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With increases in life expectancy, the number of patients requiring joint replacement therapy and
experiencing periprosthetic osteolysis, the most common complication leading to implant failure, is
growing or underestimated. In this study, we found that osteolysis progression and osteoclast
differentiation in the surface of the skull bone of adult mice were accompanied by significant expansion
of lymphatic vessels within bones. Using recombinant VEGF-C protein to activate VEGFR3 and
promote proliferation of lymphatic vessels in bone, we counteracted excessive differentiation of
osteoclasts and osteolysis caused by titanium alloy particles or inflammatory cytokines LPS/TNF-a.
However, this effect was not observed in aged mice because adipogenically differentiated
mesenchymal stem cells (MSCs) inhibited the response of lymphatic endothelial cells to agonist
proteins. The addition of the JAK inhibitor ruxolitinib restored the response of lymphatic vessels to
external stimuli in aged mice to protect against osteolysis progression. These findings suggest that
inhibiting SASP secretion by adipogenically differentiated MSCs while activating lymphatic vessels in
bone offers a new method to prevent periprosthetic osteolysis during joint replacement follow-up.

Total joint arthroplasty (TJA) is a surgical procedure in which diseased
joints are replaced with artificial joint prostheses (usually made of metals,
polymer polyethylene, or ceramics) to relieve joint pain and restore joint
function. Advancements in TJA technology have resulted in significant
improvements in pain, mobility, and quality of life have been achieved'. In
2010, 719,000 total knee arthroplasties (TKAs) and 332,000 total hip
arthroplasties (THAs) were performed in the United States. By 2030,
these numbers are projected to increase significantly, with TKAs expected
to grow by 673% to 3.48 million procedures and THAs by 174-572,000
procedures™™.

Periprosthetic osteolysis is a leading cause of failure in TKA and Hip
Arthroplasty THA”. Periprosthetic osteolysis is a major contributor to
implant loosening after TJA and often requires revision surgery. The
occurrence rate of this complication can be as high as 10% within the first 20

years postoperatively’. In this process, tiny particles released by the
implanted prosthesis promote differentiation of the surrounding osteo-
clasts, leading to dissolution of the adjacent bone tissue. Dissolved bone
tissue loses its ability to provide adequate support for the prosthesis, creating
a vicious cycle. However, therapeutic targets aimed at reducing osteoclastic
bone-resorbing activity or inflammation development, including the use of
bisphosphonates, a monoclonal antibody targeting the receptor activator of
NF«B ligand (RANKL), and antibodies against pro-inflammatory cytokines
(TNF-a and IL-1p), have proven ineffective in preventing pathological bone
loss or extending the lifespan of implants™'’. Moreover, interventions con-
ducted after bone resorption cannot prevent implant displacement and
changes in biomechanical stress lines. Therefore, researchers should initiate
preventive interventions in the early postoperative period, considering the
structural characteristics of the bone’s internal ecosystem.
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Recently, the lymphatic vasculature within the skeletal system has
attracted increasing attention. Ahn et al. initially confirmed the significant
regulatory role of lymphatic vessels within the dorsal part of the skull in
neurodegeneration'". Lincoln et al. verified the crucial regulatory role of the
bone lymphatic system, which is activated by radiation or chemical damage
during bone metabolism and repair'”. These advancements suggest that the
lymphatic network within bone is not merely an optional pathway, as
previously envisioned, but may also function as a high-speed pathway that
regulates physiological systems supporting bones. Owing to the prolonged
presence of implants that are deeply embedded in a bone following joint
replacement surgery, we hypothesized that the lymphatic system may
exhibit a response to mechanical stimuli-induced bone resorption. More-
over, intervention in its expression may have a regulatory effect on bone
metabolism imbalances under stress, similar to the regulatory role observed
in response to radiation-induced damage. Furthermore, considering that
the patient population undergoing joint replacement therapy is pre-
dominantly elderly, and Lincoln et al. demonstrated that aging inhibits the
response of lymphatic endothelial cells (LECs) to genotoxic stress, we also
aimed to elucidate whether the intervention role of bone lymphatic vessels in
bone metabolism during periprosthetic osteolysis undergoes significant
changes with aging.

In this study, we utilized a calvarial mouse model to validate changes in
the proliferation of bone lymphatic vessels during osteolytic disease pro-
gression. We preliminarily determined that osteolysis can be prevented by
activating the lymphatic system. However, we also found that this protective
effect no longer functioned in aged mice. This is because the senescence-
associated secretory phenotype (SASP) of bone marrow stromal cells
(BMSCs) undergoing adipogenic differentiation in aged mice inhibits the
response of the lymphatic system to exogenous lymphatic activation pro-
teins. This inhibition can be reversed by suppressing the SASP in aged cells.
These findings provide a solid foundation for the development of drugs that
target the bone lymphatic system and prevent periprosthetic osteolysis after
joint arthroplasty.

Results

Osteolysis involves heightened lymphangiogenesis

First, we investigated whether there were alterations in the distribution of
lymphatic vessels within resorbed bone tissue as osteolysis advanced or
following the formation of osteolytic lesions. To achieve this objective, we
employed classical titanium alloy particles (TAP) to establish a calvarial
mouse osteolysis model”. The micro-computed tomography (micro-CT)
results indicated the successful establishment of the osteolysis model, with a
significant increase in bone resorption observed from both the superior and
inferior perspectives of the cranial bone compared to the control group
(Fig. 1a, e). Tartrate-resistant acid phosphatase (TRAP) staining of cranial
bone tissue sections after resorption revealed marked enhancement in
osteoclast activity during osteolysis (Fig. 1b, f). The increased infiltration of
inflammatory cells at the injury site corresponds with the active differ-
entiation of osteoclasts and bone resorption (Fig. 1¢, g). Lymphatic vessel
endothelial hyaluronan receptor 1 (LYVEL) and prospero-related homeo-
box 1 (PROX1) are pivotal molecular markers associated with lymphatic
vessel biology'>'*. LYVEL is a type I integral membrane glycoprotein that
serves as a specific LEC marker. It plays a crucial role in mediating the
interaction between LECs and hyaluronan, a key component of the extra-
cellular matrix. PROX1 is a transcription factor and master regulator of
lymphatic development and differentiation. It plays a central role in
determining the fate of LECs and is essential for lymphatic vessel formation
during embryogenesis. Together, LYVE1 and PROXI1 serve as critical
molecular markers that aid in the identification and characterization of
lymphatic vessels and contribute significantly to our understanding of the
molecular mechanisms underlying lymphatic vessel development, home-
ostasis, and function'""”. Mice in the TAP-treated group exhibited evident
lymphatic vessel expansion in the cranial bone, characterized by a pro-
nounced increase in the distribution of LYVEI-positive and PROX1-
positive lymphatic vessels within the resorbed cranial bone tissue compared

with the control group (Fig. 1d, h, i). In summary, metal particle-induced
osteolysis was accompanied by changes in the proliferation and expression
of markers of intraosseous lymphatic vessels, suggesting a possible reg-
ulatory role for lymphatic vessels in the bone regeneration process.

Inhibition of intraosseous lymphatic proliferation alone is suffi-
cient to increase osteoclast activity and bone destruction

The objective of our study was to ascertain whether the proliferation of
intraosseous lymphatic vessels is beneficial or detrimental to osteolysis.
We aimed to determine whether bone resorption was promoted or
inhibited in response to proliferation. To achieve this, we used a specific
inhibitor of lymphatic proliferation, SAR131675. While VEGFR3 is an
established regulator of lymphangiogenesis, SAR131675 is a selective
inhibitor. Previous studies have confirmed its significant inhibitory effect
on lymphatic vessel proliferation within bone'*'’. We found that
administration of SAR131675 alone on the surfaces of cranial bone for
two weeks without concomitant TAP treatment was sufficient to induce a
discernible degree of osteolysis (Fig. 2a, e). Moreover, TRAP staining
indicated a significant enhancement of osteoclast differentiation activity
in the cranial bone induced by SARI131675-mediated osteolysis
(Fig. 2b, f). This further indicated that sole administration of SAR131675
was sufficient to induce osteoclast activity and, consequently, increase the
area of cranial bone resorption. The results of H&E staining also revealed
a significant concurrent increase in the infiltration of inflammatory cells
(Fig. 2¢, g). Simultaneously, the results of immunofluorescence (IF)
experiments confirmed specific inhibition of lymphatic vessels, as evi-
denced by the suppression of lymphatic endothelial cell markers LYVE1
and PROX1 (Fig. 2d, h, i). In conclusion, these results showed that
inhibition of intraosseous lymphatic vessels may promote osteolysis due
to the loss of osteoclast activity suppression.

Activating intraosseous lymphatic vessels counteracts bone
resorption
Because the preceding results confirmed the inhibitory effect of intraosseous
lymphatic vessel suppression on bone destruction and promotion of bone
resorption, we sought to determine whether preventive promotion of
excessive activation of intraosseous lymphatic vessels can mitigate peri-
prosthetic osteolysis. To achieve this, we used TAP in combination with
VEGEF-C recombinant protein to induce local osteolysis. Recombinant
VEGF-C is a recognized essential inducer of lymphangiogenesis'*"*. Micro-
CT revealed evidence of cranial bone resorption on both the superior and
inferior surfaces of bones as early as the 7th day after TAP treatment
(Fig. 3a, e). However, concurrent administration of recombinant VEGF-C
significantly restrained the expansion of the resorption area and initiation of
bone resorption during the early stages of osteolysis (Fig. 3a, e). By the 14th
day of TAP treatment, when bone resorption had fully developed and the
resorption area was extensive, sustained use of VEGF-C protein exhibited
notable control and improvement of osteolysis. Notably, from an inferior
perspective of the cranial bone, there were no apparent perforations in the
cranial base in the TAP + VEGF-C group (Fig. 3a, e). TRAP staining further
demonstrated that on the 7th and 14th day post-treatment with TAP,
concurrent administration of recombinant VEGF-C protein significantly
inhibited osteoclast differentiation and quantity (Fig. 3b, f). This aligned
with the micro-CT results. Correspondingly, there was also an improve-
ment in the infiltration of inflammatory cells (Fig. 3¢, g). Furthermore, this
antagonistic effect against bone resorption was achieved by targeting
intraosseous lymphatic vessels, as evidenced by the IF results. During the
early stages of the bone resorption process (on the 7th day) or at a later stage
(on the 14th day), significant improvement in bone resorption induced by
recombinant VEGF-C protein treatment was accompanied by substantial
proliferation of intraosseous lymphatic vessels. This was evidenced by the
notable enrichment of LYVEl-positive cells and PROXI-positive cells
(Fig. 3d, h, 1).

Following this, we further validated the therapeutic effects of VEGF-C
in cell experiments. Surprisingly, direct application of VEGF-C not only
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Fig. 1 | Osteolysis involves heightened lymphangiogenesis. a Micro-CT images
displaying bone resorption in the cranium from both superior and inferior per-
spectives. b TRAP staining in mouse cranial bones after TAP implantation. Scale
bars: 100 pm. ¢ H&E staining in mouse cranial bones after TAP implantation. Scale
bars: 100 pm. d, IF staining for DAPI with LYVE1 (green) and PROX1 (red). Scale
bars, 100 um. e Quantification of the lytic area in calvarial bone tissues analyzed by
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micro-CT (n = 6). f Quantification of TRAP-stained areas in calvarial bone sections
(n = 6). g, Quantification of inflammatory infiltrating cells in calvarial bone sections
(n=6). h, i The corresponding quantification data for LYVEL (green) and PROX1
(red) expressions in cranial bones on day 14 after TAP treatments (1 = 6). Data are
shown as means + SD. P values were calculated by the two-tailed Student’s t-test.

failed to inhibit osteoclast differentiation but even accelerated their further
differentiation compared to the control group treated solely with RANKL
(Supplementary Fig. 1a, c). However, when employing a Transwell cell
coculture system to coculture upper-layer lymphatic endothelial cells
with lower-layer pre-osteoclasts, solely young and vigorous lymphatic

endothelial cells were able to suppress the excessive differentiation of lower-
layer osteoclasts (Supplementary Fig. 1b). Moreover, by further stimulating
the proliferation of upper-layer lymphatic endothelial cells using VEGF-C,
this inhibition of osteoclast differentiation in the lower layer was further
amplified (Supplementary Fig. 1b, d). In conclusion, this study showed that,
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Fig. 2 | Inhibition of intraosseous lymphatic proliferation alone is sufficient to
increase osteoclast activity and bone destruction. a Micro-CT images depicting
cranial bone resorption from both superior and inferior perspectives after con-
tinuous treatment with SAR131675 for 14 days. b, TRAP staining in mouse cranial
bones after SAR131675 treatment. Scale bars: 100 um. ¢ H&E staining in mouse
cranial bones after SAR131675 treatment. Scale bars: 100 um. d Representative IF
images for LYVEI (green) and PROX1 (red) expressions in cranial bones on day 14
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after SAR131675 treatments. e Quantification of the lytic area in calvarial bone
tissues analyzed by micro-CT (n = 5). f Quantification of TRAP-stained areas in
calvarial bone sections (n = 5). g Quantification of inflammatory infiltrating cells in
calvarial bone sections (n = 5). h, i The corresponding quantification data for LYVE1
and PROX1 expressions in cranial bones on day 14 after SAR131675 treatments
(n="5). Data are shown as means * SD. P values were calculated by the two-tailed
Student’s t-test.
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Fig. 3 | Activating intraosseous lymphatic vessels
counteracts bone resorption. a Micro-CT images
illustrating cranial bone resorption from both
superior and inferior perspectives after continuous
TAP treatment for 7 or 14 days, concomitant with
subcutaneous injection of recombinant VEGF-C.

b TRAP staining in mouse cranial bones following
TAP implantation, combined with recombinant
VEGF-C injection. Scale bars: 100 pum. ¢ H&E
staining in mouse cranial bones following TAP
implantation, combined with recombinant VEGF-C
injection. Scale bars: 100 um. d IF staining for DAPI
with LYVEI (green) and PROXI1 (red). Scale bars,
100 pm. e Quantification of the lytic area in calvarial
bone tissues analyzed by micro-CT (n =6).

f Quantification of TRAP-stained areas in calvarial
bone sections (n = 6). g Quantification of inflam-
matory infiltrating cells in calvarial bone sections
(n=6).h, i The corresponding quantitative data for
LYVEL (green) and PROX1 (red) expressions in
cranial bones on day 7 or day 14 after combined TAP

and recombinant VEGF-C treatments (n = 6). Data b
are shown as means + SD. Significance was assessed Sham TAP Day7 TAP+VEGF-C Day7 TAP Day14 TAP+VEGF-C Day14
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with concomitant administration of VEGF-C targeting and promotion of
intraosseous lymphatic vessel proliferation, both early- and late-stage
osteolysis induced by TAP can be significantly suppressed. This is consistent
with earlier findings that inhibiting intraosseous lymphatic vessel pro-
liferation promotes osteoclast activity.

Therapeutic effect of VEGF-C on pathological bone loss induced
by LPS and TNF-a administration

To gather additional evidence of the potential therapeutic applications
of lymphatic vessel proliferation in pathological bone resorption-related

diseases, we treated models of lipopolysaccharide (LPS) and tumor
necrosis factor-alpha (TNF-a)-induced bone loss with recombinant VEGF-
C protein.

LPS is a potent inducer of bone resorption and contributes to the
pathogenesis of various bone-related disorders. When administered, LPS
activates immune cells and triggers the release of pro-inflammatory
cytokines such as TNF-a. These inflaimmatory mediators stimulate
osteoclast activity, leading to increased bone resorption. This LPS-
induced bone loss offers a valuable experimental model for investigating
the molecular and cellular mechanisms underlying pathological bone
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resorption . As anticipated, local injection of LPS in mice resulted in
signs of cranial bone resorption, accompanied by significant upregulation
of osteoclast activity. However, these effects on induced bone resorption
and osteoclast differentiation were markedly reversed upon concurrent
administration of the lymphatic vessel proliferation activator VEGF-C.
Notably, therapeutic improvements in LPS-induced cranial bone
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resorption achieved with VEGF-C treatment surpassed those observed
in the model induced by TAP (Fig. 4a—c, e-g). Similarly, LPS treatment
induced reactive proliferation of intraosseous lymphatic vessels
concurrent with the induction of cranial bone resorption. However,
concurrent treatment with VEGF-C accentuated lymphatic vessel pro-
liferation (Fig. 4d, h, i).
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Fig. 4 | Therapeutic effect of VEGF-C on pathological bone loss induced by LPS
and TNF-a administration. a Micro-CT images depict cranial bone resorption
from both superior and inferior perspectives after continuous LPS treatment for 14
days, concomitant with subcutaneous injection of recombinant VEGF-C. b TRAP
staining in mouse cranial bones following LPS treatment, combined with recom-
binant VEGEF-C injection. Scale bars: 100 um. ¢ H&E staining in mouse cranial bones
following LPS treatment, combined with recombinant VEGF-C injection. Scale bars:
100 pm. d IF staining for DAPI with LYVEI (green) and PROX1 (red). Scale bars,
100 um. e Quantification of the lytic area in calvarial bone tissues analyzed by micro-
CT (n = 6). f Quantification of TRAP-stained areas in calvarial bone sections (1 = 6).
g Quantification of inflammatory infiltrating cells in calvarial bone sections (n = 6).
h, i The corresponding quantitative data for LYVEI (green) and PROX1 (red)
expressions in cranial bones on day 14 after combined LPS and recombinant VEGF-
C treatments (n = 6). j Micro-CT images depict cranial bone resorption from both

superior and inferior perspectives after continuous TNF-a treatment for 14 days,
concomitant with subcutaneous injection of recombinant VEGF-C. k TRAP
staining in mouse cranial bones following TNF-a treatment, combined with
recombinant VEGF-C injection. Scale bars: 100 um.  H&E staining in mouse cranial
bones following TNF-a treatment, combined with recombinant VEGF-C injection.
Scale bars: 100 um. m IF staining for DAPI with LYVEL1 (green) and PROX1 (red).
Scale bars, 100 pm. n Quantification of the lytic area in calvarial bone tissues ana-
lyzed by micro-CT (n = 6). o0 Quantification of TRAP-stained areas in calvarial bone
sections (n = 6). p Quantification of inflammatory infiltrating cells in calvarial bone
sections (1 = 6). q, r The corresponding quantitative data for LYVEI (green) and
PROXI1 (red) expressions in cranial bones on day 14 after combined TNF-a and
recombinant VEGF-C treatments (n = 6). Data are shown as means + SD. Sig-
nificance was assessed through one-way ANOVA.

TNEF-a is recognized for its promotion of bone resorption and osteo-
clast differentiation. Unlike LPS, TNF-a acts as a potent pro-inflammatory
cytokine that stimulates osteoclastogenesis by directly activating osteoclast
precursors”'. Our findings indicated that recombinant VEGF-C protein can
effectively mitigate TNF-a-induced cranial bone surface resorption. Nota-
bly, the efficacy of VEGF-C in ameliorating bone resorption induced by this
classic inflammatory cytokine was superior to its effect on TAP-induced
bone resorption (Fig. 4j, n). Correspondingly, there was a marked reversal in
TNEF-a-induced osteoclast differentiation and inflammatory cell infiltration
(Fig. 4k, 1, o, p). Furthermore, the IF results indicated that this ameliorative
effect was achieved through the promotion of intraosseous lymphatic vessel
proliferation (Fig. 4m, q, r). In summary, this part of the experiment con-
firmed that, in addition to TAP, osteolysis caused by chemical inducers such
as LPS and TNF-a can be rescued by VEGF-C targeting intraosseous
lymphatic vessels.

Aging inhibits the ameliorative effect of VEGF-C on osteolysis
Aging has a profound effect on the skeletal system, resulting in complex
array of structural and functional changes. Moreover, most patients who
require clinical joint replacement and fracture internal fixation treatment
are elderly. Therefore, studies on periprosthetic osteolysis should focus on
the specific background of aging. We initially used aged mice to establish a
TAP-induced bone resorption model. However, in contrast to the experi-
mental outcomes obtained in young mice, bone resorption induced by TAP
in aged mice was not significantly rescued by concurrent administration of
VEGE-C (Fig. 5a, b). Substantial cranial bone surface resorption persisted,
indicating a disparity in the experimental conclusions obtained from
experiments in aged versus younger mice. At the same time, the large
number of differentiated osteoclasts and the infiltration of inflammatory
cells in the lytic bone tissue could not be reduced by VEGF-C application
(Fig. 5¢, d, f, ). This suggests that targeting the lymphatic vasculature in
aging bone tissue may not adequately rescue periprosthetic osteolysis. Next,
the IF results suggested that, in aging mice, the use of VEGF-C no longer
significantly promoted the proliferation of lymphatic vessels in bone tissue
of the treated group compared with the simple osteolysis group (Fig. 5e, h, i).
In summary, these results suggest that aging diminishes the responsiveness
of the skeletal system to VEGF-C-stimulated lymphatic vessel proliferation,
thereby limiting the therapeutic efficacy of promoting lymphatic vessel
proliferation during periprosthetic osteolysis.

Senescent and adipogenic mesenchymal stem cells suppress
intraosseous lymphatic vessel proliferation

We postulated that the inability to suppress osteoclast differentiation and
alleviate bone resorption through lymphatic targeting in the aging skeletal
system may be attributed to significant alterations in other factors that occur
with aging, thereby interfering with the responsiveness of the lymphatic
system. To address this issue, we shifted our focus to aging stem cells. Aging
has significant effects on stem cells within the skeletal system, including
changes in cell function and properties. During aging, proliferation and
differentiation capabilities of stem cells gradually diminish, and the cells

tend to undergo adipogenic differentiation rather than contribute to bone
formation. Aging also causes cellular dysfunction, including decreased
responsiveness to external stimuli and weakened cellular immune reg-
ulatory function. These changes may have profound effects on the overall
health of the skeletal system, affecting bone density, quality, and fracture
risk, thereby promoting the development of osteolysis and related diseases
in older adults”. Aging BMSCs are known to develop a senescence-
associated secretory phenotype (SASP); SASP factors have been shown to
propagate senescence in neighboring non-senescent cells through paracrine
signaling or cell-cell contact, thereby affecting the homeostasis of multiple
systems within bone”**.

Therefore, we speculated that aging SASP molecules suppressed
responsiveness of the intraosseous lymphatic system to recombinant
VEGE-C. Initially, we sought to elucidate whether lymphatic vessel mar-
kers within mouse bones exhibit a decline in expression levels with
advancing age. Contrary to our expectations, in mice aged 24 months,
there was only a modest and statistically insignificant reduction in LYVE-
1-positive LECs within the bone compared to that in younger mice.
Conversely, no changes in expression were observed in LECs expressing
PROX]1 during the aging process (Fig. 5j-1). Aging is not associated with
significant changes in the distribution and expression of intraosseous
lymphatic vessels. Conversely, as mice age, markers indicative of bone
marrow senescence and SASP, including p53, DNA damage marker
YH2AX, and perilipin* cells, were progressively upregulated. This trend
was prominent in the bone marrow of 12-month-old mice and peaked in
24-month-old mice (Fig. 5m-p).

To further elucidate the impact of mesenchymal stem cell senescence
and adipogenic differentiation on intraosseous lymphatic vessel prolifera-
tion, we employed an in vitro Transwell cell co-culture technique. BMSCs
isolated from adult mice were seeded in the upper chamber and cultured in
adipogenic differentiation induction medium. The lower chamber con-
tained primary LECs derived from the mice (Fig. 6a). The IF results showed
that the adipogenic differentiation of BMSCs in the upper layer significantly
inhibited the expression of lymphatic vessel proliferation markers LYVE1
and PROX1 in the lower LECs (Fig. 6b). Finally, to ascertain whether
unresponsive lymphatic vessel proliferation in aging mice can be rescued by
blocking SASP molecules released by adipogenically differentiated BMSCs,
we used the JAK inhibitor (JAKi) ruxolitinib, a known inhibitor of SASP in
senescent cells’. The results of these in vitro cell experiments suggested that
adipogenically differentiated BMSCs treated with JAKi lose their inhibitory
effect on the proliferation of underlying lymphatic vessels (Fig. 6b).
Representative micro-CT images of the skulls of aging mice indicated that
treatment with JAKi alone partially counteracted bone resorption induced
by TAP. Furthermore, with co-administration of JAKi and VEGF-C, the
previously observed improvement in bone resorption in aging mice with
prior VEGF-C treatment was restored (Fig. 6¢c, g). Combined targeting of
lymphatic vessels based on the suppression of SASP showed pronounced
inhibition of bone resorption. Simultaneously, active osteoclasts and
inflammatory cells infiltration were inhibited during osteolysis by JAKi
alone and JAKi in combination with VEGF-C (Fig. 6d, e, h, i). Finally, IF
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the bones of aging mice similar to those observed in young mice (Fig. 61, j, k).
In summary, inhibition of SASP factors secreted by senescent and adipo-
genically differentiated BMSCs can rescue the therapeutic efficacy of tar-
geting lymphatic vessel proliferation during aging bone resorption.
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Discussion

With aging demographics worldwide and ongoing advancements in
healthcare within industrialized societies, the number of individuals
requiring joint replacement surgery throughout their lifetime will inevitably
surge”. Following implantation of internal fixation devices in the human
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Fig. 5 | Aging inhibits the ameliorative effect of VEGF-C on osteolysis, accom-
panied by bone marrow aging and enhanced adipogenic differentiation. a Micro-
CT images illustrating cranial bone resorption in aging mice from both superior and
inferior perspectives after continuous TAP treatment for 14 days, concomitant with
subcutaneous injection of recombinant VEGF-C. b Quantification of the lytic area in
calvarial bone tissues analyzed by micro-CT (n = 6). ¢ TRAP staining in aging mouse
cranial bones after TAP implantation. Scale bars: 100 um. d H&E staining in aging
mouse cranial bones after TAP implantation. Scale bars: 100 um. e IF staining for
DAPI with LYVEL (green) and PROXI1 (red). Scale bars, 100 pm. f Quantification of
TRAP-stained areas in calvarial bone sections ( = 6). g Quantification of

inflammatory infiltrating cells in calvarial bone sections (n =6). h, i The corre-
sponding quantitative data for LYVEI (green) and PROXI (red) expressions in the
cranial bones of aging mice on day 14 after combined TAP and recombinant VEGEF-
C treatments (#n = 6). j-1 Representative immunofluorescence images and the cor-
responding quantification data for LYVEI1 (green) and PROX1 (red) expressions in
the cranial bones of mice at different ages (# = 6). m-p Representative immuno-
fluorescence images and the corresponding quantification data for p53, yH2AX and
Perilipin expressions in the cranial bones of mice at different ages (n = 6). Data are
shown as means * SD. Significance was assessed through one-way ANOVA.

body, a noteworthy complication is periprosthetic bone resorption and
consequent loosening of the implant™ ™. If handled improperly or in an
untimely manner, osteolysis around the prosthesis may seriously affect the
patient’s quality of life and may necessitate revision surgery. The most
widely used titanium-based implants inevitably release TAP into the sur-
rounding tissues. The concentration of TAP was found to be significantly
increased at the site of peripheral implantitis, suggesting TAP as a risk factor
for this disease” . Lin et al. discovered that short-chain fatty acids (SCFAs),
propionic acid (C3), and butyric acid (C4) exhibited anti-inflammatory and
inhibitory effects on osteoclast differentiation in wear particle-induced
osteolysis following total joint arthroplasty, both in vivo and in vitro™. Liwei
et al. showed that both genetic and pharmacological activation of Hedgehog
(Hh) signaling inhibited osteoclast differentiation and activity and protected
against wear particle-induced osteolysis, suggesting Hh signaling as a pro-
mising therapeutic target for the prevention and treatment of periprosthetic
osteolysis and related osteolytic diseases”’. These studies indicate the
importance of small metal particles derived from prostheses in promoting
and intervening in osteolysis.

Research on intraosseous lymphatic vessels has a long history. How-
ever, it was not until the early 21st century that breakthroughs in molecular
biology and advanced imaging allowed the development of powerful tools to
study intraosseous lymphatic vessels. Recent studies employing methods
such as immunohistochemistry, microscopic imaging, and single-cell
sequencing have confirmed the existence of lymphatic vessels within
bones''>***¥", Further, the discovery of two lymphatic endothelial cell
markers, LYVE1 and PROXI, has made it possible to quantify lymphatic
vessels using simple experimental methods such as immunofluorescence
and immunohistochemistry''**. A groundbreaking study by Lincoln et al.
demonstrated the promotion effect of the intraosseous lymphatic system on
bone regeneration under genotoxic stress, suggesting significant therapeutic
potential for various intraosseous diseases'”. Therefore, we explored the pro-
resolving function of lymphangiogenesis in periprosthetic osteolysis and
assessed its therapeutic potential using experimental periprosthetic osteo-
lysis models.

Our findings support the conclusion that lymphatic vessels exist within
bone and that there is increased expression of vessel markers in a severe
osteolysis model induced by metal particles. Our results also indicate that
mere inhibition of intraosseous lymphatic vessels can lead to significant
differentiation of osteoclasts and an osteolytic phenotype. This suggests that
enhancing the proliferation of intraosseous LECs and lymphatic vessels may
protect against the development of osteolysis. These conjectures were
confirmed by animal experiments. Regardless of whether osteolysis was
caused by titanium alloy metal particles, LPS, or the inflammatory cytokine
TNEF-aq, application of the VEGF-C recombinant protein, which promotes
proliferation of LECs”, can inhibit the activity of intraosseous osteoclasts
and osteolysis. This finding is similar to that reported by Lincoln et al.”.
Unlike this study, however, we did not use a radiation-induced damage
model but instead used a more clinically relevant osteolysis model to address
common complications in orthopedic surgery.

In addition to the model of periprosthetic osteolysis induced directly by
minute metal particles, the biological agents LPS and TNF-a, which can be
utilized in constructing osteolysis models, were also employed in this
experiment to provide a diverse range of external stimuli’**. In this study,

we observed that stimulation by LPS and TNF-a similarly induces excessive
proliferation and activation of lymphatic vessels within the bone. Con-
sidering the reparative potential of lymphatic vessel proliferation in bone
injuries, we speculate that this adaptive proliferation is also an attempt by the
intraosseous ecosystem to repair damage. However, whether it is metal
particles or LPS and TNF-q, they are ultimately excessive stimuli applied
from outside the body at fixed frequencies, which the spontaneous repair
system within the body cannot overcome. When we similarly provide
continuous supplementation of VEGF-C from the external environment to
counterbalance the excessive supplementation of inflammatory cytokines,
the intraosseous lymphatic system, adequately supplied with “ammuni-
tion,” can finally exert its full therapeutic efficacy.

Meanwhile, we also noticed that not all studies have suggested a pro-
tective role of VEGF-C in bone. Studies indicate that lymphatic vessel
dilation exists in the bones of patients with Gorham-Stout disease (GSD),
and mice overexpressing VEGF-C in their bones exhibit phenotypes similar
to GSD*"*. Tt is noteworthy that their research did not involve direct bone
destruction, unlike the radiation injury models suggesting a protective role
of lymphatic vessels in bone or the direct external physical or chemical
stimulation models used in this study. Therefore, in different pathological
processes, the role played by activated intraosseous lymphatic vessels may
vary, and excessive activation not responsive to external injury stimuli may
likely have adverse effects on bone.

However, the therapeutic effect of osteolysis of targeting intraosseous
lymphatic vessel proliferation was not as effective as expected in an osteo-
lysis model established in aging mice. Therefore, we explored whether
intraosseous factors limit the therapeutic effect of vessel proliferation when
comparing aging and young mice. Recent studies have shown that senescent
cells can promote the senescence of neighboring cells by secreting SASP
factors™*. The most striking feature of the aging skeletal system is the
senescence of BMSCs and the resulting enhancement of adipogenic dif-
ferentiation. Our results confirmed that, with an increase in the age of the
mice, the expression of markers indicating BMSC aging and adipogenic
differentiation gradually increased within the bone marrow cavity. Wei et al.
indicated that mesenchymal stem cells (particularly MALPs) can promote
differentiation and activity of osteoclasts by secreting factors such as
RANKL, thereby affecting bone metabolism and remodeling®. With aging,
adipogenic differentiation of mesenchymal stem cells intensifies, which may
alter regulation of osteoclasts and further affect bone metabolism and
remodeling. Leilei et al. also suggested that adipogenic differentiation of
BMSCs inhibits bone formation®. Using a transwell co-culture technique,
we were able to directly study the impact of adipogenically differentiated
BMSC:s on the proliferation of LECs in in vitro experiments. Our results
suggest that aging and adipogenic differentiation of BMSCs inhibit LEC
proliferation. We speculated that this inhibitory effect was achieved through
the action of SASP molecules.

To confirm this hypothesis, we used the JAK inhibitor ruxolitinib. JAK
inhibitors suppress the activity of JAK enzymes, thereby preventing cyto-
kine transmission. In aging-related molecular phenotypes, JAK inhibitors
may inhibit the JAK-STAT signaling pathway and reduce inflammatory
responses, thereby inhibiting cellular aging**"~*. Through cell experi-
ments, we confirmed that inhibiting SASP factors from adipogenically
differentiated BMSCs using JAKi could rescue proliferation of LECs.
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Fig. 6 | Using JAKi to inhibit SASP secretion from
senescent stem cells rescues the therapeutic effect
of lymphatic proliferation on osteolysis in

aged mice. a Model of co-culture involving BMSCs
treated with adipogenic differentiation medium and
LECs. Mouse bone marrow-derived stem cells were
seeded in the upper insert at a density of 5 x 10* cells/
well, while the lower layer of LECs was evenly plated
ata density of 1 x 10° cells/well. b IF images of Anti-
LYVELI antibody and Anti-PROX1 antibody
demonstrate that upper-layer adipogenically dif-
ferentiated BMSCs inhibit the proliferation of
lower-layer LECs. However, this inhibitory effect
can be reversed by using JAK inhibitor on the upper
insert. Scale bar, 50 um. ¢ Micro-CT images illus-
trate cranial bone resorption from both superior and
inferior perspectives after continuous TAP treat-
ment for 14 days, along with subcutaneous injection
of recombinant VEGF-C, oral administration of
JAK inhibitor, or their combination. d TRAP
staining was performed on mouse cranial bones
following TAP treatment, combined with sub-
cutaneous injection of recombinant VEGF-C, oral
administration of JAK inhibitor, or their combina-
tion. Scale bars: 100 um. e H&E staining was per-
formed on mouse cranial bones following TAP
treatment, combined with subcutaneous injection of
recombinant VEGF-C, oral administration of JAK
inhibitor, or their combination. Scale bars: 100 um.
f IF staining for DAPI with LYVEL1 (green) and
PROXI1 (red). Scale bars, 100 um. g Micro-CT
images illustrating cranial bone resorption in aging
mice from both superior and inferior perspectives
following TAP treatment, combined with sub-
cutaneous injection of recombinant VEGF-C, oral
administration of JAK inhibitor, or their combina-
tion. h Quantification of TRAP-stained areas in
calvarial bone sections (n = 6). i Quantification of
inflammatory infiltrating cells in calvarial bone
sections (n = 6). j, k The corresponding quantitative
data for LYVEI1 (green) and PROXI1 (red) expres-
sions in cranial bones on day 14 after combined TAP
treatment, subcutaneous injection of recombinant
VEGE-C, oral administration of JAK inhibitor, or
their combination (n = 6). Data are shown as
means * SD. Significance was assessed through one-
way ANOVA.
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Animal experiments further confirmed that use of JAK inhibitors alone the patient population receiving joint replacement treatment in clinical
could partially alleviate cranial bone osteolysis induced by metal particlesin  practice is mostly elderly, this discovery provides a basis for the future
aging mice. Combined use of the lymphangiogenesis activator protein  development of drugs targeting intraosseous lymphatic vessels to prevent
VEGEF-C resulted in a therapeutic effect similar to that observed in young  bone resorption.

mice, suggesting a reversal of the inhibitory effect of aging intraosseous This study highlighted a novel strategy for innovative therapeutic
adipogenically differentiated on BMSCs on lymphangiogenesis. Given that  approaches to prevent implant failure. We found that promoting excessive
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proliferation of intraosseous lymphatic vessels is a promising strategy to
prevent periprosthetic osteolysis after joint replacement surgery. Moreover,
this targeted therapeutic effect in aging individuals will require inhibition of
SASP factors released from aging BMSCs.

Methods

Study approval

Animal experiments were performed in accordance with a protocol (SHOH-
2023-A904-1) approved by the Institute of Animal Care and Use Com-
mittee of the Ninth People’s Hospital, Shanghai Jiao Tong University School
of Medicine. All mice were housed under specific-pathogen free (SPF)
conditions and maintained in a controlled environment with a temperature
of 21-22 °C, humidity between 40% and 50%, and a consistent 12-h light/
dark cycle throughout the experiments.

Preparation of TAP

The metallic particles utilized in this research were titanium powder par-
ticles sourced from Alfa Aesar (#000681, Heysham, UK), with a purity
exceeding 93% and a diameter less than 20 pm'****". To remove endotoxins,
the particles were baked at 180 °C for 6 h and then washed twice in 70%
ethanol for 24 h at 25 °C”". Sterile particles were suspended in phosphate-
buffered saline (PBS) and stored at 4 °C until further use.

Calvarial mouse model

We have complied with all relevant ethical regulations for animal use.
C57BL/6 mice were used for all analyses. The mice used in this study were
all male. Unless otherwise stated, the mice used in this study were mature
adult mice aged 6-12 weeks. For aging studies, the mice were at least
12 months old. In experiments involving implants or drug stimulation,
mice were randomly assigned to treatment groups, with littermates ser-
ving as sham controls.

For mice subjected to TAP-induced bone resorption, C57BL/6 mice
were anesthetized using isoflurane inhalation according to standard pro-
tocols. Following confirmation of anesthesia, the skin over the skull was
shaved, disinfected with alcohol, and incised along the midline using a sharp
surgical blade. Subsequently, 30 mg of TAP (30 uL) was evenly applied to
the bilateral parietal bone surface, followed by closure of the surgical incision
and additional disinfection. In all sham surgery groups, mice underwent the
same surgical procedure as described above, except pure PBS (30 puL) was
used instead of TAP. For the cytokine-induced osteolysis model, murine
LPS (Thermo Fisher) or recombinant TNF-a (PeproTech) was injected
onto the surface of the calvarial bone every other day over a 14-day period at
a concentration of 100 pg/kg.

For pharmacological activation of lymphatic vessels in mouse bone
tissue, recombinant VEGF-C protein (SinoBiological) at a concentration of
10 pg/mL was subcutaneously injected onto the surface of the skull. An
equal volume of vehicle solution was administered to the mice in the sham
group as control. Both vehicle and VEGF-C recombinant proteins were
administered alternate days for 7 or 14 consecutive days.

For SARI31675 treatment, C57BL/6 mice were subcutaneously
injected with 100 mg/kg SAR131675 (MCE) once daily for 14 days
consecutively. In the control group, sham-operated mice were injected
with PBS.

For ruxolitinib (JAKi) treatment, JAKi was dissolved in 10% DMSO
and administered via oral gavage at a dose of 60 mg/kg daily for 2 weeks™.

After 7 or 14 days, the mice were euthanized under anesthesia and their
harvested skull tissues were fixed by immersion in 4% paraformaldehyde.
The fixed tissues were prepared for subsequent micro-CT analysis, histo-
pathological examination, and gene and protein analyses.

Micro-CT analysis

Micro-CT was performed using a high-resolution micro-CT system
(Skyscan 1275 micro-CT scanner, Bruker micro-CT, Kontich, Belgium. The
scanning resolution was set at 10 pm, with X-ray energy configured at 70 kV
and 200 pA, and a fixed exposure time of 300 ms. The obtained radiographic

data were analyzed in Image] (NIH, USA) to quantify bone loss on the
surfaces of calvariae™™.

TRAP staining

After micro-CT imaging, calvarial samples were decalcified in 10% EDTA
(pH 7.4) for two weeks and embedded in paraffin. Subsequently, histological
sections were prepared for TRAP staining to assess osteoclast activity.
Tartrate-resistant acid phosphatase (TRAP) staining was performed using a
standard protocol (Sigma-Aldrich). TRAP-positive multinucleated cells
were considered osteoclasts. The stained sections were observed and imaged
under a high-quality microscope (Leica DMi8). TRAP-positive osteoclasts
were quantified using Image] software.

IF analysis

For IF staining, calvarial tissues were deparaffinised and rehydrated. Then,
5-pum sections were permeabilized with 0.2% Triton X-100, blocked with 2%
BSA for 1h, and incubated with primary antibodies (Supplementary
Table 1) overnight at 4 °C. After washing, the sections were further incu-
bated with goat anti-rabbit IgG H&L (Alexa Fluor® 555) (Abcam) or goat
anti-rabbit IgG H&L (Alexa Fluor® 488) (Abcam) secondary antibodies
(diluted at 1:200) for 1 h at room temperature. The stained sections were
observed and imaged using a high-quality microscope (Leica DMi8). His-
tological scoring and quantitative IF staining analyses were performed in a
double-blind manner.

Isolation and culture of LECs

Femurs and tibiae were harvested from mice, and the bones were crushed
under sterile conditions. The crushed bones underwent enzymatic
digestion using collagenase A (Sigma-Aldrich) at 37 °C for 45 min, and the
resulting material was filtered through a 40-pm filter to obtain a single-cell
suspension. CD45-positive cells were then depleted from the single-cell
suspension using a BD CD45 cell depletion kit (Invitrogen, 8804-6864-
74). LECs were isolated using LYVEI antibodies raised in rabbits and a
magnetic bead-based separation method. LYVEI-positive cells were
separated using anti-rabbit magnetic beads (Dynabeads M-280 Sheep
Anti-Rabbit, Thermo Fisher Scientific) following the manufacturer’s
instructions. The successfully isolated LECs were maintained in Dulbec-
co’s modified eagle medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific,
Inc.) at 37 °C with 5% CO,.

BMSC isolation, culture, and adipogenesis differentiation

BMSC isolation, culture, and adipogenic differentiation procedures were
performed according to a previously described protocol™. In brief, 3-month-
old male C57BL/6 mice were euthanized, and their femurs and tibias were
dissected. Bone marrow cells were extracted using 22-gauge syringes filled
with PBS. The freshly isolated single-cell suspensions were then plated at
a density of 5 x 10* cells/cm’ in 6-well plates using BMSC growth media
(a-MEM supplemented with 10% FBS and 1% penicillin-streptomycin).
The cells were allowed to proliferate for 3 days before the supernatant was
aspirated. The cells were rinsed three times with PBS, and the medium was
refreshed three times a week. For adipogenic differentiation, mesenchymal
stem cells were cultured in adipogenic media (Human Mesenchymal Stem
Cell Chondrogenic Differentiation and Staining Kit, Meilunbio) for a spe-
cified number of days, with the medium changed every two days.

Tartrate-resistant acid phosphatase (TRAP) staining assay
BMDMs were plated in 96-well plates at a density of 1 x 104 cells per well
and cultured with M-CSF (30 ng/mL) and RANKL (100 ng/mL), either in
the presence of external monoamine. The culture medium was renewed
every 2 days until osteoclast (OCs) formation was observed on day 5. Fol-
lowing a 20-min fixation with 4% paraformaldehyde (PFA), cells were
stained with TRAP staining solution at 37 °C for 1 h. OCs were identified as
TRAP-positive cells with more than three nuclei. Images were captured
using an optical microscope (Olympus).
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Co-cultivation of cells

We conducted cell co-culture experiments on adipogenically differ-
entiated BMSCs and LECs according to previously described methods™.
In this experiment, we co-cultured BMSC and LECs using 12-mm
Transwell plates with a 0.4-um pore size polyester membrane. Initially,
BMSC (5 x 10* cells/well) were seeded in the upper chamber of the plates,
and LECs (1 x 10° cells/well) were seeded in the lower chamber. The
Transwell insert was then placed into the well, ensuring that the BMSCs in
the insert were not in direct contact with the LECs in the well but that they
shared the same medium, allowing for the exchange of soluble factors. The
co-culture was incubated at 37 °C in a humidified atmosphere containing
5% CO,, and the medium was changed every two days. After the desired
co-culture period, the necessary analyses, including IF, were performed.
The coculture of osteoclasts and LECs was carried out following the
same method as described above, with the only difference being
the swapping of cells between the bottom and insert plates according to
the experimental design.

Statistics and reproducibility

All experiments were conducted with at least three biological replicates. The
exact number of biological replicates for each experiment is detailed in the
corresponding figure legends and can be found along with the raw source
data in the Source Data file. Values are presented as means + standard error
(SD). Statistical analyses were performed using GraphPad Prism 8.0
(GraphPad Software). A two-tailed Student’s t-test was used to compare the
two groups. For comparisons involving multiple experimental groups,
either one-way or two-way analysis of variance (ANOVA) as appropriate.
Statistical significance was set at p < 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available in the article and
Supplementary Information files. The source data are provided in Supple-
mentary Data 1. Any additional requests for information can be directed to
and fulfilled by the corresponding authors. The source data are provided in
this report.
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