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Fig. 7| Depleting SAP by CPHPC (miridesap) alleviates amyloid deposits

and improves bone phenotype in aged mice. Eighteen-month-old male and
female C57BL/6 mice were treated with CPHPC at 5 mg mlin drinking water
for 42 d. Regular drinking water was used as a control. a,b, SAP concentration
was measured by ELISA in the bone marrow of five mice per group (a) and the
serum of ten mice per group (b). c-j, Representative uCT images of trabecular
areain the distal femur of female mice are shown in c with quantitative analyses
oftrabecular bone volume (BV/TV) (d), Tb.Th (e), Tb.N (f) and Tb.Sp (g).
n=5.Representative pCT images of the Ct.Ar of the femur are shown

inhwith quantitative analyses of Ct.Ar (i) and Ct.Th (j). n = 6-8.k-m, Ap
deposits were detected in tissue sections of the distal tibia by ThioS staining and

immunofluorescence staining with the H31L21 antibody. Representative
images are shown in k. Quantifications of H31L21" mean intensity and ThioS*
mean intensity are shown inl,m, respectively. Scale bar, 50 um.n=9.

n-r, Representative OCN immunostaining images in femoral trabecular and
cortical regions are shown in n with quantification of the number of OCN*
osteoblast surface per bone surface area (N.Ob/B.S.) in 0. TRAP staining images
infemoral trabecular and cortical regions (p) with quantification of TRAP*
osteoclast surface per bone surface (Oc.S./B.S.) trabecular area (Tb.Ar)

inqand cortical area (Ct.Ar) inr.n =5.Scale bar, 50 pm. Data are represented as
mean +s.e.m.*P<0.05,**P<0.001, ***P< 0.0001, as determined by unpaired
two-tailed Student’s ¢-tests for two groups.

Nature Aging | Volume 5 | September 2025 | 1771-1789

1782


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-025-00924-z

the pI9Arfgene, the role of which in mediating cellular senescence has
been overshadowed by p16/nk4a for many years. Intriguingly, ChIP
assaysreveal that the transcription factor CEBPa strongly binds to all
four regionsinthe promoter of p19Arfin bone marrow cells fromboth
AD mice and aged mice. However, binding of CEBPa to the pI16/nk4a
promoter region was notdetected in either WT or AD mice, although
the pl6/nk4a promoter also contains four putative CEBPa binding
sites. The data suggest that, while p16/nk4a and p19Arf are in the
same locus and share overlapping coding regions, they areindepen-
dently activated in BMAds via distinct mechanisms during aging or
in AD conditions. Itis of interest to determine whether p16/nk4a and
pI19Arfare activated simultaneously or sequentially in the progres-
sionof aging or AD. Itisalsoimportant to examine whether these two
closely related senescence marker genes are differentially activated
in the senescence of other cell types. Nevertheless, findings from
the present study and our recent work on glucocorticoid-induced
BMAds®’ collectively suggest that BMAds are more susceptible or
rapidly acquire asenescence phenotype compared to other cell types
inthebone and/or bone marrow, likely because the master regulators
of adipogenesis such as PPARy and CEBPa also function as senescence
gene activators. We observed that BMAds in AD and naturally aging
mice exhibited DNA damage, as evidenced by increased H2AX expres-
sion. Although DNA damage is a hallmark change of senescent cells,
it is possible that DNA damage and cellular senescence in BMAds
occur independently. During aging, adipose tissue accumulation is
consistently accompanied by increased production of reactive oxygen
species’®”", which are key mediators of DNA damage. Interestingly,
adipogenesis-related genes are often linked to alterations in DNA
repair and oxidative stress gene expression, implicating DNA dam-
age in the dysregulation of adipose tissue homeostasis’. Exploring
how alterations in adipogenesis-related genes directly influence
DNA repair or damage in BMAds presents an intriguing direction for
future research.

Another notable feature of senescent BMAds is their acquisition
of a SASP. In cytokine-adipokine array assays, 17 of 111 cytokines and
adipokines were elevated in BMAds isolated from AD mice compared
totheir control compartments. It is noteworthy that the majority of the
elevated factors in this context differ from the SASP factors previously
identified inglucocorticoid-induced senescent BMAds". These results
supportthe consensus recognition from numerous other studies that
the composition of SASP released from senescent cells can be highly
specific and dynamic, contingent upon the senescence inducer and
the duration of senescence® 7%, More importantly, transplantation of
BMAdsisolated from AD (versus WT) and aged (versus young) donors
into the bone marrow cavity of young healthy recipients induced a
bone loss phenotype. This phenotype was effectively reversed by the
senolytic drugs DQ, highlighting senescent BMAds as the primary
drivers of bone deficits inboth AD and aging conditions.

Perhaps the most striking observation of the current work was
the presence of Ap fibril accumulation around senescent BMAds. We
detected elevated AP peptides and increased amyloid deposits in the
bone marrow of both AD mice (versus WT mice) and naturally aging
mice (versus young mice). Intriguingly, inboth AD mice and naturally
aging mice, smaller AP deposits are either diffuse in the bone marrow
orlocalized around senescent BMAds, forming unique large, ring-like
structure. While immunostaining of bone tissue sections identified
hAPP"signals in AD mice, RT-PCR failed to detect the hAPPtransgene
influshed bone marrow cells. AshAPPand PS1transgenes are predomi-
nantly expressed in neurons and astrocytes in the AD mouse line, our
findings suggest that nerve fibers withinbone and/or bone marrow may
contributetothe elevated human A detected inthe bone marrow. To
confirm this, further studies involving co-immunostaining for hAPP
and neuronal markers in bone tissue sections are necessary. Another
potential source of the increased human AB,,and AB,,in mouse bone
marrow could be circulating A peptides, which might be released

from the brain and transported across the blood-brain barrier into
the bloodstream.

Our study provides evidence that insoluble A fibrils aggregate
inthe bone marrow of aged mice, albeit notin the formoflarge, dense
Alzheimer’s-like plaques. The distinctive peri-BMAd feature of bone
marrow AP deposits serves as a hallmark characteristic of skeletal
aging. InWT micelacking the hAPPtransgene, endogenous mouse A3
peptides detected in bone marrow of aged mice are likely produced
locally. Previous studies have shown abundant APP protein expression
inbone and bone marrow cells, such as macrophages, osteoclasts and
osteoblasts in WT mice’*®°. During aging, proteolytic processing of
APP in these cells may contribute to increased AP production within
the bone marrow environment. Despite the distinct sources of bone
marrow AP in AD mice and naturally aging mice, evidence from this
study strongly supports that senescent BMAds, under both AD and
aging conditions, secrete SAP/PTX2, which stabilizes Ap peptides and
promotes amyloid depositionin the bone marrow.

A fundamental question arises regarding the mechanism under-
ling the accumulation of insoluble A fibrils in the bone marrow with
age. Given our observation that amyloid aggregates predominantly
around BMAds, itis logical to posit that A depositionis associated with
the aging phenotypic changes of this cell type.Indeed, ourinvitroand
invivo assays reveal that senescent BMAds in AD mice and aged mice
secrete significantly higher amounts of SAP/PTX2, thereby promot-
ing the formation of insoluble Ap aggregates. Previous studies have
shown that SAP/PTX2is primarily producedin theliver in physiological
conditionsin humans® %, Our observation from the RNAscope assay,
showingthat SAP/PTX2 largely colocalizes with the senescence marker
gene Cdknla (p21) in BMAds, suggests that SAP/PTX2 is produced by
senescent BMAds. Supporting this notion, SAP/PTX2levels were mark-
edly elevated in the CM prepared from BMAds isolated from both AD
mice and naturally aging mice compared to their control counterparts,
and this elevation was mitigated by treating the cells with senolytic
drugs. Furthermore, SAP/PTX2 concentrations inbone marrow of aged
(versus young) mice and AD mice (versus WT littermates) were signifi-
cantly elevated. Osteoblasts are among the major cell types known to
undergo cellular senescence during aging®>*°. However, SAP/PTX2
expression was barely detectable in OCN-expressing osteoblasts within
either trabecular or cortical bone regions in aged mice. These findings
collectively suggest that BMAds are the primary source of SAP/PTX2in
the bone marrow microenvironment under aging or AD conditions. It
has been well established that SAP is universally present in all human
amyloid deposits®®**, The binding of SAP stabilizes amyloid fibrils®
and promotes their formation in the brain®*®, thereby contributing
to the pathogenesis of AD and cerebral amyloid angiopathy®**. Our
results from filter retention assays and 3D amyloid deposition assays
demonstrate that senescent BMAd-secreted SAP/PTX2 efficiently
triggers the formation of insoluble amyloid fibrils from soluble A3
peptide, providing evidence for the role of SAP in stabilizing amyloid
fibrilsin peripheral tissue.

Adipocytesindifferent adipose tissue depots, including those at
distinct bone marrow locations, possess unique characteristics and
functions. Interestingly, our data reveal that rBMAds (in the femoral
and proximal tibial bone marrow) and cBMAds (in the distal tibial bone
marrow) in aged mice exhibit a similar aging phenotype characterized
by cellular senescence and SAP/PTX2 secretion. Given the develop-
mental and regulatory differences between rBMAds and cBMAds as
well as their distinct roles in hematopoiesis and bone remodeling®,
it would be valuable to further investigate whether cBMAds in other
locations, such as tail vertebrae, exhibit a similar age-related phe-
notype. Moreover, future studies should explore whether the onset
of senescence and SAP/PTX2 secretion varies between rBMAds and
cBMAds and whether increased SAP/PTX2 affects the microenviron-
ments of rBMAds and cBMAds differently. We also acknowledge that
senescence and amyloid deposition may occur in adipose tissues at
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other anatomical locations. However, while visceral adipose tissue
adipocytes exhibit cellular senescence in both AD and aged mice, we
did not observe increased SAP expression or amyloid deposition in
this depot. These findings suggest that, although adipocytes in other
adipose tissues undergo senescence under AD and aging conditions,
only BMAds secrete SAP/PTX2, driving amyloid deposition specifically
in the bone marrow. Therefore, amyloid deposition around BMAds
may be a unique feature of age-related changes in the bone marrow.
To validate this assumption, future studies are needed to determine
whether SAP secretion and amyloid deposition also occur in white and
brown adipocytes at other anatomical locations.

The discovery of SAP-induced amyloid deposits in the bone mar-
row may pave the way for anew understanding of age-associated bone
loss. Ourinvitro assays demonstrate that combined SAP and AP peptide
treatment increased osteoclastogenesis of bone marrow monocytes
and/or macrophages and inhibited osteoblastogenesis of bone marrow
mesenchymal stromal cells, suggesting that SAP-triggered AP deposi-
tion may regulate the function of both osteoclast and osteoblast lineage
cells. This likely explains why AD mice with accumulated Ap deposition
in the bone marrow develop a similar low bone mass phenotype as
observed in aged mice. Our data demonstrated that CPHPC (miride-
sap), developed by Pepys’ team at University College London®°-%, effi-
ciently reduces SAP concentrationinserum (58.5% reduction) and bone
marrow (95% reduction) in aged mice. Intriguingly, both aged male and
female mice exhibit abolished bone marrow AB deposits with markedly
increased bone mass after 6 weeks of CPHPC treatment compared to
vehicle-treated mice. Moreover, CPHPC treatment reduces osteoclast
number and increases osteoprogenitor cells, indicating the impact of
depleting SAP onboth osteoclast and osteoblast activities. Thisin vivo
result, combined with the in vitro data, suggests animportant impact
of SAP-induced bone marrow A deposits on bone cell activities. It is
important to note that CPHPC was developed based on the human
SAP sequence, and its SAP depletion effect has primarily been tested
inhumans. However, consistent with our results inmice, several recent
studies have reported that this drug is also effective in depleting SAP
inmice in different disease models®***. Further validation of the bone
improvement effect of CPHPC in other pathological settings, such
as glucocorticoid- or postmenopausal-induced bone loss, will pro-
vide a better understanding of the role of SAP in the pathogenesis of
skeletal disorders.

Methods

Animals and treatment

All animal procedures were reviewed and approved by the Institu-
tional Animal Care and Use Committee under protocols MO21M37 and
MO024M35, in full compliance with institutional guidelines.

Inthis study, we used male and female mice at the age of 4, 9,18, 22
and 24 months. Mouse strains used were C57BL/6) mice obtained from
the National Institute on Aging and AD and 5XxFAD mice obtained from
Jackson Laboratory (MMRRC strains 034832-JAX and 034840-JAX,
respectively) and maintained as double hemizygotes by crossing with
WT individuals on a C57BL/6 background. Tail biopsy samples were
used toisolate DNA to confirm the genotype of the strain using previ-
ously established primers by PCR*>*>. To examine the effects of CPHPC
onage-associated bone changes, male and female mice aged 18 months
were treated with CPHPC (miridesap) at a concentration of 5mg ml™
indrinking water, whichis an established dose for SAP depletion from
the body®**¢7¢3¢ Control mice were treated with the same amount
of water without the drug. On day 42, mice were killed, and serum and
bone marrow SAP concentrations were measured using ELISA. Bone
phenotype was assessed by LCT and histological analyses.

Mice were kept under standard conditions with a12-h light-dark
cycle in a temperature-controlled room and provided with food and
water ad libitum. They were housed at the Johns Hopkins University
School of Medicine’s animal facility in Baltimore, Maryland.

Microcomputed tomography analyses of bone phenotype and
bone marrow adiposity

Femoral and tibial bones were dissected from mice, free of soft tissue,
fixed overnightin10% formalin at4 °C and subjected to high-resolution
HCTimaging using aSkyscan 1172 scanner (Bruker MicroCT in Kontich,
Belgium). Scanning parameters were set to 65 kVand 153 pA, withares-
olution of 9.0 pm per pixel. Bruker MicroCT software tools, including
NRecon forimage reconstruction (version1.6), CTAn for data analysis
(version 1.9) and CTvol for 3D model visualization (version 2.0), were
used to analyze parameters of the trabecular bone in the metaphysis
and mid-diaphyseal cortical bone. Trabecular bone parameters, specifi-
callytrabecular bone volumefraction (percent BV/TV), Tb.Th, Tb.Nand
Tb.Sp as well as cortical bone parameters, including Ct.Ar and Ct.Th,
were quantified as previously described’*?””.

Bone marrow adiposity of mice was measured following estab-
lished procedures*”*. Briefly, femurs harvested from mice were fixed in
4% phosphate-buffered paraformaldehyde for 48 h and decalcified for
2weeksin10% EDTA at4 °C. The distal parts of femurs wereincubated
in2%aqueous 0OsO, (MilliporeSigma) for 2 hin the fume hood. Femurs
were rinsed with PBS and then scanned using a high-resolution pCT
scanner (SkyScan 1172, Bruker MicroCT) at 6-pm resolution using 45
peakkV (kVp) and 177 pA. Quantification of AV/TV (%) was conducted.

Histology, immunofluorescence staining and RNAscope

The femur and tibia bones were dissected and fixed in 4% paraform-
aldehyde overnight, followed by decalcificationin 0.5M EDTA (pH
7.4). Afterward, the samples were dehydrated in a solution of 20%
sucrose and 2% polyvinylpyrrolidone for 24 h and embedded in OCT.
Ten-micrometer-thick coronal sections of the femurs were prepared for
SA-BGalstaining. Senescent cells were identified using the Senescence
B-Galactosidase Staining Kit (Cell Signaling Technology) following
the manufacturer’s instructions. For Oil Red O staining after SA-BGal
staining, the slides were washed with PBS three times, immersed in
100% propylene glycol for 2 min and then stained in a filtered 0.5%
Oil Red O solution in propylene glycol for 30 min. TRAP staining was
performed onselected slides from each sample using acommercially
available kit (Sigma-Aldrich, 387A) according to the manufacturer’s
instructions. For ThioS staining, tissue sections were incubated with
1% ThioS (Sigma-Aldrich, T1892) in distilled water for 8-10 min, fol-
lowed by rinsing with 50% ethanol twice; slides were then mounted
with anti-fade ProLong Gold (Invitrogen) mounting medium before
imaging. Representative images were captured using a BX51 micro-
scope (Olympus).

Twenty-pm-thick coronal sections of the tibiae and femurs
were obtained for immunofluorescence staining. Bone sections
were blocked in PBS with 3% BSA for 1 h and then stained overnight
(>8 h) with individual primary antibodies specific to p19*% (Novus,
NB200-111, 1:100), yH2AX (Cell Signaling, 20E3, 1:200), perilipin (Cell
Signaling, 9349, 1:200) and perilipin (Sigma, P1873, 1:500) and anti-
bodies recognizinghuman APP (6E10, Novus, NBP2-62566,1:200) and
human A (clone H31L21, Thermo Fisher Scientific 700254, 1:100).
Fluorescence-conjugated secondary antibodies (Jackson ImmunoRe-
search,1:200) were used inimmunofluorescence procedures to detect
fluorescentsignals. Slides were then mounted with anti-fade ProLong
Gold (Invitrogen) mounting medium and sealed with nail polish, after
which representative images were acquired using a Zeiss LSM 780
confocal microscope oran Olympus BX51 microscope. Adipocyte size
and number were quantified in ImageJ using the ‘Analyze Particles’
function, with a lower limit of 1,000 pixels applied. Three images per
slice from four slices per mouse were analyzed to determine cell area”.

RNAscope in situ hybridization was conducted following the
guidelines provided by Advanced Cell Diagnostics. Probes specific to
Cdknla (p21) (408551), Cdkn2a (p19*%F) (411011), Cdkn2a (p16) (447491),
H2AX (446191) and the custom-designed SAP/PTX2-encoding gene Apcs
(1304211-C3) were employed according to the manufacturer’s protocol.
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To quantify fluorescence intensity around BMAds in immuno-
fluorescence staining and RNAscope, the mean fluorescence intensity
was quantified to ensure accurate and consistent data representation.
Analysis was performed at the same bone regions (distal femur), main-
taining consistency across all samples. For each sample, five fields
of view were selected and analyzed, and a total of five samples were
included per group. This standardized method avoided bias from
arbitrary field selection and ensured reliable quantification of positive
fluorescent signals across the experimental groups.

Mouse BMAd isolation and cell viability and purity assessments
Adipocytes were directly extracted from the bone marrow of mice
following established procedures®'. Briefly, femurs and tibiae were
harvested from mice, and the bone ends were trimmed. Bones were
placed in a 0.6-ml microcentrifuge tube with an open bottom, which
was inserted into a 1.5-ml tube. Fresh bone marrow was isolated by
quick centrifugation. Red blood cells were lysed using RBC lysing buffer
(Sigma), and the lysed bone marrow was centrifuged at 3,000 rpm
for 5 min. Floating adipocytes were collected from the top layer and
washed three times with PBS. To minimize adipocyte rupture, cut
pipette tips were used to reduce shear stress, and gentle centrifugation
was performed at 3,000 rpmfor 5 minto ensureintact adipocyte layers.
During washing, excess PBS was carefully removed from beneath the
adipocyte layer using a syringe to avoid disruption.

Cell viability and purity were assessed after adipocyte isolation.
Cell viability was assessed using Trypan blue and the LIVE/DEAD Cell
Imaging Kit (488/570) (Thermo Fisher Scientific, R37601). To assess
purity and maturity, BODIPY with DAPI staining was performed on live
cells, and perilipinimmunostaining was conducted on fixed cells, both
of which are standard markers for mature adipocytes.

BMAd transplantation and survival assessment

To assess the effect of senescent BMAds on regulating bone remod-
eling, BMAds isolated from AD mice (donors) were transplanted into
healthy WT C57BL/6 mice via intrafemoral transplantation. Briefly,
the recipient mice (acceptors) were anesthetized, and a longitudinal
skin incision was made across the front of the right knee to expose
the patellar tendon. A 27G needle was carefully inserted through the
patellar tendon, between the femur condyles, and advanced slowly
in a twisting motion through the bone surface to a depth of 2-4 mm.
Successful penetration was confirmed by a slow but consistent bleed-
ing response. Cell suspensions of BMAds (3 x 10%) in 20 pl PBS were
gradually injected into the medullary space of the femur. To prevent cell
rupture duringinjection, slow and steady pressure should be applied
using a27G needle. The resulting hole was promptly sealed with bone
wax, and the skin was sutured. After 4 weeks, mice werekilled, and the
bone phenotype was subjected to analysis.

To evaluate the viability of the transplanted BMAds at different
time periods after transplantation, weisolated BMAds from GFP trans-
genic mice and injected the GFP* BMAds into the femoral bone marrow
cavity of WT C57BL/6 mice. At various time points after transplantation,
bone marrow was flushed from transplanted femurs, and an equal vol-
ume of bone marrow cell suspension (20 pl) was used to prepare slides
for the detectionand quantification of GFP-positive cells. Fluorescence
imaging revealed scattered GFP* cells at 1, 2 and 4 weeks after trans-
plantation, confirming that transplanted BMAds were viable across
the entire course of the 4-week transplantation period.

For senolytic treatment, mice were treated with asenolytic cock-
tail of 5 mg per kg dasatinib (LC Labs) and 50 mg per kg quercetin
(Sigma-Aldrich), following the protocol by Xu et al.”*™",

Proteomic profiling in conditioned medium collected from
BMAd culture

BMAds were isolated from the long bones and cultured in growth
factor-free medium for 72 h to collect CMs, which were then stored

at—-80 °C for subsequent experiments. Cytokine levels were assessed
usingaMouse XL Cytokine Array Kit (R&D, ARY028) and aMouse Adi-
pokine Array Kit (R&D, ARY013) through a proteome profiler array.
The measurement of relative cytokine and chemokine levels as well as
the array procedure and data analysis were performed following the
manufacturer’sinstructions.

Quantitative PCR with reverse transcription

Total RNA for RT-qPCR was extracted from total bone marrow
cells using the RNeasy Mini Kit (Qiagen), following the manufac-
turer’s protocol. Complementary DNA was synthesized with ran-
dom primers using the SuperScript First-Strand Synthesis System
(Invitrogen) and analyzed with SYBR Green Master Mix (Qiagen) in
athermal cycler employing two sets of primers specific for each tar-
geted gene. Expression of the target genes was normalized to that
of mRNA encoding glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and relative gene expression was determined using the
24T method. The primer sequences employed for RT-qPCR were as
follows: p19Arf (forward, 5-CGCAGGTTCTTGGTCACTGT-3’; reverse,
5’-TGTTCACGAAAGCCAGAGCG-3’), pl6ink4a (forward, 5'-AACT
CTTTCGGTCGTACCCC-3’;reverse, 5-GCGTGCTTGAGCTGAAGCTA-3),
p21Cip (forward, 5-GCAGATCCACAGCGATATCCA-3’; reverse, 5’-TT
TCGGCCCTGAGATGTTCC-3").

TagMan RT-qPCR was performed to detect the hAPPsequencein
transgenic mice using custom-designed primers and a fluorescently
labeled probe. The assay included a forward primer, a reverse primer
and a TagMan probe labeled with FAM at the 5’ end and a quencher at
the 3’ end. The primer and probe sequences employed for RT-qPCR
were as follows: forward, 5-ACGGAAGAGATCTCTGAAGTG-3'; reverse,
5-TGCTATGACAACGCCGCCCACC-3’; probe, /56-FAM/AATCTGGAT/
ZEN/GCAGAATTCCGACATGACTCAGGATATGAAGTTCAT/3IABKFQ/.

Invitro osteoblastogenesis assays

BMSCs were isolated from tibiae and femurs of 6-week-old C57BL/6)
mice using previously established protocols’®'%%, Briefly, tibiae
and femurs were cut and centrifuged; cells were then resuspended
in complete a-MEM with 1% penicillin-streptomycin and 10% FBS.
First-passage cells were used for plating and further experiments.
When cells reached 75-85% confluency, osteoblastogenesis of BMSCs
was initiated using osteogenic induction medium (Stemcell Technolo-
gies, 05504). Medium was changed every 2 d. To assess mineralization,
Alizarin Red staining was performed on day 21 after differentiation
using acommercially available kit (MilliporeSigma, 2003999), and the
manufacturer’sinstructions were followed for the procedure'®. Cells
were then washed a couple of times with water before being visualized
under aBX51 microscope (Olympus). Cells were then stored at 20 °C
until the photometric analysis.

Invitro osteoclastogenesis assays

In vitro osteoclastogenesis assays were performed using previously
established protocols®*'°?, Briefly, monocytes and macrophages were
isolated from 4-week-old C57BL/6) mice by flushing cells from the bone
marrow of tibiae and femurs. The flushed bone marrow cells were
cultured with a-MEM containing 15% FBS, 100 U ml™ streptomycin
sulfate and 100 U ml™ penicillin. The cells were then incubated with
osteoclastogenesis medium containing a-MEM with 10% FBS, 1% peni-
cillin-streptomycin solution, 30 ng mlI™ M-CSFand 100 ng mI” RANKL
(Amizona Scientific, AM10004-500) for 5 d toinduce the formation of
mature osteoclasts.

ELISA analysis of AB peptide and SAP/PTX2 concentrations

Human A peptides in the bone marrow of AD mice were measured
using the Human Amyloid beta40 ELISAKit (Thermo Fisher, KHB3481)
and the Human Amyloid beta 42 ELISAKit (Thermo Fisher, KHB3441).
Similarly, mouse Af peptides in the bone marrow of naturally aging
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mice were measured using the Mouse Amyloid beta 40 ELISA Kit
(Thermo Fisher, KMB3481) and the Mouse Amyloid beta 42 ELISA Kit
(Thermo Fisher, KMB3441).

The Mouse SAP/PTX2 Quantikine ELISA Kit (MPTX20, R&D Sys-
tems) was used to quantify SAP/PTX2 concentrations in mouse bone
marrow and serum. All measurements were performed using a spec-
trophotometer (A51119600DPC, Thermo Fisher Scientific).

Chromatinimmunoprecipitation with quantitative PCR
ChIP-qPCR was performed using the Agarose Magnetic ChIP kit
(PI126157, Thermo Fisher Scientific) following the manufacturer’s
instructions. Immunoprecipitation was performed using a valid
anti-CEBPa ChIP antibody (PA5-77911, Thermo Fisher Scientific).
The anti-RNA polymerase Il antibody as a positive control was pro-
vided in the kit. The primers used for PCR were as follows: mouse
CEBPa (forward, 5’ATTCCAGGTAGGGTAGCCCG-3’; reverse,
5STGTGACTTTGCAGTGGAACCT-3’). GAPDH primers were provided
inthe kit.

Filter retention assays

In vitro amyloid plaque formation in a cell culture system was per-
formed as previously described'** with modification. Briefly, BMAds
isolated from mice were cultured in six-well plates, and freshly dis-
solved AB,_,, peptide at a final concentration of 60 pg ml™ was sup-
plemented in the culture medium. Medium was replaced every 2 d.
Two weeks later, cells in six-well plates were thoroughly washed with
PBSandthenlysedin150 pl RIPA buffer containing a proteaseinhibitor
mix for 30 min onashaking device at 4 °C. After adding 150 pl of water
and 100 pl of 4% sodium dodecyl sulfate, 100 mM dithiothreitol, the
solutionwasboiled for2 x 7 min at 98 °Cand filtered througha 0.2-pm
cellulose acetate membrane (Bio-Rad) with a 96-well vacuum Bio-Dot
Apparatus (Bio-Rad, 1706545), followed by three washing steps with 1x
TBST. The membrane was blocked for1 hin3%gelatin TBS. Aggregates
were detected by incubation with anti-AB,_,; primary antibody (BioLe-
gend, 1:200in blocking buffer) overnight, followed by incubation with
AP-conjugated anti-mouse secondary antibody (1:15,000 in blocking
buffer, Sigma) for another hour. Blots were developed with LumiPhos
reagent according to the manufacturer’s instructions (Pierce), and
signalswere scanned and quantitatively analyzed with iBright Imaging
Systems (Thermo Fisher Scientific).

Ex vivo amyloid plaque formation in three-dimensional BMAd
culture
Three-dimensional cultures were performed as previously described'”.
Briefly, femurs and tibiae from mice were harvested, trimmed and
centrifuged to isolate bone marrow. Red blood cells were lysed, and
floating adipocytes were collected, washed with PBS and pooled
(10,000-15,000 adipocytes per plate). For equal adipocyte numbers,
four to five young mice were combined. Adipocyte suspensions were
prepared in adipocyte differentiation medium, mixed with Matrigel
(Sigma-Aldrich, DLW356231) at a 1:1 (vol/vol) ratio on ice and further
diluted with cold MesenCult Adipogenic Differentiation Medium
(Stemcell Technologies, 05507) at a 1:11 final ratio. The Matrigel-cell
suspension (200 pl) was plated into eight-well chambered coverglass
slides using prechilled pipettes and incubated overnight at 37°Cin a
CO, incubator. The next day, two drops (200 pl) of prewarmed adipo-
cytedifferentiation mediumwere added to each well of the eight-well
chambered coverglass slides. Half of the medium volume was changed
every3-4d, initially changing the medium every 2 d depending on the
medium color. Plaque formation was induced by supplementing the
culture medium with freshly dissolved AB,_,, peptide at a concentra-
tion of 60 pg ml™. Freshly dissolved Ap was replenished each time the
culture medium was replaced.

To detect amyloid plaque formation, Congo red, green birefrin-
gencewas carried out as described previously'®*. Briefly, cells grown on

eight-well chambered coverglass slides were fixed in ice-cold methanol
for10 min and stained for 45 min with filtered Congo red solution (80%
ethanol, 3% NaCl, 0.6% Congo red). The cells were then washed three
times with water and incubated for 2 min with Mayer’s Hematoxylin
Solution, followed by one wash with 70% ethanol and three washes
with water. Subsequently, Congo red-stained cells were mounted and
analyzed using the OlympusIX83inverted microscope, both withand
without a polarizer. Additional fluorescence imaging was performed
using the Zeiss LSM 780 confocal microscope under afluoresceiniso-
thiocyanate filter, with an excitation peak at 490 nm and an emission
maximum at 520 nm. ThioS staining was also used for the detection
of amyloid plaque formation in 3D cultures. Samples were fixed, per-
meabilized and blocked and incubated with 1% ThioS in distilled water
for 8-10 min, followed by rinsing with 50% ethanol twice; slides were
then mounted with anti-fade ProLong Gold (Invitrogen) mounting
medium before imaging.

Statistics and reproducibility analysis

Unless otherwise stated, n denotes the number of individual biological
replicates, with each dot in the graphs representing a single sample.
Data shown are from one representative experiment (with n >3 per
group) of at least two independent experiments. Sample size was not
predetermined using statistical methods; however, a minimum of
three samples were included per experimental group and condition.
Data collection and analysis were performed unblinded to the age of
the mice. Data are expressed as mean + s.e.m. Unpaired, two-tailed
Student t-tests were employed for comparisons between two groups.
For multiple comparisons, one-way or two-way ANOVA with the Bon-
ferroni post hoc test was used. All data exhibited normal distribution
and had comparable variation between groups. Statistical analysis
was conducted using GraphPad Prism 8 statistical software (GraphPad
Software). Asignificant threshold of P < 0.05was applied. Representa-
tive images of bones or cells were chosen from a minimum of three
independent experiments with consistent results unless specified
otherwisein the figure legend.

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

Data availability

There are no restrictions on data availability in this study. All data
supporting the findings are included within the article and its Sup-
plementary Information. Raw immunostaining images are available
fromthe corresponding author upon reasonable request. Additionally,
details of all key reagents, antibodies, probes and chemicals used in
this study are provided in the Supplementary Table. Source data are
provided with this paper.
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A Proximal Tibia B Distal Tibia

Extended Data Fig. 1| BMAds are primarily localized in the proximal and antibody. Representative images of Perilipin® cells in the proximal tibial area are
distal tibia of APP-PS1 mice. (a-b) Inmunofluorescence staining of tibial bone shownin (a), and in the distal tibia are shown in (b). Scale bars: 500 pm for low
sections from WT and APP-PS1 (AD) mice was performed using an anti-perilipin magnification and 50 pm for high magnification. n=5.
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Extended Data Fig. 2| hRAPP transgene expression measurements in brain independent experiments (n=3). (b-d) Bone and brain tissues were subjected to
and bone marrow of APP-PS1 mice. Nine-month-old APP-PS1 (AD) miceand WT immunofluorescence staining (b-c) and immunohistochemistry (IHC) (d) using
littermates were used. (a) Quantification of hFAPP mRNA expression in bone and 6E10 antibody recognizing human APP. Scale bar = 50 um. Three mice per group

brain tissues by TagMan real-time PCR. Data represents the mean + SD from three (n=3) were used, with three slides prepared per mouse.
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Extended Data Fig. 3| Assessments of the viability and purity of the BMAds
isolated from Mice. (a) The viability of the isolated BMAds was assessed using
the LIVE/DEAD™ Cell Imaging Kit. Quantification of the percentages of the live
to dead cells in different aliquots of flushed bone marrow cells was performed.
After three days of 3D culture, adipocyte spheroids were stained with BODIPY
and Perilipin to evaluate maturation. Scale bar =100 pum (b-d) Confocal
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microscopy images of adipocytes stained with BODIPY (b) or perilipin (d);

nuclei were counterstained with DAPI. Quantified percentages of BODIPY" and
perilipin®cells are shown in (c) and (e), respectively. Scale bar =20 pum Data are
represented as mean + SEM. ***p <0.0001, as determined by unpaired two-tailed
Student’s t test.
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Extended Data Fig. 4| Assessments of the viability of BMAds after
transplantation. GFP* BMAds isolated from GFP transgenic mice were prepared
for transplantation. Freshly isolated GFP* adipocytes before transplantation was
shownin (Ai). GFP* BMAds were transplanted to 4-month-old recipient mice.
Atvarious time points after transplantation, recipient mice were sacrificed.
Bone marrow cells were flushed to prepare cell suspension while preserving

7 days post-transplantation

28 days post-transplantation
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20
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N. GFP* cells/ 20 pl BM

adipocyte integrity. For each time point, an equal volume of cell suspension
(20 pl) was used to prepare slides, ensuring an even distribution of cells as a
monolayer for fluorescence microscopy. Zoomed-in images of the GFP* cells in
bone marrow cells were shown in (Aii-Aiv). Scale bar =20 pm. Quantified GFP*
cells per 20 pl volume of bone marrow suspension are presented in (B).n=3
aliquots per mouse.
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Extended Data Fig. 5| Measurements of SAP levels in bone marrow aged mice were subjected to immunofluorescence staining using antibodies
supernatent and bone tissue of APP-PS1and aged mice. (a-b) Bone marrow against osteocalcin (OCN) and SAP to assess SAP expression in osteoblasts.
supernatant was harvested from long bones of APP-PS1 (AD) and wild-type (WT) Representative images from trabecular (c) and cortical (d) bone regions
mice or from aged (24-month-old) and young (4-month-old) mice, and SAP demonstrate alack of SAP signal in OCN+ osteoblasts. Scale bar =50 pm. n=3.
concentrations in the bone marrow were measured. Results are shown in (a) for Dataare represented as mean + SEM. **p < 0.01, ***p < 0.001, as determined by
ADvs. WT and (b) for old vs. young mice. (n=3). (c-d) Bone tissue sections from unpaired two-tailed Student’s ¢ test.
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Extended Data Fig. 6| BMAds at proximal and distal tibia of aged mice exhibit cellular senescence with increased SAP expression. Tibial bones were harvested
from 4- (Young) and 22-month-old mice (Old). Proximal and distal bone tissue sections were subjected to RNAscope assays using specific probes to Cdkn2a (p19Arf)
and Apcs (SAP).Scalebar =50 pm.n=3.
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images of Perilipin“p19ARF* cells are shown in (e, g), with quantificationsin

(f, h). (i-1) Double-immunofluorescence staining with antibodies against Perilipin
and SAP or amyloid 3 (H31L21). Representative images of Perilipin"'SAP* cells are
shownin (i, j), and Perilipin"H31L21" cells in (k, I). Scale bar: 50 pm. n=5. Data are
presented as mean + SEM. Significance: **p <0.01, **p <0.001, *p <0.0001 as
determined by unpaired two-tailed Student’s ¢-test.

Extended DataFig. 7 | Peripheral adipose tissue have increased senescent
cells but do not express SAP. Peripheral visceral (sub-gonadal) white adipose
tissue was collected from 9-month-old APP-PS1 (AD) mice and wild-type (WT)
mice as well as from 4- (Young), and 24-month-old mice (Old). (a-d) Double-
immunofluorescence staining with Perilipin and yH2AX. Representative images
of Perilipin*'yH2AX" cells are shownin (a, ¢), with quantifications in (b, d). (E-H)
Double-immunofluorescence staining with Perilipin and p19ARF. Representative
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osteogenic induction media with or without rSAP and AB1-42 for 21 days. Alizarin
red staining was performed to measure the mineralization nodule formation.
Representative images are shown in (c). Quantitative analysis of Alizarinred" area
isshownin (d). Scale bar =20 pm. n=3. Data are represented as mean + SEM.

**p <0.01, ***p < 0.0001, as determined by unpaired two-tailed Student’s ¢ test.

Extended Data Fig. 8| AP aggregates promote OCgenesis and inhibit
OBgenesis. (a-b) Bone marrow monocytes/macrophages were cultured with

25 ng/mL M-CSF and 100 ng/mL RANKL for 3 days with or without recombinant
SAP (rSAP) and AP1-42. Representative images of TRAP staining are shownin (a).
Quantification of osteoclasts (>3 nucleus) per well is shown in (b). n=6.

(c-d) Mouse bone marrow mesenchymal stromal cells were cultured in
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Extended DataFig. 9| Depleting SAP by CPHPC (miridesap) increases bone
massinaged mice. Eighteen-month-old male and female C57BL/6 mice were
treated with CPHPC at 5mg/ml through drinking water for 6 weeks. Regular
drinking water was used as a control. (a-d) pCT analyses of the proximal tibia

of female mice were performed. Quantifications of trabecular bone volume
(BV/TV) (a), trabecular thickness (Tb. Th) (b), trabecular number (Tb.N) (c),
and trabecular separation (Tb. Sp) (d) are shown. n=5. (e-h) pCT analyses of the
femur of male mice were performed. Quantifications of trabecular bone volume

(BV/TV) (e), trabecular thickness (Tb. Th) (f), trabecular number (Tb. N) (g),

and trabecular separation (Tb. Sp) (h) are shown. n=5. (i-I) uCT analyses of the
proximal tibia of male mice were performed. Quantifications of trabecular bone
volume (BV/TV) (i), trabecular thickness (Tb. Th) (j), trabecular number (Tb. N)
(k), and trabecular separation (Tb. Sp) (I) are shown. n=5. Data are represented
asmean = SEM. *p <0.05, **p < 0.01, **p < 0.001, as determined by unpaired two-
tailed Student’s ¢ test.
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

0 XX O OOs

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  WCT (Skyscan 1172, Bruker MicroCT, Kontich, Belgium) used to generate bone morphometry data, Zeiss LSM780 confocal microscope is used
to generate immunofluorescence data

Data analysis UCT (Skyscan 1172, Bruker MicroCT, Kontich, Belgium),NRecon image reconstruction software(ver 1.6);CTAn data-analysis software Bruker
MicroCT Version 1.9 ;CTVol 3-dimensional model visualization software Bruker MicroCT Version 2.0 ;Prism 9 Graphpad software http://
www.graphpad.com/ ;Zen black Carl Zeiss Microscopy https://www.zeiss.com/microscopy/ ; Image J software (v.1.54f, National Institutes of
Health, Bethesda, MD, USA).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

There are no restrictions on data availability in this study. All data supporting the findings are included in the Article and its Supplementary Information. Source Data
for all main and supplementary figures are provided in an Excel file, arranged according to the order of figure presentation. Raw immunostaining images are
available from the corresponding author upon reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In all experiments conducted in this study, a minimum of three biological replicates per group was used to ensure adequate statistical power
while adhering to ethical standards for animal use. Sample size was not predetermined using statistical methods; however, a minimum of
three samples were included per experimental group and condition. This approach aligns with recommendations in the literature for
minimizing animal use without compromising data reliability (Charan and Kantharia, 2013). Most experiments included 5—-6 mice per group, as
the animals were initially housed together.Reference:Charan J, Kantharia ND. How to calculate sample size in animal studies? J Pharmacol
Pharmacother. 2013 Oct;4(4):303—6. doi: 10.4103/0976-500X.119726. PMID: 24250214; PMCID: PMC3826013.

Data exclusions  No data exclusion was performed during analysis; however, mice exhibiting signs of unhealthy aging, such as dermatitis or tumors, were
excluded before the experiments, and samples with poor tissue quality were also omitted .

Replication All replication attempts were successful. Unless otherwise specified in the figure legend, each experiment was performed in two batches. For
immunofluorescence (IF), multiple tissue replicates were used to ensure result consistency. Both in vivo and in vitro experiments were
repeated at least two times to minimize experimental errors.

Randomization  In all experiments, male and female mice were randomly assigned to experimental groups. To minimize cage effects, they were distributed
into separate cages using simple randomization

Blinding Authors who participate in drug administration and endpoint analyses were blinded to treatment assignment. This laboratory has previous

experience with randomized allocation and blinded analysis using the same mouse models. Our results showed good reproducibility when
replicated by different investigators.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines IZI |:| Flow cytometry
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Antibodies

Antibodies used Rat polyclonal anti-p19ARF (Novus, NB200-111), Mouse monoclonal anti-huAPP (6E10) (Novus, NBP2-62566), Amyloid B (H31L21)
(Thermo Fisher Scientific, 700254), Rabbit monoclonal anti-yH2AX (Cell Signaling Technology, Cat# 9718; RRID:AB_2118009), Rabbit
polyclonal anti-Perilipin (Sigma, Cat# P1873; RRID:AB_2118009), Rabbit polyclonal anti-Perilipin (Cell Signaling Technology, Cat#
9349; RRID:AB_10829911), Rabbit polyclonal anti-Osterix (Abcam, Cat# ab22552; RRID:AB_2194492), Mouse monoclonal anti-
Osteocalcin (Takara, Cat# M188; RRID:AB_2935810)
Donkey anti-Rabbit, Alexa Fluor 488, Cat# 711-546-152, Donkey anti-Rabbit, Alexa Fluor Red-X, Cat# 711-296-152, Donkey anti-
Rabbit, Alexa Fluor 647, Cat# 711-605-152, Donkey anti-Goat, Alexa Fluor 488, Cat# 705-546-147, Donkey anti-Goat, Alexa Fluor 594,
Cat# 705-586-147, Donkey anti-Goat, Alexa Fluor 647, Cat# 705-606-147, Donkey anti-Rat, Alexa Fluor 488, Cat# 712-546-153,
Donkey anti-Rat, Alexa Fluor 594, Cat# 712-586-153, Donkey anti-Rat, Alexa Fluor 647, Cat# 712-606-150, Donkey anti-Chicken, Alexa
Fluor 488, Cat# 703-546-155, Donkey anti-Chicken, Alexa Fluor 594, Cat# 703-586-155, Donkey anti-Chicken, Alexa Fluor 647, Cat#
703-606-155, Donkey anti-Mouse, Alexa Fluor 488, Cat# 715-546-151, Donkey anti-Mouse, Alexa Fluor 594, Cat# 715-585-151,
Donkey anti-Mouse, Alexa Fluor 647, Cat# 715-605-151, Donkey anti-Sheep, Alexa Fluor 488, Cat# 713-545-003

Validation All the antibodies used in this study are commercially available and validation were performed by the manufacturers and supported

by the publications indicated in the manufacturer's websites.

Antibodies for mouse samples

1. https://www.novusbio.com/products/pl4arf-cdkn2a-antibody_nb200-1117?
srsltid=AfmBOogmiTsgYxwlcuRjWfEzZtMJBfONGAGFIIIgY3FmpqflQb4-EILF#supportresearch

2. https://www.cellsignal.com/products/primary-antibodies/phospho-histone-h2a-x-ser139-20e3-rabbit-mab/9718?
srsltid=AfmBOopZHta8XLNSDaE8BLIXLFXLWQYYF8exXKAYKDIUEHAUEWoOwWX68

3. https://www.sigmaaldrich.com/US/en/product/sigma/p1873?
srsltid=AfmBOootP7vjXeURXh_2IPQktKfCpaGt2ASd1lyp51QvTl_ugHWXIfs2

4. https://www.cellsignal.com/products/primary-antibodies/perilipin-1-d1d8-xp-rabbit-mab/9349?
srsltid=AfmBOopoDIEgq8v9sCsxrn4G71q3LySOoAjtHbbUAe53Ibc1ABI3U_7Y

5. https://www.abcam.com/en-us/products/primary-antibodies/sp7-osterix-antibody-ab22552 ?srsltid=AfmBOogmtW-P-
zb_fIS01P3X_wVocByHqgsqny6B24T69vRZswedbADAO

6. https://www.takarabio.com/products/antibodies-and-elisa/primary-antibodies-and-elisas-by-research-area/bone-research/
osteocalcin-(mouse)?srsltid=AfmBO0q2 QPCKAGx-_6dWtUGKAHrR7EecvobyKQxRINCGQYiPR7j5Ds8|

7. https://www.novusbio.com/products/app-antibody-6e10_nbp2-62566

8. https://www.thermofisher.com/antibody/product/beta-Amyloid-Antibody-clone-H31L21-Recombinant-Monoclonal /700254

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals In this study, we mainly used Male and female mice at the age of 4, 9, 18, 22, and 24 months. Mouse strains used were: C57BL/6)J
mice obtained from National Institute on Aging; APPswe/PS1AE9 (APP-PS1) obtained from Jackson Lab (MMRRC Strain #034832-JAX)
and maintained as double hemizygotes by crossing with wild-type individuals on a C57BL/6 background. Mice were kept under
standard conditions with a 12-hour light-dark cycle in a temperature-controlled room and provided with food and water ad libitum.
They were housed at The Johns Hopkins University School of Medicine's animal facility in Baltimore, Maryland, following protocols
MO21M37 and MO24M35 approved by the Institutional Animal Care and Use Committee. All procedures adhered to the guidelines
of the Institutional Animal Care and Use Committee.

Wild animals This study does not involve any wild animals.
Reporting on sex Both male and female mice were used in this study and sex was defined based on their biological attributes.
Field-collected samples  This study did not involve any field-collected samples.

Ethics oversight Animal protocols MO21M37 and M024M35 approved by the Institutional Animal Care and Use Committee of Johns Hopkins




Ethics oversight University. All procedures adhered to the guidelines of the Institutional Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Not applicable.

Novel plant genotypes  N/A

Authentication N/A
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