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Abstract

Multiple myeloma (MM) is a clonal plasma cell proliferative malignancy characterized by a
debilitating bone disease. Osteolytic 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 osteocytes 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 HMGBL1 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.



I ntroduction

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 mortality 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 osteoclastogenesis and osteoblast suppression,
thereby creating a self-sustained cycle of bone destruction and tumor progression.® Central to
MM skeletal pathology is the dysregulation of the Receptor activator of nuclear factor-kappa 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 mechanisms 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 embedded 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

osteocytes 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 overproducing RANKL to attract osteoclast
precursors, further 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 alpha (CCL3)
as a significant mediator of the crosstalk between MM cells and osteocytes and describe a novel
signaling axis meditating osteocytic RANKL dysregulation initiated by MM-derived CCL3 and

executed by autocrine High mobility group box 1 (HMBGL1) signaling in osteocytes.

Methods

Study population. We obtained MM patient gene expression and clinical data from the Multiple
Myeloma Research Foundation (MMRF) CoMMpass registry (NCT01454297, version 1A13).
From an initial 921 patients with accessible gene expression data in the CoMMpass registry, 757
samples at diagnosis (NDMM) were selected, as shown before.’> Salmon gene count data were
imported into and normalized using the R package DESeq2. To determine patients with high
versus low CCL3 expression, we compared the top vs. bottom quartiles.*

Cell Culture. Human JIN3 MM cells (RRID:CVCL_2078) were obtained from N. Giuliani
(University of Parma, Italy). Murine 5TGM1 MM cells (RRID: CVCL_VI166) were obtained
from Dr. B. Oyajobi (University of Texas at San Antonio, TX, USA). All MM cells were
cultured in RPMI with 10% FBS, 1% penicillin and streptomycin, 0.2% Normocin, and 0.1%
plasmocin. Murine Ocy454 (RRID:CVCL_UWS31) osteocyte-like cells were provided by Dr.
Pajevic (Boston University, MA, US) and were maintained in alpha-MEM media with 10% FBS,
1% penicillin and streptomycin, 0.2% Normocin, and 0.1% plasmocin. MLO-A5 (RRID: 19
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CVCL_0P24) and MLOY4 (RRID:CVCL_MO098) murine osteocyte-like cells were purchased
from Kerafast (Boston, MA, USA). MLOA5 and MLOY4 cells were cultured on calf skin
collagen type I-coated plates using alpha-MEM media with 2.5% FBS, 2.5% BCS, 1% penicillin
and streptomycin, 0.2% Normocin, and 0.1% plasmocin. Cell lines were checked for
mycoplasma weekly and routinely examined for proper morphology, population doubling, and
paraprotein production. Conditioned media (CM) from JIN3/5TGM1 2x10° MM cells was
collected after 48h of culture. Osteocyte-like cell lines were cultured with/without 50% CM, as

described before,> 2

in the presence/absence of an anti-HMGBL1 neutralizing antibody
(10ug/mL), recombinant CCL3 (lug/mL), or an anti-CCL3 neutralizing antibody (0.05ug/mL)
for 24-48h. Reagents are described in Supplementary Methods.

Genetic inhibition in MM cels and osteocyte-like cells. Methods used to manipulate
CCL3/HMGBL expression are described in Supplementary Methods.

Cell death and proliferation assays. Proliferation and cell death in MM cells were assessed by
Trypan Blue exclusion, as reported before.* 2

Animal studies. 7-week-old immunocompetent C57BL/KaLwRijHsd mice were injected
intravenously with 1x10° 5TGM1 MM cells or saline and sacrificed after 4 weeks. 7-week-old
immunodeficient NSG mice were injected intravenously with 1x10® JIN3 cells and sacrificed
after 4 weeks. 7-week-old NSG mice were intratibially injected with saline, 1x10° JJN3 control
(Ctl) or JIN3- CCL3"P cells in both tibias and sacrificed after 4 weeks. The sample size was
calculated based on previous studies.> ** The levels of the tumor biomarker Human Kappa 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 microCT, as shown before.> 2



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 after hip
arthroplasty (see Supplementary Methods for details).

Gene expression. Methods to quantify mRNA (qPCR) and protein expression (Western Blot and

ELISA) are described in Supplementary Methods.

RNA in-situ hybridization (RNAscope). RNA in situ hybridization was performed using the
RNAScope 2.5 HD detection reagent RED kit from Advanced Cell Diagnostics (Newark, CA,
US) following the manufacturer's instructions, as previously described.** The following probes
were incubated on paraffin-embedded tissue sections for 2 hours at 40C: murine Rankl (Cat
#410921) and positive/negative controls (Cat #313911, Cat #310043). The signal was then
detected at room temperature for 10 min. Sections were counterstained with hematoxylin,
dehydrated at 60C for 20 min, and mounted using VectaMount permanent mounting medium
(Vector Laboratories, Newark, CA, US). The number of positive and negative osteocytes was
quantified using a brightfield microscope at 40X magnification. 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 expression in histological sections from healthy subjects (n=5) and newly
diagnosed MM patients (n=6) are described in Supplementary Methods.

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 = SD, 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 accordance 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 IRB
(protocol #262940). All participants provided written, informed consent before study procedures
occurred, with continuous consent ensured throughout participation. Trephine iliac crest bone
marrow biopsies from patients with newly diagnosed MM (mean age + standard 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

MM cells produce soluble factors that upregulate RANKL expression in osteocytes. We
previously reported that upon intratibial injections of JIN3 MM cells, the prevalence of
osteocytes expressing RANKL increases and that CM from JIN3 MM cells increases Rankl
expression in early osteocytes.” Here, we expanded 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
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Rankl expression in Ocy454 (mature osteocytes), MLO-Y4 (mature osteocytes), and MLO-A5
(early osteocytes) (Figures 1C and 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 (Suppl. Figure 1). 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.

MM-derived CCL3 increases RANKL expresson and secretion in osteocytes. MM cells
secrete a wide variety of cytokines that reprogram 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 (Figures 2A and B). We next
investigated its role as a potential regulator of osteocytic RANKL in the context of MM. We
detected human CCL3 mRNA expression in bones infiltrated with human JIN3 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 mRNA
expression in bones 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).
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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 (Figure 3A and C), had minor effects on
Opg mMRNA expression, and increased the Rankl/Opg ratio (Suppl. Figure 2) in osteocyte-like
cells. Treatment with rCCL3 also increased Rankl expression in murine bones cultured ex vivo
containing authentic osteocytes (Figure 3B). To investigate the role of MM-derived CCL3, we
stably knocked it down (CCL3"P) in JJIN3 MM cells (Suppl. Figure 3A). CM from control (Ctl)
MM cells increased by 4-fold RANKL protein production (cell lysates) and secretion (CM) by
Ocy-454 cells (Figure 3C). While CCL3*P cells also stimulated RANKL secretion in Ocy-454,
this effect was reduced by 50% compared to Ctl MM cells (Figure 3C). Similarly, transient
inhibition of CCL3 in MM cells with siRNAs prevented the upregulation of Rankl in MLO-A5
osteocyte-like cells (Suppl. Figure 3B-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 JIN3 or 5TGM1 MM cells was blocked by the anti-CCL3 neutralizing
antibody (Figure 3D and E). Collectively, these results suggested a causal role of MM-derived

CCL3 signaling on RANKL overproduction by osteocytes.

Genetic deletion of CCL3 in MM 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. Immunodeficient mice were injected intratibially with
saline, Ctl, or CCL3"® JIN3 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
exponential tumor growth and a 70% decrease in tibial cancellous bone mass compared to naive

mice (Figures 4B-E). CCL3“P® MM cells did not exhibit changes in proliferation/viability vs. Ctl

12



MM cells in vitro (Suppl. Figure 4A and B). However, mice injected with CCL3"P MM cells
showed a 90% reduction in tumor growth and higher bone volume (50% more) compared to

mice injected with Ctl MM cells (Figures4B-E).

The dramatic bone loss seen with Ctl MM cells was accompanied by a 4-fold increase in the
number of cortical osteocytes expressing Rankl, assessed by mRNA in situ hybridization (Figure
5A). The number of osteocytes expressing mMRNA Rankl was reduced by 50% in bones bearing
CCL3"P 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"P MM cells (Figure 5B). To circumvent the potential
confounding effect of the differential tumor burden on the contribution of MM-derived 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 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*P MM cells or their CM (Figures 5B and C). Of note, we observed in vitro that CCL3*P
MM cells exhibited a modest reduction in RANKL mRNA expression, with no changes in OPG

(Suppl. Figure 4C).
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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-inflammatory cytokine
("alarmin™) released by dying cells, including osteocytes.?* Extracellular HMGB1 has been
shown to stimulate 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 and B),
osteocyte-like cells treated with CM from MM cells or rCCL3, or bones treated with CM from
JIN3 cells cultured ex vivo (Suppl. Figure 5A-D). We next investigated if HMGBL1 release by
osteocytes is affected by MM cells. CM from Ctl JJN3 MM cells increased by 2-fold the
secretion of HMGB1 and decreased the cellular levels in osteocyte-like cells (Figure 6C and D;
Suppl. Figure 5E and F). In contrast, osteocytes did not affect HMGB1 levels in JJN3 MM cells
(Suppl. Figure 5F). The extracellular release of HMGB1 was not detected when osteocytes were
cultured with CM from CCL3"P cells, and it was prevented by treatment with an anti-CCL3
neutralizing antibody (Figure 6C and 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 (Suppl. Figure 6A), suggesting CCL3 signaling triggers HMGB1
secretion in osteocytes independently of cell death.

Thus, we next examined if HMGB.1 contributes to osteocytic RANKL upregulation induced
by MM-derived CCL3. Pharmacological blockade of HMGB1 with a neutralizing antibody
(Figure 7A and B) or genetic knockdown of Hmgbl in osteocytes (Figure 7C and Suppl.
Figure 6B-D) prevented the increases in Rankl mMRNA 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).
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Lastly, we compared RANKL mRNA and HMGBL1 protein expression 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-HMGBL1 signaling axis regulating osteocytic RANKL in the MM tumor niche.

Discussion

Bone disease in MM poses significant clinical challenges primarily due to its negative
impact on patient quality of life, morbidity, and mortality. * % While various cytokines released
by MM cells or the tumor niche contribute to MM-induced bone destruction, RANKL signaling
plays a central role in activating osteoclasts and driving bone resorption.?” Osteocytes, which
constitute a significant source of RANKL in adult bone, are reprogrammed by MM cells to
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 HMGB1,
either genetically or pharmacologically, 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
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enhancing the osteoclastogenic effects of RANKL.'® %3 However, the role of CCL3 in
regulating RANKL production within the tumor microenvironment has remained ambiguous,
with conflicting in vitro results reported.®™ ¥ Our study extends beyond in vitro cell culture
systems to include in vivo mouse models of MM, ex vivo organ cultures established with human
bone, and in situ hybridization in bone biopsies from MM patients. We found that osteocytes
express CCR1, CCR3, and CCRS5 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 osteocyte 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.> ** * During osteocyte apoptosis,
HMGBL1 is released into the extracellular space through a passive process.®> 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 HMGBL1 release by
osteocytes, independent of apoptosis. Our data demonstrates that CCL3 induces osteocytes to
release HMGBL1 through a mechanism that does not involve transcriptional changes in HMBG1
but rather initiates a program for active HMGBJ1 secretion into the extracellular space. The active
release of HMGBL 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 mechanisms involved in CCL3 stimulation of

HMGB1 release by osteocytes. Our results also suggest that osteocyte-derived HMGB1,
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triggered by CCL3, signals in neighboring osteocytes to promote RANKL upregulation and
production. This notion 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 extracellular 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 HMGBL1 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 dysregulation in osteocytes when these signals were inhibited. In addition
to MM-derived CCL3, osteocyte apoptosis® ** * 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 prevention
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.> 3 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-dependent
manner to ensure continuous bone resorption, thereby providing a constant source of growth

factors from bone that support tumor growth and survival.
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We also found that higher expression of CCL3 in CD138" cells is associated with poorer
overall survival and progression-free survival in newly diagnosed MM patients. These findings
are in line with prior clinical observations linking high serum levels of CCL3 with disease
progression 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 a5B1 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 of control and CCL3 knockdown MM cells in ex
vivo human bone models. However, because the autocrine and paracrine effects of CCL3 on
RANKL on MM cells and osteocytes 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.” *3
Denosumab, an anti-RANKL antibody, offers a therapeutic alternative by blocking RANKL

signaling,** preventing osteoclast formation, but also reducing osteoblasts. Denosumab and

18



bisphosphonates in MM patients exhibit a similar risk for jaw osteonecrosis.** *> 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
targeting 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 therapeutic 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.*® "2

40, 47-52 the use

Though targeting CCL3 signals has shown promising results in preclinical studies,
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 osteoclastogenic 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

osteocytes and MM cells, emphasizing the importance of these interactions in MM progression.
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Figurelegends

Figure 1. Multiple myeloma cells upregulate Rankl mRNA expression in mature and early
osteocytes. Rankl expression in bones infiltrated by human JIN3 (A) or murine 5TGM1 (B)
multiple myeloma (MM) cells. N=7-10 mice/group. *p<0.05 vs. 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). 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 JIJN3 cells (C) or murine 5TGM1
(D) MM cells. N=4-6/group. *p<0.05 vs. cell treated with Veh by Student's t-test for each time

point. Data are shown as mean + SD. Representative experiments out of two are shown (C, D).

Figure 2. CCL3 expression is increased in bones infiltrated with multiple myeloma cells.
Kaplan-Meier plot of the (A) overall survival (OS) and (B) progression-free survival (PFS) of
newly diagnosed multiple myeloma (NDMM) patients with high (Hi) vs. 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 JIN3
(C) or murine 5TGM1 (D) multiple myeloma (MM) cells. N=7-10 mice/group. *p<0.05 vs. 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 (C,
D). (E) Ccrl, 3, and 5 expression in murine Ocy-454 (mature), MLO-Y4 (mature), and MLO-A5
(early) osteocyte (Ot)-like cell lines. N=3-6/group. *p<0.05 vs. Ccrl expression by One-way
ANOVA, followed by a Tukey post hoc test. Data are shown as mean = SD. Representative

experiments out of two are shown (E).
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Figure 3. Multiple myeloma-derived CCL 3 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 (1ug/mL). N=4-6/group. *p<0.05
vs. 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 (1ug/mL) for 2 days.
N=4/group. *p<0.05 vs. 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
(1ng/mL) or 48h-conditioned media (CM) from control (Ctl) or CCL3 knocked down (CCL3"P)
JIN3 multiple myeloma (MM) cells for 2 days. N=4/group. *p<0.05 vs. 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-AS5 Ot-like cell lines treated with 48h-CM from human JIN3 (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 + SD. Representative experiments

out of two are shown.

Figure 4. Genetic inhibition of CCL3 in multiple myeloma cells decreases tumor growth
and attenuates bone destruction. (A) CCL3 expression in human JIN3 multiple myeloma
(MM) cells. N=3/group. *p<0.05 vs. 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 ¥P) JIN3 cells. N=10 mice/group. *p<0.05 vs. 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) £ SD (dashed lines) (A, B). (C) Representative micro-CT 3D bone

reconstructions of tibias, (D) longitudinal tibiae cancellous bone volume/tissue volume (BV/TV)

28



quantification, and (E) percent change in cancellous BV/TV (before/after cell injection) in mice
injected with Veh or Ctl or CCL3P 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).

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"P) JIN3 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 Kappa 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*P MM JIN3 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 two healthy human donors treated with Veh
or 48h-CM from Ctl or CCL3® MM JIN3 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 = SD (A, B, C).

Figure 6. Multiple myeloma-derived CCL3 stimulates HMGB1 secretion in osteocytes.
Hmgbl expression in bones infiltrated by human JIN3 (A) or murine 5TGM1 (B) multiple

myeloma (MM) cells. N=6 mice/group. *p<0.05 vs. mice injected with saline (Veh) by Student's
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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). HMGBL1 protein levels in murine
Ocy-454 Ot-like cells treated with (C) 48h-conditioned media (CM) from control (Ctl) or CCL3
knocked down (CCL3*P) JIN3 cells for 3 days or with 48h-CM from JIN3 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- (C) or Two-way (D) ANOVA, followed by a Tukey post
hoc test. Data are shown as mean = SD (C, D). Representative experiments out of two are shown
(C, D).

Figure 7. Autocrine HMGB1 signaling facilitates the stimulation of osteocyte RANKL
production triggered by multiple myeloma-derived CCL 3. Rankl expression in murine Ocy-
454 (mature), MLO-Y4 (mature), and MLO-AS5 (early) osteocyte (Ot)-like cell lines treated with
48h-conditioned media (CM) from human JIN3 cells (A) or murine 5TGM1 (B) multiple
myeloma (MM) cells in the presence/absence of a neutralizing antibody against HMGB1
(HMGB1-Ab; 10 pg/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 expression in Ocy-454 and
MLO-AS5 Ot-like cell lines with/without genetic silencing of Hmgb1 and treated with 48h-CM
from human JIN3 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) HMGBL1 protein levels in murine Ocy-454 Ot-
like cells with/without genetic silencing of Hmgbl and treated with 48h-CM from human JIN3
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 murine bones cultured ex vivo and treated with

recombinant CCL3 (1pg/mL) with/without HMGB1-Ab (10upg/mL) for 2 days. *p<0.05 as

30



indicated by lines by Two-Way ANOVA, followed by a Tukey post hoc test. Data are shown as

mean = SD. Representative experiments out of two are shown (A-E).

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) Al-assisted
quantitative analysis of the prevalence of RANKL®, HMGB1", and double RANKL"*-HMGB1"
osteocytes (n=5-6/group). *p<0.05 vs. healthy subjects (control) by Student's t-test. Data are

shown as mean + SEM; each dot represents an independent sample.
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Figure 8
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Supplementary Methods.

Reagents. RPMI 1640 media, Minimum Essential Media (MEM) a, Opti-MEM, fetal bovine
serum, bovine calf serum, Normocin, antibiotics (penicillin/streptomycin), and TriZol were
purchased from Invitrogen Life Technologies (Grand Island, NY, USA). Trypan Blue and the anti-
HMGBI1 neutralizing antibody (Cat. #9537, RRID:AB 260090) were purchased from Millipore
Sigma (Burlington, MA, USA). Recombinant CCL3 (Cat. #270-LD-010/CF) and the anti- CCL3
neutralizing antibody (Cat. #MAB270-500, RRID:AB 2070775) were purchased from R&D
Systems (Minneapolis, MN, USA). The CCL3 sgRNA CRISPR/spCas9 lentiviral particles were
purchased from Applied Biological Materials Inc. (Richmond, BC, CA, Cat. #sc-417845) and the
Hmgbl mouse siRNA Oligo Duplex (Locus ID: 15289; Cat. #SR426038) were purchased from
Origene Technology Inc. (Richmond, BC, Canada). Puromycin (Cat#58-58-2) was purchased from

InvivoGen (San Diego, CA, USA).

Human samples methods and histological analysis. Bone biopsies of 3-mm diameter were fixed
in 4% paraformaldehyde and decalcified in 0.5M EDTA prior to paraffin embedding. Formalin-
fixed paraffin-embedded (FFPE) tissues were sectioned into 3.5-pum thickness and deparaffinized
in a xylene-ethanol gradient. Slides were incubated in TE buffer overnight at 60°C, blocked with
5% casein/Tris-buffered saline (TBS), and incubated for 2 hours with a monoclonal mouse
antibody against HMGB1 (Thermo Fisher Scientific, Cat # MAS5-17278; RRID: AB_2538744).
The signal was amplified with horse radish peroxidase-conjugated anti-mouse IgG polymers
(BrightVision, Duiven, Holland) for 30 minutes at room temperature and revealed with opal 620
dye (Akoya Biosciences, Marlborough, MA, USA). Thereafter, sections were incubated in Custom
Reagent (Advanced Cell Diagnostics, Hayward, CA, USA) for 20 min at 40°C and hybridized

overnight at 40°C with a 20-basepair probe targeting RANKL mRNA within the target region



between base pairs 366 and 1507 (NM_003701.3; Advanced Cell Diagnostics, Hayward, CA,
USA). The day after, signal amplification was performed following the manufacturer’s
recommendations and visualized with opal 570 dye (Akoya Biosciences, Marlborough, MA,
USA). Sections were Hoechst counterstained, mounted in Prolong Gold (Fisher Scientific,
Roskilde, Denmark), and scanned in a VS200 Olympus Slidescanner (Tokyo, Japan). Scans were
obtained at 40X with 40 ms exposure in the DAPI channel and 100 ms exposure in the Cy3 (565
nm) and Texas Red Kromigon (615 nm) channels); visualization settings were similar across all
images during quantification, and differentially adjusted to capture representative images.
Negative controls were performed by omission of the primary antibody/hybridization probe.
Analyses were performed by a researcher blinded to study groups using artificial intelligence-
assisted histology in the IF-FISH v2.1.5 HALO module (v3.6.4134, Indica Labs). Briefly,
trabecular bone was manually delimited, and cellular RANKL and HMGBI1 expression were
automatically quantified; RANKL™ osteocytes presenting >4 copies/cell were excluded from

analyses.
Genetic inhibition in MM cells and osteocyte-like cells.

To generate stable CCL3 knockdown cells (CCL3%P), JIN3 MM cells were transduced with CCL3
sgRNA CRISPR/Cas9 lentiviral particles (MOI=10) and selected with 3.0ug/mL Puromycin over
4 weeks. To transiently knockdown CCL3 in MM cells or Hmgb1 in Ocy454s, cells were incubated
with 50uM of CCL3 human or Hmgb I mouse siRNA Oligo Duplex in alpha-MEM complete media

with15% Opti-MEM and 0.4% lipofectamine for 48hrs.

Ex vivo Bone Organ Cultures. Murine ex vivo bone organ cultures were established with tibiae
and/or femurs from C57BL/KalLwRijHsd (murine MM cells) or NSG (human MM cells) mice, as

described before.!* Murine bones were treated with lug/mL or recombinant CCL3 in the



presence/absence of 10pug/mL of anti-HMGB1 for 24 hours. Human ex vivo bone organ cultures
were established using human cancellous bone fragments similar in size obtained from the femoral
head of patients with no pathologies or medications that could affect bone mass or architecture
discarded after hip arthroplasty.® For these ex vivo cultures, 2x10° Ctl or CCL3%P JIN3 MM cells
were plated on human bones or bones were treated with 48h-CM from Ctl or CCL3%P JIN3 MM

cells for 3 days. Treatments were refreshed daily.

Gene mRNA expression. Total RNA was isolated from MM cells, osteocyte-like cells, and bone
tissues using Trizol and converted to ¢cDNA (Invitrogen Life Technologies), following the
manufacturer's directions. RNA was converted to cDNA, and gene expression was quantified by
qPCR using Tagman assays from Applied Biosystems (Foster City, CA, USA). Values were
normalized by Gapdh or ChoB expression. Gene expression levels were calculated using the

comparative threshold (CT) method.

Enzyme-linked immunosorbent assays (ELISA). ELISAs for RANKL (R&D Systems, Cat.
#MTRO00) and HMGB1 (Fischer Scientific, Cat. #EEL102) were performed according to the
manufacturer's instructions. Conditioned media was concentrated using Amicon® ultra-centrifugal
Filter (10kDa; Cat. #UFC20124) according to the manufacturer's instructions. Cell protein lysates
were obtained using Pierce™ RIPA buffer (Fisher Scientific, Cat. #89900) with a protease inhibitor
cocktail (Fisher Scientific, Cat. #4906837001 and phosphatase inhibitor (Millipore Sigma, Cat.
#4906837001), then quantified using the Pierce™ BCA assay (MilliporeSigma, Cat.

#23228/23224). Cell lysates were loaded onto the ELISAs using 100ug of protein/well.

Western Blots. Protein was loaded in 10% SDS-PAGE gels. Proteins were transferred to PVDF
membranes. Immunoblots were performed using anti-HMGBI1(Cat. #3935s, Cell Signaling

Technology Inc., Danvers, MA, USA) and anti-albumin (Cat. #NBP2-26510, Novus Biologicals



Inc., Centennial, CO, USA) followed by goat anti-rabbit secondary antibodies, conjugated to
horseradish peroxidase (1:2000). Western blots were developed using the chemiluminescence

detection assay.
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Suppl. Figure 1. Multiple myeloma cells increase the Rankl/Opg ratio in osteocytes. Opg expression and

Rankl/Opg ratio in murine Ocy-454 (mature), MLO-Y4 (mature), and MLO-AS (early) osteocyte (Ot)-like cell

lines treated with 48h-conditioned media (CM) from human JIN3 cells (A) or murine STGMI1 (B) multiple

myeloma (MM) cells. N=4/group. *p<0.05 vs. cell treated with Veh by Student's #-test for each time point. Data

are shown as mean + SD. Representative experiments out of two are shown.
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Suppl. Figure 2. Recombinant CCL3 increases the Rankl/Opg ratio in osteocytes. Opg expression and

Rankl/Opg ratio in murine Ocy-454 (mature), MLO-Y4 (mature), and MLO-AS (early) osteocyte (Ot)-like

cell lines treated with recombinant CCL3 (1ug/mL). N=4-6/group. *p<0.05 vs. cell treated with Veh by

Student's ¢-test for each time point. Data are shown as mean + SD. Representative experiments out of two

are shown.
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Suppl. Figure 3. siRNA-mediated inhibition of CCL3 in multiple myeloma cells prevents Rankl
upregulation in osteocytes by multiple myeloma cells. (A) CCL3 expression in control (Ctl) and CCL3
knockdown human JIN3 multiple myeloma (MM) cells. N=4/group. *p<0.05 vs. cells treated with Veh by
Student's t-test. (B) Experimental design. (C) CCL3 expression in human JJIN3 MM cells treated with
control (Ctl)- or CCL3-siRNAs for 48h. N=4-6/group. *p<0.05 vs. cell treated with Veh by Student's ¢-
test. (D) Rankl expression in murine MLO-AS osteocyte-like cells treated with Ctl- or CCL3-siRNA and
cultured with/without 48h-CM from human JIN3 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 + SD.

Representative experiments out of two are shown.
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Suppl. Figure 4. Cellular and molecular characterization of human JJN3 multiple myeloma cells
with CCL3 knockdown. Cell number (A), cell viability (B), and (C) RANKL, OPG, and HMGBI
expression in control (Ctl) and CCL3 knockdown human JIN3 multiple myeloma (MM) cells. N=4/group.
*p<0.05 vs. cells treated with Veh by Student's #-test. Data are shown as mean = SD. Representative

experiments out of two are shown.
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Suppl. Figure 5. Multiple myeloma cells stimulate HMGBI1 release by osteocytes. Hmgbl expression in murine

Ocy-454 (mature), MLO-Y4 (mature), and MLO-AS (early) osteocyte (Ot)-like cell lines treated with (A) 48h-
conditioned media (CM) from human JIN3 multiple myeloma (MM) cells, (B) CM from murine STGM1-MM cells
(B), or (C) recombinant (r) CCL3 (1pg/mL) for 1 day. N=4-6/group. *p<0.05 vs. cell treated with Veh by Student's
t-test for each time point. (D) HmgbI expression in murine bones cultured ex vivo and treated CM from control (Ctl)
or CCL3 knocked down (CCL3XP) JIN3 cells for 2 days. N=4-6/group. (E) Secreted HMGBI1 detected in the
conditioned media of human JJN3 MM cells or MLO-AS5 osteocyte-like cell cultures alone or co-cultured for 48h.
(F) HMGBI detected in cell lysates from human JJN3 MM cells or murine MLO-AS osteocyte-like cells cultured
alone or co-cultured for 48h. Data are shown as mean + SD. Representative experiments out of two are shown (A,

B, C, D).
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Suppl. Figure 6. Osteocytic HMGBI1 release mediates the Rankl upregulation in osteocytes induced by
MM cells. (A) Cell death in Ocy-454 osteocyte (ot)-like cells treated with recombinant CCL3, anti-CCL3
antibody (CCL3-Ab), or 48h-conditioned media (CM) from control (Ctl)- or CCL3 knockdown human JIN3
MM cells for 1 day. N=4/group. *p<0.05 as indicated by the lines by One-way ANOVA, followed by a Tukey
post hoc test. (B) Experimental design. Hmgb1 expression in murine Ocy-454 (C) or MLO-AS (D) Ot-like cell
lines treated with/without control (Ctl)- or HmgbI-siRNA and cultured in the presence/absence of 48h-CM
from human JJIN3 MM cells for 1 days. N=4/group. *p<0.05 as indicated by the lines by Two-way ANOVA,
followed by a Tukey post hoc test. Data are shown as mean + SD. Representative experiments out of two are

shown.
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