO is a type of nonbacterial osteomyelitis,

characterized by bone pain and fever. Its etiology is unknown, but

it is unlikely caused by infections or autoimmunity. Current

◀ Figure 7. Stat3 inhibition prevents the expansion of CMO HSCs and rescues HSC fitness.

A Scheme of Stattic treatment.
B Pictures of representative paws from CMO mice treated with PBS control or Stattic. Pictures were taken on the last day of the experiment before sacrificing the

mice.
C, D Absolute number of BM cells (C) and granulocytes (D) in CMO mice. Y-axes indicate the number of cells per leg. X-axes indicate PBS (orange) or Stattic treatment

(red). Each symbol indicates values for one biological replicate (mouse). At least 17 mice were used per group in three separate experiments. Data represent
mean � s.d.

E Representative flow cytometry plots from PBS- (left plot) and Stattic-treated (right plot) CMO mice.
F Quantification of the absolute number of HSCs per leg. Each symbol represents one biological replicate (PBS-treated CMO mouse, orange, and Stattic-treated CMO

mouse, red). Data represent mean � s.d. At least 17 mice were used per group in three separate experiments.
G Schematic representation of the experimental design.
H Frequency of functional HSCs in CMO mice after treatment with Static (red) or PBS control (orange). Graph shows the curve fit of the log fraction of nonresponding

mice (solid lines) and confidence intervals (dashed lines) versus the number of mice tested. Logarithmic plot shows the percentage of nonresponder recipient mice.
Responders exhibited engraftment of ≥ 0.5% Ly5.1+ cells and contribution ≥ 0.5% in at least two out of three lineages (granulocytes, B-cells, and T-cells) at week 16
post-transplantation. X-axis indicates the dose of transplanted cells. Right table shows the number of responders and the total number of recipients transplanted
per cell dose. Frequencies of HSCs were calculated using ELDA online software based on Poisson distribution statistics (Chi-square test; Chisq = 6.09; P = 0.0136).

I Representative flow cytometry histograms of pStat3 signal from PBS- or Stattic-treated CMO mice.
J Quantification of panel (I). Y-axis indicates pStat3 mean fluorescence intensity (MFI). Values are normalized to the average of the PBS-treated CMO mice. Each sym-

bol represents values for a biological replicate (mouse). At least seven mice were used per group in two separate experiments. Data represent mean � s.d.

Data information: In this figure statistical significance was assessed using two-tailed Student’s t-tests (*P < 0.05, **P < 0.01, ns, not significant), unless otherwise indi-
cated.
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treatment consists of nonsteroidal anti-inflammatory drugs

(NSAIDs), corticosteroids, and disease-modifying anti-rheumatic

drugs (DMARDs; Hofmann et al, 2017). Our data indicate that the

CMO phenotype is mediated by two distinct mechanisms; (i) the IL-

1b/MyD88 signaling pathway, responsible for the swollen paws, tail

nodes, increased BM cellularity, and elevated number of granulo-

cytes, and (ii) the Jak/Stat3 signaling pathway, in part activated by

IL-6, and responsible for HSC alterations. We observed that by

treating CMO mice with Stattic, a Stat3 inhibitor, we were able to

prevent HSC expansion, a condition reported in the context of

chronic inflammation in humans (Baylis et al, 2013; Cook

et al, 2019; Bick et al, 2020; Caiado et al, 2021), and to rescue HSC

fitness. Remarkably, Stattic administration did not affect the BM

composition, including the HSC pool, in WT mice. Interestingly, the

distinct effects of Stattic in WT and CMO mice could be explained

by the different levels of Stat3 activation in WT and CMO HSCs,

which would point to a therapeutic window. Thus, our data open

new venues of intervention for particular autoinflammatory disor-

ders in which a combination of anti-inflammatory drugs and Stat3

inhibitors would aim at reducing inflammation and preserve HSC

activities, respectively.

Materials and Methods

Animal models

Three types of CMO mice were used in this study: Pstpip2wt/wt (WT

controls), Pstpip2cmo/cmo (experimental group lacking the Pstpip2

protein and referred to as CMO mice), and Pstpip2wt/cmo (used for

colony maintenance). CMO mice were 4- to 7-weeks-old when they

are still asymptomatic. CMO symptomatic mice were 20- to 25-

weeks-old and exhibited swollen paws, tail kinks, and inflamed

ears. CMO mice were crossed to whole-body MyD88�/� mice and

generated Pstpip2wt/wt MyD88�/� (control), Pstpip2cmo/cmo MyD88�/

� (CMO mice lacking MyD88 adaptor protein) and Pstpip2wt/cmo

MyD88�/� (used for colony maintenance). Finally, CMO mice

were crossed to MyD88flox/flox VAV-iCre mice generating CMO

MyD88flox/flox VAV-iCre� and CMO MyD88flox/flox VAV-iCre+ mice.

Mice were maintained in the animal facility of the Institute of Molec-

ular Genetics of the CAS. All experiments were approved by the eth-

ical committee of the institute.

Flow cytometric analysis and HSC sorting

WT and CMO mice were sacrificed by cervical dislocation, femurs

and tibias were isolated, and crunched using pestle and mortar, or

in the case of the spleen, processed with syringe pistons. After

obtaining single-cell suspensions, red blood cells were lysed. Cells

were then labeled with fluorescence-conjugated antibodies and

analyzed on LSRII or Symphony instruments (BD Biosciences, San

Jose, CA, USA). Antibodies that were used for phenotypic analysis:

Gr1 APC (RB6-8C5), CD11b FITC (M1/70), anti-mouse Lineage

Cocktail Pacific Blue (including CD3 (17A2); Gr1 (RB6-8C5);

CD11b (M1/70); CD45R/B220 (RA3-6B2); TER-119 (Ter-119)), c-

Kit PE (2B8), Sca-1 APC (D7), FccRII/III Pe-Cy7 (93), CD34 FITC

(RAM 34), CD48 FITC (HM48-1), CD150 Pe-Cy7 (TC15-12F12.2).

Transplanted mice were analyzed using Ly5.1 FITC (A20), Ly5.2

PE-Cy7 (104), Gr1 APC (RB6-8C5), CD11b APC (M1/70), CD45/

B220 APC, CD45/B220 PE (RA3-6B2), and CD3e PE (145-2C11).

Analysis of the pStat3 and IkB-a levels was done using anti-mouse

Lineage Cocktail Pacific Blue (including CD3 (17A2); Gr1 (RB6-

8C5); CD11b (M1/70); CD45R/B220 (RA3-6B2); TER-119 (Ter-

119)), c-Kit APC (2B8), Sca-1 BV650 (D7), CD48 FITC (HM48-1),

CD150 Pe-Cy7 (TC15-12F12.2). Preparation of BM HSCs for sorting

and transplantation was a two-step process. First, the Lin+ fraction

of the BM cells was labeled using biotinylated lineage markers:

CD45/B220 (RA3-6B2), CD3 (145-2c11), Ter119 (TER-119), Gr1

(RB6-8C5), and CD11b (M1/70). These cells were further labeled

with anti-biotin magnetic beads (Miltenyi Biotec, Bergisch Glad-

bach, Germany) and depleted on a MACS separator (Miltenyi

Biotec) according to the manufacturer’s protocol. Second, the Lin�

fraction of the BM was labeled with the following antibodies: c-Kit

(2B8), Sca-1 APC (E13-161.7), CD48 FITC (HM48-1), CD150 Pe-

Cy7 (TC15-12F12.2), and streptavidin-eFluor450. Influx instrument

(BD Biosciences) was employed to sort HSCs according to the fol-

lowing sorting strategy (Danek et al, 2020): Lin�, c-Kit+, Sca-1+,

CD48� CD150+. For secondary transplantations, biotinylated Ly5.1

or Ly5.2 were added to antibody premixes. In all flow cytometric

analyses, except pStat3 analysis in fixed cells, Hoechst 33258 was

added to cell suspensions to exclude dead cells. Antibodies were

purchased from BD Biosciences, eBioscience (San Diego, CA,

USA), BioLegend (San Diego, CA, USA), or Exbio (Praha, Vestec,

Czech Republic). Data were obtained using Diva software (BD Bio-

sciences) and analyzed using FlowJo software (Tree Star Incorpo-

ration, Ashland, OR, USA).

HSC limiting dilution transplantation assays

Donor strains used in these assays expressed Ly5.2, and congenic

C57BL/6 mice used as recipients expressed Ly5.1. Unless otherwise

indicated, mice employed were 8–12 weeks old. Up to three differ-

ent doses of HSCs (5, 10, and 20), defined as LKS CD48� CD150+

were sorted and intravenously transplanted together with 5 × 105

WT BM (Ly5.1+) support cells. Recipient mice were lethally irradi-

ated with 6 Gy prior to transplantation. Peripheral blood (PB) and

BM were analyzed 16 weeks post-transplantation. Cells were

stained with antibodies against Ly5.1 and Ly5.2 to distinguish the

donor-derived from support cells. Additionally, lineage-specific anti-

bodies (B220, CD3, CD11b, and Gr1), were employed to assess the

reconstitution of B-cells, T-cells, and myeloid cells, respectively. A

recipient mouse was defined as positive if the engraftment of donor

cells was ≥ 0.5% Ly5.2+ cells contributing to at least two out of the

three lineages. The frequency of HSCs was calculated with ELDA

online software (Hu & Smyth, 2009) using Poisson statistics and the

method of maximum likelihood to the proportion of negative recipi-

ents in a limiting dilution setting.

Exposure of WT BM to WT or CMO hematopoietic cells in vivo

Twenty-week-old C57BL/6 (Ly5.2+) WT or CMO whole BM was iso-

lated and mixed with C57BL/6 (Ly5.1+) whole BM in a ratio of 10:1

and transplanted intravenously into lethally irradiated recipient

C57BL/6 (Ly5.1+) mice. Twelve weeks later, donor Ly5.1+ HSCs,

defined as LKS CD48� CD150+ were isolated and transplanted into

lethally irradiated secondary C57BL/6 (Ly5.2+) recipient mice. A
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single dose of 20 HSCs was used, together with 0.5 × 106 of support

cells (Ly5.2). PB and BM of recipient mice were analyzed 16 weeks

post-transplantation. Cells were stained with Ly5.1 and Ly5.2 anti-

bodies to distinguish donor and support cells as well with B220,

CD3, CD11b, and Gr1 to determine tri-lineage reconstitution. A

recipient mouse was defined as positive if the engraftment of donor

cells was ≥ 0.01% Ly5.1+ cells contributing to at least one out of the

three lineages. Unless otherwise indicated, mice employed were 8–

12 weeks old.

Exposure of WT BM to WT or CMO BM niche in vivo

C57BL/6 (Ly5.1+) mouse was used as a donor, and C57BL/6

(Ly5.2+) WT and CMO mice were used as recipients. A single dose

of 3 × 106 donor cells was injected intravenously into lethally irra-

diated (6 Gy) recipients. Twelve weeks later, donor Ly5.1+ cells

were isolated and transplanted into lethally irradiated secondary

C57BL/6 (Ly5.2+) recipients. Two doses were used for secondary

transplantation: 0.5 × 106 or 1.5 × 106 were transplanted per recip-

ient mouse, together with 0.5 × 106 competitor (Ly5.2+) BM cells.

PB was analyzed 8 and 16 weeks post-transplantation, and BM

was analyzed 16 weeks post-transplantation. Cells were stained

with Ly5.1 and Ly5.2 antibodies to distinguish donor and support

cells as well with B220, CD3, CD11b, and Gr1 to determine tri-

lineage reconstitution. Separately, WT Ly5.1+ HSCs, defined as

LKS CD48� CD150+ were isolated from primary recipients and

transplanted into secondary C57BL/6 (Ly5.2+) recipients. Three dif-

ferent doses of HSCs (20, 40, and 100) were sorted and trans-

planted intravenously, together with 0.5 × 106 WT BM (Ly5.2+)

support cells. PB and BM of recipient mice were analyzed

16 weeks post-transplantation. Cells were stained with Ly5.1 and

Ly5.2 antibodies to distinguish donor and support cells as well

with B220, CD3, CD11b, and Gr1 to determine tri-lineage reconsti-

tution. A recipient mouse was defined as positive if the engraft-

ment of donor cells was ≥ 0.01% Ly5.1+ cells contributing to at

least one out of the three lineages. Unless otherwise indicated,

mice employed were 8–12 weeks old.

RNA sequencing and data analysis

HSCs, defined as Lin� c-Kit+ Sca-1+ CD48� CD150+, were sorted

using an Influx instrument (BD Biosciences), lysed with Tri Reagent

RT (Molecular Research Center, Cincinnati, OH, USA), and RNA

was extracted with RNEasy MinElute Cleanup Kit (Qiagen, Venlo,

Netherlands). Libraries (300 pg mRNA per sample) were prepared

with SMARTer� Stranded Total RNA-Seq—Pico Input Mammalian

library preparation kit v2 (Takara). Library size distribution was

evaluated on the Agilent 2100 Bioanalyzer using the High Sensitivity

DNA Kit (Agilent). Libraries were sequenced on the Illumina

NextSeq� 500 instrument using 75 bp single-end high output con-

figuration. Read quality was assessed by FastQC. For subsequent

read processing, a bioinformatic pipeline nf-core/rnaseq version 1.3

was used. Individual steps included removing sequencing adaptors

with Trim Galore, mapping to reference genome GRCm38 (Ensembl

annotation version 94) with HISAT2, and quantifying expression on

gene level with featureCounts. Counts mapped per gene served as

input for differential expression analysis using DESeq2 R Bioconduc-

tor package. Prior to the analysis, genes not expressed in at least

two samples were discarded. Shrunken log2-fold changes using the

adaptive shrinkage estimator were used for differential expression

analysis. Genes exhibiting minimal absolute log2-fold change value

of 0.585 (1.5 fold change) and statistical significance (adjusted P-

value < 0.1) between compared groups of samples were considered

as differentially expressed for subsequent interpretation and visual-

ization.

ELISA assays

IL-6 ELISA
Serum was collected from 20- to 28-week-old WT and CMO mice

and the levels of IL-6 were measured using the InvitrogenTM eBio-

scienceTM Mouse IL-6 ELISA Ready-SET-Go!TM Kit, catalog number

(88-7064-22). Manufacture instructions were followed. IL-6 levels in

BM were measured by crunching the femur and tibiae in 600 ll
PBS. Samples were spun, supernatants were transferred to new

tubes, and total protein concentration was determined using Pier-

ceTM BCA Protein Assay Kit, catalog number 23225. Sixty microgram

of total protein was used for ELISA (Mouse IL-6 Quantikine ELISA

Kit, catalog number M6000B).

IL-1b ELISA
Femur and tibiae (WT, CMO, MyD88xCMO, CMO MyD88-flox

VavCre, age 16 w-37 w) were flushed with 500 ll of buffer mix (2×

Lysis Buffer and CompleteTM ULTRA Tablets, Mini, EASYpack

Protease Inhibitor Cocktail). Next, samples were spun, supernatants

transferred to new tubes and total protein concentration determined

as indicated above. One hundred microgram total protein was used

for ELISA (IL-1 beta Mouse Uncoated ELISA Kit, Invitrogen, catalog

number 88-7013). Hind paws were homogenized with a mixer in

RIPA buffer supplemented with protease inhibitor cocktail (Protease

Inhibitor Cocktail Set III, EDTA-Free—Calbiochem, Millipore, cata-

log number 539134). Total protein concentration was measured as

mentioned above. Sixty microgram of total protein was used for

ELISA (IL-1 beta Mouse Uncoated ELISA Kit, Invitrogen, catalog

number 88-7013).

Intracellular flow cytometry analysis

Whole BM cells (4 × 106 cells/sample) were stained for cell-surface

markers. Samples were then fixed using BD Fixation/Permeabiliza-

tion Solution Kit (catalog #: 554714) and further permeabilized

using Phosflow Perm Buffer III (catalog #: 558050). Finally, they

were stained overnight with pStat3 PE (13A3-1) or IkB-a (3D6C02)

antibodies (Biolegend) and analyzed on FACS.

RNA isolation, cDNA preparation, and quantitative RT–PCR

RNA from murine LKS cells was extracted with Tri Reagent RT

(Molecular Research Center) and treated with DNaseI (Thermo

Fisher Scientific, Waltham, MA, USA) according to the manufac-

turer’s instructions. Briefly, cDNA was prepared using SuperScript

II Reverse Transcriptase (Thermo Fisher Scientific). Quantitative

RT–PCR was performed using a LightCycler� 480 SYBR Green I

Master mix and samples were run on a LightCycler� 480 Instru-

ment II (both Roche Molecular Systems, Pleasanton, CA, USA). For

each sample, transcript levels of tested genes were normalized to
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Gapdh. Primer sequences used for quantitative RT–PCR are listed

below:

Gene Orientation Organism Sequence (50–30)

Mmp9 F Human ACGGTTGGTACTGGAAGTTC

R Human CCAACTTATCCAGACTCCTGG

Bcl2l11 F Mouse CGCAGATCTTCAGGTTCCTC

R Mouse ACAAACCCCAAGTCCTCCTT

Bcl2 F Mouse GGTCTTCAGAGACAGCCAGG

R Mouse GATCCAGGATAACGGAGGCT

Casp1 F Mouse AGTCCTGGAAATGTGCCATC

R Mouse TCAGCTCCATCAGCTGAAAC

Gapdh F Mouse AACTTTGGCATTGTGGAAGG

R Mouse ATCCACAGTCTTCTGGGTGG

Stattic treatment

Stattic (Stat3 inhibitor) was purchased from MedChemExpress (cata-

log #: HY-13818). WT and CMO mice were injected intraperitoneally

with PBS control or Stattic (20 mg/kg). A total of 13 injections were

administered, with the schedule three times per week, for 4 weeks,

followed by a final injection the day before the analysis.

IL-6-blocking antibody and IL-6 receptor-blocking antibody
(MR16-1) treatment

Ultra-LEAFTM Purified anti-mouse IL-6 antibody (MP5-20F3, Biole-

gend), an IL-6-blocking antibody, was administered intraperitoneally

three times per week (Monday to Friday, every other day) for

4 weeks. MR16-1 (rat anti-mouse interleukin-6 receptor monoclonal

antibody) was a kind gift from Chugai Pharmaceutical, Tokyo, Japan.

The specificity and blocking ability of this monoclonal antibody were

verified in previous reports (Katsume et al, 2002; Okazaki et al, 2002).

CMO mice received an intraperitoneal injection of 2 mg of MR16-1 the

first week, followed by weekly administration of 0.5 mg of MR16-1 for

4 weeks. PBS was administered on the same schedule as a negative

control. Animals were sacrificed and analyzed 2 days after the last

injection (in case of Ultra-LEAFTM Purified anti-mouse IL-6 antibody)

or 5 days after the last injection (in case of MR16-1 treatment).

Western blotting analysis

WT and CMO BM were isolated and enriched for c-Kit+ fraction using

MACS separator. The cells were then lysed in SDS–PAGE sample buffer

and centrifuged at 120,000 × g to remove insoluble material. The sam-

ples were then separated using reducing SDS–PAGE (10% polyacry-

lamide gel). Following separation, samples were transferred to PVDF

membrane and stained with anti-pStat3 and anti-Gapdh antibodies.

Apoptosis assays

Apoptosis was assessed as previously reported (Zjablovskaja et al, 2017).

Briefly, WT and CMO BM cells were stained as indicated above for LKS,

MPP, and HSC labeling in combination with Annexin V (BD Biosciences).

Samples were analyzed on a Symphony instrument (BD Biosciences).

Statistical analysis

Statistical significance for indicated datasets was determined using a

two-sided, unpaired Student’s t-test. P-values < 0.05 were consid-

ered statistically significant. Scatter dot plots depict the mean with

error bars representing standard deviation (s.d.). Frequency of func-

tional HSCs was measured by limiting dilution competitive repopu-

lation unit assays and calculated using ELDA online software based

on Poisson distribution statistics.

Data availability

The RNA-sequencing data from this publication have been deposited

to the Array Express database (https://www.ebi.ac.uk/biostudies/

arrayexpress) and assigned the identifier E-MTAB-10956.

Expanded View for this article is available online.
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