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SUMMARY
We previously demonstrated that long-term trained immunity (TRIM) involves adaptations that imprint innate
immune memory in long-lived myelopoiesis precursors and their progeny, monocytes/macrophages and
neutrophils, which thereby acquire enhanced responsiveness to future challenges. Here, we show that a
distinct component of myeloid biology, osteoclastogenesis, can also undergo innate immune training.
Indeed, b-glucan-induced TRIM was associated with an increased osteoclastogenesis bias in the bone
marrow and an expansion of monocytes/osteoclast progenitors in the periphery, resulting in aggravated
severity of experimental periodontitis and arthritis. In the setting of trained inflammatory osteoclastogenesis,
we observed transcriptomic rewiring in synovial myeloid cells of arthritic mice, featuring prominent upregu-
lation of the transcription factor melanogenesis-associated transcription factor (MITF). Adoptive transfer of
splenic monocytes from b-glucan-trained mice to naive recipients exacerbated arthritis in the latter in a
strictlyMITF-dependentmanner. Our findings establish trained osteoclastogenesis as amaladaptive compo-
nent of TRIM and potentially provide therapeutic targets in inflammatory bone loss disorders.
INTRODUCTION

Disorders associated with inflammatory bone loss include peri-

odontitis and inflammatory arthritis.1–3 In periodontitis and

arthritis, a complex network of inflammatory cytokines and im-

mune cells operates together with osteoclasts, the professional

bone-resorbing cells, to promote gingival or synovial inflamma-

tion and bone loss.1,2,4,5
Developmental Cell 60, 1–17,
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Osteoclasts are large, multinucleated bone-resorbing cells that

derive from the myeloid lineage.4,6 Osteoclastogenesis is facili-

tated by the synergistic actions ofmacrophage colony stimulating

factor (M-CSF), which binds to the CSF-1 receptor (CSF1R;

CD115), with receptor activator of nuclear factor kB (NF-kB) ligand

(RANKL).6,7 However, alternative pathways of osteoclast differen-

tiation have been described in inflammation.8 Osteoclasts share a

common progenitor with monocytes/macrophages and dendritic
July 7, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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cells in the bonemarrow (BM), which lies downstreamof the gran-

ulocyte-macrophage progenitors (GMPs).9–11 Aside from these

BM progenitors that produce osteoclasts mainly operating in ho-

meostatic bone remodeling, several other cell types have been

identified as potential osteoclast progenitors (OCPs), especially

during inflammation.4,12–16 Cells harboring OCP potential include

monocytes and macrophages.4,12,13,17 For example, classical

(CD11b+CD115+Ly6Chigh) monocytes may contain OCP activity

and generate osteoclasts.13,16 In the inflamed arthritic synovium,

monocyte-derived macrophage subpopulations may also give

rise to osteoclasts.12 Recruitment of OCPs from the BM, the

spleen, or the blood, and their differentiation to osteoclasts, con-

tributes to bone resorption in inflammatory bone loss disorders. In

summary, OCPs display large heterogeneity, especially under

conditions of inflammation-associated bone loss.18

In arthritis and periodontitis, cytokines, such as interleukin (IL)-

17, tumor necrosis factor (TNF), IL-6, and IL-1b, produced by

diverse cells of innate and adaptive immunity, contribute to sy-

novial or gingival inflammation and amplify bone erosion via

direct or indirect stimulation of osteoclast generation and activa-

tion, in part by upregulating expression of RANKL in different cell

types, including synovial fibroblasts in arthritis.2,19–23

Trained immunity (TRIM), the enhanced immune response

consequent to induction of innate immune memory, has recently

emerged as a key principle in the long-term regulation of inflam-

matory responses.24–26 Certain pathogen-derived agonists,

such as fungal b-glucan, or vaccines endow myeloid cells with

enhanced inflammatory preparedness via sustained metabolic,

epigenetic, and transcriptomic rewiring, which, in turn, promotes

increased responses to future challenges.24 We and others have

previously established that the prolonged actions of TRIM,

despite the short lifetime of myeloid cells in the circulation, are

mediated by rewiring of long-lived BM progenitors, including he-

matopoietic stem and progenitor cells (HSPCs).27–30 Although

TRIM can exert beneficial actions by protecting against infec-

tions31–34 and cancer,30,35 inflammatory memory imprinted in

BM hematopoietic progenitors may also contribute to inflamma-

tory diseases and the comorbidity between inflammatory bone

loss disorders.36–40 However, whether osteoclastogenesis itself

is subject to innate immune training under these conditions is

entirely unknown. This is of particular importance in the context

of the potent anti-cancer effects of b-glucan-induced TRIM.30

Indeed, the use of b-glucan preparations in clinical trials for can-

cer immunotherapies,41,42 often in combination with immune

checkpoint inhibitors,42 may require caution given that inflam-

matory bone loss is a frequent side effect of cancer immunother-

apies, particularly of immune checkpoint inhibitors.43,44 Hence,

understanding the potential role of b-glucan-induced TRIM in

osteoclastogenesis and inflammatory bone loss is imperative.

Here, we demonstrate that innate immune training of inflamma-

tory osteoclastogenesis is an additional facet of TRIM that

amplifies inflammatory bone loss.

RESULTS

TRIM promotes inflammatory bone loss in experimental
periodontitis and arthritis
To explore the role of TRIM in inflammatory bone loss pathol-

ogies, we employedmousemodels of experimental periodontitis
2 Developmental Cell 60, 1–17, July 7, 2025
and arthritis. We first pre-treated wild-type (WT) mice with an

intraperitoneal (i.p.) injection of the prototype agonist of TRIM,

b-glucan,27 or PBS as control. 7 days thereafter, b-glucan-

treated (trained) or control-treated (non-trained) mice were sub-

jected to ligature-induced periodontitis (LIP) by ligating the

maxillary second molar, with the contralateral tooth kept unli-

gated to serve as baseline control (Figure 1A); periodontitis

was analyzed 5 days later. Compared with untrained controls,

trained mice exhibited significantly increased periodontal bone

loss at the ligated sites (Figure 1B). Expression of proinflamma-

tory genes (Il6, Il1b, and Il17a) was increased in the gingival tis-

sue of trained mice, compared with non-trained controls,

5 days after LIP induction (Figure 1C). Additionally, Tnfsf11, en-

coding for the cardinal osteoclastogenic factor RANKL, was up-

regulated in the gingival tissue of LIP-subjected trained mice

(Figure 1C). Therefore, b-glucan-induced TRIM exacerbates in-

flammatory bone loss upon application of a secondary stimulus

(LIP).

We next investigated the relevance of these findings in exper-

imental arthritis. Mice were subjected to collagen-antibody-

induced arthritis (CAIA) 7 days after TRIM induction by a single

i.p. injection with b-glucan or PBS administration as control (Fig-

ure 2A). Mice pre-treated with b-glucan developed more severe

arthritis compared with untrained controls, as shown by

increased ankle thickness and arthritis score (Figures 2B and

2C). Gene expression analysis of the synovium 7 days after

CAIA induction revealed upregulation of inflammatory cytokines

Il1b and Il17a in trained mice compared with non-trained con-

trols, indicating increased inflammatory activity in the joints

following TRIM induction (Figure 2D). Expression of Nfatc1, a

master transcription factor of osteoclastogenesis,2,45,46 was up-

regulated in the joints of trained mice (Figure 2D). Gene expres-

sion analysis from synovial myeloid cells (CD11b+) and stromal

cells (CD45�) of arthritic mice pre-treated with b-glucan or

PBS revealed that the expression of inflammatory cytokines

was significantly increased in CD11b+ but not in CD45� cells

due to TRIM induction (Figures S1A and S1B). Thus, synovial

myeloid cells, rather than stromal cells, are targeted by TRIM

for enhanced cytokine responses. Additionally, Nfatc1 expres-

sion was increased in synovial CD11b+ myeloid cells from

trained arthritic mice as compared with those from untrained

mice (Figure S1A). We then performed tartrate-resistant acid

phosphatase (TRAP) staining in the knee joints to assess

whether b-glucan-induced TRIM affected osteoclastic activity

in arthritis. There was no significant difference in the numbers

of osteoclasts (TRAP+ multinucleated cells [MNCs]) in the knee

joints 7 days after mouse pre-treatment with b-glucan or PBS

without subsequent arthritis induction (Figure S1C). In contrast,

osteoclast numbers were significantly increased in trained

mice 7 days after CAIA induction compared with untrained

PBS-control mice (Figures 2E and 2F). Hence, TRIM induction

led to increased osteoclastogenesis in the joints only upon a sec-

ondary challenge (arthritis), consistent with the TRIM concept.

To consolidate the notion that b-glucan-induced TRIM pro-

motes arthritis, we employed an independent model, namely

the K/BxN serum transfer arthritis model (K/BxN-STA). Mice

were similarly treated with b-glucan or PBS 7 days before inject-

ing K/BxN serum to trigger arthritis (Figure 3A). Consistent with

our previous results in LIP and CAIA, training with b-glucan



A B

C

Figure 1. TRIM promoted inflammatory bone loss in LIP

(A) Mice were pre-treated with b-glucan or PBS-control. After 7 days, periodontal bone loss was induced for 5 days in both groups by ligating a maxillary second

molar and leaving the contralateral tooth unligated.

(B) Periodontal bone loss 5 days after LIP induction (n = 6 mice per group).

(C) Relative mRNA expression of the indicated molecules in gingival tissues, harvested on day 5 of LIP (n = 6 mice per group). Results are presented as fold

change in the transcript levels in ligated sites relative to those of corresponding unligated sites, which were assigned a value of 1.

Data are mean ± SEM; *p < 0.05, **p < 0.01. Unpaired t test (B and C) except for Il17a in (C) (Mann-Whitney U test). U, unligated; L, ligated.
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aggravated arthritis, as demonstrated by increased ankle joint

thickness and clinical arthritis score at the peak of the disease

(Figures 3B and 3C). Enhanced expression of proinflammatory

cytokines Il6, Il1b, Tnf, and Il17a was observed in the synovium

of arthritic mice that were trained with b-glucan (Figure 3D). In

trained arthritic mice, synovial Nfatc1 expression was upregu-

lated compared with untrained arthritic mice (Figure 3D), consis-

tent with the findings from the CAIA model. Despite the

increased inflammatory signaling in the synovium of trained

mice subjected to K/BxN-STA, the frequencies of synovial

myeloid cells, including neutrophils (CD11b+Ly6G+), monocytes

(CD11b+Ly6G�Ly6C+), and macrophages (CD11b+Ly6G�F4/
80+), were comparable between trained and untrained mice at

different time intervals (5, 10, and 17 days), as assessed by

flow cytometry (Figures S2A–S2D). Hence, the enhanced proin-

flammatory phenotype observed in trained mice subjected to

K/BxN-STA is associated with qualitative alterations (higher in-

flammatory gene expression) rather than quantitative changes

in myeloid cell populations. This is consistent with previous ob-

servations that TRIM induction is often associated with qualita-

tive rather than quantitative changes.30

Histological analysis revealed that osteoclast numbers in the

knee joints tended to be higher in b-glucan-trained arthritic mice

compared with non-trained arthritic mice (Figures 3E and 3F).
Asalluded to above, TRIMmay not necessarily lead toquantitative

changes30; we thus assessed whether there was higher osteo-

clastic activity in the K/BxN-STA model due to TRIM induction.

To this end, we measured the serum levels of TRAP form 5b

(TRAcP 5b), a marker of osteoclastic activity and bone resorption.

We found higher TRAcP 5b concentrations 10 days after arthritis

induction in the K/BxN-STA model in b-glucan-trained compared

with untrained mice (Figure 3G), indicating increased osteoclastic

activity in K/BxN-STA arthritic mice due to TRIM induction.

Together, b-glucan-induced TRIM exacerbates inflammation,

osteoclastic activity, and disease severity in three different mouse

models of inflammatory bone loss (LIP, CAIA, and K/BxN-STA).

Enhanced inflammatory osteoclastogenesis upon
b-glucan-induced TRIM
Inflammatory bone loss is influenced not only by inflammation

but also by enhanced development and activation of osteoclasts

that drive bone erosion.2 Whereas it is well established that

b-glucan can train innate immune cells,24,27,30 the influence, if

any, of b-glucan-induced TRIM on osteoclastogenesis has not

been explored during inflammatory bone loss. As TRIM is initi-

ated by functional alterations in BM progenitors,27,36 we hypoth-

esized that b-glucan-induced innate immune training might have

an impact on BM OCPs as well.
Developmental Cell 60, 1–17, July 7, 2025 3
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Figure 2. Innate immune training with

b-glucan enhanced disease severity in CAIA

(A) Mice were pre-treated with b-glucan or PBS-

control. After 7 days, both groups of mice were

subjected to the CAIA model.

(B and C) The difference in ankle thickness, i.e.,

Delta (D) ankle thickness (B) and the arthritis score

(C) are shown (n = 7 mice per group).

(D) Relative mRNA expression of the indicated

molecules in knee joints, harvested on day 7 of the

CAIA model (n = 6 mice per group). Results are

presented relative to those of the PBS-control

group, set as 1.

(E and F) Histology analysis (TRAP staining) of

knee joints (harvested on day 7 of the CAIAmodel).

(E) Quantification of TRAP+ MNCs per area (n = 4

mice per group) and (F) representative TRAP-

stained images. Scale bars, 20 mm.

Data are mean ± SEM; ns, non-significant;

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Two-way ANOVA with repeated-measures and

Sidak’s post-test for comparison with PBS group

(B and C); unpaired t test (D and E).

See also Figure S1.
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In the BM of adult mice, the previously described CD115+

CD27high and the more committed CD115+CD27low/� OCP

populations serve as the primary OCPs giving rise to osteoclasts

under homeostasis.4,9 Both CD115+CD27high and CD115+

CD27low/� OCPs lie downstream of GMPs, which are important

cellular targets of TRIM.27,28,30 Flow cytometry was conducted

for CD115+CD27high OCPs (B220�c-Kit+CD11blow/�CD115+

CD27high) andCD115+CD27low/�OCPs (B220�c-Kit+CD11blow/�

CD115+CD27low/�) (Figure S3A) in the BM of mice trained with

b-glucan or treated with PBS-control for 7 days or mice pre-

treated with b-glucan or PBS for 7 days and additionally sub-

jected to K/BxN-STA for another 5 or 10 days. Although

b-glucan-induced TRIM alone (without subsequent arthritis

induction) did not affect the frequencies of CD115+CD27high

and CD115+CD27low/� OCPs in the BM (Figure 4A), 5 days

after K/BxN-STA induction, both populations significantly

expanded in b-glucan-trained mice compared with non-trained
4 Developmental Cell 60, 1–17, July 7, 2025
mice (Figure 4B). This effect diminished

10 days after arthritis induction (Fig-

ure 4C). Thus, b-glucan-induced TRIM

modulates CD115+CD27high and CD115+

CD27low/�OCPs in amanner that enables

them to expand (relative to their counter-

parts from untrained mice) upon a sec-

ondary challenge (arthritis). To provide

additional evidence for innate immune

training of osteoclastogenesis, we as-

sessed qualitative changes in OCPs

by analyzing expression of osteoclast-

related genes and transcription factors

in both CD115+CD27high and CD115+

CD27low/� OCPs. Although b-glucan-

mediated TRIM induction (without sec-

ondary arthritis challenge) did not affect

CD115+CD27high and CD115+CD27low/�
OCP abundance (Figure 4A),Nfatc1 expression was significantly

upregulated in both populations upon TRIM induction. Foxm1, a

transcription factor promoting osteoclast development,12 and

Ctsk, an established late-stage osteoclast marker gene,6 were

selectively upregulated in CD115+CD27low/� OCPs, the popula-

tion bearing elevated OCP potential,9 in trained mice relative to

untrained controls. No changes in expression of aforementioned

factors were observed in CD115+CD27high OCPs. Expression of

Nr4a1, a negative regulator of osteoclast development,47,48 was

downregulated in CD115+CD27low/� OCPs in trained mice

compared with untrained controls (Figures 4D and 4E). Expres-

sion of other osteoclastogenesis regulators (Oscar, Mafb, and

Irf8) in both populations was comparable between trained and

untrained mice (Figures S3B and S3C).

Hence, BMOCPs, especially the CD115+CD27low/�OCPs that

have higher OCP potential, display an increased bias toward os-

teoclastogenesis upon b-glucan-mediated TRIM induction. To
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Figure 3. Induction of TRIM exacerbated K/BxN-STA disease

(A) Mice were pre-treated with b-glucan or PBS-control. After 7 days, both groups of mice were subjected to K/BxN-STA.

(B and C) The difference in ankle thickness, i.e., Delta (D) ankle thickness (B) and the arthritis score (C) at the peak of the disease (day 10 after K/BxN-STA

induction) are shown. Data are from two independent experiments (n = 14 mice per group).

(D) Relative mRNA expression of the indicated molecules in knee joints, harvested on day 17 of the K/BxN-STA model. Results are presented relative to those of

the PBS-control group, set as 1. Data are from two independent experiments (n = 14 mice per group).

(E and F) Knee joints (harvested on day 10 of the K/BxN-STAmodel) were processed for TRAP staining. (E) Quantification of TRAP+MNCs per area (n = 8mice per

group). (F) Representative TRAP-stained images. Scale bars, 20 mm.

(G) Concentration of TRAcP 5b in the serum on day 10 of the K/BxN-STA model (n = 8 mice per group).

Data are mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001. Unpaired t test (B and E) or Mann-Whitney U test (C, D, and G).

See also Figure S2.
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further test this hypothesis, we cultured BM cells isolated from

b-glucan-trained mice or PBS-treated controls and performed

ex vivo RANKL-induced osteoclastogenesis assays.49 BM cells

isolated from trained mice were more capable of forming mature

osteoclasts compared with cells isolated from untrained mice

(Figures 4F and 4G). Expression of Acp5 (encoding TRAP) in

cultured osteoclasts was upregulated in cells from trained

mice comparedwith cells from untrainedmice (Figure 4H). These

findings validate the hypothesis for a TRIM-triggered enhanced

osteoclastogenesis bias.
Besides the aforementioned BMOCPs that function also in ho-

meostatic bone remodeling, under inflammatory conditions, addi-

tional myeloid cell types harbor OCP potential, including classical

monocytes (CD11b+CD115+Ly6Chigh). The latter can be recruited

from the blood or spleen to sites of inflammatory bone loss, where

they differentiate to osteoclasts and contribute to bone resorp-

tion.13,16 We therefore interrogated whether TRIM can also affect

monocyte-associated inflammatory osteoclastogenesis. We per-

formed flow cytometry analysis of splenic classical monocytes

(Figure S4) from b-glucan-trained mice or untrained controls for
Developmental Cell 60, 1–17, July 7, 2025 5
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Figure 4. TRIM induced by b-glucan increased BM osteoclastogenesis

(A–C) Mice were pre-treated with b-glucan or PBS-control. After 7 days, both groups of mice were subjected to the K/BxN-STA model or not. Flow-cytometric

analysis of CD115+CD27high and CD115+CD27low/� OCPs from BM was performed (A) at day 0 (no arthritis, n = 6 mice per group) or (B) at day 5 (n = 5 mice per

group) and (C) at day 10 (n = 5mice per group) after K/BxN-STA induction. Frequencies of CD115+CD27high OCPs (B220�c-Kit+CD11blow/�CD115+CD27high) and
CD115+CD27low/� OCPs (B220�c-Kit+CD11blow/�CD115+CD27low/�) are shown.

(D and E) Relative mRNA expression of the indicatedmolecules from sorted BMCD115+CD27high OCPs (D) and CD115+CD27low/�OCPs (E) 7 days after b-glucan

or PBS treatment (n = 4–6 mice per group). Results are presented relative to those of the PBS-control group, set as 1.

(F–H) Mice were pre-treated with b-glucan or PBS-control. After 7 days, BM cells were incubated with M-CSF for 3 days followed by another 5 days together with

RANKL. Cells were stained for TRAP (F displays representative images; scale bars, 300 mm) to count all mature osteoclasts in the culture wells, defined as TRAP+

MNCswithR3 nuclei. (G) Quantification of osteoclasts; data are from two independent experiments (in total cultures from n= 8–9mice per group). (H) RelativemRNA

expression of Acp5 from cultured osteoclasts (cultures from n = 5 mice per group). Results are presented relative to those of the PBS-control group, set as 1.

Data are mean ± SEM; ns, non-significant; *p < 0.05; **p < 0.01. Unpaired t test (A–E, G, and H), except for Nr4a1 in (D) and Nfatc1 in (E), in which cases

Mann-Whitney U test was used.

See also Figure S3.
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7 days or from additional groups of trained or untrained mice that

were subjected to a secondary K/BxN-STA challenge for an addi-

tional 5, 10, or 17 days. Upon b-glucan-mediated innate immune

training (without further arthritis challenge), the frequency of

splenic CD11b+CD115+Ly6Chigh cells was increased compared

with untrainedmice (Figure 5A). Moreover, after subjecting trained

and untrained mice to a secondary challenge (arthritis),

CD11b+CD115+Ly6Chigh monocytes were significantly elevated

in the spleens of b-glucan-trained mice at the early phase

(5 days) of the model (Figure 5B). This difference waned at later

phases (10 and 17 days) of arthritis (Figure 5B). Although no differ-

enceswere observed in the frequency of CD11b+CD115+Ly6Chigh

monocytes between trained and untrained mice at later stages of

arthritis, splenic monocytes from previously trained mice ex-

hibited enhanced proinflammatory signature (Il6 and Tnf upregu-

lation) 17 days after arthritis onset (Figure 5C).

Next, we assessed whether TRIM induction increased the os-

teoclastogenic potential of splenic monocytes, by performing

ex vivo osteoclast differentiation assays. Splenic monocytes iso-

lated from b-glucan-trained mice 10 days after K/BxN-STA in-

duction exhibited enhanced osteoclast formation compared

with splenic monocytes isolated from untrained arthritic mice

(Figures 5D and 5E).

Hence, b-glucan-induced TRIM is associated with qualitative

changes in monocytes/OCPs associated with higher inflamma-

tory responses and enhanced osteoclastogenesis capacity.

Collectively, b-glucan-induced TRIM can promote inflammatory

osteoclastogenesis, at least in part, by modulating splenic

monocytes/OCPs.

Adoptive transfer of trained monocytes exacerbates
inflammatory arthritis
Peripheral monocytes serve as OCPs during inflammatory os-

teoclastogenesis,18 and we found alterations in this population

due to TRIM. To provide conclusive evidence that trained mono-

cytes/OCPs promote inflammatory bone loss, we performed

adoptive transfer experiments. Splenic monocytes were isolated

from mice 7 days after b-glucan or PBS treatment and trans-

ferred into non-trained recipient mice that were subjected to

experimental arthritis in the CAIAmodel 5 days prior to the adop-

tive transfer (Figure 5F). The transfer of monocytes from trained

mice exacerbated arthritis severity (Figures 5G and 5H). Analysis

of the synovium of recipient mice 2 days after monocyte transfer

revealed increased expression of the inflammatory cytokine Tnf

and of osteoclastogenesis-promoting Nfatc1 in mice receiving

monocytes from trained donor mice compared with recipients

of monocytes from untrained mice (Figure 5I). Consistent with

their training toward osteoclastogenesis, monocytes isolated

from b-glucan-trained mice displayed higher expression of the

osteoclastogenic transcription factor Nfatc1 than monocytes

from untrained controls (Figure S5). Therefore, TRIM-induced

exacerbation of inflammatory bone loss can be attributed, at

least in part, to trained monocytes that are poised toward inflam-

matory osteoclastogenesis.

TRIM induction is associated with transcriptomic
rewiring of synovial myeloid cells
To provide further evidence for the TRIM-inflammatory bone loss

axis, we performed single-cell RNA sequencing (scRNA-seq)
analysis in myeloid cells (CD45+CD11b+) from the synovium of

arthritic mice that were previously trained with b-glucan or not

(PBS-control). Uniform manifold approximation and projection

(UMAP) of 12,956 cells (b-glucan, 7,196 cells; PBS, 5,760 cells),

revealed 15 clusters (Figure 6A). The cluster identification was

determined by assessing expression of cell-type-specific

markers, as published,50,51 and by referencing the ImmGen da-

taset and the PanglaoDB database (Figures 6A and S6A). Anno-

tation revealed seven macrophage clusters (clusters 1–3, 6–8,

and 13) and two clusters (clusters 4 and 5) with antigen-present-

ing cell characteristics linked with high expression of Cd74

and major histocompatibility complex (MHC) genes, e.g., H2-

Aa, H2-Eb1, and H2-Ab1, as well as neutrophils, T cells, B cells,

basophils/mast cells, proliferating cells, and stromal cells (likely

representing contaminants). In subsequent analyses, we

focused on the ‘‘main myeloid cell compartment,’’ which

comprised clusters 1–8 and cluster 13 (Figures 6A and S6B).

GeneOntology (GO) enrichment analysis of upregulated differ-

entially expressed genes (false discovery rate [FDR] < 0.05) in the

main myeloid cell compartment (clusters 1–8 and 13) between

the b-glucan-trained and PBS-control groups, revealed a signa-

ture associated with small GTPase signaling in the b-glucan

group (GO ‘‘molecular functions,’’ Figure 6B; Table S1; and GO

‘‘biological processes,’’ Figure S6C; Table S2). Terms such as

‘‘GTPase activator activity,’’ ‘‘GTPase regulator activity,’’ ‘‘Rho

guanyl-nucleotide exchange factor activity,’’ and others were

in the top 20 significantly enriched GO terms of upregulated

differentially expressed genes (Figure 6B). Pertinently, GTPases

are linked to inflammation52,53 and rheumatic diseases.54 More-

over, GTPase activity is associated with osteoclast survival,

migration, and cytoskeletal remodeling.55 In inflammatory

arthritis, the function of Rho family GTPases may underlie hyper-

activation of macrophages resulting in exacerbated inflamma-

tion and bone erosion.56,57 Several genes related to osteoclast

biology and rheumatoid arthritis were present in the top 5 upre-

gulated GO molecular functions terms in the main myeloid cell

compartment from the arthritic synovium of b-glucan-trained

mice compared with untrained mice (Figure 6C). Among them,

Vav3, encoding VAV3, and Plekhg5, encoding the Pleckstrin

homology and RhoGEF domain containing G5 (PLEKHG5),

both being guanine nucleotide exchange factors (GEFs) and

activators of Rho GTPases, regulate osteoclast function.58,59

Additionally,Rock2, encoding the RhoA effector Rho-associated

coiled-coil containing protein kinase 2 (ROCK2), is linked with

enhanced joint inflammation in mice and increased osteoclasto-

genesis60–62 and Ern1, encoding IRE1a, an endoplasmic reticu-

lum stress sensor protein, is involved in modulating arthritis-

related inflammation63,64 and is associated with osteoclast

differentiation.65 Moreover, Csf1r, encoding c-fms, also called

CD115, serves as a key receptor for M-CSF, thereby playing a

pivotal role in osteoclast differentiation, survival, and function.66

Furthermore, Mapk14 encoding the mitogen-activated protein

kinase (MAPK) p38a, a protein kinase involved in osteoclasto-

genesis,67 and its upstream activator Map3k5, encoding for

apoptosis signal-regulating kinase 1 (ASK1), are implicated in

arthritis pathogenesis.68–70

By further focusing on the differentially expressed genes in the

clusters 1–8 and 13 of the main myeloid cell compartment from

b-glucan-trained arthritic mice compared with untrained arthritic
Developmental Cell 60, 1–17, July 7, 2025 7
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Figure 5. Induction of TRIM resulted in an increase in monocytes/OCPs, and adoptive transfer of trained monocytes exacerbated inflamma-

tory arthritis

(A) Mice were pre-treated with b-glucan or PBS-control and, 7 days thereafter, flow cytometry analysis for the frequency of classical monocytes (CD11b+

CD115+Ly6Chigh) in the spleen was performed (n = 6 mice per group).

(B) Mice were pre-treated with b-glucan or PBS-control. After 7 days, both groups of mice were subjected to K/BxN-STA. Flow cytometry analysis for the

frequency of classical monocytes (CD11b+CD115+Ly6Chigh) in the spleen at day 5, 10, or 17 of the K/BxN-STA model (n = 5–7 mice per group).

(C) Mice were pre-treated with b-glucan or PBS-control. After 7 days, both groups of mice were subjected to K/BxN-STA for 17 days and classical monocytes

(CD11b+ CD115+Ly6Chigh) were sorted from the spleen and processed for qPCR to measure relative mRNA expression of the indicated molecules (n = 5–7 mice

per group). Results are presented relative to those of the PBS-control group, set as 1.

(D and E) Mice were pre-treated with b-glucan or PBS-control. After 7 days, both groups of mice were subjected to K/BxN-STA for another 10 days and spleen

monocytes were isolated and incubated with M-CSF and RANKL for 3 days. Cells were stained for TRAP to quantify mature osteoclasts in the culture wells,

defined as TRAP+MNCswithR3 nuclei. (D) Representative images (scale bars, 100 mm) and (E) quantification of osteoclasts (cultures from n = 6mice per group).

(F–I) CD45.2+ mice were pre-treated with b-glucan or PBS-control. After 7 days, spleen monocytes were isolated using the EasySep Mouse Monocyte Isolation

Kit. CD45.1+ mice were subjected to CAIA. On day 5 of the CAIA model, monocytes from CD45.2+ mice were adoptively transferred by intravenous (i.v.) injection

to CD45.1+mice. (F) Experimental scheme. (G andH) The difference in ankle thickness, i.e., Delta (D) ankle thickness (G) and the arthritis score (H) are shown (n= 6

mice per group).(I) Relative mRNA expression of the indicated molecules in knee joints, harvested on day 7 of the CAIA model (n = 6 mice per group). Results are

presented relative to those of the PBS-control group, set as 1.

Data are mean ± SEM; ns, non-significant; *p < 0.05; **p < 0.01. Unpaired t test (A, B, E, and I), except for 17 days arthritis in (B) (Mann-Whitney U test) or

Mann-Whitney U test (C). Two-way ANOVA with repeated-measures and Sidak’s post-test for comparison with PBS group (G and H).

See also Figures S4 and S5.

ll
OPEN ACCESS Article

8 Developmental Cell 60, 1–17, July 7, 2025

Please cite this article in press as: Haacke et al., Innate immune training of osteoclastogenesis promotes inflammatory bone loss in mice, Develop-
mental Cell (2025), https://doi.org/10.1016/j.devcel.2025.02.001



A

B

C

D

Figure 6. Innate immune training is associated with transcriptomic rewiring of synovial myeloid cells

(A–D) Mice were pre-treated with b-glucan or PBS and 7 days later subjected to K/BxN-STA for additional 17 days andmyeloid cells (CD45+CD11b+) were sorted

from the hind paws and scRNA-seq analysis was performed (n = 4 mice per group).

(A) UMAP representation from scRNA-seq of 12,956 cells.

(B) Top 20 overrepresentedGO terms ofmolecular functions of upregulated differentially expressed genes in themainmyeloid cell compartment (clusters 1–8 and

13) of b-glucan-trained arthritic mice compared with PBS-control treated arthritic mice.

(C) Circos plot of the top 5 overrepresented GO terms of molecular functions linked to their associated core enriched genes in the main myeloid cell compartment

(clusters 1–8 and 13) of b-glucan-trained arthritic mice compared with PBS-control treated arthritic mice. ‘‘Term size’’ displays the number of genes annotated to

the respective term.

(legend continued on next page)
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controls, we identified melanogenesis-associated transcription

factor (Mitf) as the top ranked (according to FDR) upregulated

gene when analysis was performed in the whole main myeloid

cell compartment, as well as one of the top 5 genes in the individ-

ual macrophage clusters 1–3 and 6–8 (Figure 6D).Mitf is involved

in early osteoclast development.2,6,71 For instance, Mitf is acti-

vated by IL-1 signaling and induces the expression of osteo-

clast-related genes in BM-derived macrophages.21 Myo5a and

Hpgds, both described as downstream target genes of MITF

and linked to GTPases,72–74 were also upregulated in the main

myeloid cell compartment due to b-glucan pre-treatment.

Myo5a also exhibited increased expression in clusters 2 and 3.

Additionally, Elmo1, a gene associated with modulation of oste-

oclast function and arthritis progression through GTPase activa-

tion,75,76 was upregulated by b-glucan-induced TRIM when

analysis was performed in the whole main myeloid cell compart-

ment, as well as in macrophage cluster 1 (Figure 6D).

Clec5a+ cells in the BM serve as osteoclast precursors under

inflammatory conditions.77 Interestingly, Clec5a was identified

as amarker gene for cluster 2 in our dataset (Figure S7A). Hence,

cluster 2, which displayed transcriptomic alterations upon TRIM

induction, including upregulation of Mitf (Figure 6D), might bear

inflammatory osteoclast precursor potential. The expression of

Clec5a itself in the main myeloid cell compartment (clusters 1–

8 and 13) or in the individual clusters was not altered by

b-glucan-induced TRIM (Figure S7B). These data suggest that

Clec5a-expressing myeloid cells in the arthritic synovium are

likely a target of trained osteoclastogenesis.

We also identified further osteoclast-related genes that were

altered in synovial myeloid cells of arthritic mice due to

b-glucan-induced TRIM. The negative regulators of osteoclasto-

genesisNr4a1 and Klf247,48,71,78 were downregulated in themain

myeloid cell compartment due to TRIM induction. Moreover,

Nr4a1 was downregulated in cluster 2, whereas Klf2 was down-

regulated in cluster 3. The transcription factorMef2c, which pro-

motes osteoclastogenesis,79 andCx3cr1, which is expressed by

osteoclast precursors and involved in their recruitment,12,14 were

upregulated in the main myeloid cell compartment of b-glucan-

trained arthritic mice compared with untrained arthritic controls

(Figure S7C).

Together, TRIM mediates transcriptomic rewiring of myeloid

cells/macrophages in the arthritic synovium, encompassing

enrichment of a GTPase-signaling signature and featuring prom-

inent upregulation of Mitf and of further genes linked to inflam-

mation and regulation of osteoclast development and function.

These findings are consistent with innate immune training of in-

flammatory osteoclastogenesis and the associated disease phe-

notypes described earlier in the present study.

MITF mediates the arthritis-promoting function of
trained monocytes
We next assessed whether the TRIM-mediated transcriptomic

rewiring of macrophages, as identified in the arthritic synovium

(Figure 6), is already initiated in their precursors, in particular,
(D) Violin plots showing gene activity scores ofMitf,Myo5a,Hpgds, and Elmo1 in t

the main myeloid cell compartment (clusters 1–8 and 13) (right). *FDR < 0.05, **

Bonferroni correction (D).

See also Figures S6 and S7 and Tables S1 and S2.
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in splenic monocytes/OCPs, thereby providing additional evi-

dence for the process of trained osteoclastogenesis.We isolated

splenic monocytes from b-glucan-trained and untrained mice

(without further arthritis induction) and studied the expression

of factors linked to the TRIM-mediated transcriptomic rewiring

of synovial macrophages of arthritic mice. Strikingly, the expres-

sion of Mitf and of the MITF downstream target Hpgds (but not

of Myo5a) was significantly enhanced in splenic monocytes

from b-glucan-trained compared with cells from control-treated

mice (Figure 7A). Moreover, mRNA expression of VAV3 RhoGEF

and the RhoA effector ROCK2 was elevated in splenic mono-

cytes from b-glucan-trained compared with untrained mice (Fig-

ure 7A). Thus, the TRIM-induced transcriptomic rewiring occurs

as early as at the level of splenic monocytes/OCPs.

AsMitf upregulation was the most prominent feature of TRIM-

induced transcriptomic rewiring in synovial macrophages in

arthritis, and already detectable in splenic monocytes/OCPs

from trained mice, we next assessed the function of MITF in

mediating innate immune training of inflammatory osteoclasto-

genesis and exacerbation of inflammatory bone loss. Splenic

monocytes were isolated from mice that were treated 7 days

before with b-glucan or PBS-control, followed by additional

treatment with the MITF inhibitor TT-012 or vehicle control, and

subsequently transferred into naive recipientmice that were sub-

jected to experimental arthritis in the CAIA model 5 days prior to

the adoptive transfer (Figure 7B). As compared with control

treatment, MITF inhibition in donor mice blocked the ability of

monocytes from b-glucan-trained donor mice to exacerbate

arthritis severity in recipient mice (Figures 7C and 7D), as well

as to increase expression of the inflammatory cytokines Il6 and

Tnf and of the osteoclastogenic transcription factor Nfatc1 in

the synovium of recipient arthritic mice (Figure 7E). Furthermore,

the transfer of monocytes from b-glucan-trained donor mice to

arthritic mice resulted in an increase in osteoclasts in the arthritic

joints, compared with monocyte transfer from non-trained mice

(Figure 7F). Administration of the MITF inhibitor (compared with

vehicle control) in donor mice abrogated the effect of the trans-

ferred trained monocytes to enhance osteoclast numbers in the

knee joints of recipient arthritic mice (Figure 7F). In contrast,

MITF inhibition in donor mice did not alter osteoclast numbers

in arthritic mice receiving non-trainedmonocytes fromPBS-con-

trol-treated mice (Figure 7F). These data indicate that adoptive

transfer of monocytes from trained mice increases osteoclasto-

genesis in recipient arthritic mice in a manner that requires MITF

signaling during the process of TRIM induction in donor mice.

Collectively, these data establish the transcription factor MITF

as critical for the process by which TRIM promotes inflammatory

osteoclastogenesis at the level of monocytes and thereby exac-

erbates inflammatory bone loss.

DISCUSSION

TRIM has emerged as a major immunological principle that chal-

lenged the dogma thatmemory is restricted to adaptive immunity.
he complete main myeloid cell compartment (left) and in all separate clusters of

FDR < 0.01, ***FDR < 0.001, ****FDR < 0.0001. Wilcoxon rank-sum test with
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Figure 7. MITF mediates the arthritis-promoting function of trained monocytes

(A) Mice were treated with b-glucan or PBS-control and, after 7 days, splenic monocytes were isolated using the EasySepMouseMonocyte Isolation Kit. Relative

mRNA expression of the indicated molecules; results are presented as fold change relative to the PBS group, set as 1 (n = 6 mice per group).

(B–F) CD45.2+mice were pre-treated with b-glucan or PBS-control and additionally received theMITF inhibitor TT-012 or vehicle control on days 0, 2, and 5. After

7 days, spleen monocytes were isolated using the EasySep Mouse Monocyte Isolation Kit. CD45.1+ mice were subjected to CAIA. On day 5 of the CAIA model,

monocytes from CD45.2+ mice were adoptively transferred by i.v. injection to CD45.1+ mice.

(B) Experimental scheme.

(C and D) The difference in ankle thickness, i.e., Delta (D) ankle thickness (C) and the arthritis score (D) are shown (n = 6mice per group). Significant differences are

shown between b-glucan + vehicle control vs. b-glucan + TT-012 at the respective days.

(E) Relative mRNA expression of the indicated molecules in knee joints, harvested on day 7 of the CAIA model (n = 5–6 mice per group). Results are presented as

fold change in the transcript levels relative to those of PBS + vehicle control (assigned an average value of 1).

(F) TRAP staining of knee joints (harvested on day 7 of the CAIA model) to quantify TRAP+ MNCs per area (n = 4 mice per group).

Data are mean ± SEM; ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Unpaired t test (A and E) except for Myo5a and Vav3 in (A) (Mann-

Whitney U test); one-way ANOVA with Tukey’s multiple comparison test (F). Two-way ANOVA with repeated-measures and Sidak’s post-test for comparison

between b-glucan + vehicle control vs. b-glucan + TT-012 (C and D).
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We and others have recently established that the long-term ac-

tions of TRIM are linked to rewiring of BM hematopoietic progen-

itors.24,26,27,29 In this context, b-glucan-induced innate immune

training of specific arms of myelopoiesis, e.g., granulopoiesis,
leads to potent anti-tumor activity.30 Here, we show that an

additional myelopoiesis arm, namely the generation of myeloid

precursors of osteoclasts and osteoclastogenesis, is also tar-

geted by TRIM. In this setting, however, TRIM has detrimental
Developmental Cell 60, 1–17, July 7, 2025 11



ll
OPEN ACCESS Article

Please cite this article in press as: Haacke et al., Innate immune training of osteoclastogenesis promotes inflammatory bone loss in mice, Develop-
mental Cell (2025), https://doi.org/10.1016/j.devcel.2025.02.001
consequences, contributing to inflammatory bone loss. TRIM has

therefore context-dependent, beneficial or detrimental, effects.

Understanding this duality is imperative to appropriately harness

TRIM for therapeutic gain in human disease.

Administration of b-glucan promoted OCP expansion and

qualitatively modulated different OCP populations, enhanced

osteoclastogenesis in the BM and inflammatory osteoclasto-

genesis in the periphery, and, thereby, aggravated inflamma-

tory bone loss pathologies. Importantly, b-glucan pre-treat-

ment induced transcriptomic changes indicative of a bias

toward increased osteoclast differentiation, especially in

CD115+CD27low/� OCPs. These results align with prior findings

demonstrating transcriptional rewiring in BM myeloid progeni-

tors upon TRIM induction.27–30,40 Thus, b-glucan-induced

TRIM not only targets myelopoiesis/granulopoiesis at the level

of GMPs30 but also promotes an osteoclastogenesis bias in

progenitors downstream of GMPs. Furthermore, we have

recently demonstrated that maladaptive TRIM induced by

chronic experimental periodontitis is associated with epige-

netic and transcriptomic changes in HSPCs involving an over-

representation of genes linked to ‘‘osteoclast differentiation’’

pathways.40 In other words, notwithstanding its aforemen-

tioned protective effects against infection or cancer,24–26,30

b-glucan-induced trained myelopoiesis can be maladaptive

by potentiating osteoclastogenesis and hence inflammatory

bone loss in the context of chronic inflammation.40 Our findings

with b-glucan in this and our earlier work30 also argue against

the notion that beneficial and maladaptive forms of TRIM are

driven by different stimuli; the findings rather suggest that the

context in which TRIM emerges dictates whether the functional

outcome is protective or inappropriate to the specific situation.

Monocytes are major cellular effectors of b-glucan-induced

TRIM, and trained monocytes display heightened production

of inflammatory cytokines in response to secondary chal-

lenges.24,32–34,40 Consistently, we found that b-glucan-mediated

TRIM was associated with the upregulation of proinflammatory

cytokines and transcription factors that drive inflammatory os-

teoclastogenesis.2,18,80 Moreover, b-glucan-induced TRIM

increased the abundance of splenic CD11b+CD115+Ly6Chigh

monocytes, which have OCP potential,13 and enhanced their in-

flammatory capacity upon a secondary challenge, specifically

arthritis. Such monocytes/OCPs expand in the periphery in the

setting of inflammatory bone loss disorders andmigrate to the in-

flamed site, where they can differentiate into osteoclasts.13,16

Consistently, in ex vivo osteoclast differentiation assays,

b-glucan-induced TRIM enhanced the inflammatory osteoclas-

togenic potential of splenic monocytes/OCPs in arthritic mice.

As osteoclasts can derive from a broad range of myeloid cell

populations bearing OCP potential,18 our results suggest that

innate immune training of osteoclastogenesis by b-glucan

can occur at different levels, rewiring both BM and peripheral

OCP populations. Although there was a predisposition toward

enhanced osteoclastogenesis in BM and peripheral OCP popu-

lations in mice due to TRIM induction, the number of osteoclasts

in the joints and/or the osteoclastic activity increased only upon

the arthritis challenge as a secondary stimulus. These findings

epitomize induction of TRIM (higher responsiveness upon a sec-

ondary stimulus) in the osteoimmunological context and un-

equivocally support the concept of trained osteoclastogenesis.
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Monocyte-mediated inflammatory osteoclastogenesis was

an integral component of the effect of b-glucan-induced TRIM

to exacerbate inflammatory bone loss. In this regard, we iden-

tified a transcriptomic rewiring in synovial macrophages of

b-glucan-trained arthritic mice. Pathways related to activity of

GTPases, which orchestrate myeloid cell recruitment and acti-

vation, macrophage activation, osteoclastogenesis, and in-

flammatory bone erosion in inflammatory arthritis,54–57,81

were overrepresented in synovial myeloid cells/macrophages

from b-glucan-trained arthritic mice. Furthermore, the top

ranked upregulated gene in synovial myeloid cells/macro-

phages from trained arthritic mice, Mitf, encoding for a tran-

scription factor involved in osteoclastogenesis,6,71 has also

been implicated in activating GTPase signaling.82 The MITF

target genes Myo5a and Hpgds, which were also upregulated

in synovial myeloid cells/macrophages due to b-glucan-medi-

ated TRIM, are similarly linked to GTPase signaling.72–74

Notably, the TRIM-induced transcriptomic rewiring was evident

as early as the level of splenic monocytes/OCPs because

expression of Mitf, Hpgds, Rock2, and Vav3 was also upregu-

lated in monocytes from b-glucan-trained mice. Adoptive

transfer of monocytes from b-glucan-trained donor mice was

sufficient to exacerbate inflammatory bone loss in recipient

arthritic mice, accompanied by elevated osteoclast numbers

in the arthritic joints, as compared with arthritic mice that

received untrained monocytes; this effect was critically medi-

ated by the transcription factor MITF. As MITF is an upstream

activator of GTPase signaling in non-hematopoietic cells,82

our findings enable us to hypothesize that MITF orchestrates

trained inflammatory osteoclastogenesis in monocytes and

drives their transcriptomic rewiring toward enhanced GTPase

activity, which, in turn, further contributes to aggravated

inflammatory bone loss.54–57,81 Together, b-glucan-induced

TRIM promotes MITF-dependent monocyte-mediated inflam-

matory osteoclastogenesis, thereby exacerbating inflamma-

tory bone loss.

The double-edged sword nature of TRIM, with its detrimental

facets underlying the pathogenesis of chronic inflammation and

autoimmune disease,28,40,83–85 acquires special relevance when

considering the preventive or therapeutic application of TRIM-

inducing agents.24 Pertinently, b-glucan is currently tested in

clinical trials as an adjuvant in cancer immunotherapy, mostly

in combination with immune checkpoint inhibitors.41,42,86,87 Im-

mune checkpoint inhibitors are linked to immune-mediated

adverse events, including conditions such as rheumatoid

arthritis-like joint inflammation and bone loss.43,44,88 Our findings

therefore suggest that the use of b-glucan as an adjuvant in im-

munotherapies, especially in combination with immune check-

point inhibitors, might potentially worsen these side effects or

unmask autoimmunity during treatment. Additional investiga-

tions are warranted toward better understanding and preventing

such potential side effects linked to the therapeutic use of

b-glucan in light of the beneficial actions of the molecule in can-

cer. Moreover, the capacity of certain adjuvants to trigger auto-

immunity or autoinflammation has resulted in the emergence of

the autoimmune/autoinflammatory syndrome induced by adju-

vants (ASIA).89 Different b-glucans have been used in the past

as adjuvants in distinct experimental models of autoimmu-

nity.90–97 Although these earlier studies indicate a link between
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b-glucan administration and increased inflammation, they did

not implicate b-glucan-induced TRIM in this context. Our present

study clearly suggests that b-glucan-induced TRIM might also

bear the risk for triggering an ASIA syndrome. Importantly, in

the context of b-glucan therapies, pharmacological MITF inhibi-

tion could prevent trained inflammatory osteoclastogenesis

without in principle interferingwith the intended beneficial effects

(e.g., actions against infections or cancer). In conclusion, our

work underscores that detailed understanding of the beneficial

and detrimental actions of b-glucan-induced TRIM and the un-

derlying molecular mechanisms is imperative for developing

effective therapies that leverage this principle.

Limitations of the study
Our work introduces the concept of innate immune training of (in-

flammatory) osteoclastogenesis, which may promote inflamma-

tory bone loss. Specifically, we found that b-glucan administra-

tion modulated OCP populations in the BM and the spleen. It is

conceivable that the enhanced osteoclastogenesis bias upon

TRIM induction is initiated at the level of earlier BM progenitors,

namely at HSPCs. However, this possibility was not addressed

here and merits future investigations. Additionally, our work

identified that the transcription factor MITF contributes to trained

inflammatory osteoclastogenesis in monocytes. Our conclusion

is based on studies engaging pharmacological MITF inhibition;

this approach bears some limitations, as MITF could be targeted

not only in monocytes but also in additional cells. Future studies

should therefore assess the role of MITF in b-glucan-induced

TRIM and inflammatory osteoclastogenesis by using genetic

tools: for instance, mice with MITF inactivation specifically in

myeloid cells.
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López, M., Mera-Varela, A., González, A., and Conde, C. (2022). ROCK

inhibition with Y-27632 reduces joint inflammation and damage in

serum-induced arthritis model and decreases in vitro osteoclastogenesis

in patients with early arthritis. Front. Immunol. 13, 858069. https://doi.

org/10.3389/fimmu.2022.858069.

61. He, Y., Xu, H., Liang, L., Zhan, Z., Yang, X., Yu, X., Ye, Y., and Sun, L.

(2008). Antiinflammatory effect of Rho kinase blockade via inhibition of
Developmental Cell 60, 1–17, July 7, 2025 15

https://doi.org/10.1016/j.celrep.2020.107634
https://doi.org/10.1016/j.celrep.2020.107634
https://doi.org/10.1073/pnas.1202870109
https://doi.org/10.1073/pnas.1202870109
https://doi.org/10.1016/j.chom.2012.06.006
https://doi.org/10.1038/s41467-022-28407-4
https://doi.org/10.1038/s41590-019-0402-5
https://doi.org/10.1038/s41590-019-0402-5
https://doi.org/10.1038/s41584-023-01009-0
https://doi.org/10.1038/s41584-023-01009-0
https://doi.org/10.1111/jre.13158
https://doi.org/10.1111/jre.13158
https://doi.org/10.1038/s41577-020-00488-6
https://doi.org/10.1038/s41577-020-00488-6
https://doi.org/10.1016/j.cell.2022.03.043
https://doi.org/10.4049/jimmunol.1801533
https://doi.org/10.37349/etat.2021.00036
https://doi.org/10.1136/annrheumdis-2017-212257
https://doi.org/10.1016/j.autrev.2018.01.003
https://doi.org/10.1016/j.autrev.2018.01.003
https://doi.org/10.1038/nature02444
https://doi.org/10.1016/s1534-5807(02)00369-6
https://doi.org/10.7554/eLife.07217
https://doi.org/10.7554/eLife.07217
https://doi.org/10.1002/jbmr.3533
https://doi.org/10.1038/s41413-021-00157-x
https://doi.org/10.1038/s41413-021-00157-x
https://doi.org/10.3389/fimmu.2022.938075
https://doi.org/10.3389/fimmu.2022.938075
https://doi.org/10.1038/s41586-019-1471-1
https://doi.org/10.1038/s41586-019-1471-1
https://doi.org/10.1038/s41420-023-01329-w
https://doi.org/10.1080/21541248.2016.1211398
https://doi.org/10.1016/j.isci.2021.103620
https://doi.org/10.1016/j.isci.2021.103620
https://doi.org/10.4161/sgtp.2.3.16453
https://doi.org/10.1172/JCI43758
https://doi.org/10.1038/s41467-019-11606-x
https://doi.org/10.1038/s41467-019-11606-x
https://doi.org/10.1038/nm1194
https://doi.org/10.1038/nm1194
https://doi.org/10.1016/j.yexcr.2017.08.025
https://doi.org/10.1016/j.yexcr.2017.08.025
https://doi.org/10.3389/fimmu.2022.858069
https://doi.org/10.3389/fimmu.2022.858069


ll
OPEN ACCESS Article

Please cite this article in press as: Haacke et al., Innate immune training of osteoclastogenesis promotes inflammatory bone loss in mice, Develop-
mental Cell (2025), https://doi.org/10.1016/j.devcel.2025.02.001
NF-kappaB activation in rheumatoid arthritis. Arthritis Rheum. 58, 3366–

3376. https://doi.org/10.1002/art.23986.

62. Nakano, S., Inoue, K., Xu, C., Deng, Z., Syrovatkina, V., Vitone, G., Zhao,

L., Huang, X.Y., and Zhao, B. (2019). G-protein Ga13 functions as a cyto-

skeletal and mitochondrial regulator to restrain osteoclast function. Sci.

Rep. 9, 4236. https://doi.org/10.1038/s41598-019-40974-z.

63. Qiu, Q., Zheng, Z., Chang, L., Zhao, Y.S., Tan, C., Dandekar, A., Zhang,

Z., Lin, Z., Gui, M., Li, X., et al. (2013). Toll-like receptor-mediated

IRE1alpha activation as a therapeutic target for inflammatory arthritis.

EMBO J. 32, 2477–2490. https://doi.org/10.1038/emboj.2013.183.

64. Di Conza, G., Ho, P.C., Cubillos-Ruiz, J.R., and Huang, S.C.C. (2023).

Control of immune cell function by the unfolded protein response. Nat.

Rev. Immunol. 23, 546–562. https://doi.org/10.1038/s41577-023-

00838-0.

65. Tohmonda, T., Yoda, M., Iwawaki, T., Matsumoto, M., Nakamura, M.,

Mikoshiba, K., Toyama, Y., and Horiuchi, K. (2015). IRE1alpha/XBP1-

mediated branch of the unfolded protein response regulates osteoclas-

togenesis. J. Clin. Invest. 125, 3269–3279. https://doi.org/10.1172/

JCI76765.

66. Mun, S.H., Park, P.S.U., and Park-Min, K.H. (2020). The M-CSF receptor

in osteoclasts and beyond. Exp. Mol. Med. 52, 1239–1254. https://doi.

org/10.1038/s12276-020-0484-z.

67. Lee, K., Seo, I., Choi, M.H., and Jeong, D. (2018). Roles of Mitogen-

Activated Protein Kinases in Osteoclast Biology. Int. J. Mol. Sci. 19,

3004. https://doi.org/10.3390/ijms19103004.

68. Arthur, J.S.C., and Ley, S.C. (2013). Mitogen-activated protein kinases in

innate immunity. Nat. Rev. Immunol. 13, 679–692. https://doi.org/10.

1038/nri3495.

69. Ogier, J.M., Nayagam, B.A., and Lockhart, P.J. (2020). ASK1 inhibition: a

therapeutic strategy with multi-system benefits. J. Mol. Med. (Berl.) 98,

335–348. https://doi.org/10.1007/s00109-020-01878-y.

70. Gupta, J., and Nebreda, A.R. (2015). Roles of p38alpha mitogen-acti-

vated protein kinase in mousemodels of inflammatory diseases and can-

cer. FEBS Journal 282, 1841–1857. https://doi.org/10.1111/febs.13250.

71. Jiang, T., Xia, T., Qiao, F., Wang, N., Jiang, Y., and Xin, H. (2023). Role

and Regulation of Transcription Factors in Osteoclastogenesis. Int. J.

Mol. Sci. 24, 16175. https://doi.org/10.3390/ijms242216175.

72. Inoshita, M., andMima, J. (2017). Human Rab small GTPase- and class V

myosin-mediated membrane tethering in a chemically defined reconsti-

tution system. J. Biol. Chem. 292, 18500–18517. https://doi.org/10.

1074/jbc.M117.811356.

73. Morii, E., and Oboki, K. (2004). MITF is necessary for generation of pros-

taglandin D2 in mouse mast cells. J. Biol. Chem. 279, 48923–48929.

https://doi.org/10.1074/jbc.M407026200.

74. Goding, C.R., and Arnheiter, H. (2019). MITF-the first 25 years. Genes

Dev. 33, 983–1007. https://doi.org/10.1101/gad.324657.119.

75. Arandjelovic, S., Perry, J.S.A., Zhou,M., Ceroi, A., Smirnov, I., Walk, S.F.,

Shankman, L.S., Cambré, I., Onengut-Gumuscu, S., Elewaut, D., et al.

(2021). ELMO1 signaling is a promoter of osteoclast function and bone

loss. Nat. Commun. 12, 4974. https://doi.org/10.1038/s41467-021-

25239-6.

76. Arandjelovic, S., Perry, J.S.A., Lucas, C.D., Penberthy, K.K., Kim, T.H.,

Zhou, M., Rosen, D.A., Chuang, T.Y., Bettina, A.M., Shankman, L.S.,

et al. (2019). A noncanonical role for the engulfment gene ELMO1 in neu-

trophils that promotes inflammatory arthritis. Nat. Immunol. 20, 141–151.

https://doi.org/10.1038/s41590-018-0293-x.

77. Furuya, H., Nguyen, C.T., Gu, R., Hsieh, S.L., Maverakis, E., and

Adamopoulos, I.E. (2023). Interleukin-23 Regulates Inflammatory

Osteoclastogenesis via Activation of CLEC5A(+) Osteoclast

Precursors. Arthritis Rheumatol. 75, 1477–1489. https://doi.org/10.

1002/art.42478.

78. Rolph, D., and Das, H. (2020). Transcriptional Regulation of

Osteoclastogenesis: The Emerging Role of KLF2. Front. Immunol. 11,

937. https://doi.org/10.3389/fimmu.2020.00937.
16 Developmental Cell 60, 1–17, July 7, 2025
79. Fujii, T., Murata, K., Mun, S.H., Bae, S., Lee, Y.J., Pannellini, T., Kang, K.,

Oliver, D., Park-Min, K.H., and Ivashkiv, L.B. (2021). MEF2C regulates os-

teoclastogenesis and pathologic bone resorption via c-FOS. Bone Res.

9, 4. https://doi.org/10.1038/s41413-020-00120-2.

80. Zhou, P., Zheng, T., and Zhao, B. (2022). Cytokine-mediated immunomo-

dulation of osteoclastogenesis. Bone 164, 116540. https://doi.org/10.

1016/j.bone.2022.116540.

81. Bokoch, G.M. (2005). Regulation of innate immunity by Rho GTPases.

Trends Cell Biol. 15, 163–171. https://doi.org/10.1016/j.tcb.2005.01.002.

82. Kim, N., Kim, S., Lee, M.W., Jeon, H.J., Ryu, H., Kim, J.M., and Lee, H.J.

(2021). MITF Promotes Cell Growth, Migration and Invasion in Clear Cell

Renal Cell Carcinoma by Activating the RhoA/YAP Signal Pathway.

Cancers (Basel) 13, 2920. https://doi.org/10.3390/cancers13122920.

83. Grigoriou, M., Banos, A., Filia, A., Pavlidis, P., Giannouli, S., Karali, V.,

Nikolopoulos, D., Pieta, A., Bertsias, G., Verginis, P., et al. (2020).

Transcriptome reprogramming and myeloid skewing in haematopoietic

stem and progenitor cells in systemic lupus erythematosus. Ann.

Rheum. Dis. 79, 242–253. https://doi.org/10.1136/annrheumdis-2019-

215782.

84. Bekkering, S., Arts, R.J.W., Novakovic, B., Kourtzelis, I., van der Heijden,

C.D.C.C., Li, Y., Popa, C.D., Ter Horst, R., van Tuijl, J., Netea-Maier, R.T.,

et al. (2018). Metabolic Induction of Trained Immunity through the

Mevalonate Pathway. Cell 172, 135–146.e9. https://doi.org/10.1016/j.

cell.2017.11.025.

85. Jeljeli, M., Riccio, L.G.C., Doridot, L., Chêne, C., Nicco, C., Chouzenoux,
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Rat anti-mouse CD115 BioLegend Cat# 135524; RRID: AB_2566460

Rat anti-mouse CD117 (c-Kit) Thermo Fisher Scientific Cat# 47-1171-82; RRID: AB_1272177

Rat anti-mouse CD117 (c-kit) BioLegend Cat# 105808; RRID: AB_313217

Rat anti-mouse CD11b Thermo Fisher Scientific Cat# 45-0112-82; RRID: AB_953558

Rat anti-mouse CD11b Thermo Fisher Scientific Cat# 25-0112-81; RRID: AB_469587

Rat anti-mouse CD11b BioLegend Cat# 101216; RRID: AB_312799

Rat anti-mouse CD11b BioLegend Cat# 101212; RRID: AB_312795

Rat anti-mouse/human CD11b BioLegend Cat# 101208; RRID: AB_312791

Rat anti-mouse CD45R (B220) Thermo Fisher Scientific Cat# 56-0452-82; RRID: AB_891458

Rat anti-mouse CD45 BioLegend Cat# 103112; RRID: AB_312977

Rat anti-mouse CD45 BioLegend Cat# 103106; RRID: AB_312971

Rat anti-mouse CD45R (B220) BioLegend Cat# 103232; RRID: AB_493717

Rat anti-mouse F4/80 Thermo Fisher Scientific Cat# 25-4801-82; RRID: AB_469653

Rat anti-mouse Ly-6C BioLegend Cat# 128032; RRID: AB_2562178

Rat anti-mouse Ly-6G BioLegend Cat# 127606; RRID: AB_1236494

Biological Samples

K/BxN serum from arthritic mice generated from K/BxN mice,

as previously (Sormendi et al.98)

N/A

Chemicals, peptides, and recombinant proteins

Beta-glucan peptide (BGP) Invivogen Cat# tlrl-bgp

Glucan from baker’s yeast(S. cerevisiae) Sigma-Aldrich Cat# G5011

TT-012 (MITF Inhibitor) MedChemExpress Cat# HY-156483

Acetone Sigma-Aldrich Cat# 1.00014

Bovine serum albumin (BSA), FA free Sigma-Aldrich Cat# A7030

Chloroform Carl Roth Cat# 4432.1

Collagenase from Clostridium histolyticum Sigma-Aldrich Cat# C5138

Collagenase type 4 from Clostridium histolyticum Worthington Cat# LS004186

Corn oil MedChemExpress Cat# HY-Y1888

DMSO MedChemExpress Cat# HY-Y0320

DNase I Roche Cat# 10104159001

DNase I recombinant Roche Cat# 04536282001

Ethanol absolute VWR Chemicals Cat# 20821.310

Fetal Bovine Serum (FBS) Gibco Cat# 10270-106

Formaldehyde solution Sigma-Aldrich Cat# 252549

GlutaMAX supplement Gibco Cat# 35050061

MEM a, nucleosides Thermo Fisher Scientific Cat# 22571038

PBS (10X), pH 7.4 Gibco Cat# 70011051

Penicillin-Streptomycin Gibco Cat# 15140122

RBC Lysis Buffer (10X) eBioscience Cat# 00-4300-54

Recombinant Mouse M-CSF Protein R&D systems Cat# 416-ML-010/CF

Recombinant Mouse TRANCE/RANK L/TNFSF11 R&D systems Cat# 462-TEC-010/CF

RPMI 1640 Medium Gibco Cat# 21875091

(Continued on next page)
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TRI Reagent MRC Cat# TR118

TRIzol� Reagent Invitrogen Cat# 15596026

UltraPure� 0.5M EDTA, pH 8.0 Invitrogen Cat# 15575020

DAPI (4’,6-Diamidin-2-phenylindol, Dihydrochlorid) Invitrogen Cat# D1306

Hoechst 33258, Pentahydrate (bis-Benzimide) Invitrogen Cat# H1398

Trypan Blue Solution, 0.4% Gibco Cat# 15250061

Sucrose Sigma-Aldrich Cat# S9378-1KG

Tissue-Tek� O.C.T. Compound Sakura Finetek Cat# 4583

O.C.T. Compound Cryostat Embedding Medium Scigen Cat# 23-730-625

Formic acid Sigma-Aldrich Cat# F0507-500ML

Immunocal Decalcifier StatLab Cat# STL14141

Formalin 37% Morphisto Cat# 15071.00250

Acetone Merck Cat# 179124-500ML

Formalhehyde solution 4% SAV Cat# FN-1000-4-1

Critical commercial assays

Arthrogen-CIA� 5-Clone Cocktail Kit Chondrex Cat# 53010

Chromium Next GEM Chip G Single Cell Kit (48 rxns) 10x Genomics Cat# PN-1000120

Chromium Next GEM Single Cell 3ʹ Kit v3.1 (16 rxns) 10x Genomics Cat# PN-1000268

Dual Index Kit TT Set A 96 rxns 10x Genomics Cat# PN-1000215

EasySep� Mouse Monocyte Isolation Kit STEMCELL Cat# 19861

EasySep� PE Positive Selection Kit II STEMCELL Cat# 17684

TaqMan� Fast Advanced Master Mix for qPCR Applied Biosystems Cat# 4444557

GeneJET RNA Purification Kit Thermo Fisher Scientific Cat# K0731

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 43-688-14

iScript cDNA Synthesis Kit BioRad Cat# 1708891

Leukocyte Acid Phosphatase (TRAP) Kit Sigma Cat# 387A-1KT

TRAP Staining Kit Cosmo Bio LTD Cat# PMC-AK04F

NovaSeq 6000 S4 Reagent Kit v1.5 (200 cycles) Illumina Cat# 20028313

NovaSeq 6000 Xp 4-lane Kit v1.5 Illumina Cat# 20043131

RNeasy Plus Micro Kit QIAGEN Cat# 74034

SPRIselect beads (450 ml) Beckman Coulter Cat# B23319

SsoFast EvaGreen Supermix BioRad Cat# 1725204

MouseTRAP� (TRAcP 5b) ELISA IDS Cat# SB-TR103

Deposited data

Single cell RNA sequencing data This paper GEO: GSE254560

Experimental models: Organisms/strains

Mouse: C57BL/6 The Jackson Laboratory Stock #000664

Mouse: C57BL/6 Janvier Labs C57BL/6JRj

Mouse: C57BL/6 Charles River C57BL/6JCrl

Mouse: C57BL/6-Tg(UBC-GFP)30Scha/J The Jackson Laboratory Stock #004353

Mouse: C57BL/6.SJL CD45.1+ The Jackson Laboratory Stock #002014

Software and algorithms

BioRender BioRender https://www.biorender.com/

FlowJo version 10 Tree Star https://www.flowjo.com/solutions/

flowjo

GraphPad Prism 10.1.2 Graphpad Software https://www.graphpad.com/

Cell Ranger software (v7.0.0) 10X Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

release-notes/build#mm10_2020A

R Version 4.2.2 R Foundation https://www.r-project.org/

(Continued on next page)
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Other

ImmGen dataset Immunological Genome Project https://www.immgen.org/

PanglaoDB Franzén et al.99 https://panglaodb.se/index.html

ll
OPEN ACCESS Article

Please cite this article in press as: Haacke et al., Innate immune training of osteoclastogenesis promotes inflammatory bone loss in mice, Develop-
mental Cell (2025), https://doi.org/10.1016/j.devcel.2025.02.001
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Wild-type (WT) C57BL/6 mice were purchased from Charles River, Janvier or Jackson Laboratory. UBC-GFP H-2d mice were

obtained from the Jackson Laboratory (strain # 004353). Mice were kept under specific pathogen-free conditions on a standard

12-h light/dark cycle. Food and water were provided ad libitum. Themice were 7-10 weeks old at the start of the experiments. Animal

experiments were approved by the Landesdirektion Sachsen, Germany, the Institutional Animal Care and Use Committee of the

University of Pennsylvania and the Research Ethics Committee of West China Hospital of Stomatology. To investigate the role of

TRIM on inflammatory bone loss diseases, mice were pre-treated with a single i.p injection of 1 mg b-glucan peptide from Trametes

versicolor (Invivogen), or 1 mg b-glucan from S. cerevisiae (Sigma-Aldrich), both dissolved in PBS, or PBS alone (PBS-control). After

7 days, mice were either euthanized or subjected to a secondary inflammatory challenge by inducing experimental periodontitis or

experimental arthritis, as described in the respective paragraphs.

METHOD DETAILS

Induction and evaluation of LIP
Ligature-induced periodontitis (LIP) generates a localized environment that retains biofilm, resulting in inflammation and subsequent

bone loss.40,100–103 LIP was performed in mice as previously described.100 Briefly, a 5-0 silk ligature was tied around themaxillary left

secondmolar tooth, whereas the contralateral molar tooth was kept unligated to serve as baseline control. Themicewere euthanized

5 days later. Defleshedmaxillae were used tomeasure bone heights (i.e., the distances from the cementoenamel junction [CEJ] to the

alveolar bone crest [ABC]) at six predetermined points on the ligated site as previously specified.100 Measurements were made using

a dissecting microscope fitted with a video image marker measurement system (Nikon Instruments). To calculate bone loss, the six-

site total CEJ-ABC distance for the ligated site of eachmouse was subtracted from the six-site total CEJ-ABC distance of the contra-

lateral unligated site. The results are presented in millimeters, and negative values indicate bone loss relative to the baseline (unli-

gated control).

Induction and evaluation of experimental arthritis
CAIA was performed in mice as previously described.40,104,105 Briefly, CAIA was induced by intravenous (i.v.) injection of 1.5 mg ar-

thritogenic mAbs (Arthrogen-CIA 5-Clone Cocktail Kit; Chondrex) per mouse on day 0, followed by i.p. injection of 50 mg lipopolysac-

charide (LPS; Chondrex) on day 3. Hind ankle joint thickness was recorded and clinical arthritis scores were evaluated according to a

previously described scoring system on a 0 to 4 scale104: 0 for normal; 1 for mild redness, slight swelling of ankle or wrist; 2 for mod-

erate swelling of ankle or wrist; 3 for severe swelling, including some digits, ankle and foot; 4 for maximally inflamed joint. The final

clinical score for each mouse was the sum of the scores in all 4 paws (maximum 16 points per mouse).

In other experiments, K/BxN serum transfer arthritis (STA) was induced inmice by i.p. injection of 150 mL K/BxN serumon day 0 and

2.98 The progression of arthritis was monitored by recording ankle joint thickness and clinical arthritis scores. Ankle joint thickness

was measured using a digital caliper, and the average thickness of both hind paws was calculated for each mouse. Arthritis scores

were evaluated based on a previously described scoring system.106 In detail, hindlegs and forelegs were scored on a scale ranging

from 0 to 3 points whereas the points were given as follows: 0, no swelling and no redness; 1 for mild redness or slight swelling of

ankle or wrist; 2 moderate swelling of ankle or wrist; 3 for severe swelling, including digits, ankle, and foot. Arthritis score and ankle

thickness was evaluated in a blinded manner. The final score for each mouse was determined as the sum of scores for all 4 paws

(maximum 12 points per mouse). The difference in ankle thickness (‘‘delta ankle thickness’’) for each mouse was calculated by sub-

tracting the average ankle thickness on the day of arthritis initiation (day 0) from the average ankle thickness at each time point

throughout the experiment.

Adoptive Transfer Model
Donormice (CD45.2+UBC-GFP)werepre-treatedwithb-glucan (1mg/mouse) orPBSasacontrol.After 7days, splenicmonocyteswere

sortedusing theEasySep�MouseMonocyte IsolationKit (Stemcell).RecipientC57BL/6.SJLCD45.1+mice (B6.SJL-PtprcaPepcb/BoyJ)

were subjected to CAIA, and 5 days later, 13106 sorted monocytes from CD45.2+ UBC-GFP donor mice were adoptively transferred

via i.v. injection to CD45.1+ recipient mice; arthritis development was evaluated as described under ‘‘Induction and evaluation of

experimental arthritis’’.
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In other experiments, donor mice (C57BL/6 from Jackson Laboratory) were pre-treated with b-glucan (1 mg/mouse) or PBS as a

control, and received also theMITF inhibitor TT-012 i.p. (20 mg/kg; MedChemExpress), dissolved in 10%DMSO and 90% corn oil, or

treatedwith the vehicle control on days 0, 2 and 5 after b-glucan or PBS injection. After 7 days, splenicmonocytes were isolated using

the EasySep�Mouse Monocyte Isolation Kit (Stemcell) and transferred to recipient mice. Specifically, C57BL/6.SJL CD45.1+ recip-

ient mice (B6.SJL-PtprcaPepcb/BoyJ) were subjected to CAIA and 5 days later received 13106 monocytes from the aforementioned

donor groups via i.v. injection. Arthritis development was evaluated as described under ‘‘Induction and evaluation of experimental

arthritis’’.

Tissue preparation
Synovial tissue from ankle joints underwent processing as previously described.51 Specifically, ankle joints were isolated, and cells

were dissociated at 37�C and 90 r.p.m. for 45 minutes in a digestion medium containing RPMI culture medium, 10% fetal bovine

serum (FBS), 2 mg/ml collagenase from Clostridium histolyticum (Sigma-Aldrich), and 0.03 mg/ml DNase I (Roche). Cells were

passed through a 40 mm filter, and erythrocytes were lysed using red blood cell (RBC) lysis buffer (eBioscience). Single cell suspen-

sions were washed and resuspended for flow cytometry analysis or cell sorting. In other experiments, synovial tissue from the knee

joint was extracted and digested for 30 min at 37�C in DMEM containing 10% FBS, penicillin/streptomycin, 2 mg/mL collagenase

type IV (Worthington) and 0.1 mg/mL DNase I (Roche). Synovial myeloid cells were then isolated by positive selection for CD11b+

cells (clone M1/70; BioLegend), followed by isolation of CD45- cells to obtain synovial stromal cells (clone 30-F11; BioLegend) using

the EasySep� PE Positive Selection Kit II (Stemcell), according to the manufacturer’s instructions.

Mouse spleens were homogenized, and BMwas crushed using ice-cold PBS with 5% FBS. Upon erythrocyte lysis with RBC lysis

buffer (eBioscience), cells were centrifuged at 500 x g for 5 minutes. Cells were forced through a 40 mm cell filter to get single–cell

suspension for further flow cytometric analysis or FACS cell sorting.

Flow cytometry and sorting
Flow cytometry was performed by FACS Fortessa (BD, Germany) and cell sorting was performed on FACS Aria cell sorters (BD, Ger-

many), or a FACS Aria II (BD, USA). For cell surface phenotypic analysis, isolated murine cells were stained with the following mono-

clonal antibodies: Anti-CD117/c-Kit (clone 2B8), anti-CD45 (clone 30-F11), anti-CD11b (clone M1/70), anti-Ly6G (clone 1A8), anti-

Ly6C (clone HK1.4), anti-F4/80 (clone BM8), anti-CD115 (clone AFS98), anti-B220 (clone RA3-6B2), anti-CD27 (clone LG.7F9 or

LG.3A10). Stained cells were then subjected to flow cytometry or cell sorting. Data analysis was carried out using FlowJo software

(Tree Star).

Ex vivo osteoclast differentiation and Leukocyte Acid Phosphatase (TRAP) staining
Femoral, tibial and humeral bones from C57BL/6 mice were flushed under sterile conditions using cell culture medium. Following

erythrocyte lysis with RBC lysis buffer (eBioscience), BM cells were cultured in 48 well plates (for TRAP staining) or in 12 well plates

(for qPCR analysis) with 25 ng/mL M-CSF (R&D Systems) in a-MEM supplemented with 10% FBS, 1% penicillin-streptomycin, and

1% GlutaMAX. After 3 days, 50 ng/mL RANKL (R&D Systems) was added, and cells were further cultured for 5 days to induce oste-

oclast differentiation.

In other experiments, splenic monocytes were isolated using the EasySep�MouseMonocyte Isolation Kit (Stemcell) according to

the manufacturer’s instructions. Cells were cultured at a density of 50,000 cells per well in a 96-well plate for 3 days in a culture me-

dium containing 25 ng/mL M-CSF (R&D Systems), 50 ng/mL RANKL (R&D Systems) and a-MEM supplemented with 10% FBS, 1%

penicillin-streptomycin and 1% GlutaMAX.

Osteoclast development was evaluated by counting all TRAP-positive cells with 3 or more nuclei in each well under a microscope

with a 20x objective. For TRAP staining, in vitro cultured BM- or spleen-derived osteoclasts were fixed for 10 minutes in a fixation

solution containing citrate solution, acetone and 37% formaldehyde. Staining for TRAP was performed by using a leukocyte acid

phosphatase kit (Sigma-Aldrich), following the manufacturer’s recommendations with minor modifications. TRAP-positive multinu-

cleated cells ([MNCs]; R 3 nuclei) were defined as bona fide osteoclasts.

Histology
Knee joints were harvested and fixed in 4% paraformaldehyde. The tissues were then decalcified in 5% formic acid for 2 to 3 weeks,

followed by immersion in either 10%, 20%, 30%, or only in 30% sucrose in PBS. Samples were embedded in optimal cutting

temperature compound and sections were cut at 7-10 mm. TRAP staining was performed using a leukocyte acid phosphatase kit

(Sigma-Aldrich) or a TRAP Staining Kit (Cosmo Bio). TRAP+ MNCs with 3 or more nuclei were considered as osteoclasts. Osteoclast

quantification was performed by counting all TRAP+ MNCs in 4 distinct areas and 3 sections within the knee joint either under a

microscope at 400x magnification or from captured images. The average of all counted areas per sample was calculated.

Serum analysis
Blood samples were centrifuged to obtain serum. Serum concentrations of TRAcP 5bweremeasured using a commercially available

assay (IDS), following the manufacturer’s protocol.
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RNA isolation and quantitative PCR analyses
Total RNA was extracted from tissues, cultured cells, or sorted cells using the RNeasy Plus Micro Kit (QIAGEN), TRIzol (MRC or In-

vitrogen) or GeneJET RNA purification kit (Thermo Fisher Scientific), following the manufacturers’ protocols. The RNA was quantified

by NanoDrop spectrometry at 260 and 280 nm and complementary DNAwas synthesized using either the iScript cDNA Synthesis Kit

(BioRad) or High-Capacity RNA-to-cDNA Kit (Applied Biosystems). qPCR was performed by using the SsoFast EvaGreen Supermix

(BioRad) or the TaqMan Fast Advanced Master Mix (Applied Biosystems) and gene-specific primers or TaqMan probes (see below)

with the CFX384 Real time PCR detection system (BioRad), the ABI 7500 Fast system (Applied Biosystems) or the LightCycler 96

(Roche), following the manufacturers’ recommended procedures. For gene detection and quantification of murine genes, TaqMan

probes and gene-specific primers were acquired from Thermo-Fisher Scientific, Invitrogen or TsingKe Biotech. The primers from

Thermo-Fisher Scientific were the following: mouse Nfatc1 (Mm01265944_m1); mouse Ctsk (Mm00484039_m1); mouse Foxm1

(Mm00514924_m1); mouse Oscar (Mm01338227_g1); mouse Mafb (Mm00627481_s1); mouse Nr4a1 (Mm01300401_m1); mouse

Irf8 (Mm00492567_m1); mouse Il17a (Mm00439618_m1); mouse Il6 (Mm00446190_m1); mouse Tnf (Mm00443258_m1); mouse

Il1b (Mm00434228_m1); mouse Tnfsf11 (Mm00441906_m1) and mouse Gapdh (Mm99999915_g1). Custom primer sequences

were: mouse 18s (FW 5’-GTTCCGACCATAAACGATGCC-3’ and RV 5’-TGGTGGTGCCCTTCCGTCAAT -3’); mouse Il17a (FW 5’-AC

CGCAATGAAGACCCTGAT-3’ and RV 5’-TCCCTCCGCATTGACACA-3’); mouse Nfatc1 (FW 5’-GTTCCTTCAGCCAATCATCC-3’

and RV 5’-GGAGGTGATCTCGATTCTCG-3’); mouse Il1b (FW 5’-ATCCCAAGCAATACCCAAAG-3’ and RV 5’-GTGCTGATGTACC

AGTTGGG-3’); mouse Tnf (FW 5’-AGCCCCCAGTCTGTATCCTTCT-3’ and RV 5’-AAGCCCATTTGAGTCCTTGATG-3’); mouse Il6

(FW 5’-CCTTCCTACCCCAATTTCCAAT-3’ and RV 5’-AACGCACTAGGTTTGCCGAGTA-3’); mouse Acp5 (FW 5’-CAGCCCTTACT

ACCGTTTGC-3’ and RV 5’-GTAGTCCTCCTTGGCTGCTG-3’). Further primers used were mouse Gapdh (FW 5’- AGGTCGG

TGTGAACGGATTTG-3’ and RV 5’- TGTAGACCATGTAGTTGAGGTCA-3’); mouse Il6 (FW 5’-CTGCAAGAGACTTCCATCCAG-3’

and RV 5’-AGTGGTATAGACAGGTCTGTTGG-3’); mouse Tnf (FW 5’-CAGGCGGTGCCTATGTCTC-3’ and RV 5’-CGATCACCCC

GAAGTTCAGTAG-3’); mouse Nfatc1 (FW 5’-GGAGAGTCCGAGAATCGAGAT-3’ and RV 5’-TTGCAGCTAGGAAGTACGTCT-3’);

mouse Il1b (FW 5’- ACGGACCCCAAAAGATGAAG -3’ and RV 5’- TTCTCCACAGCCACAATGAG-3’); mouse Mitf (FW 5’-CCAACA

GCCCTATGGCTATGC-3’ and RV 5’-CTGGGCACTCACTCTCTGC-3’); mouse Vav3 (FW 5’-ATGCAGACTCCAATTTCCATGAT-3’

and RV 5’-ATGGCCCTTGTTCAACGGAAT-3’); mouse Rock2 (FW 5’-GGTTTACAGATGAAAGCGGAAGA-3’ and RV 5’-GTGATG

CCTTATGACGAACCAA-3’); mouse Myo5a (FW 5’-GAAGTGTGGAAATCGGCAGAG-3’ and RV 5’-ATGTCAGGGTTCCGTAAGT

GA-3’) and mouse Hpgds (FW 5’-AAGCTGACTGGCCTAAAATCAAG-3’ and RV 5’-CTCTGGTGGATTGTAAGTCCTTC-3’). Data

were analyzed using the comparative (DDCt) method and were normalized to 18s orGapdhmRNA. In LIP experiments gingival cyto-

kine mRNA expression was assessed in ligated sites, the data are presented as fold change relative to the contralateral unligated

control sites (baseline), set as 1.

Single-cell RNA sequencing
CD45+CD11b+ synovial myeloid cells from hind paws of b-glucan or PBS pre-treated mice (7 days prior to K/BxN-STA induction)

were sorted at day 17 after arthritis induction using a FACS Aria III sorter (BD, Germany). The cell concentration was adjusted to

1000–1600 cells per ml (1538 cells/ml in PBS sample and 1150 cells/ml in b-glucan sample). Approximately 10000 cells were loaded

and then processed with Chromium Next GEM Single Cell 3’ v3.1 dual-index kit (10X Genomics) at the Dresden Concept Genome

Center, Dresden, Germany. According to the manufacturer’s instructions, the cDNA was synthesized and subjected to library prep-

aration and sequencing on the Novaseq 6000 platform (Illumina).

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA sequencing
The raw sequencing data was processed with the ‘count’ command of the Cell Ranger software (v7.0.0) provided by 10X Genomics.

To build the reference for Cell Ranger, mouse genome (GRCm39) as well as gene annotation (Ensembl 104) were downloaded from

Ensembl. Genome and annotation were processed following the steps provided by 10x Genomics (https://support.10xgenomics.

com/single-cell-gene-expression/software/release-notes/build#mm10_2020A) to build the appropriate Cell Ranger reference. All

further data processing and analysis steps were performed in the R software environment using the package Seurat (v4.3). The

data was filtered for low quality cells by excluding the libraries with less than 500 features and more than 10% mitochondrial reads.

The data was normalized, and the most variable features selected using the function SCTransform. Appropriate functions for dimen-

sionality reduction - principal component analysis (PCA) and Uniform Manifold Approximation and Projection (UMAP), with default k

nearest neighbor parameters and resolution parameter set to 0.7 for the FindClusters function, were applied to the data and visual-

isations were produced. Cluster marker genes and differentially expressed genes were identified using appropriate functions from

the Seurat package using the MAST and Wilcoxon rank-sum test, respectively. Multiple testing correction was performed using

the Bonferroni correction. Differentially expressed genes were defined at FDR < 0.05 in the b-glucan group as compared to expres-

sion in the PBS control group. Log2 fold change ranked differentially expressed gene lists were used for GO enrichment analysis and

significantly enriched ‘Molecular Functions’ and ‘Biological Process’ GO terms were defined by FDR < 0.05. All enrichment analyses

were done using the enrichR R package (v3.2). Further visualisations were created using custom R functions based on the ggplot2

package (v3.4.4).
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Statistical analysis
The data are presented as mean±SEM. For the statistical comparisons of two groups, data were analyzed by a Student’s t-test or a

Mann-Whitney U test, as appropriate. One-way ANOVA followed by Tukey’s multiple comparison test was used to compare more

than two groups. For repeated-measurements, two-way ANOVA and Sidak’s multiple-comparisons test was used for data analysis.

In Figure 4G, the Grubbs’ test was used to identify an outlier and resulted in the exclusion of one sample. All statistical analyses were

conducted using GraphPad Prism software (GraphPad Inc., La Jolla, CA). P values < 0.05 were considered statistically significant.
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