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Abstract

Multiple myeloma (MM) is a clonal plasma cell proliferative malignancy characterized by a debilitating bone disease. Osteo-
lytic destruction, a hallmark of MM, is driven by increased osteoclast number and exacerbated bone resorption, primarily
fueled by the excessive production of RANKL, the master regulator of osteoclast formation, within the tumor niche. We
previously reported that osteocytes, the most abundant cells in the bone niche, promote tumor progression and support
MM bone disease by overproducing RANKL. However, the molecular mechanisms underlying RANKL dysregulation in osteo-
cytes in the context of MM bone disease are not entirely understood. Here, we present evidence that MM-derived CCL3
induces upregulation of RANKL expression in both human and murine osteocytes. Through a combination of in vitro, ex vivo,
and in vivo models and clinical data, we demonstrate that genetic or pharmacologic inhibition of CCL3 prevents RANKL
upregulation in osteocytes and attenuates the bone loss induced by MM cells. Mechanistic studies revealed that MM-derived
CCL3 triggers the secretion of HMGB1 by osteocytes, a process required for osteocytic RANKL upregulation by MM cells.
These findings identify a previously unknown CCL3-HMGB1 signaling axis in the MM tumor niche that drives bone resorption
by promoting RANKL overproduction in osteocytes.

Introduction

Multiple myeloma (MM) is a hematological malignancy
characterized by the proliferation of malignant plasma
cells within the bone marrow, resulting in a devastating
bone disease in the majority of patients.! More than 80%
of patients diagnosed with MM present bone lesions and
experience skeletal-related events, including pathologic

fractures or spinal cord compression, which increase mor-
tality and morbidity and severely decrease their quality of
life.?® Despite the tremendous therapeutic advances made
in the last decade in improving survival in MM patients,
patients often relapse, causing further bone destruction.
Thus, improving bone health remains an unmet medical
need in MM.

The bone disease stems from tumor-induced osteoclas-
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togenesis and osteoblast suppression, thereby creating
a self-sustained cycle of bone destruction and tumor
progression.* Central to MM skeletal pathology is the dys-
regulation of the receptor activator of nuclear factor-x
B ligand (TNFSF11; referred to in this paper as RANKL), a
key mediator of osteoclast differentiation and function.®®
The aberrant overexpression of RANKL by MM cells and
cells of the tumor niche, coupled with the suppression
of Osteoprotegerin (TNFRSF11B; referred to in this paper
as OPG),’ tips the balance of bone homeostasis towards
unchecked osteoclastogenesis and bone resorption. Thus,
understanding the cellular sources and molecular mech-
anisms driving RANKL dysregulation in MM is imperative
to restore physiological bone homeostasis and find new
targets to treat MM bone disease.

Osteocytes are terminally differentiated osteoblasts em-
bedded in the mineral matrix, make up the majority of all
bone cells, are a source of RANKL in bone, and serve as
crucial regulators of osteoclastogenesis under physiological
conditions.”® Recent insights have highlighted that osteo-
cytes respond to pathological cues in MM and contribute
to MM progression and the associated bone disease.®™ In
the context of MM bone disease, osteocytes respond to
tumor-derived signals by undergoing apoptosis and over-
producing RANKL to attract osteoclast precursors, fur-
ther amplifying osteoclast formation and promoting local
bone destruction.® However, the mechanisms mediating
the communication between MM and osteocytes are not
entirely understood. In this study, we identify macrophage
inflammatory protein 1 o (CCL3) as a significant mediator
of the crosstalk between MM cells and osteocytes and de-
scribe a novel signaling axis meditating osteocytic RANKL
dysregulation initiated by MM-derived CCL3 and executed
by autocrine high mobility group box 1 (HMBG1) signaling
in osteocytes.

Methods

Study population

We obtained MM patient gene expression and clinical data
from the Multiple Myeloma Research Foundation (MMRF)
CoMMpass registry (clinicaltrials gov. Identifier: NCT01454297,
version 1A13). From an initial 921 patients with accessible
gene expression data in the CoMMpass registry, 757 sam-
ples at diagnosis (NDMM) were selected, as shown before.”?
Salmon gene count data were imported into and normal-
ized using the R package DESeq2. To determine patients
with high versus low CCL3 expression, we compared the
top versus bottom quartiles.

Cell culture

Human JJN3 MM cells (RRID:CVCL_2078) were obtained
from N. Giuliani (University of Parma, Italy). Murine 5TGM1
MM cells (RRID: CVCL_VI66) were obtained from Dr. B. Oy-
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ajobi (University of Texas at San Antonio, TX, USA). All MM
cells were cultured in RPMI with 10% fetal bovine serum
(FBS), 1% penicillin and streptomycin, 0.2% normocin,
and 01% plasmocin. Murine Ocy454 (RRID:CVCL_UW31)
osteocyte-like cells were provided by Dr. Pajevic (Boston
University, MA, USA) and were maintained in a-MEM media
with 10% FBS, 1% penicillin and streptomycin, 0.2% nor-
mocin, and 0.1% plasmocin. MLO-A5 (RRID: 19 CVCL_0P24)
and MLOY4 (RRID:CVCL_M098) murine osteocyte-like cells
were purchased from Kerafast (Boston, MA, USA). MLOA5S
and MLOY4 cells were cultured on calf skin collagen type
I-coated plates using a-MEM media with 2.5% FBS, 2.5%
bovine calf serum, 1% penicillin and streptomycin, 0.2%
Normocin, and 01% plasmocin. Cell lines were checked
for mycoplasma weekly and routinely examined for proper
morphology, population doubling, and paraprotein pro-
duction. Conditioned media (CM) from JJN3/5TGM1 2x10°
MM cells was collected after 48 hours (h) of culture. Os-
teocyte-like cell lines were cultured with/without 50%
CM, as described before,*™ in the presence/absence of an
anti-HMGB1 neutralizing antibody (10 ug/mL), recombinant
CCL3 (1 ug/mL), or an anti-CCL3 neutralizing antibody (0.05
ug/mL) for 24-48 h. Reagents are described in the Online
Supplementary Appendix.

Genetic inhibition in multiple myeloma cells and
osteocyte-like cells

Methods used to manipulate CCL3/HMGB1 expression are
described in the Online Supplementary Appendix.

Cell death and proliferation assays
Proliferation and cell death in MM cells were assessed by
Trypan Blue exclusion, as reported before.5"

Animal studies

Seven-week-old immunocompetent C57BL/KalLwRijHsd
mice were injected intravenously with 1x10® 5TGM1 MM
cells or saline and sacrificed after 4 weeks. Seven-week-
old immunodeficient NSG mice were injected intravenously
with 1x10® JUN3 cells and sacrificed after 4 weeks. Seven-
week-old NSG mice were intratibially injected with saline,
1x10% JUN3 control (Ctl) or JUN3- CCL3*P cells in both tibias
and sacrificed after 4 weeks. The sample size was calcu-
lated based on previous studies.®"? The levels of the tumor
biomarker human « light chain (Bethyl Laboratories, Cat #
NC0102649) were used to determine tumor growth/burden
in vivo (serum) and ex vivo (conditioned media). Bone mass
and microarchitecture were assessed using micro-com-
puted tomography, as shown before.5"

Ex vivo bone organ cultures

Ex vivo MM-murine bone organ cultures were established as
described before.® Ex vivo MM-human bone organ cultures
were established with human cancellous bone fragments
similar in size obtained from femoral heads discarded af-
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ter hip arthroplasty (see Online Supplementary Appendix
for details).

Gene expression

Methods to quantify mRNA (quantitative polymerase chain
reaction) and protein expression (western blot and en-
zyme-linked immunosorbant assays) are described in the
Online Supplementary Appendix.

RNA in situ hybridization

RNA in situ hybridization was performed using the RNAScope
2.5 HD detection reagent RED kit from Advanced Cell Di-
agnostics (Newark, CA, USA) following the manufacturer’s
instructions, as previously described.* The following probes
were incubated on paraffin-embedded tissue sections for
2 h at 40°C: murine Rankl (Cat #410921) and positive/neg-
ative controls (Cat #313911, Cat #310043). The signal was
then detected at room temperature for 10 minutes (min).
Sections were counterstained with hematoxylin, dehydrated
at 60°C for 20 min, and mounted using VectaMount per-
manent mounting medium (Vector Laboratories, Newark,
CA, USA). The number of positive and negative osteocytes
was quantified using a brightfield microscope at 40X mag-
nification. Analyses were performed in the cortical bone
of an 800-um region of the tibia, starting 200 um below
the growth plate, in a blinded fashion by two independent
investigators.

Human samples methods and histological analysis
Methods to quantify RANKL mRNA and HMGB1 protein ex-
pression in histological sections from healthy subjects (N=5)
and newly diagnosed MM patients (N=6) are described in
the Online Supplementary Appendix.

Statistics

Data were analyzed using GraphPad (GraphPad Software Inc,
San Diego, CA, USA). Differences in means were analyzed
using a combination of unpaired t test and One-way ANOVA
tests, followed by pairwise multiple comparisons (Tukey
post hoc test). Values were reported as means + standard
deviation, unless otherwise indicated in the figure legends.
P values <£0.05 were considered statistically significant. Data
analysis was performed in a blinded fashion.

Study approvals

All procedures involving animals were performed in accor-
dance with guidelines issued by the University of Arkansas
for Medical Sciences IACUC (protocol #2022200000489).
Collection and de-identification of human bone samples
were coordinated by the UAMS Winthrop P. Rockefeller
Cancer Institute TBAPS and approved by the UAMS insti-
tutional review board (protocol #262940). All participants
provided written, informed consent before study procedures
occurred, with continuous consent ensured throughout
participation. Trephine iliac crest bone marrow biopsies
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from patients with newly diagnosed MM (mean age * stan-
dard deviation 72.17+£10.74 years old) were retrieved from
Danish histopathological biobanks under approval from
the Danish National Committee on Biomedical Research
Ethics (S-20190110); biopsies from control individuals (ages
68.18+4.27 years old) were collected under approval from the
Regional Committee (1-10-72-223-20) and upon collection
of written consent. All human samples were collected and
processed in accordance with the Declaration of Helsinki.

Results

Multiple myeloma cells produce soluble factors that
upregulate RANKL expression in osteocytes

We previously reported that upon intratibial injections of
JUN3 MM cells, the prevalence of osteocytes expressing
RANKL increases and that CM from JUN3 MM cells increas-
es Rankl expression in early osteocytes.® Here, we expand-
ed on our initial observations and report that intravenous
injection of human JJN3 (Figure 1A) or murine 5TGM1
(Figure 1B) MM cells and the subsequent infiltration and
growth of MM cells in bone also increases the expression
of Rankl in bone. Moreover, we found that treatment with
human or murine MM-CM upregulated Rankl expression in
Ocy454 (mature osteocytes), MLO-Y4 (mature osteocytes),
and MLO-A5 (early osteocytes) (Figure 1C, D). We also
detected decreases in the expression of Opg, a soluble
decoy receptor for RANKL,® and a higher Rankl/Opg ratio
in bones infiltrated with MM cells and osteocytes exposed
to factors derived from MM cells (Online Supplementary
Figure ST). Together, these in vivo and in vitro findings
show that cytokines derived from MM cells reprogram
RANKL skeletal expression and raise the possibility that
also mediated RANKL upregulation in osteocytes.

Multiple myeloma-derived CCL3 increases RANKL
expression and secretion in osteocytes

MM cells secrete a wide variety of cytokines that re-
program cells of the tumor niche and are critical in the
induction of osteolysis. Here, we focused on CCL3, a
pro-inflammatory chemokine highly secreted by MM cells
in MM patients compared to healthy subjects and linked
to bone resorption and MM bone disease’®?* We found
that CCL3 expression in CD138* cells is associated with
poor prognosis in newly diagnosed MM (NDMM) patients
(Figure 2A, B). We next investigated its role as a poten-
tial regulator of osteocytic RANKL in the context of MM.
We detected human CCL3 mRNA expression in bones
infiltrated with human JJN3 MM cells (Figure 2C). In
contrast, murine Ccl3 mRNA expression coming from the
microenvironment was not affected by MM cells (Figure
2C), suggesting MM cells are the primary source of this
chemokine in the MM tumor niche. We also observed a
3-fold increase in murine Ccl3 mMRNA expression in bones
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Figure 1. Multiple myeloma cells upregulate Rankl mRNA expression in mature and early osteocytes. Rankl expression in bones
infiltrated by human JJN3 (A) or murine 5TGM1 (B) multiple myeloma (MM) cells. N=7-10 mice/group. *P<0.05 versus mice inject-
ed with saline (Veh) by Student’s t test. Boxes show the data interquartile range, the middle line in the box represents the me-
dian, and whiskers the 95% confidence interval of the mean (A, B). Rankl expression in murine Ocy-454 (mature), MLO-Y4 (mature),
and MLO-A5 (early) osteocyte (Ot)-like cell lines treated with 48 hours (h)-conditioned media (CM) from human JJN3 cells (C) or
murine 5TGM1 (D) MM cells. N=4-6/group. *P<0.05 versus cell treated with Veh by Student’s t test for each time point. Data are
shown as mean * standard deviation. Representative experiments out of 2 are shown (C, D).

bearing murine 5TGM1 MM cells (Figure 2D). Consistent
with the potential role of this chemokine in the regulation
of osteocytic RANKL, we detected the expression of the
CCL3 receptors C-C motif chemokine receptor (Ccr) 1, 3,
and 5, in osteocyte-like cells, being Ccr5 the most highly
expressed receptor (Figure 2E).

To determine the impact of CCL3 on RANKL expression in
osteocytes, we used a combination of in vitro and ex vivo
approaches. We found that treatment with recombinant
(r) CCL3 upregulated Rankl mRNA and protein levels (Fig-
ure 3A, C), had minor effects on Opg mRNA expression,

and increased the Rankl/Opg ratio (Online Supplementary
Figure S2) in osteocyte-like cells. Treatment with rCCL3
also increased Rankl expression in murine bones cultured
ex vivo containing authentic osteocytes (Figure 3B). To in-
vestigate the role of MM-derived CCL3, we stably knocked
it down (CCL3*P) in JUN3 MM cells (Online Supplementary
Figure S3A). CM from control (Ctl) MM cells increased by
4-fold RANKL protein production (cell lysates) and secre-
tion (CM) by Ocy-454 cells (Figure 3C). While CCL3X® cells
also stimulated RANKL secretion in Ocy-454, this effect
was reduced by 50% compared to Ctl MM cells (Figure
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Figure 2. CCL3 expression is increased in bones infiltrated with multiple myeloma cells. Kaplan-Meier plot of the (A) overall sur-
vival (OS) and (B) progression-free survival (PFS) of newly diagnosed multiple myeloma (NDMM) patients with high (Hi) versus low
(Lo) CCL3 expression. N=708 patients. Data were analyzed using a Log-rank (Mantel-Cox) test. Human (Hs; left) and murine (Mm;
right) CCL3 mRNA expression in bones infiltrated by human JJUN3 (C) or murine 5TGM1 (D) multiple myeloma (MM) cells. N=7-10
mice/group. *P<0.05 versus mice injected with saline (Veh) by Student’s t test. Boxes show the data interquartile range, the mid-
dle line in the box represents the median, and whiskers the 95% confidence interval of the mean (C, D). (E) Ccr1, 3, and 5 expres-
sion in murine Ocy-454 (mature), MLO-Y4 (mature), and MLO-A5 (early) osteocyte (Ot)-like cell lines. N=3-6/group. *P<0.05 versus
Ccr1 expression by One-way ANOVA, followed by a Tukey post hoc test. Data are shown as mean * standard deviation (SD). Rep-

resentative experiments out of 2 are shown (E).

3C). Similarly, transient inhibition of CCL3 in MM cells with
small interfering RNA prevented the upregulation of Rankl
in MLO-A5 osteocyte-like cells (Online Supplementary
Figure S3B, C). Next, we used a neutralizing antibody to
block MM-derived CCL3 signaling pharmacologically. The
Rankl upregulation seen in osteocyte-like cells treated
with CM from JJN3 or 5TGM1 MM cells was blocked by the
anti-CCL3 neutralizing antibody (Figure 3D, E). Collective-
ly, these results suggested a causal role of MM-derived
CCL3 signaling on RANKL overproduction by osteocytes.

Genetic deletion of CCL3 in multiple myeloma cells
decreases tumor growth, bone destruction, and RANKL
in osteocytes

Next, we assessed in vivo the impact of MM-derived CCL3
on Rankl expression in osteocytes and bone mass. Immu-
nodeficient mice were injected intratibially with saline,
Ctl, or CCL3*P JUN3 MM cells. CCL3¥P cells retained a 90%
reduction in CCL3 expression compared to Ctl MM cells
for 4 weeks (Figure 4A). Mice bearing Ctl MM cells had ex-
ponential tumor growth and a 70% decrease in tibial can-
cellous bone mass compared to naive mice (Figure 4B-E).
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Figure 3. Multiple myeloma-derived CCL3 increases RANKL production in osteocytes. (A) Rankl expression in murine Ocy-454
(mature), MLO-Y4 (mature), and MLO-A5 (early) osteocyte (Ot)-like cell lines treated with recombinant CCL3 (1 ug/mL). N=4-6/
group. *P<0.05 versus cell treated with vehicle (Veh) by Student’s t test for each time point. (B) Rankl expression in murine bones
cultured ex vivo and treated with recombinant CCL3 (1 ug/mL) for 2 days. N=4/group. *P<0.05 versus bones treated with Veh by
Student’s t test for each time point. (C) RANKL protein levels in murine Ocy-454 Ot-like cell lines treated with recombinant CCL3
(1 yg/mL) or 48 hour (h) conditioned media (CM) from control (Ctl) or CCL3 knocked down (CCL3*?) JUN3 multiple myeloma (MM)
cells for 2 days. N=4/group. *P<0.05 versus cell treated with Veh by Two-way ANOVA, followed by a Tukey post hoc test. Rankl
expression in murine Ocy-454, MLO-Y4, and MLO-A5 Ot-like cell lines treated with 48 h CM from human JJN3 (D) or murine 5TGM1
(E) MM cells in the presence/absence of a neutralizing antibody against CCL3 (CCL3-Ab; 50 ng/mL) for 1 day. N=4-6/group. *P<0.05
as indicated by the lines by One-way ANOVA, followed by a Tukey post hoc test. Data are shown as mean + standard deviation.
Representative experiments out of 2 are shown.
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Figure 4. Genetic inhibition of CCL3 in multiple myeloma cells decreases tumor growth and attenuates bone destruction. (A) CCL3
expression in human JJN3 multiple myeloma (MM) cells. N=3/group. *P<0.05 versus cell treated with vehicle (Veh) by Student’s t
test for each week (wk). (B) Tumor progression in mice injected with Veh, control (Ctl), or CCL3 knocked down (CCL3*?) JUN3 cells.
N=10 mice/group. *P<0.05 versus mice injected with Veh by One-way ANOVA, followed by a Tukey post hoc test. Data are shown as
mean (square, circle, and triangle symbols) + standard deviation (dashed lines) (A, B). (C) Representative micro-computed tomog-
raphy 3D bone reconstructions of tibias, (D) longitudinal tibiae cancellous bone volume/tissue volume (BV/TV) quantification, and
(E) percent change in cancellous BV/TV (before/after cell injection) in mice injected with Veh or Ctl or CCL3*® MM cells. N=10 mice/
group. *P<0.05 as indicated by lines by One-way ANOVA, followed by a Tukey post hoc test. Boxes show the data interquartile range,
the middle line in the box represents the median, and whiskers the 95% confidence interval of the mean (D, E).

CCL3*® MM cells did not exhibit changes in proliferation/
viability versus Ctl MM cells in vitro (Online Supplementa-
ry Figure S4A, B). However, mice injected with CCL3*°® MM
cells showed a 90% reduction in tumor growth and higher
bone volume (50% more) compared to mice injected with
Ctl MM cells (Figure 4B-E).

The dramatic bone loss seen with Ctl MM cells was ac-
companied by a 4-fold increase in the number of cortical
osteocytes expressing Rankl, assessed by mRNA in situ hy-
bridization (Figure 5A). The number of osteocytes expressing
MRNA Rankl was reduced by 50% in bones bearing CCL3P
cells compared to mice injected with Ctl MM cells (Figure
5A). Prompted by this in situ observation, we explored further
the impact of MM-derived CCL3 in the regulation of RANKL

in ex vivo 3D organ cultures established with human bones
containing human osteocytes. As seen in the mouse studies,
we detected active tumor growth and higher expression of
RANKL and CCL3 in human bones infiltrated with Ctl MM cells
cultured ex vivo (Figure 5B). In contrast, tumor growth was
reduced by 60%, and RANKL and CCL3 expression remained
unchanged in bones infiltrated by CCL3*® MM cells (Figure
5B). To circumvent the potential confounding effect of the
differential tumor burden on the contribution of MM-de-
rived CCL3 to RANKL upregulation in osteocytes, we treated
human bones with CM collected from the same number of
Ctl and CCL3%® MM cells. CM from Ctl MM cells increased
RANKL expression, whereas CM from CCL3*® MM cells did
not affect RANKL expression in human bones cultured ex

Haematologica | 110 April 2025
958



ARTICLE - Osteocytic RANKL in multiple myeloma

A. Anloague et al.

Veh MM-Ctl MM-CCL3KP
= o T e e : e AR SV
i) = E & S lins .
N / 3 SupRR e i ; o
o " : g i Y
5 \f ‘r .,'If.',‘. : \\‘ ‘—:
> R K g inyt e N\
< = = b e N
3 ——s wirm :'f.' : - ‘\
s B e , X" : R
e % \ ) : =
: . e \ = \ R . Y "‘ =
x e A ‘s = \ a X
<2( : % - e A : - Saii, ¢ S
« o . VR —
55% %21 24.9% £ 4.7F 10.6% * 3.7*#
El Veh C3MM-CtI B3 MM-CCL3XP
Human
Femoral head . - 3-
£ i 2l 5 2.1 z,
Bgem 3 B[] Eg EF
2% x g 2 o ]
c X -~
2 £ 200 ® < Q 3 11
© Elile
ole 0. 0- 0.
HuEarn ., Pati*ent1 . Patient 2
Femoral head 27—~= T 5. | ——— B %
- < I — -4] 2*2 F. |2 _ I ~ |1
P - <4 = ™ z31 I <4 <2
(1 Z ' (14 2
\ 3 =1 £ §,2 :2' £ E
J ' £ | E
< o ™ < o @1
2 g 31, =1 g 0
8 S TR | ISA I
0 0. 0. 0. 0. 0

Figure 5. Genetic inhibition of CCL3 in multiple myeloma cells decreases RANKL upregulation in osteocytes. (A) Representative
images and prevalence of Rankl* primary osteocytes in bones from mice injected with vehicle (Veh), control (Ctl), or CCL3 knocked
down (CCL3*?) JUN3 multiple myeloma (MM) cells after 4 weeks. N=10 mice/group. *P<0.05 as indicated by lines by One-way ANOVA,
followed by a Tukey post hoc test. Black arrows indicate Rankl* osteocytes. Blue dashed lines indicate the bone surface. (B) Levels
of the tumor biomarker « light chain in the conditioned media (CM) and RANKL, OPG, and CCL3 mRNA expression in ex vivo human
bone-MM cell organ cultures established with Veh or Ctl or CCL3*®* MM JJN3 cells and femoral head bone fragments from healthy
human donors after 4 days. N=6 bones/group. *P<0.05 as indicated by lines by One-way ANOVA, followed by a Tukey post hoc test.
(C) RANKL, OPG, and CCL3 mRNA expression in ex vivo organ cultures established with femoral head bone fragments from 2 healthy
human donors treated with Veh or 48 hours (h)-CM from Ctl or CCL3*® MM JJN3 cells during 3 days. N=8 bones/group. *P<0.05 as
indicated by lines by One-way ANOVA, followed by a Tukey post hoc test. Data are shown as mean * standard deviation (A-C).

vivo (Figure 5C). Both infiltration of Ctl MM cells or treatment
with CM from Ctl MM cells decreased OPG expression in
human bones cultured ex vivo, and this effect was not seen
with CCL3%® MM cells or their CM (Figure 5B, C). Of note, we
observed in vitro that CCL3*® MM cells exhibited a modest
reduction in RANKL mRNA expression, with no changes in
OPG (Online Supplementary Figure S4C).

HMGB1 released by osteocytes mediates CCL3-induced
RANKL upregulation

We previously reported that MM cells induced osteocyte
apoptosis, a phenomenon that partially contributed to
osteocyte Rankl upregulation.® HMGB1 is a pro-inflamma-
tory cytokine (“alarmin”) released by dying cells, including
osteocytes.?* Extracellular HMGB1 has been shown to stim-
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ulate RANKL in vitro in stromal cells and osteocytes.?*?®
We found that Hmgb1 expression at the mRNA level was
not affected in bones bearing MM tumors (Figure 6A, B),
osteocyte-like cells treated with CM from MM cells or rC-
CL3, or bones treated with CM from JJN3 cells cultured
ex vivo (Online Supplementary Figure S5A-D). We next in-
vestigated if HMGB1 release by osteocytes is affected by
MM cells. CM from Ctl JUN3 MM cells increased by 2-fold
the secretion of HMGB1 and decreased the cellular levels
in osteocyte-like cells (Figure 6C, D; Online Supplementary
Figure 5E, F). In contrast, osteocytes did not affect HMGB1
levels in JUN3 MM cells (Online Supplementary Figure S5F).
The extracellular release of HMGB1 was not detected when
osteocytes were cultured with CM from CCL3XP cells, and it
was prevented by treatment with an anti-CCL3 neutralizing
antibody (Figure 6C, D). Remarkably, recombinant CCL3
did not induce osteocyte cell death, and pharmacologic
or genetic inhibition of CCL3 did not affect MM-induced
osteocytic cell death (Online Supplementary Figure S6A),

A. Anloague et al.

suggesting CCL3 signaling triggers HMGB1 secretion in os-
teocytes independently of cell death.

Thus, we next examined if HMGB1 contributes to osteocytic
RANKL upregulation induced by MM-derived CCL3. Pharma-
cological blockade of HMGB1 with a neutralizing antibody
(Figure 7A, B) or genetic knockdown of Hmghb1 in osteocytes
(Figure 7C; Online Supplementary Figure S6B-D) prevented
the increases in Rankl mRNA expression and protein secretion
(Figure 7D) in osteocytes cultured with CM from MM cells.
Similarly, treatment with an anti-HMGB1 neutralizing antibody
blocked the Rankl upregulation induced by rCCL3 (Figure 7E).
Lastly, we compared RANKL mRNA and HMGB1 protein ex-
pression in osteocytes in bone biopsies from a small cohort
of healthy subjects and newly diagnosed MM patients. We
detected a higher prevalence of RANKL*, HMGB1*, and double
RANKL*-HMGB1* osteocytes in MM patients compared to
healthy subjects (Figure 8). Together, these findings support
the existence of a CCL3-HMGB1 signaling axis regulating
osteocytic RANKL in the MM tumor niche.
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Figure 6. Multiple myeloma-derived CCL3 stimulates HMGB1 secretion in osteocytes. Hmgb7 expression in bones infiltrated by
human JJN3 (A) or murine 5TGM1 (B) multiple myeloma (MM) cells. N=6 mice/group. *P<0.05 versus mice injected with saline
(Veh) by Student’s t test. Boxes show the data interquartile range, the middle line in the box represents the median, and whiskers
the 95% confidence interval of the mean (A, B). HMGB1 protein levels in murine Ocy-454 Ot-like cells treated with (C) 48 hours
(h) conditioned media (CM) from control (Ctl) or CCL3 knocked down (CCL3*P) JUN3 cells for 3 days or with 48 h CM from JJN3
in the presence/absence of a neutralizing antibody against CCL3 (50 ng/mL) for 2 days. N=5/group. *P<0.05 as indicated by lines
by One-way (C) or Two-way (D) ANOVA, followed by a Tukey post hoc test. Data are shown as mean * standard deviation (C, D).

Representative experiments out of 2 are shown (C, D).
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Figure 7. Autocrine HMGB1 signaling
facilitates the stimulation of osteo-
cyte RANKL production triggered by
multiple myeloma-derived CCL3.
Rankl expression in murine Ocy-454
(mature), MLO-Y4 (mature), and
MLO-A5 (early) osteocyte (Ot)-like
cell lines treated with 48 hours (h)
conditioned media (CM) from human
JUN3 cells (A) or murine 5TGM1 (B)
multiple myeloma (MM) cells in the
presence/absence of a neutralizing
antibody against HMGB1 (HMGB1-Ab;
10 ug/mL) for 1 day. N=4-6/group.
*P<0.05 as indicated by lines by Two-
way ANOVA, ANOVA, followed by a
Tukey post hoc test. (C) Rankl ex-
pression in Ocy-454 and MLO-A5
Ot-like cell lines with/without ge-
netic silencing of Hmgb1 and treat-
ed with 48 h CM from human JJN3
cells for 1 day. N=4/group. *P<0.05
as indicated by lines by Two-way
ANOVA, followed by a Tukey post hoc
test. (D) HMGB1 protein levels in mu-
rine Ocy-454 Ot-like cells with/with-
out genetic silencing of Hmghb7 and
treated with 48 h CM from human
JJUN3 cells for 2 days. N=4/group.
*P<0.05 as indicated by lines by Two-
way ANOVA, followed by a Tukey post
hoc test. (E) Rankl expression in mu-
rine bones cultured ex vivo and treat-
ed with recombinant CCL3 (1 ug/mL)
with/without HMGB1-Ab (10 ug/mL)
for 2 days. *P<0.05 as indicated by
lines by Two-way ANOVA, followed
by a Tukey post hoc test. Data are
shown as mean * standard deviation.
Representative experiments out of
2 are shown (A-E).
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DiSCIlSSiOIl released by MM cells or the tumor niche contribute to

MM-induced bone destruction, RANKL signaling plays a
Bone disease in MM poses significant clinical challenges central role in activating osteoclasts and driving bone re-
primarily due to its negative impact on patient quality of sorption.?” Osteocytes, which constitute a significant source
life, morbidity, and mortality.?*?¢ While various cytokines of RANKL in adult bone, are reprogrammed by MM cells to

MM patient
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Figure 8. Multiple myeloma patients exhibit increased RANKL and HMGB1 expression in osteocytes. Representative images of
histological sections of bone biopsies and blow out of osteocytes from a representative healthy subject (A and C) and a multiple
myeloma (MM) patient (B and D) stained for nuclei (blue), RANKL mRNA expression (orange), and HMGB1 protein expression (pink).
White dashed lines define the mineralized bone. (C) Artificial intelligence-assisted quantitative analysis of the prevalence of
RANKL*(E), HMGB1* (F), and double RANKL*-HMGB1* (G) osteocytes (N=5-6/group). *P<0.05 versus healthy subjects (control) by
Student’s t test. Data are shown as mean + standard error of the mean; each dot represents an independent sample.
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overproduce RANKL and support bone destruction.® Yet, the
molecular mechanisms underlying RANKL dysregulation in
osteocytes in MM are not entirely understood. In this study,
we discovered a new signaling axis regulating osteocytic
RANKL production.”® We show that paracrine actions of
MM-derived CCL3 on osteocytes trigger the secretion of
HMGB1, which in an autocrine manner stimulates RANKL
production in osteocytes. Further, we provide evidence that
this signaling axis exists in MM patients and demonstrate
that targeting CCL3 or HMGBA1, either genetically or phar-
macologically, decreases RANKL in osteocytes. Our data
collectively identifies MM-derived CCL3 as a reprogramming
signal for osteocytes, shifting their biological function to
favor osteoclastogenesis and bone destruction in the MM
tumor niche.

Previous research established that MM cells secrete CCL3 to
promote osteoclastogenesis and bone resorption by acting
directly on osteoclast progenitors through CCR1 or CCR5
or enhancing the osteoclastogenic effects of RANKL.6:28-30
However, the role of CCL3 in regulating RANKL production
within the tumor microenvironment has remained ambigu-
ous, with conflicting in vitro results reported.®*? OQur study
extends beyond in vitro cell culture systems to include in
vivo mouse models of MM, ex vivo organ cultures estab-
lished with human bone, and in situ hybridization in bone
biopsies from MM patients. We found that osteocytes ex-
press CCR1, CCR3, and CCR5 receptors and respond to CCL3
signals by producing RANKL. Collectively, these findings
provide robust evidence that MM-derived CCL3 functions
as a mediator for MM-osteocyte crosstalk and acts as an
important regulator of RANKL in the MM tumor niche.

We and others reported before that MM cells induce os-
teocyte apoptosis in vitro, in vivo, and in MM patients.
This increase in osteocyte apoptosis contributes to the
upregulation of RANKL and the recruitment and activation
of osteoclasts.>**3* During osteocyte apoptosis, HMGB1 is
released into the extracellular space through a passive pro-
cess.*® High serum HMGB1 levels are found in MM patients
and are associated with disease progression.**” However,
the mechanisms leading to HMGB1 over secretion in MM are
unclear. Our research reveals that, in the context of MM,
CCL3 signaling is a potent driver of HMGB1 release by os-
teocytes, independent of apoptosis. Our data demonstrates
that CCL3 induces osteocytes to release HMGB1 through a
mechanism that does not involve transcriptional changes
in HMBG1 but rather initiates a program for active HMGB1
secretion into the extracellular space. The active release
of HMGB1 is regulated by various factors, including related
ROS and redox signals, TNF, Notch, or posttranslational
modifications.®® Further investigation beyond the scope of
this manuscript is needed to elucidate the molecular mech-
anisms involved in CCL3 stimulation of HMGB1 release by
osteocytes. Our results also suggest that osteocyte-derived
HMGB!1, triggered by CCL3, signals in neighboring osteocytes
to promote RANKL upregulation and production. This notion
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is supported by our observation of an increased prevalence
in double RANKL*-HMGB1* osteocytes in MM patients, and
it is consistent with prior findings showing that extracel-
lular HMGB1 binds to RAGE receptors in osteocytes and
increases RANKL expression.?® These results uncover a new
regulatory mechanism for HMGB1 release in osteocytes and
a novel CCL3-HMGB1 signaling axis regulating pathological
RANKL expression in osteocytes.

Manipulation of CCL3 and HMGB1 effectively prevented the
upregulation of RANKL in osteocytes induced by MM cells in
in vitro culture systems. However, in vivo or ex vivo systems,
which more accurately replicate the complexity of the bone
tumor niche, showed only partial inhibition of RANKL dys-
regulation in osteocytes when these signals were inhibited.
In addition to MM-derived CCL3, osteocyte apoptosis®3334
and MM-secreted 2-deoxy-D-ribose, which upregulates
CIITA expression in osteocytes,*® have been postulated as
potential mechanisms regulating RANKL in osteocytes by
MM cells, which may account for the incomplete preven-
tion of osteocytic RANKL expression in our studies. Similar
to our current findings with CCL3, inhibition of apoptosis
or CIITA also failed to fully prevent RANKL upregulation in
osteocytes by MM cells.>*® CCL3 from other cells of the
tumor niche could also influence RANKL expression in
osteocytes. Moreover, we only found partial prevention of
bone loss in mice injected with CCL3-silenced MM cells,
suggesting that other mechanisms independent of CCL3
and/or RANKL drive bone destruction in MM. Thus, RANKL
and MM bone destruction are likely supported by various
mechanisms that may function in a dynamic, context-de-
pendent manner to ensure continuous bone resorption,
thereby providing a constant source of growth factors from
bone that support tumor growth and survival.

We also found that higher expression of CCL3 in CD138*
cells is associated with poorer overall survival and pro-
gression-free survival in newly diagnosed MM patients.
These findings are in line with prior clinical observations
linking high serum levels of CCL3 with disease progres-
sion and adverse prognosis!®? Consistent with its impact
on disease progression, we found that genetic inhibition
of CCL3 in MM cells severely impairs their growth in vivo
in mice, as seen previously by others,***° and ex vivo in
human bones. However, the growth retardation was not
observed when the MM cells were cultured alone in vitro.
This discrepancy is attributed to the decreased expression
of a5p1 integrin following CCL3 inhibition, which reduces
the ability of MM cells to adhere to marrow stromal cells
that support their growth.?*# We also noted a reduction in
RANKL expression in MM cells following CCL3 inhibition,
suggesting that autocrine CCL3 signals not only regulate
the expression of adherence molecules in MM cells but
also their osteoclastogenic potential. Additionally, our data
suggest that the CCL3 paracrine regulation of RANKL in
osteocytes operates independently of its effects on tumor
growth, as shown by our studies using the same number
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of control and CCL3 knockdown MM cells in ex vivo hu-
man bone models. However, because the autocrine and
paracrine effects of CCL3 on RANKL on MM cells and os-
teocytes occur simultaneously and are interrelated in our
mouse model, we were unable to distinctly separate their
specific contribution to MM-induced bone loss, which we
acknowledge as a limitation of the current study.
Anti-resorptive therapy effectively reduces fracture risk
and bone pain in multiple MM patients. However, long-term
use of bisphosphonates can excessively suppress bone
resorption and remodeling, leading to side effects like jaw
osteonecrosis and atypical fractures.*?>** Denosumab, an
anti-RANKL antibody, offers a therapeutic alternative by
blocking RANKL signaling,** preventing osteoclast forma-
tion, but also reducing osteoblasts. Denosumab and bis-
phosphonates in MM patients exhibit a similar risk for jaw
osteonecrosis.***5 Further, when Denosumab is stopped,
rapid increases in osteoclast activity and bone resorption
can occur, elevating fracture risk!**¢ Our data and the
current knowledge on CCL3 signaling suggest that target-
ing this molecule could reduce the pathological RANKL
upregulation associated with MM to near-physiological
levels, preserve bone mass, as well as potentially restore
osteoblast function in MM® This approach may offer a ther-
apeutic advantage over current anti-resorptive therapies
by reducing resorption without completely halting it, which
may promote healthy bone remodeling. CCL3 has also been
linked to other aspects of MM disease, including immune
suppression, responses to therapy, and anemia, which such
a therapy could also alleviate.**4-52 Though targeting CCL3
signals has shown promising results in preclinical stud-
ies,*047-52 the use of antibodies or small molecules (CCR1
antagonists) aimed at this pathway remains limited in the
clinical setting.*®

In summary, this study reveals that CCL3 plays a crucial role
in MM-osteocyte interactions by enhancing the osteoclas-
togenic potential of osteocytes through increased RANKL
production. Further, we discovered that CCL3 stimulates
the active release of HMGB1 by osteocytes, which may act
as a propagating pro-osteoclastogenic signal in neighboring
osteocytes. Both clinical and preclinical data, supported by
pharmacologic and genetic studies in human and mouse
models, reinforce these findings. Our results expand our
understanding of the multifunctional role of CCL3 in MM
and uncover new molecular interactions between osteo-
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