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Abstract

The canonical plasma cell marker CD138 (syndecan-1) is highly expressed on the myeloma cell surface, but its functional
role in vivo is unclear, as well as the ontogeny of CD138-high and CD138-negative (neg) myeloma cells. In this study we
used an in vivo murine VK*MYC myeloma model where CD138 is heterogeneously expressed depending on tumor size. We
find that in comparison to CD138-neg myeloma cells, the CD138-high subset of myeloma cells is highly proliferative, less
apoptotic, and enhanced IL-6R signaling, which is known to promote survival. In addition CD138-high myeloma engrafts
better than its CD138-neg counterpart. In contrast, CD138-neg cells are more motile both in vitro and in vivo, and more
readily disseminate and spread to other bones in vivo than CD138-high subset. Neutralizing CD138 rapidly triggers
migration of myeloma cells in vivo and leads to intravasation, which results in increased dissemination to other bones. Both
murine and human myeloma cells can rapidly recycle CD138 surface expression through endocytic trafficking, in response
to serum levels. Blocking CD138 enhances myeloma sensitivity to bortezomib chemotherapy and significantly reduces
tumor size compared to bortezomib treatment alone. Thus, our data show that CD138 surface expression dynamically
regulates a switch between growth vs. dissemination for myeloma, in response to nutrient conditions.

Introduction

Patients with multiple myeloma, the second most common
blood cancer in adults, have a median survival time of 5
years [1]. Myeloma is a malignancy in the plasma cell
lineage, and shares many commonalities with normal
plasma cells, including expression of the master transcrip-
tional regulator, Blimp-1, expression of similar surface
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markers, and homing to the bone marrow (BM) [2]. Loca-
lization in the BM provides myeloma cells with critical
survival cytokines, such as APRIL, IL-6, and SDF-1, which
are important for survival and growth [3]. The BM stromal
cells are also particularly critical for drug-resistance [4-6].
Thus, bone tropism combined with dissemination to mul-
tiple bones prevents any surgical interventions, and pro-
vides challenges for treatment [7].

One of the most abundant surface proteins on the surface
of myeloma and plasma cells is syndecan-1 or CD138.
Syndecan-1 is a large glycoprotein, carrying heparan sulfate
moieties, expressed widely on BM hematopoietic cells,
endothelial cells, and on some breast cancer cells. Among
its many functions, CD138 has been implicated in wound
healing [8], cell adhesion [9], endocytosis [10], and mac-
ropinocytosis [11], and may translocate to the nucleus [12].
Hundreds of proteins can bind to CD138, including extra-
cellular matrix components and integrins for adhesion [13].
Although CD138 has no signaling function, it can bind and
accumulate growth factors [14], cytokines [15], and che-
mokines [16] to enhance sensitivity and signaling indirectly.
The ectodomain of CD138 can also be shed, which can
affect its function and stability [17, 18]. Despite its high-
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expression level on myeloma cells, antibody targeted
therapies against CD138 have failed as single agents for
unknown reasons, but are currently being investigated in
combination with other treatments or conjugated with var-
ious adjuvants or radio-isotopes [19-21].

We previously analyzed CD138 function on normal
antibody secreting cells (ASCs) generated in vivo following
immunization and found that CD138 was critical for anti-
body responses, by promoting survival of ASCs in a cell-
intrinsic manner [22]. This function was critically linked to
APRIL and IL-6 receptor signaling, leading to higher
expression of pro-survival factors, Bcl-2 and Mcll. We
found that the increased sensitivity of CD138+ ASCs to
exogenous IL-6 was dependent on heparan sulfate glyco-
sylation on CD138, leading to more IL-6 receptor signaling
via STAT3 phosphorylation. Indeed in contrast with wild-
type hosts, we found that CD138+ ASCs had no survival
advantage over CD138-deficient ASCs in IL-6 or APRIL
deficient hosts, suggesting that cytokine binding is the pri-
mary function of CD138 on normal ASCs.

The general consensus is that CD138 expression is
beneficial to tumor growth and progression [23], promoting
survival and tumor growth in vitro and in subcutaneous
models using xenografts [24]. CD138 has been shown to
bind the survival factor APRIL [25], and has been shown to
act as a co-receptor to bind growth factors, such as hepa-
tocyte growth factor, epidermal growth factor, and IGF1
receptor, to promote cell survival and proliferation in the
BM [26-28]. It has been shown that stable inhibition of
CD138, by RNA-interference, reduces in vivo cell growth,
enhances apoptosis and prevents dissemination in xenograft
SCID models with limited BM involvement [24, 29]. In
addition, CD138 can be shed from the cells, during early
stage of apoptosis in vitro [30] and increased serum level of
shed, soluble CD138 is linked with poorer overall survival
in myeloma [31], which may indirectly reflect increased
tumor burden. However, patients with plasmacytomas
lacking CD138 have worse prognosis [32], suggesting
downregulation of CD138 may be linked to a clinically
distinct stage of advanced disease.

There has been some debate to the nature of CD138-neg
myeloma cells and their ontogeny. Matsui and colleagues
have argued that the CD138-neg myeloma cells are de-
differentiated from the CD138+ population, with unique
stem-like properties [33]. These findings have been disputed
by findings from others [34, 35], which compared engraft-
ment and growth of CD138+ and CD138— populations of
various myeloma cell lines and human primary myeloma. In
those studies they found no phenotypic or functional differ-
ence in CD138 subsets and the CD138 expression was not
imprinted, however, the in vivo results relied on immune-
deficient models or subcutaneous tumors, which may or may
not be relevant to multiple myeloma that develops in the BM.
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Therefore, with many conflicting roles identified in vitro
and with regard to potential functions in vivo, the overall
function of CD138 for myeloma physiology in vivo, parti-
cularly in an intact BM niche, remains unresolved. To
address the functional role of CD138 in myeloma growth
and dissemination in vivo in the BM of immunocompetent
hosts, we made use of a murine Vk*MYC GFP™" myeloma
model of C57BL/6 (B6) origin [36, 37]. As tumor grows in
the BM, mice develop increased levels of monoclonal
antibody (m-spike) and bone lytic lesions similar to patients
with multiple myeloma. Using this model we find an
unexpected and highly dynamic role for CD138 in vivo; at
high levels, CD138 promotes myeloma growth, while at
low or inhibited levels, it can promote dissemination.
Importantly, these states are dynamic and reversible in
response to serum, which could not be appreciated in a
complete knockdown system and suggests a tightly regu-
lated, conserved pathway.

Methods
Mice, treatments, and myeloma administration

C57BL/6 (B6) or congenic CD45.1+ (so called B6.SJL)
mice were used as recipients for most experiments
(Charles River). All mice were housed and bred in a
specific pathogen-free animal facility at Albert Einstein
College of Medicine. GFP-expressing Vk-MYC myeloma
cells (Vk14451), obtained ex vivo from seeder recipients
were stained for CD138 and FACS-purified based on GFP
and CDI138 expression. Equal numbers of cells were
transferred in cohorts of mice, either by i.v. (le4) or
intratibial (1e3) injection. For IT-injected conditions,
ex vivo BM cells were serum starved for 1 h to increase
the pool of CDI138-neg cells, then CD138-high and
CD138-neg cells were sorted and injected. Serum-starved
CD138-high cells behaved similarly to freshly isolated
CD138-high cells indicating culturing was not a factor
(data not shown). For comparison of i.v. injected subsets,
donor cells were not serum starved but came from large
tumors with abundant groups of CD138-high, inter-
mediate, and negative cells.

In order to pool data from multiple independent experi-
ments, normalization was used to account for variability in
the initial engraftment after IT injection. To calculate dis-
semination index, myeloma total cell counts in contralateral
tibial were divided by injected tibia total cell counts. For all
experiments, experimental and control groups were litter-
mates and cohoused in cages to ensure randomized groups.
No subjective clinical scores were used therefore no
blinding was applied in this study. Cohort sample sizes
were estimated based on previous experiments with similar
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means and errors. All experiments were approved by the
Institutional Animal Care and Use Committee.

Myeloma functional assays

Single-cell suspensions were prepared from spleen or BM
by mechanical disruption, particulates were removed by
filtration (70 micron BD filters) and red blood cells were
lysed by treatment with ACK lysis (Lonza). For metastasis
studies, BM cells from the primary injection site (primary
tibia) and opposite tibia (contralateral tibia) were isolated
and examined. For proliferation studies, mice were i.p.
injected with 1 mg EdU 1 day prior to sacrifice, and stained
for CD138 and EdU using ClickIT kit (Invitrogen). Apop-
tosis and survival factors were stained as previously
described [22]. Five micron transwells (corning) were used
with total BM cells in RPMI media, with or without
recombinant mouse SDF-1 (1 pg/mL, R&D Systems 460-
SD) in the lower well. After 4h, cells were stained for
CDI138 and analyzed by flow cytometry using counting
beads (Spherotech) to get total cell numbers. For pSTAT3
assays, ex vivo BM was serum starved for 1 h in RPMI
media to reduce background levels and also promote
CD138 downregulation. Exogenous IL-6 (R&D Systems)
was used at 10 ng/mL. For CD138 recovery experiments,
RPMI was supplemented with 10% of mouse plasma from
BM or blood, FBS (Hyclone), or lipoprotein-depleted FBS
(Kalen). Heparan sulfate levels were detected using by
antibody staining (clone 10E4), as before [22]. For in vitro
imaging, sorted GFP+ CD138+4 myeloma cells were
stained with SNARF-SE (5 uM Invitrogen) and then plated
with GFP+ CD138— myeloma cells on glass pre-coated
with thin-coat of collagen (Pure-col) following manu-
facturer’s protocol, and imaged at 37 °C in media (HBSS
media + HEPES buffer + 1% bovine serum albumin) using
laser scanning microscope.

For anti-CD138 treatment experiments, mice were i.v.
treated with 100 pg purified anti-mouse CD138 antibody
(clone 281-2, BioLegend) or matching isotype (rat IgG2a,
BioLegend). For imaging experiments, mice were treated
once acutely and imaged for 2-17h post treatment. For
intravasation myeloma measurements by flow cytometry,
mice were bled prior to being treated twice, (100 pg each
time, for 2 days) and analyzed 6 h after second dose, by
bleeding. Counts of myeloma cells were normalized to 50 pl
of whole blood, using counting beads. For tumor burden
with chronic anti-CD138 therapy, mice were treated once
per week for 4 weeks and then analyzed a week later. For
bortezomib treatments, mice received 0.5 mg/kg (assuming
20g mouse) dissolved in 20% DMSO in phosphate-
buffered saline, i.p on days 2, 5, 8, and 11, following a
previous design [37], with anti-CD138 or isotype treatment
on days 0 and 7.

Human myeloma

Freshly collected human myeloma was obtained from BM
aspirates from consenting patients and following an
approved IRB. BM mononuclear cells were purified by
Histopaque gradient, and stained using similar protocols as
for mouse myeloma, but using antibodies specific for
human myeloma. CD138 (clone B-A38) from Bio-Rad
Laboratories was used. To identify myeloma cells, we used
CD56+, CD20—, CD19—, CD138-high gating strategy,
which revealed CD138+ and CD138-subsets, which were
also sensitive to serum starvation.

Intravital imaging and analysis

Tiled BM Images were collected using Two-Photon
Olympus Microscope (FVE-1200). For time-lapse movies,
xyzt datasets were collected and analyzed for migration
using semi-automated tracking on Volocity 6.3 (Improvi-
sion) and Imaris (Bitplane). Tracks were accumulated from
multiple regions, and representative of three or more ima-
ging sessions from independent experiments. Movies were
annotated using Adobe After Effects.

Statistical analysis

Mean value and standard error of the mean were calculated.
Unpaired, two-tailed Student ¢ tests or Mann—Whitney ¢
tests were used where appropriate to calculate significance
between the two groups.

Results

Decreased CD138 expression and increased cell
motility correlates with tumor burden

To study myeloma growth and image cells in vivo
independently of phenotypic markers such as CD138, we
used a transplantable Vk*MYC myeloma clone
(Vk14451) that stably expresses GFP [38]. Intravenous
transfer of GFP™" cells led to development of clonal foci
or clusters of myeloma in the BM (Fig. 1a) disseminated
throughout the body. Within these clusters, individual
myeloma cells were not attached to one another, as is the
case with solid tumors (Supplemental Movie 1), and
were sessile and not migrating based on time-lapse
intravital two-photon imaging in the tibia (Fig. la,
Supplemental Movie 1). However, as GFP+ myeloma
cell clusters grew, they eventually dominated the BM
parenchyma at advanced stages of disease (Fig. 1a), cells
were more dynamic and motile by imaging (Supple-
mental Movie 1). To track individual cell motility within
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Early cluster

Intermediate (1-5%)

Displacement Velocity
(microns/min)

Advanced (>20%)

Fig. 1 CD138 expression and cell motility changes with tumor burden.
a Intravital two-photon imaging of GFP+ (green) Vk*myc myeloma
cells in the tibia at various tumor burdens (early, intermediate, and
advanced stages) with analysis of individual cell track trajectories of
total GFP+ myeloma cells in the BM, arrested at early stage cluster
(yellow box in (a)) and representative migrating cells taken from
advanced stage (>20% tumor burden) using mixed tumor of GFP+

dense myeloma clusters at advanced stages, we engrafted
a mixture of GFP+ myeloma cells with bortezomib-
resistant GFP— myeloma cells (Vk12598 clone) [39] and
found some highly motile GFP+ myeloma cells with
displacement rates greater than 10 microns/min (Fig. 1a)
and we could observe intravasation into the sinusoids
(data not shown). Phenotypic analysis revealed that
myeloma cells were predominantly CD138-high at early
stages of disease, whereas when the tumor reached a
frequency of 10% or higher of total BM cells, the frac-
tion of CDI138-neg cells increased greatly (Fig. 1b),
suggesting CD138 expression may control or report on
disease progression in vivo. We hypothesized that
changes in CDI138 expression may be related to
increased tumor density leading to consumption and
reduced levels of survival factors or nutrients in the BM
microenvironment. To test this, we cultured freshly
isolated tumor bearing BM cells in media lacking serum
for 1h and found a substantial drop in CD138 surface
expression on myeloma on live cells, suggesting a highly
regulated and dynamic response to extrinsic cues
(Fig. 1c), which we investigate in further detail.
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and GFP-clones. b Representative dot plots of CD138 expression on
myeloma cells (gated in black) at low and high tumor burden and
overall trends in CD138-high and negative subsets plotted over various
tumor sizes. ¢ Comparison of CD138 expression on GFP+ myeloma
cells either freshly isolated from BM, or after 1 h serum starvation
(representative plot)

CD138 expression promotes cell proliferation,
survival, IL-6 signaling, and BM engraftment

Based on variegated CD138 surface expression, GFP+
myeloma cells were subdivided into two groups, CD138-
high and CD138-neg (as in Fig. 1b), then analyzed for
differences in in vivo function and physiology (Fig. 2a).
CD138-high myeloma cells had higher proliferation than
the CD138-neg subset, based on EdU incorporation in vivo
or by ex vivo Ki-67 staining. Analysis of apoptosis fol-
lowing serum starvation [22], revealed that the CD138-neg
population was more pro-apoptotic, both by Annexin V+ or
activated Caspase-3 staining, which correlated with
decreased overall expression of pro-survival factors Bcl2,
and Mcll compared to CD138-high populations in live
cells. We previously showed that CD138 protected newly
generated antibody secreting cells from cell death by pro-
moting IL-6 and APRIL receptor signaling that resulted in
greater expression of the downstream, respective, pro-
survival proteins Bcl2 and Mcll [22]. Since the CD138-
high myeloma subset was less apoptotic than the CD138-
neg subset, we tested if cytokine signaling was the
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Fig. 2 CD138 expression correlates with cell survival, proliferation,
and IL-6 receptor signaling. a Comparison of CD138-high (blue), and
negative (or neg in green) myeloma GFP+ subsets for proliferation,
apoptosis, and survival factors from ex vivo fresh tumor, pre-gated on
live cells. n is shown on each graph. b Freshly isolated myeloma was
treated with or without exogenous IL-6 and IL-6 receptor signaling

mechanism. Ex vivo stimulation of serum-starved myeloma
cells with exogenous IL-6 led to IL-6 receptor activation, as
assessed by phosphorylation of downstream transcription
factor, STAT3 (pSTATS3). Activation of STAT3 was ele-
vated in the CD138-high myeloma fraction only (Fig. 2b)
indicating CD138 promotes IL-6 receptor sensitivity.

To extend these results, we analyzed myeloma taken
from BM aspirates (gated based on myeloma surface mar-
kers Fig. S1). Human CD138-neg myeloma cells from
patient BM aspirates gated on myeloma markers were more
apoptotic compared to the CD138-high subset (Fig. 2c). IL-
6 treatment of human myeloma also induced pSTAT3
expression in a CD138 dependent manner as we saw in
murine model.

To assess the role of CD138 in BM engraftment, equal
numbers of FACS-purified CDI138-high, CD138-
intemediate or CD138-neg cells were i.v. transferred into
WT recipient mice that were sublethally irradiated to
increase engraftment efficiency (Fig. 3a). At 8 weeks, mice
receiving CD138-high injected donor cells developed larger
tumors than mice that received the CD138-neg subset,
based on higher M-spike, and myeloma cell counts and
frequency in the BM (Fig. 3b). Interestingly, all recipient
mice developed tumors with similar variegated CD138
expression  pattern, irrespective of which donor
CD138 subset was used (Fig. 3c), suggesting that the
CD138-neg subset was not a precursor or stem-like

assessed by pSTAT3 intracellular staining on CD138 subsets for
murine cells (n =3). ¢ Comparison of CD138-high and CD138-neg
human myeloma (CD19— CD20— CD56+ CD138-high) cells by
Annexin V and pSTAT3 (n = 3). All experiments were independently
repeated two or more times. Mann—Whitney ¢ tests were used. Errors
reflect SD

population in this model. Since mice injected with CD138-
intermediate cells were not significantly different than
CD138-high cells in terms of tumor growth suggesting
overlap between the two groups and we focused on differ-
ences between CD138-high and negative subsets.

CD138-neg myeloma cells are more motile and
promote dissemination in vivo

We noted that increased cell motility in larger tumors cor-
related with decreased CD138 expression (Fig. 1). Thus,
motility was analyzed using a transwell assay. Using
unpurified BM as input cells, which contained a mixture of
50% CD138-high myeloma cells and 50% CD138-neg
myeloma cells, the majority (~90%) of myeloma cells that
transmigrated were CD138-neg (Fig. 4a) in response to
SDF-1. Using sorted CD138-high and CD138-neg myeloma
cells tested separately, we also found that CD138-neg
myeloma cells were more migratory by transwell assay
(Fig. 4a). FACS-sorted and dye-labeled CD138-high and
CD138-neg subsets were plated on collagen substrates to
assess in vitro cell migration. Although we did not see any
migration, we found that CD138-high cells adhered and
clustered together rapidly (Fig. 4b), which would prevent
transmigration in vitro.

We next examined if CD138 expression controlled BM
retention and myeloma dissemination in vivo. To do so, we

SPRINGER NATURE
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Fig. 3 CD138 expression
promotes tumor engraftment and
is dynamic in vivo.

a Experimental design: FACS-
purified populations of

CD138 subsets (color coded)
were i.v. transferred into
sublethally irradiated (300Rad)
WT recipients and analyzed

8 weeks later. b Total tumor
burden was assessed by serum
M-spike anti-IgG2b ELISA, and
flow cytometry in the BM
shown (frequency and in total
cell counts). ¢ Analysis of
CD138 expression on myeloma
from cohorts of mice show no
difference in distribution or
expression. Data are
representative of two
independent experiments (n =3
mice per group per experiment).
Mann—Whitney ¢ tests were
used. Errors reflect SD
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Transferred cells

established a new transfer model by injecting myeloma cells
into the left tibial BM to establish a single, primary mye-
loma site in the body. Following intratibial (IT) injection,
tumor growth, and spreading was monitored every 2 weeks.
Up to 4 weeks post injection, myeloma cells were only
detectable in the injected (left) tibia, but by 6 weeks,
spreading had occurred to other bones, and spleen, sug-
gesting myeloma cells had spread from the primary site in
the injected tibia after 4 weeks (Fig. S2). FACS-purified
CD138-high or CD138-neg cells taken from serum-starved
tumors were IT injected into recipients, to assess local
growth and dissemination. CD138-high cells developed
larger tumors in the injected bone compared to CD138-neg

SPRINGER NATURE

myeloma cells (Fig. 4c), in line with results from i.v.
transfer of sorted CD138-high and CD138-neg populations
taken from large tumors without serum starvation (Fig. 3a).
However, CD138-neg cells showed an increased rate of
dissemination and spread to the contralateral tibia (Fig. 4d),
suggesting that CD138 downregulation mediates myeloma
release and migration to distal sites. To validate these
results, mice were IT-injected with a second Vk*myc clone
(Vk12598), and found CD138-high cells grew larger tumors
in the injected bone (Fig. 4c), while CD138-neg cells dis-
seminated more efficiently to the contralateral tibia
(Fig. 4d). In these IT-injected experiments, surface
expression of CD138 in the engrafted tumors at 5-6 weeks
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Fig. 4 CD138-neg myeloma cells are more motile in vitro and dis-
seminate better in vivo. a Myeloma cell motility assessed by transwell
assay. Percent frequency of CD138+ and CD138— myeloma cells in
lower chamber using bulk tumor or FACS sorted and separately tested
CD138+ and CD138— subsets (n =2). b Sorted and labeled CD138+
(red) and CD138— (green) fractions were imaged on collagen coated
glass, and cluster sizes were measured by image analysis software.
¢ Analysis of tumor size in the injected (left) tibia 5 weeks after IT

was the same regardless of what cells were injected (data
not shown), similar to what was found in the i.v injection
model without starvation (Fig. 3c).

Anti-CD138 rapidly mobilizes myeloma cells in the
BM and promotes dissemination

Although CDI138 expression inversely correlated with
migration, potentially CD138 expression or function were
not directly responsible for this phenomenon. To examine
this directly, mice with IT-injected tumors were treated with
anti-CD138. Intravital imaging revealed increases in cell
motility and intravasation as early as 2-h post treatment
(Supplemental Movie 2, Fig. 5a). Although cells were more
motile within tumor clusters, the overall tumor cluster did
not expand in the field, while overall tumor volume was
reduced tumor volume 1 day later (Fig. 5b). By time-lapse
imaging, we could observe myeloma apoptosis occurring
frequently in vivo following treatment, by the production of
cellular debris, and also increased phagocytosis by auto-

injection of FACS-purified CD138 subsets using GFP+ (Vk14451
clone) or GFP— (Vk12598 clone) from ex vivo serum-starved tumors.
Analysis of dissemination index (ratio of tumor burden in contralateral
tibia over injected tibia) using both clones. Data in d—e are pooled from
two experiments for GFP+ clone and one GFP— experiment shown that
is representative of the second one as well. Means were analyzed by
Mann—Whitney ¢ test. Errors reflect SEM in (a), and SD in (e)

fluorescent macrophages (Supplemental Movie 3, Fig. 5c).
We confirmed increased mobilization into the blood by flow
cytometry 1 day after anti-CD138 treatment (Fig. 5d), and
myeloma cells had reduced CDI138 surface levels by
ex vivo staining, suggesting anti-CD138 was targeting
myeloma directly (data not shown). Since CD138 is widely
expressed in the body, we tested if myeloma-expressed
CD138 was required for BM retention. CD138-competent
myeloma cells were IT injected into CD138-deficient mice
[40] and allowed tumors to develop. Following anti-CD138
treatment, we could see myeloma cells increased myeloma
cell motility (Fig. 5a) and increased intravasation (Fig. 5d),
confirming that anti-CD138 treatment was acting on mye-
loma cells directly to trigger dissemination.

To see the functional consequences of anti-CD138
therapy, we treated cohorts of tumor bearing mice weekly
with anti-CD138 or isotype for 4 weeks beginning at tumor
injection in the tibia. Tumor size was significantly smaller
in the injected bone in anti-CD138 treated mice, however,
dissemination and spreading to the contralateral tibia was
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Fig. 5 Anti-CD138 rapidly mobilizes myeloma cells in the BM and
promotes dissemination. a WT or CDI138—/— recipient mice IT-
injected myeloma, were imaged in the tibia, prior to (or untreated) with
anti-CD138 (iv) or following treatment (2-6h post) by time-lapse
imaging. Myeloma cell motility was measured and pooled from two
mice per group. b Representative images and comparisons of tumor
cluster volume (by image analysis of GFP intensity) pre and 17 h post

significantly increased (Fig. 5e). Taken together, CD138 is
directly responsible for the controlling myeloma retention
and blocking CD138 is sufficient to trigger mobilization
from the BM.

CD138 surface expression is highly dynamic and
sensitive to serum factors

We next examined the dynamics of CD138 surface
expression on myeloma cells, whose downregulation was
detectable in vivo and could be rapidly triggered and
modeled ex vivo by serum starvation (Fig. 1c). It was been
reported that CD138 can be cleaved and shed [41], alter-
natively, rapid surface downregulation after serum starva-
tion could also be due to internalization. To resolve this,
cells were pre-stained with a mix of two monoclonal anti-
CD138 (clone 281.2) antibody conjugated protein fluor-
ophore, phycoerthrin (PE) or polymer-based fluorophore
Brilliant Violet 510 (BV510). We hypothesized that if the
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e Analysis of tumor burden in injected bone and dissemination index
following chronic anti-CD138 or control antibody treatment for
4 weeks. n = 11. Errors reflect SD

CD138 ectodomain was shed, we would see a proportional
decrease in PE and BV510 fluorescence on cells after serum
starvation. In contrast, if internalization was at play, we
would see a reduction in PE fluorescence, which is sensitive
to pH and proteolysis, whereas BV510 polymers would be
unaffected by internalization. Indeed flow cytometric ana-
lysis revealed a 75% decrease in CD138-PE cell fluores-
cence after serum starvation, but only a 7% decrease in
CD138-BV510 intensity, consistent with CD138 endocytic
trafficking into an acidic or degradative compartment
(Fig. 6a).

Since CDI138-neg myeloma cells can regain
CD138 surface expression in vivo (Fig. 3d), we checked if
serum alone could restore CD138 surface expression after
ex vivo serum starvation. Indeed, re-culturing cells in media
with 10% FBS for 2 h restored CD138 surface expression
(Fig. 6b). Based on this result, we tested the idea that
CD138-neg cells exiting the BM could restore CD138
expression in the blood, thereby promoting extravasation at
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Fig. 6 CD138 surface expression is reversibly controlled by lipopro-
teins in serum. Freshly isolated myeloma cells were co-stained with PE
anti-CD138 and BVS510 anti-CD138, then serum starved 1h and
analyzed by flow cytometry. a Representative dot plots comparing PE
and BV510 fluorescence before and after starvation, quantifying
fluorescence intensity (geometric mean) for both fluorophores with

a new site. Treatment with mouse blood plasma from naive
or tumor bearing mice were equally capable of restoring
CD138 expression. However, BM plasma taken from mice
with high tumor burden was unable to fully restore CD138
expression, suggesting that the BM supernatant was depleted
of these serum factors. Pre-treating CD138-high cells with
IL-6 prevented starvation-induced CD138 downregulation,
but IL-6 was not sufficient to restore CD138 surface levels
following starvation. Lipoprotein-depleted FBS was unable
to recover CD138 levels following starvation, nor was
liproprotein-rich fractions (data not shown) suggesting
multiple factors were required for recovery. Similar results
were obtained using human myeloma from multiple mye-
loma patients (Fig. 6¢), however, recovery was weaker using
bovine serum, as compared to human serum from healthy
adult bone, suggesting species specificity for these serum
factors. Taken together, we find that CD138 expression is

FMO control, representative of two independent experiments.
b Serum-starved myeloma recovers CD138 expression following re-
culturing for 2h with 10% FBS containing media, or other recovery
conditions. ¢ Human CD138 re-expression following starvation and
serum recovery. Replicates pooled from independent experiments and
analyzed by 7 tests. p<0.05, “p <0.001

highly sensitive to serum factors and can rapidly respond to
both increases and decreases in serum.

Anti-CD138 therapy enhances myeloma sensitivity
to bortezomib chemotherapy

Single agent anti-CD138 treatments have been effective in
some preclinical models but not effective in human clinical
trials, possibly due to myeloma mobilization (Fig. 5). Since
BM stroma has been shown to block chemotherapy [6], and
anti-CD138 mobilized myeloma cells into circulation, we
assessed if anti-CD138 could enhance myeloma sensitivity to
bortezomib treatment in vivo. We treated tumor bearing mice
with bortezomib (0.5 mg/kg) with isotype control or anti-
CD138 as described (Fig. 7a). Combining bortezomib with
anti-CD138 had a synergizing effect, reducing tumor size by
more than ten-fold above single agent (Fig. 7b, Fig. 4d, e).
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Discussion which enhances re-engraftment and initiation of a new focus

Whereas previous studies have looked at stable populations
of CD138+ and CD138— clone [24], one of the novelties of
our study has been to resolve the dynamics and inter-
conversion of the two groups in vivo and during tumor
progression. Thus, we have discovered that CD138 surface
expression demarcates two distinct functional states for
myeloma cells in vivo. CD138-high expressers have
enhanced proliferation and survival, leading to better tumor
growth in the BM. In contrast, CD138-neg expressers are
highly motile, and promote dissemination and spreading
throughout the body. CD138 expression is highly dynamic,
controlled by extrinsic unknown factors found in serum,
and changes in expression allow myeloma to be highly
responsive to its microenvironment. We suspect the differ-
ences in dissemination for CD138-neg cells over CD138-
high cells reflect differences in BM retention occurring
during initial hours following injection into the bone, and
after which, growth of CD138-high and CD138-neg injec-
ted subsets proceeds similarly. Although other surface
markers may also be controlled by extrinsic factors in serum
and tumor size, we find that blockade of CD138 was suf-
ficient to induce intravasation further confirming that
CD138 was directly involved and not merely a biomarker of
these two states.

Based on these findings we propose a model in which
CD138 expression cycles to promote tumor growth and
dissemination. During periods of growth, myeloma cells
upregulate CD138 surface expression to bind and accu-
mulate survival and growth factors like IL-6 to promote
proliferation and survival. CD138 adhesion may inhibit
migration, keeping cells in nutrient-rich environments. As
tumors expand and overtake nutrient capacity in the
microenvironment, CD138 surface expression rapidly
internalizes via endocytosis. CD138 downregulation drives
cells into a pro-dissemination state by reducing adhesion,
leading to more motility in BM parenchyma and egress
through blood vessels. After myeloma cells intravasate,
blood serum factors can restore CD138 surface expression,
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of growth, elsewhere.

Many factors can be involved in the regulation of the
CD138 surface expression, although not in the context of
myeloma dissemination. Syntenin and PIP2 have been
implicated in controlling endocytic trafficking of CD138 via
Arf6-labeled endosomes in epithelial cells [11]. Recycling
to the surface was blocked by serum starvation, whereas
internalization was not dependent on these adaptors. Ana-
lysis of myeloma samples freshly collected from multiple
myeloma patients showed that CD138 levels drop over time
[42], and is therefore a poor marker in the clinic. Down-
regulation of surface CD138 has been attributed to early
stage apoptosis [30], but we find new migratory functions
associated with CD138-negative multiple myeloma cells.
CD138-negative myeloma cells have been reported in Xbp-
1-deficient myeloma cells, leading to dedifferentiation and
resistance to bortezomib treatment [43]. However, we did
not detect an appreciable difference in XBP1 expression in
CD138 subsets in our model (data not shown), and more-
over, CD138 expression was rapidly reversible, which
would be inconsistent with dedifferentiation.

Myeloma spreading and migration are important drivers
of the disease progression. Although myeloma cells are
known to be disseminated throughout the body, multiple
clones with heterogeneous mutations with different sen-
sitivities to chemotherapies are not uniformly distributed
throughout the body [44, 45]. During relapse, drug-
resistant clones are proliferating and spreading from
bone to bone in order to disseminate and colonize the
marrow. Treating patient with anti-CD138 therapies [46],
which may temporarily reduce bulk tumor burden and
decrease myeloma adhesion to BM stroma cells, could
ultimately be detrimental by triggering CD138 down-
regulation, leading to more dissemination, and possibly
selection of CD138-neg myeloma clones, which have been
reported to be highly malignant [32]. This may explain
why anti-CD138 therapy has not been successful in the
clinic as a single agent. Since anti-CD138 can both
enhance cell death and mobilize myeloma from BM,
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further studies will need to determine which pathways are
synergizing with bortezomib treatment. Understanding
how new drugs alter myeloma migration and BM retention
in vivo may help predict their potential utility in patients.
New therapies targeting myeloma spreading should be
further explored and may synergize with current traditional
chemotherapies leading to better outcomes.
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