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Transforming growth factor (TGF)-b supports multiple myeloma progression and associated osteolytic
bone disease. Conversion of latent TGF-b to its biologically active form is a major regulatory node con-
trolling its activity. Thrombospondin1 (TSP1) binds and activates TGF-b. TSP1 is increased in myeloma,
and TSP1eTGF-b activation inhibits osteoblast differentiation. We hypothesized that TSP1 regulates
TGF-b activity in myeloma and that antagonism of the TSP1eTGF-b axis inhibits myeloma progression.
Antagonists (LSKL peptide, SRI31277) derived from the LSKL sequence of latent TGF-b that block TSP1e
TGF-b activation were used to determine the role of the TSP1eTGF-b pathway in mouse models of
myeloma. TSP1 binds to humanmyeloma cells and activates TGF-b produced by cultured human andmouse
myeloma cell lines. Antagonists delivered via osmotic pump in an intratibial severe combined immuno-
deficiency CAG myeloma model or in a systemic severe combined immunodeficiency CAG-heparanase
model of aggressive myeloma reduced TGF-b signaling (phospho-Smad 2) in bone sections, tumor burden,
mouse IL-6, and osteoclasts, increased osteoblast number, and inhibited bone destruction as measured by
microcomputed tomography. SRI31277 reduced tumor burden in the immune competent 5TGM1 myeloma
model. SRI31277 was as effective as dexamethasone or bortezomib, and SRI31277 combined with bor-
tezomib showed greater tumor reduction than either agent alone. These studies validate TSP1-regulated
TGF-b activation as a therapeutic strategy for targeted inhibition of TGF-b in myeloma. (Am J Pathol
2016, 186: 678e690; http://dx.doi.org/10.1016/j.ajpath.2015.11.003)
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The bone marrow microenvironment is critical in the path-
ogenesis and progression of multiple myeloma (MM).
Drugs that target this microenvironment have improved
patient survival.1 Transforming growth factor (TGF)-b is a
multifunctional growth factor elaborated by myeloma cells,
immune cells, bone, and bone marrow stromal cells. TGF-b
supports progression of myeloma through its role in stim-
ulation of IL-6, Th17/T regulatory T cell development,
angiogenesis, hematopoietic suppression, and its inhibition
of terminal osteoblast differentiation and stimulation of
osteoclast survival.2e5 These actions contribute to the
osteolytic bone disease and immune dysregulation that
characterize myeloma progression and morbidity. In addi-
tion, TGF-b inhibits dendritic cell maturation in myeloma.6

TGF-b is expressed at high levels by both myeloma and
bone marrow stromal cells; however, TGF-b does not
directly suppress or stimulate myeloma cell growth.3,7
stigative Pathology. Published by Elsevier Inc
Rather, TGF-b impacts myeloma progression through its
effects on the tumor microenvironment through exacerba-
tion of lytic bone disease, impairment of normal immune
responses, and stimulation of angiogenesis.4 TGF-b is also
. All rights reserved.
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TSP1eTGF-b in Myeloma and Bone Disease
critical for hypoxia-induction of myeloma cancer stem
cellelike side populations.8

TGF-b stimulates early osteoblast proliferation while
blocking late-stage osteoblast differentiation and minerali-
zation to reduce bone formation.9 TGF-b also increases
bone lytic activity through stimulation of RANKL secretion
and enhancement of osteoclast survival.10,11 Therefore,
TGF-b is a therapeutic target in metastatic bone disease
associated with breast and prostate cancers. Similarly, TGF-
b activity is associated with lytic bone disease in myeloma.5

Moreover, TGF-b inhibition restores terminal osteoblast
differentiation to suppress myeloma growth.2 Bone marrow
fibroblasts derived from myeloma patients secrete elevated
levels of TGF-b.12 Elevated TGF-b in myeloma also im-
pairs hematopoiesis by hematopoietic progenitor cells and
mesenchymal stromal cells.13

These data suggest that blockade of TGF-b signaling
can both directly reduce tumor burden and improve the
tumor microenvironment to reduce myeloma progres-
sion and lytic bone disease. Blockade of TGF-b has
been shown to be of benefit in myeloma models in vitro
and in vivo.2,3 Blocking TGF-b activity in the tumor
microenvironment enhances antitumor immunity in he-
matological malignancies.4,14 Despite the importance of
TGF-b in myeloma bone disease and immune dysre-
gulation, no TGF-b antagonists are being developed for
the treatment of myeloma. Most TGF-b antagonists
broadly target the active ligand, receptors, or down-
stream kinases and do not distinguish between homeo-
static and disease-induced TGF-b, raising the potential
for adverse effects (such as inflammation or carcino-
genesis). A major point of TGF-b regulation occurs
during conversion of the latent precursor to the bio-
logically active molecule: binding of the N-terminal
latency-associated peptide prevents TGF-b binding to
its receptors, and this interaction must be disrupted for
TGF-b signaling to occur. Latent TGF-b can be con-
verted to the active form through multiple and complex
mechanisms, which include proteolysis, binding to
integrins, mechanical forces, viral or oxidative modifi-
cation of the latent complex, or by binding to the
secreted and extracellular matrix protein thrombo-
spondin1 (TSP1).15e18 The mechanism that regulates
latent TGF-b activation can vary with tissue, cell type,
and disease milieu.

We have developed a unique approach to selectively
inhibit disease-related TGF-b through targeting only the
TGF-b that is activated through binding to TSP1.17,18 TSP1
is a matricellular protein whose expression is highly
controlled and which regulates multiple cell functions
involved in tissue repair processes, including adhesion,
migration, angiogenesis, nitric oxide signaling, and growth
factor activity.18e21 TSP1 is increased in the MM micro-
environment, and it is up-regulated by factors associated
with myeloma progression (insulin-like growth factor-1,
IL-6, TGF-b).22,23 TSP1 is increased in the bone marrow
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plasma of myeloma patients and is expressed by several
myeloma cell lines.23,24 Myeloma cells express multiple
TSP1 receptors, including CD138, calreticulin, CD47, and
integrins.24,25 A conserved sequence, LSKL, in the latency-
associated peptide region of TGF-b is required for latency,
and LSKL also is a binding site for TSP1: binding of TSP1
to latent TGF-b disrupts latency.26,27 We have used the
tetrapeptide, LSKL, as a competitive antagonist to specif-
ically block TSP1 binding to the latency-associated peptide
and thus inhibit activation of latent TGF-b in numerous
in vitro and in vivo models of disease.28e31 Because TSP1-
activated TGF-b inhibits osteoblast differentiation,32,33 we
hypothesized that TSP1 increases biologically active TGF-b
in the myeloma bone marrow microenvironment and that
the LSKL peptide represents a selective therapeutic
approach to target disease-induced TGF-b, which contrib-
utes to myeloma progression.

In this study, we provide evidence that TSP1 is a major
regulator of latent TGF-b activation in the myeloma bone
marrow microenvironment. Furthermore, we show that
antagonism of the TSP1eTGF-b pathway by small
molecule SRI31277, based on the LSKL peptide, signif-
icantly reduces myeloma tumor burden, IL-6 levels, and
osteolytic bone disease in mouse myeloma models.
SRI31277 also enhances the activity of bortezomib. These
data identify TSP1 as a new therapeutic target for regu-
lating TGF-b activity in myeloma and potentially in other
cancers with osteolytic bone disease.

Materials and Methods

Cells

Human CAG myeloma cells,34 heparanase expressing
CAG cells (CAG-hpse),35 and mouse 5TGM1 cells36

stably expressing luciferase, and RPMI 8226 and U266
human myeloma cells (ATCC, Manassas, VA) were from
frozen stocks in the laboratories of Drs. Yang Yang and
Ralph Sanderson, University of Alabama at Birmingham
(UAB). Cells were cultured in RPMI 1640 with 10% fetal
bovine serum, 2 mmol/L L-glutamine, 1 U/mL penicillin,
and 10 mg/mL streptomycin. Hygromycin (500 mg/mL) or
G418 (100 mg/mL) were used for selection of luciferase-
expressing mouse and human cells, respectively. Antibi-
otic was omitted during experiments or before harvesting
cells for animal studies. Cells used in animal studies were
CD138þ. Cells were tested routinely for Mycoplasma.

Antibodies and Other Reagents

The following antibodies were purchased: rabbit anti-
osteocalcin (Abcam Inc., Cambridge, MA); rabbit mono-
clonal antiephosphorylated (phospho)-Smad2 (Ser465/467
no. 3108S; Cell Signaling Technology, Danvers, MA); rabbit
antiephospho-Smad2 for immunohistochemstry (catalog no.
AB3849; Millipore, Billerica, MA) and rabbit polyclonal
679
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antieSmad2/3 (catalog no. 07-408; Millipore); rabbit poly-
clonal antieb-tubulin (Santa Cruz Biotechnology Inc., Dallas,
TX); mouse monoclonal antieglyceraldehyde-3-phosphate
dehydrogenase (Abcam Inc.); mouse antiehuman CD138
(Cell Sciences, Canton, MA); rabbit antieb-actin (NB100-
56874; Novus Biologicals, Littleton, CO), secondary anti-
bodies conjugated with horseradish peroxidase (Jackson
ImmunoResearch Laboratories Inc., West Grove, PA); and
biotinylated secondary antibodies (Vector Laboratories,
Burlingame, CA). Mouse anti-human TSP1 (Mab133) was
generated in our laboratory.37,38 Rabbit antibody that recog-
nizes human and mouse TSP1 (N-terminus) (AP8522A) was
purchased from Abgent (San Diego, CA). VetOne dexameth-
asone was purchased from MWI Veterinary Supply (Boise,
ID) and bortezomib (PS-341) from Selleckchem (Houston,
TX).

Peptide Synthesis

Peptides (N-LSKL-NH2) were synthesized by AnaSpec,
Inc., (San Jose, CA) and were > 95% pure by mass spec-
trometry. Peptide SRI31277 was synthesized by Biomatik
USA (Wilmington, DE) (Supplemental Figure S1A).

ELISA Kits

The following enzyme-linked immunosorbent assay (ELISA)
kits were used according to the manufacturer’s instructions:
the Human Kappa ELISA Quantitation Kit and Mouse
IgG2b ELISA Quantitation Kit (Bethyl Laboratories, Inc.,
Montgomery, TX), Quantikine Mouse IL-6 Immunoassay
and Human TGF-b1 Quantikine ELISA kit (R&D Systems,
Minneapolis, MN), and MouseTrap Assay SB-TR103
(Immunodiagnostic Systems Inc., Fountain Hills, AZ).

TSP1 Purification

TSP1 was purified from outdated de-identified, pooled human
platelets purchased from the American Red Cross (St. Louis,
MO). The protocol for TSP1 purification was modified, in that
the gel filtration step was performed in a column equilibrated
in 0.01 mol/L Tris, pH 7.4, 800 mmol/L NaCl, 0.1 mmol/L
CaCl2. Pooled fractions were dialyzed against 0.01 mol/L Tris,
pH 7.4, 0.15 mol/L NaCl (Tris-buffered saline), 0.01 mmol/L
CaCl2. Residual TGF-b activity in TSP1 fractions was
analyzed by ELISA. Active TGF-b in TSP1 preparations was
0.025 pmol/L per mg TSP1 (26 nmoles TSP1 trimer).

Animals

Male severe combined immunodeficiency (SCID) mice (8- to
10-week-old) were purchased from Harlan (C.B-17/lcrHsd-
PrkdcSCID; Indianapolis, IN) or Charles River Labs (CB17/lcr-
PrkdcSCID/lcrlcoCrl; Wilmington, MA), (drug combination
studies). C57BL/KaLwRij mice were obtained from Harlan
(Horst, the Netherlands) and bred at UAB. All animal studies
680
were conducted in Association for Assessment and Accredita-
tion of Laboratory Animal Careeapproved facilities under
appropriate veterinary supervision and all protocols were
approved by the UAB Institutional Animal Care and Use
Committee.

SCID Systemic Intravenous Model

CAG-hpse myeloma cells stably expressing luciferase
(1.7� 106) were injected into the lateral tail vein. Animals are
randomized to control and treatment groups based on serum
human Ig kappa levels measured 10 to 12 days after tumor cell
injection (nZ 10 to 15 per group). Delivery of compounds via
osmotic pump (eg, saline and peptides) or i.p. injection
(dexamethasone 1 mg/kg once per week, bortezomib 1 mg/kg
twice per week) was initiated 12 to 14 days after cell injection.
Treatments were administered for 4 weeks with pump
replacement with fresh drug at 2 weeks. Mice were euthanized
approximately 4 weeks after initiation of treatment (6 weeks
after tumor cell delivery) or at the first signs of distress. Tumor
burdenwas assessed bymonitoring human Ig kappa by ELISA
and by whole body bioluminescence imaging at 2, 4, and 6
weeks after tumor cell delivery. Osteoclast activity was
monitored after 4 weeks of treatment using an ELISA for
mouse serum tartrate-resistant acid phosphatase-5b. Mouse
serum IL-6 was measured after 4 weeks of treatment by
ELISA. Tibiae were analyzed for bone density by micro-
computed tomography (mCT) and femurs by counting tartrate
resistant acid phosphatase (TRAP)-positive osteoclasts and
osteocalcin-positive osteoblasts per millimeter of bone sur-
face. Femur sections were evaluated for phospho-Smad2 by
immunohistochemistry.

SCID Intratibial Model

Studies were performed as described for the systemic intra-
venous model except that the CAG human myeloma cells
stably expressing luciferase (5 � 105 cells in 100 mL saline)
were injected directly into the marrow cavity of the right tibia.

5TGM1 Model

The 5TGM1 model is a syngenic model of murine
myeloma.39 Luciferase expressing 5TGM1 cells (1 � 106

cells) were injected into the lateral tail veins of 10-week-old
male C57BL/KaLwRij mice. Mice were randomized to
saline or SRI31277-treated groups based on serum Ig2b
levels at 6 days (n Z 10 each). Treatment with saline or
SRI31277 (30 mg/kg per day) via osmotic pump was
initiated on day 9 and continued for 27 days with a change
of peptide and osmotic pump after 14 days.

Bioluminescence Imaging

Luciferase-expressing tumor cells were detected by biolu-
minescence imaging. Bioluminescence was measured by
ajp.amjpathol.org - The American Journal of Pathology
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using the IVIS Imaging System 100 (Xenogen, Cranbury,
NJ) at the UAB Small Animal Imaging Shared Facility.
Images were taken 10 minutes after i.p. injection of luciferin
(luciferase substrate), mice were under anesthesia during
imaging via inhalation of 3% isoflurane, and five mice were
imaged simultaneously. Living Image software version
4.3.1 (PerkinElmer Life Sciences; http://www.perkinelmer.
com/resources/software-downloads.xhtml) was used to ac-
quire and analyze images. For signal quantification, a region
of interest was selected manually over the signal intensity.
The area of the region of interest was kept constant.
Immunohistochemistry and Analysis of Osteoclasts and
Osteoblasts

Femurs were fixed in cold 4% paraformaldehydee
phosphate-buffered saline at 4�C and decalcified with 10%
EDTA, pH 7, before paraffin embedding. Deparaffinized
and rehydrated sections were treated with 10 mmol/L
sodium citrate buffer pH 6.0 in an 80�C water bath for 10
minutes for antigen retrieval and then endogenous peroxi-
dase blocked with 1% hydrogen peroxide, followed by in-
cubation with 2% normal horse serum (Sigma, St. Louis,
MO) in phosphate-buffered saline to block nonspecific
binding. Sections were incubated with primary antibodies
(antiephospho-smad2 or anti-osteocalcin) at 4�C over-
night. After washing, appropriate biotinylated secondary
antibodies were applied for 1 hour, followed by horse-
radish peroxidaseeconjugated streptavidin (ABC kit,
Vector Laboratories) for 30 minutes at room temperature.
Peroxidase was visualized by 3, 30-diaminobenzidine
hydrochloride (DAB Substrate Kit; Vector Laboratories,
Burlingame, CA). Nonimmune rabbit serum was used as a
negative control. Slides were evaluated in a blinded
fashion (A.L.). Antiephospho-Smad2 images were
analyzed using Nuance image-analysis software version
2.8.0 (PerkinElmer Inc., Waltham, MA), at the UAB
Pediatrics Neonatology Core. Osteoclasts were stained for
TRAP using the University of Rochester Center for
Musculoskeletal Research protocol (Rochester, NY).

Osteocalcin-positive osteoblasts and TRAP-positive cells
on the surface of trabecular bone in a region of interest 250
microns from the endocortical edge and growth plate and
extending 1 mm down the bone shaft were quantified using
BIOQUANT Image Analysis software version 14.1.60
(BIOQUANT Image Analysis Corp., Nashville, TN) at the
Histomorphometry and Molecular Analysis Core (UAB).
mCT Analysis of Trabecular Bone

Tibiae were fixed in 4% paraformaldehyde and kept in
phosphate-buffered saline until scanning. Bones were
scanned using microcomputed tomography (Scanco mCT40;
Scanco Medical, Brüttisellen, Switzerland) at the UAB
Small Animal Phenotyping Core.
The American Journal of Pathology - ajp.amjpathol.org
Western Blot Analysis

Standard protocols were used, and specific conditions are
described in the figure legends. Both attached and sus-
pended cells were collected in �2 Laemmli buffer (catalog
number 1610737; BioRad, Hercules, CA) with protease
and phosphatase inhibitors. Immunoreactive bands were
detected by enhanced chemiluminescence (PerkinElmer
Life Sciences). Membranes were stripped with ReBlot Plus
(Chemicon International, Temecula, CA) and reprobed
with rabbit antieb-tubulin, rabbit antieb-actin, or mouse
monoclonal antieglyceraldehyde-3-phosphate dehydrogenase
for loading controls. Densitometric analysis was performed
using Kodak Molecular Imaging Software Standard edition
software version 4.5 (CarestreamHealth Inc., Rochester,NY) or
ImageJ software (NIH, Bethesda,MD; http://imagej.nih.gov/ij).

In Vitro Studies with Bortezomib and Dexamethasone

CAG-hpse cells were seeded at 2� 105 CAG-cells in triplicate
wells. Cells were pretreated with 50 or 100 nmol/L
dexamethasone and 5, 50, or 100 nmol/L bortezomib for 1
hour, followed by incubation with 100 pmol/L TGF-b or
20 mg/mL TSP1 in RPMI with 0.5% fetal bovine serum for
1 hour at 37�C. Phospho-Smad2 in cell lysates was analyzed
by Western blot analysis. For analysis of TSP1 (THBS1)
mRNA, CAG-hpse cells cultured overnight in RPMI with 1%
fetal bovine serumwere treatedwith TGF-b, dexamethasone, or
bortezomib for 6 hours. RNA was isolated with TRIzol reagent
(15596-026, Life Technologies, Carlsbad, CA), reverse tran-
scribed using PrimeScript RT Master Mix (RR036A, Takara-
Clontech, Mountain View, CA), and amplified with Premix Ex
Taq (RR390L, Takara) using the following primers: THBS1
(Hs00962908_m1, Life Technologies) and Human GAPDH
(4326317E, Life Technologies). Relative gene expression was
calculated using the 2�DDCt method. Cells were treated as
above for 12 hours in serum-free media and cell lysates
analyzed for TSP1 for Western blot analysis.

Statistics

One-way analysis of variance was used for multiple compar-
isons and the unpaired Student’s t-test was used for compari-
son of two samples. Analyses were performed using SigmaPlot
software versions 4.0 and 13.0 (Systat Software, San Jose, CA)
and GraphPad Prism software version 6.05 (GraphPad Soft-
ware, Inc., La Jolla, CA) with P< 0.05 considered significant.
In drug combination studies, Dr. Sejong Bae (Comprehensive
Cancer Center Statistical Core, UAB) provided assistance.

Results

TSP1 Activates MM Cell-Derived Latent TGF-b in Vitro

The ability of TSP1 to activate latent TGF-b expressed by
myeloma cells was investigated in four different human
681
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myeloma cell lines and in one mouse myeloma line. The
human cell lines express THBS1 message and TSP1 protein,
albeit at low levels, whereas mouse thbs1 message was un-
detectable in the mouse 5TGM1 cells (data not shown).
Addition of human TSP1 purified from platelets increased
TGF-b activity as measured by increased phospho-Smad2 in
the cell lysates of CAG human myeloma cells and in
conditioned media from the more aggressive CAG-hpse
myeloma cells (Figure 1, A and B). To confirm the role of
TSP1 in regulating activation of myeloma-derived latent
TGF-b, we used the LSKL peptide, which we had previously
shown to block TSP1 binding to and activation of latent
TGF-b both in vitro and in vivo.26,31 In addition, we also
tested a compound based on LSKL, SRI31277, which
similarly blocks TSP1eTGF-b activation in vitro in ELISA-
based and cell-based assays (Supplemental Figure S1B) but
682
that has improved pharmacokinetics with a Tmax of 0.5 hours
and plasma half-life of 10.6 hours (data not shown). The
TSP1 antagonist peptide, LSKL, but not a scrambled peptide
(SLLK), reduced phospho-Smad2 in TSP1-treated MM cells
(Figure 1A). Similarly, LSKL also blocked TSP1eTGF-b
activity in the conditioned media of CAG-hpse cells
(Figure 1B). LSKL did not affect basal TGF-b activity in
untreated cells (data not shown). TSP1 also increased
phospho-Smad2 in RPMI 8226 cells, but not in U266 cells or
mouse 5TGM1 myeloma cells: these cells also failed to
respond to active TGF-b stimulation (Figure 1C). Interest-
ingly, TSP1 increased active TGF-b in the conditioned media
of the TGF-b nonresponsive U266 and 5TGM1 cells, and
SRI31277 reduced active TGF-b in all cell lines (Figure 1D).
TSP1 increased absolute levels of active TGF-b to a similar
extent in all four cell lines (data not shown). These data
Figure 1 Thrombospondin1 (TSP1) binds and
activates latent transforming growth factor (TGF)-b
expressed by myeloma cells. A: CAG myeloma cells
(5 � 105) were incubated with 10 mg/mL or 26
nmol/L trimer TSP1 for 6 hours � LSKL or control
peptide SLLK in RPMI with 2% fetal bovine serum
(FBS). Cell lysates were immunoblotted for
phospho-Smad2. Blots were stripped and reprobed
for total Smad2/3 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Results are normalized to
GAPDH (untreated controls, 1). B: 5 � 105 hepar-
anase expressing CAG (CAG-hpse) myeloma cells
were treated with 20 mg/mL TSP1 � LSKL or 0.1,
1.0 mmol/L SLLK in RPMI with 2% FBS for 4 hours.
Conditioned media were assessed for TGF-b activity
using plasminogen activator inhibitor-1 promoter
luciferase reporter assay. There is approximately
1.19 pmol/L TGF-b in the added TSP1. Results are
the means of triplicate determinations � SD. C:
CAG-hpse, RPMI 8226, (2 � 105 cells) U266, and
(4 � 105 cells) 5TGM1 myeloma cell lines seeded in
RPMI with 0.5% FBS were incubated with 20 mg/mL
or 52 nmol/L trimer TSP1 or TSP1 with 0.5 mmol/L
SRI31277 for 1 hour and cell lysates were probed
for phospho-Smad2 by Western blot analysis.
Membranes were reprobed with antieb-tubulin to
evaluate loading. D: Conditioned media also were
assayed for active TGF-b by enzyme-linked immu-
nosorbent assay (results are the means � SD, n Z
3 to 4 separate experiments). *P < 0.05 by ANOVA
with Holm-Sidak analyses (B) and by t-test with
Holm-Sidak analyses (D).
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suggest that TSP1 can regulate activation of the latent TGF-b
secreted byMM cells, even in myeloma cells unresponsive to
TGF-b.
Effects of TSP1 and TSP1-Dependent TGF-b Activation
on MM Cell Proliferation

TGF-b did not alter proliferation of CAG-hpse myeloma cells
as compared with growth in 1% fetal bovine serum
(Supplemental Figure S2). TSP1 had a modest inhibitory effect
on cell growth, but this was not reversed by a tripeptide version
of LSKL (SRI31277) (Supplemental Figure S2). SRI31277
alone did not affect cell growth. These data show that TGF-b
and TSP1-dependent TGF-b activation do not directly promote
myeloma cell growth and suggest that the primary impact of
TGF-b in supportingmyeloma progression is through its effects
on the tumor microenvironment.

Blocking TSP1eTGF-b Activation Reduces Tumor
Burden and Osteolytic Bone Disease in Vivo

TGF-b and TSP1eTGF-b activation do not directly stimulate
growth of human myeloma CAG-hpse cells in cell proliferation
assays, suggesting the primary impact of TGF-b in supporting
myeloma progression is through its effects on the tumor
microenvironment (Supplemental Figure S2). To test the role of
Figure 2 The thrombospondin1 (TSP1) antagonist peptide LSKL reduces tu
intratibial model. A: Tumor burden was assessed by measuring human Ig kappa le
per day LSKL peptide. Results are the means � SEM with individual values plott
B: Tumor burden also was measured by bioluminescence imaging of luciferase-exp
units (5 seconds exposure) of combined dorsal and ventral images � SEM, P Z 0.
with CAG cells were fixed and stained with antiephospho-Smad2. Pixels of brown
group were analyzed. Data are the percent area exceeding the threshold for pos
plotted. P Z 0.004 by Mann-Whitney analysis. *P < 0.05, **P < 0.01.
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TSP1eTGF-b activation on myeloma progression in the bone
microenvironment, we used three different mouse models. In
the SCID-tibia model, human CAG myeloma cells were
injected directly into the marrow space of the right tibia. After 2
weeks, saline or LSKL peptide (30 mg/kg per day) was deliv-
ered by osmotic pump for 4 weeks. LSKL significantly reduced
tumor burden as detected by a 75% reduction in human Ig
kappa levels at 28 days of treatment and by biolumines-
cence imaging (Figure 2, A and B). Active TGF-b signaling
in the bone marrow of LSKL-treated mice as measured by
staining for phospho-Smad2 was reduced significantly,
establishing that LSKL is able to target the bone marrow
and that LSKL has the predicted effect on TGF-b activity
(Figure 2C).

In the second model, we used highly osteolytic and
aggressive human CAG-hpse cells with engineered over-
expression of heparanase injected systemically by tail vein
into SCID mice to better represent the systemic nature of the
human disease. Heparanase expression by myeloma cells
has been linked to extensive bone destruction and more
aggressive disease.35,40e42 In this model, we also used
SRI31277, which has improved in vivo stability. SRI31277
had dose-dependent effects on reducing MM tumor burden
over time as measured by serum human Ig kappa levels
(Figure 3A). Bioluminescence imaging of mice confirmed
the reduction in tumor burden in mice treated with 30 mg/kg
per day SRI31277 (Figure 3B). SRI31277 also impacted
mor burden and transforming growth factor (TGF)-b activity in the CAG
vels at days 11 and 28 after initiation of treatment with saline or 30 mg/kg
ed for each group (n Z 6 to 7, P Z 0.016 by unpaired t-test for day 28.
ressing CAG cells at days 14 and 27. Results are the mean bioluminescence
02 Holm-Sidak t-test. C: At 4 weeks of treatment, tibiae from mice injected
staining were quantified in four fields per animal. Five to six animals per
itive staining (brown). Data are the means � SEM with individual values

683

http://ajp.amjpathol.org


Figure 3 The thrombospondin1 (TSP1) antagonist SRI31277 has a dose-dependent effect in reduction of tumor burden, mouse IL-6, and trans-
forming growth factor (TGF)-b signaling in the systemic severe combined immunodeficiencyeheparanase expressing CAG (SCID-CAG-hpse) model. CAG-
hpse myeloma cells expressing luciferase were injected into SCID mice via tail vein and tumors established for 12 days. A: Saline or SRI31277 (SKL) at
0.3, 3.0, or 30 mg/kg per day were delivered by osmotic pump starting on day 14 and treatments continued for 27 days. Unless indicated, all analyses
were performed on serum samples obtained at day 27 or on tissue samples obtained at euthanasia on day 28. Tumor burden was assessed by day 27
serum Ig kappa levels. Data are the means � SEM with individual results plotted (n Z 13 to 15). Means on day 11 are not statistically different. For
day 27 data: P Z 0.04, saline versus 3 mg/kg SRI31277; P Z 0.004, saline versus 30 mg/kg SRI31277, analysis of variance with Holm-Sidak. Results
for serum Ig kappa levels are shown from serum obtained at days 11 and 27 after initiation of treatment (right panel). B: Bioluminescence imaging
(5-second exposure) on day 26. Results are the mean bioluminescence counts of combined dorsal and ventral images � SEM. P Z 0.037, unpaired
Student’s t-test. C: Serum mouse IL-6 was measured by enzyme-linked immunosorbent assay (versus saline, analysis of variance with Holm-Sidak). D:
Femur sections stained for phospho-Smad2 (n Z 7 animals per group) were analyzed and the means � SEM reflecting pixels of staining in arbitrary
units were plotted, P Z 0.0007, unpaired t-test. Original magnification �40 (representative micrographs). *P < 0.05, **P < 0.005, ***P < 0.001,
and ****P < 0.0001.
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host stromal cells as mouse IL-6 levels were reduced by the
compound (Figure 3C). SRI31277 also reduced phospho-
Smad2 staining in the femoral bone marrow (Figure 3D).
Staining for phospho-Smad2 was present in bone cells and
684
in marrow cells in animals injected with CAG-hpse cells
and treated with saline. Phospho-Smad2 staining in both the
bone and marrow cells was reduced in SRI31277-treated
animals.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 SRI31277 reduces osteolytic bone disease in the systemic severe combined immunodeficiencyeheparanase expressing CAG (SCID-CAG-hpse) model.
CAG-hpse myeloma cells expressing luciferase were injected into SCID mice via tail vein and tumors established for 12 days. Saline or SRI31277 at 0.3, 3.0, or 30
mg/kg per day were delivered by osmotic pump starting on day 14, and treatments continued for 27 days. Unless indicated, all analyses were performed on
samples obtained at day 27 or at euthanasia on day 28. A: Serum tartrate-resistant acid phosphatase-5b levels were measured. ****P < 0.0001. Saline versus 3
mg/kg SRI31277, and saline versus 30 mg/kg, SRI31277, ANOVAwith Tukey post-hoc analysis). B and C: The number of tartrate acid resistant phosphatase (TRAP)
staining osteoclasts (deep red cells) (P Z 0.02, unpaired t-test) (B) or osteocalcin-positive osteoblasts (black arrows) (C) were determined per mm of bone
surface in femur sections from four different mice per group. ***P< 0.001 (PZ 0.0002), unpaired t-test. Results are means� SEMwith individual values plotted.
Original magnification: �40 (B and C). D: mCT analyses of tibial bone density. Results are means � SEM from four animals per group (P Z 0.002, BV/TV;
PZ 0.026, trabecular spacing; PZ 0.011, trabecular number for SRI31277 versus saline, unpaired t-test). Representative mCT images are shown of mice injected
systemically with CAG-hpse cells and treated with either saline or 30 mg/kg per day SRI31277, as compared with a control SCID mouse not injected with myeloma
cells. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. mCT, microcomputed tomography.

TSP1eTGF-b in Myeloma and Bone Disease
Importantly, indicators of osteolytic bone disease
were reduced by treatment: SRI31277 decreased serum
tartrate-resistant acid phosphatase-5b and osteoclast
number and increased osteoblast number in femurs, and
prevented loss of bone density as measured by mCT of
tibiae (Figure 4, AeD).
The American Journal of Pathology - ajp.amjpathol.org
SRI31277 Reduces Tumor Burden in the Mouse 5TGM1
Model

To determine whether the TSP1 antagonist is effective in other
mouse models of myeloma, we used the 5TGM1 model of
mouse myeloma on an immunocompetent background.39 The
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Figure 5 SRI31277 is effective in the immunocompetent 5TGM1 model.
5TGM1 cells engineered to stably expressed luciferase (1 � 106 cells) were
injected into the lateral tail veins of syngenic C57BL/KaLwRij mice. Treatment
with either saline or 30mg/kg per day SRI31277 delivered by osmotic pumpwas
initiated on day 9 after tumor cell injection and continued for 27 days (nZ 10
per group). Tumor burden was measured on day 27 by evaluation of serum
mouse IgG2b by enzyme-linked immunosorbent assay. Results are presented as
means � SEM [*P < 0.05 (P Z 0.039), unpaired t-test].

Lu et al
5TGM1 cells do not respond to active TGF-b or express TSP1,
but TSP1 can activate latent TGF-b produced by these cells and
SRI31277 blocks activation (Figure 1). Similar to results with
the CAG and CAG-hpse human myeloma cells in the SCID
models, SRI31277 reduced tumor burden as measured by
decreased serum IgG2b on day 27 of treatment (Figure 5).
SRI31277 in Combination with Bortezomib Has
Increased Effectiveness

We tested for possible synergistic effects of SRI31277with two
drugs currently used to treat myeloma patients, dexamethasone
and bortezomib. Tumor burden was reduced to similar levels
by either SRI31277 (2.1 mg/kg per week), dexamethasone
(1 mg/kg per week, 1 time per week), or bortezomib (2 mg/kg
per week, 2 times per week) alone. However, the combination
of SRI31277 and bortezomib showed a significantly greater
Figure 6 SRI31277 is as effective as either dexamethasone (dex) or bortezomib
myeloma tumor burden. Severe combined immunodeficiency mice were injected wit
tail vein. After 2 weeks, treatment with saline or 0.3 mg/kg per day SRI31277 deliv
1 mg/kg dexamethasone once per week or 1 mg/kg bortezomib twice per week.
SRI31277 þ bortezomib (n Z 15 per group). Treatments continued for approxima
(A) and 24 (B) days of treatment. C: Tumor progression over time. Results are th
unpaired t-test with Welch correction. For day 24, P Z 0.0034, bortezom
SRI31277 þ bortezomib, unpaired t-test. **P < 0.01, ***P < 0.001.
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reduction in tumor burden than either drug alone at both 11 and
24 days of treatment (Figure 6, AeC). The enhanced benefit
was particularly evident at day 11, when the combined drugs
showed 87% reduction in tumor burden as compared to 46% to
48% inhibition with either SRI31277 or bortezomib alone. At
day 24, the activity of SRI31277 and bortezomib was com-
parable (76% reduction with SRI31277, 73% reduction with
bortezomib), and tumor burden was reduced by 89% when
SRI31277 and bortezomib were combined. Dexamethasone in
combination with SRI31277 at day 24 showed a nonsignificant
reduction in tumor burden (74%) as compared to dexametha-
sone alone (64%), although this combination did not differ
from SRI31277 alone (76%).
In an attempt to understand these findings, we asked whether

dexamethasone or bortezomib altered TGF-b signaling, TSP1-
dependent TGF-b activation, or expression of TSP1. Neither
dexamethasone nor bortezomib directly affect TGF-be and
TSP1-dependent Smad2 phosphorylation in CAG-hpse MM
cells. A 1-hour pretreatment with dexamethasone did not affect
TGF-beor TSP1-dependent Smad2 phosphorylation (Figure 7,
A and B, respectively). Only high-concentration bortezomib
(100 nmol/L) modestly increased TGF-b stimulated, but not
TSP1-dependent, Smad phosphorylation after 2 hours of total
exposure to the drug (Figure 7, A and B). Interestingly, 50 and
100 nmol/L dexamethasone and 100 nmol/L bortezomib
increased TSP1 mRNA levels at 6 hours of treatment, although
only 100 nmol/L dexamethasone increased TSP1 protein at 12
hours (Figure 7, C and D). However, CAG-hpse cells treated
with 50 and 100 nmol/L bortezomib had significantly
decreased viability at 12 hours, consistent with a reported
in vitro IC50 of 7.3 nmol/L bortezomib for CAG cells.43
Discussion

Our data establish TSP1 as a significant regulator of latent
TGF-b activation in multiple mouse models of myeloma.
, and bortezomib and SRI31277 together have increased benefit in reducing
h heparanase-expressing CAG human myeloma cells expressing luciferase via
ered by osmotic pump was initiated. Some groups received via i.p. injection
In addition, two groups were treated with SRI31277 þ dexamethasone or
tely 4 weeks. A and B: Serum human Ig kappa levels were measured after 11
e means � SEM with individual values plotted. For day 11, P Z 0.00015,
ib versus SR31277 þ bortezomib; and P Z 0.0017, SRI31277 versus
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Figure 7 Dexamethasone (dex) and bortezomib
do not affect thrombospondin1 (TSP1) stimulation
of transforming growth factor (TGF)-b activity or
TGF-b signaling by heparanase expressing CAG
(CAG-hpse) cells. CAG-hpse cells (2 � 105) were
seeded overnight in RPMI with 0.5% fetal bovine
serum and then treated for 1 hour with 50 or 100
nmol/L dexamethasone or 5, 50, or 100 nmol/L
bortezomib. A and B: Cells then were treated for 1
hour with either 100 pmol/L TGF-b (A) or 20 mg/mL
TSP1 (B). Cell lysates were analyzed for phospho-
Smad2 by Western blot analysis. Densitometric
analyses are normalized to b-actin. Results are the
means � SD of five to six separate experiments. C:
CAG-hpse cells (5 � 105) were treated with 100
pmol/L TGF-b, 50 or 100 nmol/L dexamethasone,
or 5, 50, or 100 nmol/L bortezomib in RPMI with
1% fetal bovine serum for 6 hours. RNA was har-
vested and analyzed for THBS1 mRNA by RT-PCR.
THBS1 levels were normalized to GAPDH. D: Cells
were treated as above in serum-free media for 12
hours and cell lysates harvested for Western blot
analysis for TSP1. Densitometric analysis was per-
formed and bands were normalized to b-actin. For
C and D, results are the means � SD from three
separate experiments. *P < 0.05 versus untreated,
analysis of variance with Tukey analysis.

TSP1eTGF-b in Myeloma and Bone Disease
TSP1 activates latent TGF-b produced by human myeloma
and bone marrow cells in vitro, and importantly, LSKL-
based antagonists reduce myeloma tumor burden, serum
IL-6, osteolytic bone disease, and TGF-b signaling in the
bone marrow in vivo. These TSP1 antagonists reduce
myeloma tumor burden in both immunocompetent and
immunodeficient models. Furthermore, we showed that the
LSKL-derived compound SRI31277 is as effective as
dexamethasone or bortezomib alone, but that SRI31277 in
combination with bortezomib has increased anti-myeloma
activity.

The primary source of TSP1 in the myeloma microenvi-
ronment is likely from the microenvironment itself, rather
than the myeloma cells. Although we detected message and
protein for TSP1 in the human myeloma cell lines tested,
these levels were low, and cultured myeloma cells had either
low or nondetectable levels of active TGF-b in the absence
of added TSP1. Furthermore, SRI31277 reduced tumor
burden in the mouse 5TGM1 model, in which the mouse
5TGM1 myeloma cells do not express TSP1. Immunohis-
tochemical analysis of bone marrow sections of mice
injected with CAG-hpse cells showed robust expression of
TSP1 in multinucleated osteoclasts and to a lesser extent in
osteocytes, megakaryocytes, and mononuclear cells of the
bone marrow (data not shown).
The American Journal of Pathology - ajp.amjpathol.org
Our studies suggest that TSP1-regulated latent TGF-b
activation plays a role in osteolytic bone disease in
MM. TSP1 plays multiple roles in osteoblast and osteo-
clast biology, potentially through both TGF-bedependent
and -independent mechanisms. TSP1 is expressed in long
bones, especially during early osteogenesis, and TSP1 in-
hibits matrix mineralization of MC3T3-E1 osteoblast-like
cells and inhibits bone nodule formation.32,44,45 Previous
work from our laboratory showed that bone marrow
mesenchymal stem cells express TSP1, and TSP1eTGF-b
activation blocks osteogenic differentiation of mesenchymal
stem cells.33 TSP1 also plays a role in osteoclast-mediated
bone resorption, potentially through TSP1 binding to
CD36.46 Thbs1-null mice with TSP1 deficiency during
development have reduced osteoclast development owing to
increased inducible nitric oxide levels, an action of TSP1
mediated by CD36 or CD47 binding.47 Interestingly TSP1
binding to macrophage CD36 is required for TSP1-mediated
latent TGF-b activation by bleomycin-stimulated alveolar
macrophages.48

The role of TSP1 in TGF-b activation by osteoclasts
has not been explored. Osteoclasts in bone marrow from
mice injected with CAG-hpse cells are strongly positive
for TSP1 staining (data not shown). TSP1 binding to
CD47 on myeloma cells is required for osteoclast-like
687
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transdifferentiation of dendritic cells.24 Antibody to TSP1
blocks osteoclast-mediated bone resorption in vitro; it is
not known if this is due to blockade of TSP1-CD47
signaling or potentially due to TSP-CD47 interactions that
facilitate TGF-b activation.24,49 Data from the osteolytic
mouse models implicate the TSP1eTGF-b pathway in
myeloma catabolic bone disease. Importantly, blockade of
the TSP1eTGF-b pathway affects both the osteoclast and
osteoblast arms of bone remodeling. Therapeutically, it
would be advantageous to both positively regulate oste-
oblasts and negatively impact osteoclast activity to avoid
complications from agents that target only osteoclast ac-
tivity such as zoledronic acid used in myeloma treatments.

Dexamethasone and bortezomib are used in the treatment
of myeloma. Both have been reported to alter TGF-b
signaling. Dexamethasone increases TGF-b expression in
OPM-2 human myeloma cells and antieTGF-b antibodies
partially block dexamethasone-mediated growth inhibition of
these myeloma cells.50 Bortezomib inhibits Smad reporter
activity and reduces TGF-bedependent transcription in lung
fibroblasts by increasing PPARg, but it did not reduce Smad
phosphorylation or nuclear import.51 Because the TSP1
antagonist SRI31277 acts by reducing TGF-b activation, we
asked if there might be antagonism or co-operativity between
SRI31277 and these drugs. SRI31277 was slightly more
effective than dexamethasone at day 24 (76% reduction in
tumor burden with SRI31277 versus 64% reduction with
dexamethasone), although this difference was not statistically
significant, and together these drugs did not show additional
benefit as compared to SRI31277 alone (74% reduction). In
contrast, SRI31277 in combination with bortezomib had
enhanced effectiveness as compared to either drug alone.
However, the reasons are not clear, as neither drug directly
impacts active TGF-b signaling or TSP1eTGF-b activation
in CAG-hpse myeloma cells, and only high-dose dexa-
methasone increased TSP1 protein levels. Rather, these re-
sults could reflect cooperative mechanisms on cells of the
myeloma bone marrow microenvironment.

These data support the utility of this targeted strategy to
regulate TGF-b activity. Previously, we defined the
mechanism of TGF-b activation by TSP1 and validated the
efficacy and action of a peptide antagonist of this pathway
as a therapeutic strategy in multiple animal models without
observed toxicity with 15 weeks of treatment.31 This lack
of toxicity is supported by recent studies examining
gastrointestinal tumors in mice with mutations that reduce
basal TGF-b activity combined with mutations in different
TGF-b activators. Although mice with this background and
a second mutation in the TGF-b activating integrin b8
showed inflammation and higher tumor numbers, there was
no statistical increase in tumors in compound mutant mice
with loss of TSP1.52 Similarly, necropsy of mice treated
continuously for 4 weeks with LSKL or SRI31277 showed
no incidence of nonmyeloma secondary tumors or
inflammation [Trent Schoeb (UAB), data not shown]. This
approach also avoids potential complications from pan-
688
TSP1 inhibitory approaches that might lead to increased
angiogenesis, altered inflammation, and increased nitric
oxide signaling owing to its many TGF-b independent
functions.
TGF-b influences MM progression through its effects on

bone catabolism, immune dysfunction, and hematopoietic
stem cells.2,3,5,13,53,54 However, there are no clinical trials
investigating TGF-b antagonists for the treatment of
myeloma, despite evidence of its role in myeloma progres-
sion and complications. TGF-b is critical for homeostasis:
genetic ablation of TGF-b, its receptors, or signaling me-
diators results in developmental defects, inflammation, and
increased carcinomas. Thus, it is therapeutically advanta-
geous to target only adverse TGF-b activity in myeloma and
spare homeostatic activity. Current antieTGF-b therapeu-
tics target the molecule itself or downstream signaling
pathways and provide no mechanism for distinguishing
between homeostatic and disease-related TGF-b activity,
raising the potential for adverse effects. In fact, Smad2
resistance and increased papilloma incidence in mice treated
for 20 weeks with a TGF-b receptor kinase inhibitor were
identified,55 and the 1D11 pan-specific antieTGF-b
neutralizing antibody shows epithelial hyperplasia and
progression to carcinoma in some models.56 A more tar-
geted approach to reducing disease-specific TGF-b activity
will have increased therapeutic benefit, a point echoed in
discussions of therapeutic approaches to controlling TGF-b
in malignancies.14,56 The efficacy of the TSP1 antagonist
compounds and the lack of associated toxicities suggest the
promise of this approach. Because the major effects of the
TSP1 antagonist appear to be on the tumor microenviron-
ment rather than on myeloma cell viability itself, the TSP1
antagonist could be used to modulate the myeloma bone
marrow microenvironment after high-dose therapy or during
maintenance to induce a bone marrow microenvironment
more resistant to myeloma cell growth.
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