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LepR* bone marrow stromal cells protect Inflammaging and immune-senescence through Wnt
secretion

HFEE [ Abstract

Wnt ligands activate both canonical and non-canonical signaling pathways and play
important roles in regulating bone metabolism to maintain bone mass. However, it
remains unclear whether Wnt ligands derived from bone cells suppress bone
phenotypes associated with aging.

To address this question, we generated leptin receptor (LepR)-Cre; Whntless conditional
knockout mice (LepR-WIis cKO), in which LepR-expressing cells are unable to secrete
Wnt ligands, and analyzed their phenotypes. LepR-Wis cKO mice exhibited decreased
bone mass and increased bone marrow adipogenesis.

Notably, survival analysis from 20 to 80 weeks of age revealed that LepR-WIs cKO mice
had a 3.48-fold (males) and 4.15-fold (females) higher risk of mortality compared with
heterozygous controls. Frailty assessment further demonstrated that LepR-Wis cKO
mice developed systemic aging phenotypes beginning at middle age (35 weeks).
Immunohistochemistry, western blotting, and gPCR analyses of senescence markers,
including p21, p16, SA-B-Gal, yYH2AX and inflammatory cytokines, suggested that
LepR-WIs cKO mice develop bone marrow inflammaging, characterized predominantly
by senescence in monocyte/macrophage lineage cells. Consistently, lipopolysaccharide
(LPS) challenges showed that LepR-WIls cKO mice also exhibited increased mortality,
indicating accelerated immunosenescence in these mice.

Taken together, these findings suggest that bone marrow stromal cell-derived Wnt
ligands protect against bone marrow inflammaging, thereby delaying age-associated

immunosenescence.
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NRF2 upregulation in MSC spheroids suppresses SASP and promotes osteogenesis
(MSC A7 = w11 A RIZHIF 5 NRF2 B L5713 SASP 2l L. Bz RET D)

BEREE [ Abstract

Objective:

Spontaneous MSC spheroids enhance stemness and osteogenic potential, but their effects on cellular
senescence and bone regeneration in aged microenvironments remain unclear. This study aimed to investigate
whether spontaneously bone marrow-derived mesenchymal stem cell (BM-MSC) spheroids suppress the
senescence-associated secretory phenotype (SASP) and enhance osteogenic differentiation, and to elucidate
the role of NRF2 in these effects.

Materials and Methods:

In vitro study, BM-MSCs were isolated from the femoral bone marrow of C57BL/6J mice and expanded
under conventional two-dimensional culture conditions. Early-passage BM-MSCs were used as young
control, whereas replicative senescence was induced by continuous passaging for more than 10 passages.
Senescent BM-MSCs were subsequently cultured in low-attachment culture dishes to generate spontaneous
spheroids. The cells were divided into three groups: young BM-MSCs, senescent BM-MSCs, and senescent
BM-MSC spheroids. Cellular senescence was evaluated by analyzing the mRNA and protein expression of
p53, p21, and pl6 using RT-gPCR and Western blot, respectively. The mRNA expression levels of the
senescence-associated secretory phenotype (SASP) factors IL-6, IL-1B, and TNF-a were quantified by
RT-gPCR. NRF2 activation was assessed by examining the mRNA and protein expression levels of NRF2
and its downstream targets, including GCLC, HO-1, NQO1, and SOD2, using RT-gPCR and Western
blotting. NRF2 expression was further evaluated by immunofluorescence staining. Furthermore, the NRF2
inhibitor was used to investigate the role of NRF2 in spheroids.

For the in vivo study, a tibial bone defect model was established in 50-week-old male C57BL/6J mice. The
mice were randomly assigned to four groups (n = 6): an untreated defect control group, scaffold group,
scaffold loaded with monolayer-cultured BM-MSCs group, and scaffold loaded with BM-MSC spheroids
group. Rat skin-derived type I collagen was used as the cell scaffold. Samples were collected at 1, 2, and 4
weeks after surgery. Bone regeneration was evaluated by micro-CT, HE staining, and Masson staining. The
expression of NRF2 and osteogenesis-related proteins within the defect area was further evaluated by
immunohistochemistry.

Results:

Compared with young BM-MSCs, senescent BM-MSCs showed increased expression of p53, p21, and p16
and elevated secretion of IL-6, IL-1B, and TNF-a. Spontaneous spheroids reduced these senescence and
SASP related changes while increasing the expression of NRF2 and its downstream targets GCLC, HO-1,
NQOI1, and SOD2. NRF2 inhibition attenuated the inhibitory effects of spheroid formation on cellular
senescence . In the aged mouse tibial defect model, BM-MSC spheroids enhanced new bone and collagen
formation and increased the expression of NRF2 and osteogenesis-related proteins.

Conclusion:

Spontaneous BM-MSC spheroids suppress the SASP and enhance osteogenic differentiation by increasing
NRF2 expression. Spheroids may therefore represent a promising strategy for improving the therapeutic and
bone-regenerative potential of senescent BM-MSCs.
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Effects of bioabsorbable materials in combination with spontaneous spheroids transplantation
on bone repair microenvironment

(EERIMEST B B BAT 20 A RO ICIVEEER/NREICRIETZE)

%i@g E‘ / Abstract

Introduction

Poly-L-lactic acid (PLLA) exhibits favorable biocompatibility and biodegradability and can
eliminate the need for long-term retention and secondary removal surgery associated with
metallic fixation devices. It has therefore been widely used for craniomaxillofacial bone
fixation. However, PLLA undergoes relatively slow degradation, and degradation-associated
alterations in the local microenvironment may induce persistent inflammation and foreign body
reactions, thereby compromising bone repair. Spontaneous spheroids have the potential to
modulate the local microenvironment and promote tissue regeneration by enhancing cell—cell
interactions, extracellular matrix (ECM) formation, and paracrine signaling. This study aimed
to evaluate the osteogenic properties of osteogenic cell-derived spontaneous spheroids within a
PLLA degradation-associated microenvironment and to investigate their effects on the local
immune microenvironment and bone regeneration following PLLA implantation.

Materials and Methods

In vitro, MC3T3-E1 cells were used to establish two-dimensional monolayer and spontaneous
spheroid culture systems, and lactate treatment was employed to simulate the PLLA
degradation-associated microenvironment. Four experimental groups were established:
monolayer culture (Mon), osteogenic induction (Mon-OD), lactate combined with osteogenic
induction (LA-OD), and lactate combined with osteogenic induction followed by spontaneous
spheroid formation (LA-OD-Sph). Cell viability was assessed using the CCK-8 assay.
Osteogenic differentiation and mineralization were evaluated by alkaline phosphatase (ALP)
and Alizarin Red S (ARS) staining, respectively, and the expression of osteogenesis-related
molecules was examined by quantitative real-time PCR (qQRT-PCR) and Western blotting. In
addition, single-cell RNA sequencing (scCRNA-seq) was performed on two-dimensional
monolayer cells and spontaneous spheroids to compare cellular states and transcriptional
characteristics between the two culture conditions.

In vivo, a calvarial defect model was established in C57BL/6J mice. The animals were assigned
to four groups: defect-only (Control), PLLA implantation (PLLA), PLLA combined with
monolayer cells (PLLA+Mon), and PLLA combined with spontaneous spheroids (PLLA+Sph).
Evaluations were performed at 1, 3, and 6 months postoperatively. Micro-computed
tomography (micro-CT) was used to assess bone regeneration and bone microarchitecture.
Hematoxylin and eosin (H&E) and Masson’s trichrome staining were performed to evaluate
bone repair and foreign body reactions. Immunohistochemistry/immunofluorescence and
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gRT-PCR were used to assess inflammatory and reparative markers, including CD68, CD86,
CD206, IL-10, TNF-a, TGF-B, and HO-1. Scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM/EDS) was used to characterize PLLA surface
degradation and dynamic changes at the material-tissue interface.

Results

In vitro experiments demonstrated that 10 mM lactate did not induce significant cytotoxicity.
Compared with two-dimensional culture, spontaneous spheroids exhibited enhanced osteogenic
differentiation and mineralization potential. Under the lactate-associated microenvironment, the
LA-OD-Sph group showed markedly increased expression of osteogenic and
maturation-associated genes, including SP7, RUNX2, SPP1, and HO-1, suggesting that
spontaneous spheroids may predominantly promote osteoblastic maturation, matrix formation,
and mineralization. scCRNA-seq further revealed distinct cellular state compositions and
transcriptional profiles between two-dimensional monolayer cultures and spontaneous
spheroids, indicating that spontaneous spheroid formation induces functional cell-state
remodeling.

In vivo, the PLLA+Sph group exhibited more pronounced bone regeneration during the
intermediate and late postoperative stages. PLLA implantation alone was associated with
fibrous capsule formation and foreign body giant cell reactions, whereas these responses were
attenuated following the application of spontaneous spheroids. At the intermediate stage, the
PLLA group showed increased expression of pro-inflammatory markers, including CD86 and
TNF-a, whereas the PLLA+Sph group exhibited increased expression of repair-associated
markers, including CD206, TGF-B, and HO-1. These findings suggest that spontaneous
spheroids may facilitate a shift in the local immune microenvironment from a persistent
inflammatory state toward a tissue-reparative state. SEM/EDS analysis further demonstrated
time-dependent changes in the PLLA surface and material-tissue interface, with prominent
ECM-like deposition observed in the PLLA+Sph group during the early and intermediate
stages.

Conclusion

Spontaneous spheroids enhance the osteogenic maturation and mineralization potential of
MC3T3-El1 cells within a PLLA degradation-associated microenvironment and attenuate PLLA
implantation-associated inflammation and foreign body reactions in vivo, thereby promoting the
establishment of a reparative local microenvironment and enhancing bone regeneration. These
findings suggest that spontaneous spheroids may improve the biological performance of
resorbable PLLA implants through the coordinated enhancement of osteogenic potential and
modulation of the immune microenvironment at the material-tissue interface, providing
experimental evidence for a potential strategy to mitigate foreign body reactions associated with
resorbable fixation materials and promote bone regeneration.
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