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Abstract

The cytotherapeutic potential of mesenchymal stem cells (MSCs) has been evaluated in various
disorders including those involving inflammation, autoimmunity, bone regeneration, and cancer.
Multiple myeloma (MM) is a systemic malignancy associated with induction of osteolytic lesions
that often are not repaired even after prolonged remission. The aims of the study were to evaluate
the effects of intrabone and systemic injections of mesenchymal stem cells (MSCs) on MM bone
disease, tumor growth, and tumor regrowth in the SCID-rab model and to shed light on the exact
localization of systemically injected MSCs. Intrabone injection of MSCs, but not hematopoietic
stem cells, into myelomatous bones prevented MM-induced bone disease, promoted bone
formation, and inhibited MM growth. After remission was induced with melphalan treatment,
intrabone-injected MSCs promoted bone formation and delayed myeloma cell regrowth in bone.
Most intrabone or systemically injected MSCs were undetected 2—4 weeks after injection. The
bone-building effects of MSCs were mediated through activation of endogenous osteoblasts and
suppression of osteoclast activity. While a single intravenous injection of MSCs had no effect on
MM, sequential weekly intravenous injections of MSCs prevented MM-induced bone disease but
had no effect on tumor burden. MSCs expressed high levels of anti-inflammatory (e.g. HMOX1),
and bone remodeling (e.g. Decorin, CYR61) mediators. In vitro, MSCs promoted osteoblast
maturation and suppressed osteoclast formation, and these effects were partially prevented by
blocking decorin. A subset of intravenously or intracardially injected MSCs trafficked to
myelomatous bone in SCID-rab mice. While the majority of intravenously injected MSCs were
trapped in lungs, intracardially injected MSCs were mainly localized in draining mesenteric lymph
nodes. This study shows that exogenous MSCs act as bystander cells to inhibit MM-induced bone
disease and tumor growth and that systemically injected MSCs are attracted to bone by myeloma
cells or conditions induced by MM and inhibit bone disease.
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INTRODUCTION

Multiple myeloma (MM) is unique among most hematologic malignancies because it
induces lytic bone disease, which is caused by stimulation of osteoclastogenesis and
suppression of osteoblastogenesis in areas adjacent to tumor foci in bone marrow.(t) Bone
disease in MM is life threatening due to the increasing severity of skeletal complications that
occur because large osteolytic lesions often remain unrepaired even after long-term
remission.(?) Numbers of osteolytic or focal lesions are significantly associated with poor
outcomes for patients with MM, (34 supporting experimental findings that bone disease
drives MM progression.(1:5-7)

Recent compelling evidence indicates that myeloma cells suppress osteoblastogenesis
through contact-dependent cell—cell interaction®-19) and production of soluble
factors.(19-14) These studies revealed that osteolytic bone disease in MM is primarily a
reflection of osteoblast deactivation, prompting major efforts for developing bone-anabolic
interventions for this disease. While certain in vitro studies suggest that mesenchymal stem
cells (MSCs) from patients with MM are functionally abnormal,(15:16) recent experimental
and clinical studies clearly demonstrated that osteoblast precursors in myelomatous bone are
functional because bortezomib, a clinically used proteasome inhibitor, was able to overcome
MM-induced osteoblast deactivation and to increase bone formation and bone mass.(17:18)
Although novel osteoblast-activating agents, such as DKK1-neutralizing antibody®9) and
inhibitor of activin A signaling,(29 are being explored for clinical treatment of MM, there is
an urgent need for additional approaches to achieve systemic bone anabolism and repair of
large osteolytic lesions.

Clinical trials have investigated the use of mesenchymal cell cytotherapy for various
regenerative and inflammatory diseases and for enhancing engraftment of hematopoietic
stem cells.(21-23) These adherent mesenchymal cells, often referred to as MSCs or
multipotent mesenchymal stromal cells, are traditionally isolated from bone marrow and
expanded in culture before use in cytotherapy.(?4) Despite concerns associated with their in
vivo stemness characteristics (e.g., differentiation and self-renewal potential), low
engraftment, and homing capability,(2%:26) these cells have been used successfully to treat
patients with osteogenesis imperfecta®”) and inflammatory disorders,(28) and they have been
evaluated in experimental disorders such as myocardial infarction,?9) renal injury,(%
diabetes(®D) and osteonecrosis.(32) The main mechanisms of action of MSC cytotherapy are
attributed to the cells” immunomodulatory properties(23:33) and production of anti-
inflammatory mediators. (34:35)

In the present study, we exploited our animal model for MM to evaluate the potential use of
MSC cytotherapy to induce recovery of osteolytic lesions and inhibit MM progression
during active and remission stages. We also studied homing of systemically injected MSCs
into pathologic (i.e., myelomatous bone) and non-pathologic tissues, as well as the
consequences of systemic cytotherapy on MM bone disease and tumor growth.

MATERIALS AND METHODS

Myeloma cells, MSCs and Hematopoietic cell cells (HSC)

The IgG A Hg myeloma cell line was obtained by passaging primary myeloma cells in
SCID-hu or SCID-rab mice, as previously described.(3®) The Hg cells are incapable of
growing in vitro independently or in coculture with feeder cells (e.g., stromal cells,
osteoclasts). In our animal models, Hg cells grow and propagate in the implanted bone but
not in any murine organs, and they produce typical bone disease in SCID-hu and SCID-rab
mice.(37) Hg cells are molecularly classified in the MMSET subtype of MM(8) and express
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significant levels of DKK1.(37) Therefore, the Hg myeloma cell line is clinically relevant
and suitable for studying myeloma bone disease and myeloma-bone marrow
microenvironment interaction.

MSCs from human fetal bone were prepared as previously described.(:39:40) Briefly, fetal
fibula (Advanced Bioscience Resources, Alameda, CA) were crushed into small pieces and
were cultured in Dulbecco’s modified Eagle’s medium, low glucose, supplemented with
10% FBS and antibiotics (MSC medium). One-half of the medium was replaced every 4-6
days, and adherent cells were allowed to reach 80% confluency before they were
subcultured with trypsin-EDTA (ethylenediaminetetraacetic acid). In vitro, MSCs were
capable of differentiation into osteoblasts or adipocytes in specific induction conditions.
MSCs were infected with lentivirus expressing luciferase and enhanced green fluorescent
protein (EGFP) constructs, as previously described.(36)

HSC were obtained by purifying CD34+ cells from human cord blood (Lonza, Walkersville,
MD) using CD34 immunomagnetic bead separation (Miltenyi Biotec, Cambridge, MA).
MSCs and HSC, each from two different sources, and the Hg myeloma cells were subjected
to global gene expression profile (GEP) as described.(38)

SCID-rab MM model

SCID-rab mice were prepared as previously described.()) The Institutional Animal Care
and Use Committee approved all experimental procedures and protocols. For engraftment of
MM, 0.5 x 108 Hg myeloma cells were injected directly into the open (cut) side of the
implanted rabbit bone in SCID-rab mice. Mice were periodically bled from the tail vein, and
changes in levels of circulating human immunoglobulins (hlg, indicator of MM burden)
were determined by enzyme-linked immunosorbent assay (ELISA), as previously
described.(42) Cytotherapy in hosts with active MM was initiated when hlg levels were 1.5
pg/ml. Radiographs were taken with an AXR Minishot-100 beryllium source instrument
(Associated X-Ray Imaging Corp., Haverhill, MA). Changes in bone mineral density
(BMD) of the implanted bone were determined using a PIXImus DEXA (GE Medical
Systems LUNAR, Madison, W1).(18)

Induction of remission

Cytotherapy

For evaluating the effects of MSC cytotherapy on relapse, SCID-rab mice engrafted with Hg
myeloma cells each received four subcutaneous injections of melphalan (10 mg/kg every 4
days). Remission was determined by lack of human A light chain in mouse serum, assessed
by ELISA.

MSCs were maximally passaged eight times before being used in vivo. MSCs were
trypsinized and diluted in phosphate buffered saline (PBS). For intrabone cytotherapy in
hosts with active MM, MSCs (1 x 106 MSCs/mouse/100 I PBS, n = 20) or PBS (100 I/
mouse, n = 10) were injected directly into the open end of the implanted rabbit bone in each
SCID-rab mouse. In indicated experiment, intrabone cytotherapy was performed using HSC
(1 x 106 MSCs/mouse/100 !l PBS, n=8). For intrabone cytotherapy in hosts in remission or
for intravenous cytotherapy in hosts with active MM, in each experiment, 10 mice were
injected with PBS (100 wl/mouse) and 10 mice were injected with MSCs (1 x 108 MSCs/
mouse/100 p.l).

Live-animal and ex vivo imaging

Hg myeloma cell-bearing SCID-rab mice each were given an intravenous (n = 6) or
intracardiac (n = 4) injection of EGFP/luciferase-expressing MSCs (1 x 108 MSCs in 100 pl
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PBS per mouse). Similar number on MSCs were also intravenously injected into
nonmyelomatous SCID-rab mice (n=3). In indicated experiments, intracardiac injections of
MSCs were also administered to CB.17/lcr-SCID mice (n = 8) and immunocompetent
C57BL/6 mice (n = 6, Harlan Sprague Dawley, Indianapolis, IN). Intracardiac injection was
performed with the use of Dovetail Slide Micromanipulator (Stoelting Inc., Wood Dale, IL)
to ensure accurate injection.

Luciferase-labeled cells were traced within mice by using live-animal imaging and, at
experiment’s end, within the implanted bones and mouse tissues by using ex vivo imaging.
For live-animal imaging, mice were anesthetized with ketamine plus xylazine and were
injected intraperitoneally with D-luciferin firefly (150 mg/kg; Xenogen Corp., Alameda,
CA). Luciferase activity was localized and quantified using an IVIS 200 imaging system
(Xenogen) as previously described.(38) For ex vivo imaging, the implanted rabbit bone was
removed and cut in half, and indicated murine organs were removed and cut into small
pieces and placed into a 6-well plate. D-luciferin (100 ! of 15 mg/ml diluted in PBS) at
room temperature was added to each well; imaging analysis was performed with the IVVIS
200 imaging system.

Microscopic examination of MSC localization

SCID mice each received an intracardiac injection of EGFP/luciferase-expressing MSCs (1
x 108 MSCs in 100 ! per mouse; n = 8). Indicated organs and lymph nodes were examined
for localization of GFP-expressing MSCs using the ZEISS AXIO Observer.Al microscope
(Delta Optical Instruments, North Little Rock, AR). Intracardiac injections of similar
numbers of MSCs were administered to C57BL/6 mice (n = 6), which are
immunocompetent and have functional lymph nodes. Evans blue dye (Sigma-Aldrich Inc,
St. Louis, MO) which is known to accumulate in and identify lymph nodes,#3 was injected
(5% Evans Blue in Hank’s buffered salt solution, 25 pl) into the rear footpad or lateral tail
base of the mice, three hours after MSC injection and 30 minutes before bioluminescence
and florescence analyses.

Immunohistochemistry and histochemistry

Immunohistochemistry for A light chain, osteocalcin, or GFP, tartrate-resistant acid
phosphatase (TRAP) staining and quantification of numbers of osteoclasts and osteoblasts
were performed as previously described.(7:18:19:37:40:42/44:45) B2 microscope (Olympus,
Melville, NY) was used to obtain images with a SPOT 2 digital camera (Diagnostic
Instruments Inc., Sterling Heights, Ml).

Differentiation of osteoclasts and osteoblasts

Human osteoclast precursors were prepared as previously described.(3:5=7) Briefly, human
blood mononuclear cells were cultured in 24-well plates at 2.5 x 106 cells/ml in a.-minimal
essential medium supplemented with 10% FBS, RANKL (receptor activator for nuclear
factor x B ligand, 50 ng/ml, PeproTech Inc., Rocky Hill, NJ), macrophage colony-
stimulating factor (25 ng/ml, PeproTech), and antibiotic cocktail (penicillin, streptomycin,
and neomycin; Gibco, Grand Island, NY) (osteoclast medium) for 3—4 days, at which time
nonadherent cells were removed; the remaining adherent cells were used as osteoclast
precursors. Osteoclast medium was used for the entire study. For co-culture experiments,
MSCs were cultured in the upper chamber of 1-micrometer Transwell inserts (non-contact
conditions) and placed in 24-well plates containing osteoclast precursors in the bottoms of
the wells. Osteoclast precursors were cultured in the absence or presence of MSCs
conditioned media (50%) or co-cultured with MSCs in non-contact conditions for 6 days and
then subjected to tartrate-resistant acid phosphatase (TRAP) staining with the use of an acid
phosphatase kit (Sigma, St. Louis, MO).
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The hFOB 1.19 human osteoblastic cell line was purchased from ATCC (Manassas, VA)
and was maintained in culture according to the manufacture’s protocol. The hFOB 1.19 cells
were cultured in osteogenic media containing 100 nM dexamethasone, 10 mM f-
glycerophosphate, and 0.05 mM ascorbate, in the absence and presence of MSCs
conditioned media (25%-50%) for 3 weeks and then stained for alizarin red with the use of
Osteogenesis Quantitation Kit (Millipore, Billerica, MA). Decorin immunohistochemistry
and the consequences of decorin neutralizing antibody on the effects of MSCs conditioned
media on osteoblast or osteoclast differentiation were assessed as previously described.(46)

Statistical analysis

RESULTS

All values are expressed as mean * standard error of the mean. Student’s unpaired #test was
used to analyze the effects of treatment on various in vivo and in vitro parameters.

Intrabone injection of MSCs nut not HSC promoted bone formation and inhibited myeloma-
induced bone disease and tumor growth

For testing the therapeutic potential of intrabone injections of MSCs, 30 MM-bearing SCID-
rab mice received injections of MSCs (n = 20, 1 x 106 cells/mouse) or PBS (n = 10) into
implanted bones that were engrafted with Hg myeloma cells. Response to treatment was
examined 4 weeks after initiation of treatment. BMD of the implanted bone in PBS-treated
hosts (controls) was 14 + 5% lower than pretreatment levels, but in MSC-treated hosts it was
43£11% higher than pretreatment levels (p < .001, Figure 1A, upper panel). X-ray
radiographs also demonstrated that intrabone cytotherapy resulted in increased bone mass of
myelomatous bones (Figure 1A, lower panel). At the end of the experiments, the implanted
rabbit bones were removed from SCID-rab mice and histologically analyzed. As compared
to PBS-injected bones, MSC-injected bones had lower numbers of TRAP-expressing
osteoclasts (o < .03), and the higher numbers of osteocalcin-expressing osteoblasts (p< .
001) (Figure 1B). Four weeks after initiation of treatment, the mouse serum levels of hlg
(indicative of MM burden) were significantly lower in hosts treated with MSCs (o < .001,
Figure 1C). In contrast to MSCs cytotherapy, intrabone injection of HSC had no effect MM
bone disease and tumor growth in SCID-rab mice engrafted with Hg myeloma cells (Figure
1D, E).

To evaluate the survival of intrabone injected MSCs and to examine whether these cells are
directly responsible for the bone-building effects, EGFP/luciferase-expressing MSCs were
injected into the myelomatous bones in SCID-rab mice and detected by bioluminescence
analysis of the live animals. Luciferase bioluminescence was detected at high levels in the
implanted bones during the first 6 days and was markedly reduced 12 days after injection of
MSCs. Within 4 weeks after intrabone cytotherapy, MSCs were not detected in the majority
of mice (Figure 1F). These findings suggest that MSCs exert their bone-anabolic effects as
bystander cells and that these bone-anabolic effects resulted from MSC interactions with
bone marrow elements (e.g., endogenous osteoblasts) during the short period of their
engraftment.

Intrabone injection of MSCs during remission promoted bone formation and delayed
myeloma relapse

To investigate whether MSC cytotherapy affected the likelihood of experiencing relapse,
remission was induced in SCID-rab mice engrafted with Hg myeloma cells by treating them
with a total of four subcutaneous injections of melphalan (10 mg/kg/every 4 days), an agent
clinically used to treat MM, which was followed by an intrabone injection of PBS or MSCs
(10 mice/group). MM regrowth was monitored for 11 weeks, which was the time at which
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most control mice had detectable myeloma growth, based on circulating hlg levels in mice
sera.

Three weeks after the cytotherapy, BMD was 23+5% higher in bones injected with MSCs
and 23£3% lower in bones injected with PBS, as compared to levels before MSCs or PBS
injections (p < .001, Figure 2A). Eleven weeks after cytotherapy, BMD was 9+7% lower in
bones injected with MSCs and 33+6% lower in bones injected with PBS (p < .03, Figure
2A). X-rays radiographs of the implanted bones during remission and relapse correlated with
BMD changes, demonstrating that during relapse bone mass was lower in control bones and
was preserved in bones injected with MSCs (Figure 2B). After melphalan treatment,
circulating hlg levels were undetectable, but 2 weeks after cytotherapy hlg was detected in
30% of hosts injected with MSCs and in 80% of hosts injected with PBS. At the end of the
experiment, hlg levels were 6-fold lower in hosts treated with MSCs than in those treated
with PBS (p < .01) (Figure 2C). Histological analysis and immunohistochemical staining for
human A revealed regrowth and massive infiltration of myeloma cells in bones of the
control group but not of the MSC-treated group (Figure 2D). These data indicate that
intrabone injection of MSCs at remission markedly increased bone mass, and the effect on
bone mass was associated with delayed relapse.

Systemically injected MSCs trafficked to myelomatous bone

Our data demonstrate the ability of intrabone injections of MSCs to increase bone mass in
osteolytic bones, but the clinically relevant approach of such intervention is to induce a
similar effect by systemically administering the MSCs. Therefore, we initially evaluated the
ability of intravenously injected EGFP/luciferase-expressing MSCs (1 x 108 cells/mouse) to
traffic into myelomatous bones in SCID-rab mice. As expected, the majority of the injected
MSCs were identified (“trapped”) in lungs 2-3 days after they were injected into hosts with
active MM (Figure 3A, upper panel) or after treatment with melphalan (data not shown).

Due to the high bioluminescence intensity of MSCs in lungs, live-animal imaging could not
be used to identify the relatively few MSCs in other organs; therefore, we attempted to
identify the injected MSCs in other murine organs and in implanted bones ex vivo. For ex
vivo detection, bioluminescence was analyzed in individual organs placed in separate wells.
We found that, in addition to localization in lungs (Figure 3A, lower panel), MSCs were
detected in implanted bones (Figure 3B) but not in any other murine tissues, including
uninvolved mouse bone (data not shown). Based on ex vivo bioluminescence intensity,
approximately 0.10 £ 0.02% of MSCs trafficked into nonmyelomatous implanted bones,
0.67 + 0.15% of MSCs trafficked into implanted bones of hosts with active MM (p < .03
active MM vs. non-MM) and 0.23 + 0.01% of MSCs trafficked into implanted bones of
hosts in remission (p < .04 active MM vs. remission, (p < .01 remission vs. non-MM, Figure
3C). Furthermore, bioluminescence analysis, X-ray radiographs (Figure 3D, left panel) and
immunohistochemistry for GFP (Figure 3D, right panel) indicated that MSCs seemed to
traffic to areas of bone with existing lytic lesions. These data suggest that a subset of MSCs
is attracted to myelomatous bones by myeloma cells or by conditions induced by MM or
melphalan treatment.

Because most intravenously injected MSCs were “trapped” in the lungs, we sought to
evaluate whether intracardiac injection of MSCs would bypass the lungs and result in
increased homing of MSCs to bone. Surprisingly, live-animal imaging after intracardiac
injection of MSCs indicated that most MSCs were in the mesenteric, abdominal area of
myelomatous SCID-rab mice (Figure 4A). By using ex vivo imaging, we also detected small
numbers of MSCs in implanted bones after intracardiac injection (Figure 4B).
Quantitatively, intravenous and intracardiac injections yielded similar numbers of MSCs in
myelomatous bones of hosts with active disease (Figure 4C). In contrast, after melphalan-
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induced remission, the number of intravenously injected MSCs in implanted bones was
more than 60% lower than in those of hosts with active MM (p < .03) (Figure 4C, see also
Figure 3C). The rest of the intracardially injected MSCs were localized in various abdominal
organs including reproductive organs, intestine, pancreas, peritoneal membrane, liver,
kidney, and spleen (Figure 4D). Of all organs, accumulation of MSCs in intestinal and
reproductive organs was prominent (Figure 4E). These findings indicate that small subset of
systemically injected MSCs are capable of transmigration and trafficking to myelomatous
bone.

Intracardially injected MSCs were mainly localized in lymph nodes

The live-animal imaging data on trafficking of intracardially injected MSCs prompted us to
perform detailed analyses on specific tissue localization of these MSCs. Unconditioned
SCID mice (n = 4) were intracardially injected with EGFP/luciferase-expressing MSCs.
Similar to what was observed in MM-bearing SCID-rab mice (see Figure 4A), live-animal
bioluminescence activity was mainly detected in the abdominal area but not in bones of
SCID mice 3 days after MSC injection. Even after all internal abdominal organs were
removed, bioluminescence was still detected along the skin and the peritoneal muscle
membrane, and this bioluminescence localization changed each time the mouse position was
slightly changed. These observations led us to speculate that most intracardially injected
MSCs were localized in the vascular system. Postmortem lymphatic drainage was
previously documented.(#3) Indeed, careful microscopic examination revealed
bioluminescent MSCs in draining lymph nodes attached by connective tissue to the removed
organs (Figure 5A, B). The lymph nodes were cultured for 3-5 days, and the exogenous
MSCs were released to the bottom surface of the culture plates, where they regained the
fibroblast-like morphology typical of MSCs in culture (Figure 5C).

Because lymph nodes of SCID mice are underdeveloped, further investigation was pursued
in C57BL/6 mice, which have functional lymph nodes. Evans blue dye, known to
accumulate in and identify lymph nodes,#3) was injected into the mouse rear footpad or
lateral tail base, 3 hours after intracardiac injection of MSCs and 30 minutes before
bioluminescence and florescence analyses. Microscopic examination revealed colocalization
of Evans blue dye and GFP positivity, indicating specific trafficking of MSCs to lymph
nodes (Figure 6A). Immunohistochemistry showed GFP-expressing MSCs within the lymph
nodes (Figure 6B). These findings indicate that the majority of injected MSCs are “trapped”
in lungs following intravenous injection or are localized in draining lymph nodes following
intracardiac injection.

Weekly intravenous injections of MSCs inhibit MM-induced bone disease

Because intracardiac injections did not significantly increase trafficking of MSCs to bone
and the intravenous route is the more practical and clinically relevant approach, we
compared the effects of single or four weekly (“sequential”) intravenous injections of MSCs
(10 mice/group in each study) on MM-induced bone disease and tumor growth in SCID-rab
mice engrafted with Hg myeloma cells. In contrast to a single intravenous injection, four
weekly injections of MSCs significantly prevented BMD reduction of the myelomatous
bone, while BMD was reduced by 14 + 3% (p < .006 vs. pretreatment) in control hosts
(Figure 7A, C). Prevention of bone loss by sequential intravenous MSC cytotherapy was
also visualized by X-ray radiographs (Figure 7E). In myelomatous bone of hosts treated with
sequential intravenous injections of MSCs, histological analysis revealed a reduction in
TRAP-expressing osteoclasts (p < .001; Figure 7F) and a significant increase in numbers of
osteocalcin-expressing osteoblasts (p < .03; Figure 7F), although the numbers of osteoblasts
were significantly lower than in bones treated with intrabone injections of MSC as shown in
Figure 1C. Myeloma growth was not affected by either single or sequential intravenous
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injections of MSCs (Figure 7B, D). These data demonstrate the ability of systemic MSC
cytotherapy to inhibit MM-induced bone disease.

MSCs express high level of potential anti-inflammatory and bone remodeling mediators
and secrete decorin that inhibits osteoclast differentiation and promotes osteoblast

maturation

To study the effect of MSCs on differentiation of osteoclast precursors, we used a non-
contact coculture system, where human osteoclast precursors were generated in a 24-well
plate and MSCs were cultured in 1-micrometer Transwell inserts (10° cells/Transwell) for 6
days. Coculturing of osteoclast precursors with MSCs in osteoclast medium resulted in
fewer mature number of multinucleated osteoclasts than when they were cultured alone
(Figure 8A). Similar results were obtained when conditioned medium from MSC was added
to osteoclast precursors cultured alone (Figure 8A).

To study the effect of MSCs on osteoblast differentiation, the human hFOB 1.19 osteoblastic
cells were cultured in osteogenic media in the absence and presence of MSCs conditioned
media for 3 weeks. In these conditions, mineralized bone nodules were apparent in cultures
treated with MSCs conditioned media (25%-50%) but not with control media (Figure 8B).

To shed light on factors produced by MSCs and potentially impact bone remodeling and
anti-MM response we performed GEP analysis on MSCs, HSC and Hg MM cells and
compared expression of factors previously proposed to mediate MSCs cytotherapeutic
effects or exert anti-tumor effects (Figure 8C).(1:3%) Anti-inflammatory and wound healing
associated factor such as HMOX1and SERPINF1 were highly expressed in MSCs compared
to HSC or Hg MM cells. MSCs also expressed higher levels of secreted bone matrix
proteins such as decorin (DCN), lumican (LUM) and CYR61, and the anti-osteoclastic
factor, TNFSF11B (OPG).

We previously demonstrated that decorin produced by osteoblasts inhibits osteoclast
differentiation.(46) Since MSCs also produce high level of decorin (Figure 8D), we tested
whether decorin mediates the effect of MSCs on osteoclast and osteoblast differentiation,
using neutralizing antibody against decorin.(46) Our data revealed that decorin neutralizing
antibody, partially but significantly prevented the inhibitory effect of MSCs conditioned
media on osteoclast formation (Figure 8E) and their stimulatory effect on osteoblast
differentiation (Figure 8F). These results suggest that MSCs express and produce soluble
factors such as decorin that directly and indirectly inhibit osteoclastogenesis and promote
osteoblastogenesis.

DISCUSSION

We demonstrated, for the first time, the ability of weekly systemic injections of MSCs to
traffic to myelomatous bone, survive for short period of time and inhibit MM-induced bone
disease. Intrabone injections of MSCs not only promoted bone formation and inhibited
tumor growth in bone with active MM but also effectively promoted bone formation during
remission and delayed MM relapse. Both systemic and intrabone cytotherapeutic strategies
are clinically applicable because typical MM is a systemic disease and large osteolytic
lesions often are not repaired even in patients who are disease-free for lengthy periods of
time.@ Our study also provides insight into the exact tissue/organ localization of
intravenously and intracardially injected MSCs, suggesting that, although few MSCs
transmigrate to the pathological site, most MSCs that pass the lung barrier do not traffic to
internal nonpathological organs but, rather, are localized within lymph nodes attached to
these organs.(47:48) These findings are relevant not only to MM but also to other
pathological disorders to which MSC cytotherapy is potentially beneficial.
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The mechanisms of action by which MSC cytotherapy stimulates bone formation and
inhibits MM-induced bone tumor growth are partially understood. The notion that
exogenous, expanded MSCs lack typical in vivo stemness properties is considerately
recognized.(2Y) Endogenous bone marrow MSCs are relatively few, particularly in bone of
elderly persons (the median age of patients with MM is 68). Therefore, it is likely that the
apparent differentiated mesenchymal-lineage cells (e.g., osteoblasts, adipocytes and their
committed precursors) are the main mesenchymal cellular elements that directly interact
with bone marrow elements and impact hematopoiesis in bone, so the cytotherapy markedly
increased the proportion of MSCs in bone, at least for a short period of time. As deduced
from our in vitro studies, during this short time, the injected MSCs are likely to interact with
endogenous osteoblast precursors and secrete factors that induce their differentiation into
bone-building osteoblasts, while simultaneously directly interacting with osteoclast
precursors and secrete factors that attenuate formation of bone-resorbing osteoclasts.(49) Our
study also point out into several factors that are highly produced by MSCs and reportedly
shown to impact osteoclast and/or osteoblast formation including HMOX1,(49:50)
SERPINF16152) and the bone matrix proteins decorin(®) and CYR61.(3:%4) Qur functional
study further demonstrated that, similar to osteoblasts,(6) MSCs also produce high level of
decorin protein which inhibits osteoclast formation and promotes differentiation osteoblast
differentiation. Studies are underway to validate the role of other factors in the MSCs
cytotherapeutic effects on bone.

The mechanisms by which MSC cytotherapy inhibits myeloma cell growth is puzzling
because in vitro MSCs (often referred as “stromal cells”) are known to support survival and
growth of myeloma cell lines with their production of growth factors and cell-cell-contact
interactions, (®5:56) but the ability of cultured MSCs to support long-term growth of primary
myeloma cells is often limited and nonreproducible. We previously demonstrated the ability
of mesenchymal cell cytotherapy to impact bone remodeling and increase bone formation in
nonmyelomatous SCID-rab mice.(0) These findings suggest that MSCs cytotherapy
primarily change bone remodeling which creates an inhospitable environment for myeloma
cells, resulting in reduced MM growth.

In addition to increasing osteoblast activity and suppressing osteoclast activity, MSCs may
recruit hematopoietic elements that inhibit inflammatory conditions typically associated with
myeloma growth in bone. We speculate that MM progression is restrained, directly and
indirectly, by anti-inflammatory factors produced by the injected MSCs or by endogenous
cells recruited to myelomatous bone after cytotherapy. Our findings that MSCs express high
levels of anti-inflammatory and anti-neoplastic factors such as SERPINF1 and decorin
support this concept. We have previously demonstrated that decorin also attenuates
myeloma cell growth.(46) Although certain soluble factors produced by MSCs may mediate
part of their therapeutic activities, we previously showed that cytotherapy at a remote site
(subcutaneous) had no effect on MM bone disease or growth,“% suggesting that MSCs must
be present in bone marrow to elicit their antimyeloma effects. The number of exogenous
MSCs present in the bone marrow seems to be critical for effectively stimulating bone
formation and inhibiting MM; while MSCs injected directly into bone efficiently induced an
antimyeloma environment, relatively few systemically injected MSCs trafficked to bone and
were unable to significantly promote bone formation or restrain MM growth, although MM-
induced bone disease was prevented.

Our findings that MSCs are not detectable in vivo for long periods of time support the
notion that most of their activities are mediated through “touch-and-go” mechanisms as
bystander cells.(23) These findings are highly clinically relevant and might be advantageous
for various reasons. First, this phenomenon limits the duration of treatment effects, allowing
control of this intervention. Secondly, this observation suggests the feasibility of using
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allogeneic MSCs, particularly those from healthy donors or sources from which abundant
MSCs can be expanded (e.g., human placenta).® Third, our findings that most exogenous
MSCs do not participate in building bone also suggest that using expanded autologous
MSCs from patients with MM may not necessarily be more efficacious. This is an important
finding because there has been a concern that in vivo use of patient MSCs, due to their
abnormal phonotypic and genetic characteristics, 1516:57) may support growth and
proliferation of myeloma cells. In support of use of allogeneic MSCs for MM, we recently
demonstrated that intralesionally injected human placenta mesenchymal cells exert similar
therapeutic effects in SCID-rab mice.(40)

Increasing trafficking of systemically injected MSCs into the pathologic site is a major
challenge in this field. Although previous reports suggested that a small subset of MSCs
express the chemokine receptor CXCR4,(58) enforced expression of CXCR4 in MSCs(59:60)
or glycan enzymatic engineering of CD44(61) improved MSC homing to bone, but the
absolute number of MSCs that traffic to pathologic sites remained relatively small. Thus, in
contrast to hematopoietic stem cells, MSCs are poorly motile or transmigratory, probably
due to their size, adherent growth pattern, and lack of molecular machinery to allow efficient
chemoattraction. Nevertheless, our findings clearly demonstrate the ability of a subset of
systemically injected MSCs to transmigrate and traffic to a bone with active MM and, to a
lesser extent, after melphalan-induced remission. These results suggest that MSCs are
attracted to bone by myeloma cells or by conditions induced by MM or melphalan treatment.
Alternatively MSCs may be cleared in various tissues but exhibit higher survival rates in the
implanted bone or lymph nodes and therefore could be detected in these tissues 2—3 days
after intravenous or intracardiac injections, respectively.

Live-animal imaging and microscopic examination of EGFP-expressing MSCs allowed us to
evaluate localization of MSCs more precisely. After intracardiac injection, MSCs were
localized in lymph nodes adjacent to internal organs. Although previous reports using RT-
PCR,(3L:62) GFP,(63) or luciferase analysis(4:6%) showed systemically injected MSCs
localized in whole organs, their exact locations within these organs were not thoroughly
characterized. In pathological conditions such as MM, renal injury,(39 myocardial
infarction,(9 or diabetes(®Y), a small subset of MSCs seems to be attracted and to traffic to
the actual cellular compartment of the pathologic organs, but our study suggests that the
majority of MSCs are trapped in draining lymph nodes. Accumulation of MSCs in lymph
nodes may partially explain their immunomodulatory properties; indeed, recent studies
demonstrated localization of intravenously injected MSCs in lymph nodes of experimental
mouse models of autoimmunity.(47:48) These observations may also explain the increased
interest in using mesenchymal cell cytotherapy in clinical treatment of Crohn’s disease.

An important yet unresolved question raised by our study is whether the subset of MSCs that
transmigrated to the myelomatous bone after intravenous is the same as migrated there after
intracardiac injection and, if so, whether this MSC subset has unique morphologic,
molecular, and phenotypic properties. Based on trafficking behavior of intracardially
injected MSCs, we expected that, of those that passed the pulmonary vascular system, the
majority of intravenously injected MSCs would traffic to lymph nodes. Instead, our findings
indicated that a similar number of MSCs trafficked to the myelomatous bone by both routes,
suggesting that the same subpopulation of MSCs actively trafficked to myelomatous bone
whether injected intravenously or intracardially.

In summary, we have shown that intrabone injected MSCs acted as bystander cells to
promote bone formation, inhibit osteolysis, and delay MM growth and regrowth. Sequential
intravenous injections of MSCs effectively prevented MM-induced bone disease but had no
effect on MM growth. While a small subset of MSCs are capable of transmigration and
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homing to myelomatous bone, the majority of systemically injected MSCs were localized in
lungs or in draining lymph nodes. Our study provides a proof-of-concept for the use of MSC
cytotherapy to treat large, unhealed, osteolytic lesions and for systemic inhibition of MM
bone disease.
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SCID-rab mice engrafted with the Hg myeloma cell line were injected with PBS (CONT),
MSCs (1 x 108 MSCs/bone) or HSC (1 x 108 HSC/bone) directly into the implanted
myelomatous bone. (A) Effect of MSCs on BMD and bone mass. Upper panel: Changes
from pretreatment levels of BMD of the implanted myelomatous bone. Lower panel:
Representative X-ray radiographs of the myelomatous bones before treatment (Pre-Rx) and
at experiment’s end (Final). Note that BMD and bone mass were reduced in CONT bones
but were markedly increased in bones treated with MSCs. (B) MSCs cytotherapy reduced
numbers of TRAP-expressing osteoclasts and increased numbers of osteocalcin-expressing
osteoblasts in the myelomatous bone sections at experiment’s end (4 weeks). (C) Effect of
MSCs on MM growth. Left panel: Circulating hlg levels from myeloma-engrafted SCID-rab
mice prior to treatment (week 0) and 2 and 4 weeks after treatment. Right panel:
representative histological bone sections stained with hematoxylin and eosin (H&E),
demonstrating infiltration of myeloma cells (purple) in control bone but not in MSC-treated
bone. (D, E) intrabone injection of HSC had no effect on Hg myeloma cell growth and bone
disease in SCID-rab mice. Changes from pretreatment levels of BMD of the implanted bone
(D) and circulating hlg levels at experiment’s (E) of myelomatous SCID-rab mice injected
with or PBS (CONT) or HSC (0.5 x 106 MSCs/bone) and analyzed 4 weeks after treatment.
(F) Luciferase/EGFP-expressing MSCs were injected into the implanted bones and analyzed
with live-animal imaging; five representative mice are shown. Note that MSCs gradually
disappeared from the majority of the injected bones within 4 weeks.
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Figure 2. Intrabone injected M SCs promoted bone formation during MM remission and delayed
postrelapse MM growth

SCID-rab mice engrafted with Hg myeloma cell line each received four injections of
melphalan (10 mg/kg/every 4 days, s.c.), which resulted in detection of no circulating hlg.
After melphalan treatment, PBS or MSCs (1 x 10° cells/bone) were injected directly into the
implanted bones (10 mice/group). (A) BMD levels of the implanted bones before (week 0)
and 3 and 11 weeks after injection of PBS (CONT) or MSCs. Note marked increase in BMD
after MSC treatment, an effect that remained evident 11 weeks after the injection of MSCs.
(B) Representative X-ray radiographs of myelomatous bones. Note marked decalcification
of bone in PBS-injected hosts and preservation of bone in MSC-treated hosts. (C)
Circulating hlg levels after injection of PBS (squares) or MSCs (circles) revealed delayed
postrelapse growth of MM. (D) Representative histological bones sections stained with
H&E (upper panel; myeloma cells stained purple, bone stained pink and osteoblasts [OB]
are indicated by arrow along the bone surface) or immunohistochemically (IHC) stained for
hlg A for detection of Hg myeloma cells (lower panel; myeloma cells stained brown). Note
regrowth of Hg myeloma cells in CONT bone but not MSCs-treated bone.
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Figure 3. Intravenously injected M SCstrafficked to myelomatous bone during active stage of
MM and after induction of remission with melphalan

Luciferase/EGFP-expressing MSCs were injected into tail veins (1 x 10° cells/mouse) of
nonmyelomatous SCID-rab mice (n = 3), myeloma-bearing SCID-rab mice (n = 6) or after
induction of remission by melphalan (n = 4); mice were analyzed with live-animal and ex
vivo imaging. (A) Representative live-animal (upper panel) and ex vivo (lower panel)
imaging detected MSCs in lungs of myeloma-bearing SCID-rab mice. (B) Ex vivo imaging
of the implanted bones from nonmyelomatous SCID-rab mice (non-MM), myelomatous
SCID-rab mice (active MM) or after induction of remission by melphalan treatment; white
arrows indicate detection of MSCs. (C) Analysis of percent exogenous MSCs detected in the
implanted bones without MM, during active MM and remission, based on ex vivo imaging.
Note higher percent of MSCs during the active stage of the disease. (D) Left panel:
representative X-ray and bioluminescence analysis of the implanted bone, demonstrating
localization of intravenously injected MSCs in area with osteolytic lesion (black arrow).
Right panel: immunohistochemical detection of GFP in the same bone detected MSCs (pink)
in focal area of MM 2 days after cytotherapy.
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Figure 4. Intracardially injected M SCswere primarily localized in the abdomen, and few
migrated to myelomatous bone

MSCs expressing luciferase/EGFP were intracardially injected into myelomatous SCID-rab
mice (1 x 10% cells/mouse, n = 4) and were analyzed 3 days after injection. (A) Live-animal
imaging demonstrated localization of MSCs in abdominal regions but not in implanted
bones. (B) Ex vivo imaging detected MSCs in implanted bones. (C) Ex vivo
bioluminescence intensities of implanted bones were compared among different
experimental settings: intravenous injection in mice with active disease (MM IV; see Figure
3 for details), intravenous injection in mice with melphalan-induced remission (Remission
IV; see Figure 3 for details), and intracardiac injection in mice with active disease (MM IC).
Note similar numbers of MSCs in bones with active MM when exogenous MSCs were
administered by intravenous and intracardiac injections, and lower number of MSCs in
bones in remission. (D) Ex vivo imaging of indicated abdominal organs from hosts
intracardially injected with MSCs. (E) Quantification of ex vivo bioluminescence intensity
demonstrated distribution of MSCs in indicated organs. Note high bioluminescence intensity
in reproductive organs, intestine, and pancreas.
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Figure5. Intracardially injected M SCsprimarily migrated to abdominal lymph nodes
Luciferase/EGFP-expressing MSCs were intracardially injected into myelomatous SCID-rab
mice (1 x 10% cells/mouse, n = 4). Three days after injection, the MSCs were identified in
dissected abdominal organs using fluorescence microscopy. (A) MSCs primarily migrated to
lymph nodes (LN; white arrows) attached to indicated abdominal organs but not within the
organs. Note identification of MSCs with fibroblast-like shapes within lymph nodes. (B)
Phase-contrast image and fluorescence image (GFP positivity) of abdominal and
retroperitoneal lymph nodes are shown individually and superimposed. (C) Culture of GFP-
positive lymph nodes for 3-5 days resulted in release of EGFP-expressing MSCs, which
regained their typical culture morphology (white arrows). Photos taken with 200X original
magnification.
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Figure 6. Intracardially injected M SCs migrated to abdominal lymph nodes of
immunocompetent mice

C57BL/6 mice (n = 6) were intracardially injected with luciferase/EGFP-expressing MSCs
(1 x 108 MSCs/mouse) and 3 hours later were injected with Evans blue dye into the rear
footpad or lateral tail base of the mice. (A) Bright-light and fluorescence microscopy
revealed colocalization of Evans blue dye and EGFP-expressing MSCs in indicated lymph
nodes (LN; 200X original magnification). (B) GFP immunohistochemical staining (brown
indicates GFP positive) of mesenteric lymph node histological section: (1) whole lymph
node (100X original magnification), (1) enlargement of indicated area (200X original
magnification), (111) higher magnification (400X original magnification) demonstrating
individual EGFP-expressing MSCs (black arrows). Note typical structure of a functional
lymph node and detection of GFP-expressing MSCs.
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Figure 7. Weekly intravenousinjections of M SCsinhibited myeloma-induced bone disease

In two separate sets of experiments, myeloma-bearing SCID-rab mice received MSCs in
either a single intravenous injection or four weekly intravenous injections. Changes from
pretreatment levels of BMD of the implanted myelomatous bone (A) and circulating hlg
levels at indicated times (B) were determined for hosts treated with a single injection of
either PBS (CONT) or MSCs (10 mice/group); note no effects on BMD or myeloma growth.
Changes from pretreatment levels of BMD of the implanted myelomatous bone (C) and
circulating hlg levels at indicated times (D) were determined for hosts treated with four
weekly injections of either PBS or MSCs (10 mice/group). (E) Representative x-ray
radiographs of the implanted myelomatous bones before treatment (Pre-Rx) and at
experiment’send (Final) from micetreated with four weekly injections of either PBS or
MSCs. Note prevention of reduced BMD and preservation of bone loss in hosts that received
MSC cytotherapy. (F) Numbers of TRAP-expressing osteoclasts and osteocalcin-expressing
osteoblasts in sections of the myelomatous implanted bones from mice treated with four
weekly injections of either PBS or MSCs. Note that osteoclast numbers were reduced and
osteoblast numbers were increased in myelomatous bones from hosts that received MSC
cytotherapy.
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Figure 8. M SCs express high level of potential anti-inflammatory and bone remodeling
mediators, and secrete factor s such as decorin that inhibit osteoclast differentiation and promote
osteoblast maturation

(A) Osteoclast precursors were cultured alone (CONT), treated with 50% MSC conditioned
media (CM) or co-cultured with MSCs in non-contact conditions in osteoclast medium for 6
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days and then subjected to TRAP staining and quantification of number of multinucleated
osteoclasts (OC). (B) The hFOB 1.19 osteoblastic precursor cells were cultured in
osteogenic medium in the absence and presence of 25% or 50% MSC condition media for 3
weeks and then stained for alizarin red. (C) Expression of selected genes in MSCs, HSC and
Hg myeloma cells analyzed by GEP. Note higher expression of HMOX1, SERPINF1, DCN
(decorin), LUM (lumican), CYR61 and TNFRSF11B (OPG) by MSCs. (D)
Immunohistochemistry staining confirmed expression of decorin (stained brown) in MSCs.
(E) Decorin neutralizing antibody (5 pg/ml) attenuated the inhibitory effect of 25% but not
50% MSC conditioned media on osteoclast formation. (F) Decorin neutralizing antibody (5
pg/ml) attenuated the stimulatory effects of 25% and 50% MSC conditioned media on
osteoblastic differentiation of hFOB 1.19 cells.
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