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The contributions of the host microenvi-
ronment to the pathogenesis of multiple
myeloma, including progression from the
non-malignant disorder monoclonal gam-
mopathy of undetermined significance,
are poorly understood. In the present
study, microarray analysis of a murine
model requiring a unique host microenvi-
ronment for myeloma development identi-
fied decreased host-derived adiponectin
compared with normal mice. In support,
clinical analysis revealed decreased se-
rum adiponectin concentrations in mono-

clonal gammopathy of undetermined sig-
nificance patients who subsequently
progressed to myeloma. We investigated
the role of adiponectin in myeloma patho-
genesis and as a treatment approach,
using both mice deficient in adiponectin
and pharmacologic enhancement of circu-
lating adiponectin. Increased tumor bur-
den and bone disease were observed in
myeloma-bearing adiponectin-deficient
mice, and adiponectin was found to in-
duce myeloma cell apoptosis. The apoli-
poprotein peptide mimetic L-4F was used

for pharmacologic enhancement of adi-
ponectin. L-4F reduced tumor burden,
increased survival of myeloma-bearing
mice, and prevented myeloma bone dis-
ease. Collectively, our studies have iden-
tified a novel mechanism whereby
decreased host-derived adiponectin pro-
motes myeloma tumor growth and oste-
olysis. Furthermore, we have established
the potential therapeutic benefit of in-
creasing adiponectin for the treatment of
myeloma and the associated bone dis-
ease. (Blood. 2011;118(22):5872-5882)

Introduction

Multiple myeloma is the second most common hematologic
malignancy with an estimated 20 180 new diagnoses and 10 650
deaths in 2010 in the United States alone.! Myeloma is character-
ized by the uncontrolled clonal expansion of malignant plasma
cells within the bone marrow and the development of a destructive
osteolytic bone disease. Despite many advances, treatment is
limited and mostly palliative, leaving myeloma as an incurable and
fatal malignancy with a median survival of only ~ 3 to 5 years.
Therefore, there is a need to elucidate the underlying mechanisms
that mediate myeloma pathogenesis and identify new and effective
therapeutic approaches to halt myeloma progression and prevent
tumor growth and osteolytic bone destruction.

Known and unknown elements within the bone marrow can
support tumor growth and osteolytic bone disease in myeloma.”
However, the contributions of the host microenvironment during
the initial stages of myeloma development are poorly understood.
Many features of human myeloma are recapitulated in the well-
characterized 5T Radl myeloma model, where transplantation of
5T myeloma cells into mice of the C57Bl/KaL.wRijHsd (KaLwRij)
substrain results in propagation of myeloma.>* Importantly, 5T
myeloma cells will not grow in the closely related C57B16 strain of
mice.*° This suggests a critical role for the host microenvironment
in the early stages of myeloma, with specific modifications in the
bone marrow microenvironment that allow for myeloma develop-
ment and progression. Moreover, the myeloma-permissive KaLwRij

mice may provide valuable insight into the factor(s) that permit
tumor establishment and growth.

Adiponectin is an adipokine originally identified as secreted by
adipose tissue into the bloodstream. More recently, studies have
shown adiponectin to be expressed by other cell types, including
bone marrow—derived osteoblasts and fibroblasts.” The precise
physiologic function of adiponectin and its receptors remains
unclear, but adiponectin deficiency (hypoadiponectinemia) is
thought to play a role in obesity, cardiovascular disease, and
diabetes. Interestingly, hypoadiponectinemia has been associated
with a high incidence of obesity-related cancer, including endome-
trial, breast, prostate, and gastric cancers. Decreased adiponectin
levels also represent an independent risk factor for breast cancer
and are associated with more aggressive phenotypes.®® Adiponec-
tin has direct growth inhibitory effects in breast cancer; however, in
vivo studies show conflicting results on tumor growth, angiogen-
esis, and metastases, suggesting a complex role for adiponectin in
mammary tumor development.!®!3 The role of adiponectin in
myeloma has not been investigated.

In the present study, we identified adiponectin as decreased in
host environments permissive for myeloma in both mice and
humans. We subsequently investigated the role of adiponectin in
myeloma pathogenesis and the potential of adiponectin as a
therapeutic target, using mice deficient in adiponectin and pharma-
cologic enhancement of circulating adiponectin levels.
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Methods

Bone marrow comparison by microarray

Bone marrow was flushed from age- and sex-matched C57BI6 and
KaLwRij mice (n = 3). Red blood cells were eliminated and RNA isolated
from the remaining cells using a monophasic isolation reagent (TRIzol).
Pooled RNA samples from each strain were submitted to the Vanderbilt
Functional Genomics Shared Resource for hybridization using the Af-
fymetrix GeneChip exon expression array. Differentially expressed genes
were based on changes of 2-fold or more between C57Bl16 and KaLwRij
bone marrow. All microarray data are available at the Gene Expression
Omnibus under accession number GSE31532.

Human patient samples

Serum samples from monoclonal gammopathy of undetermined signifi-
cance (MGUS) patients with progression to myeloma, MGUS patients with
no progression to myeloma, and the respective age-, sex-, and body mass
index (BMI)-matched controls were obtained through collaborations with
M.T.D. Samples were obtained with approval from the Institutional Review
Board and Biospecimen Protocol Review Group of the Mayo Clinic.

Cell culture

The 5STGMI1-GFP myeloma cell line was cultured as previously de-
scribed.!* For primary bone marrow stromal cells (BMSCs), bone marrow
was flushed from the tibia and femur of age- and sex-matched mice. Briefly,
cells were plated at 1 X 107/mL in a-MEM supplemented with 10% FCS.
Adherent cells were washed and culture media replaced after 3 to 4 days.
Cells were cultured for ~ 3 weeks, until confluent.

RT-PCR

RNA from cell lines and primary BMSCs was isolated using the RNeasy kit
(QIAGEN). ¢cDNA was generated using the SuperScript III First Strand
Synthesis SuperMix kit (Invitrogen). Mouse adiponectin was detected by
real-time PCR using TagMan Gene Expression assay primer sets (Applied
Biosystems). Relative gene expression of adiponectin was normalized to
the TagMan Gene Expression assay for GAPD (Applied Biosystems).
Primer sequences are listed in supplemental Methods (available on the
Blood Web site; see the Supplemental Materials link at the top of the online
article).

Animal models

Studies were conducted using age-, sex-, and weight-matched KaLwRij
(Harlan Netherlands) or adiponectin-deficient mice, which were kindly
provided by Dr Ken Walsh, Boston University and were bred with
recombinase-activating gene-2 (RAG-2) immunodeficient mice (C57BL/6
background, Taconic Farms) to generate double-knockout animals. Litter-
mates that were wild-type (WT) for adiponectin and knockout for RAG-2
were used as controls. Studies were approved by the Vanderbilt University
Institution of Animal Care and Use Committee.

Adiponectin-deficient mice or WT controls were intravenously inocu-
lated with 10° STGM1-GFP cells or vehicle control. Sera were assayed for
monoclonal mouse [gG2bk paraprotein as described previously.'4 Myeloma
bone disease was assessed as described previously!® and outlined in
Supplemental data. L-4F (200 wg/100 g daily, intraperitoneally) or vehicle
control was administered to 4-week-old KaLwRij mice before tumor cell
inoculation for 28 days until treated mice showed an increase in serum
adiponectin. Mice were then inoculated with 10 STGMI1-GFP cells or
vehicle control by intravenous injection and continued to receive daily
treatment with L-4F until killed. Tumor burden and bone disease were
assessed as described previously. Identical studies were performed in
adiponectin-deficient mice or WT littermate controls. In additional survival
studies, KaLwRij mice were treated with L-4F and inoculated with tumor
cells as described previously. Treatment was continued until evidence of
paraplegia, which was used as a surrogate for survival, at which point mice
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were killed. A separate cohort of KaLwRij mice was inoculated with
10° 5TGM 1-GFP myeloma cells by subcutaneous injection. Treatment with
L-4F or vehicle control commenced from time of tumor inoculation. Once
palpable, tumors were measured daily and tumor volume calculated
according to LeBlanc et al.'*

Immunoblotting and ELISAs

The different isoforms of adiponectin were detected by immunoblotting
(supplemental Methods). An ELISA for high molecular weight (HMW)
adiponectin (Millipore) was used according to the manufacturer’s instruc-
tions. Serum concentrations of testosterone and glucose were measured
according to the manufacturer’s instructions using commercially available
ELISAKits (testosterone, R&D Systems; glucose, Cambridge Biosciences).

Apoptosis

5STGM1 myeloma cells, ST2, C57B16, and KaLwRij BMSCs were cultured
for 48 hours with 5 to 15 wg/mL recombinant adiponectin (ProSpec). The
percentage of viable, apoptotic, and necrotic cells was determined by
annexin V and SYTOX AADvanced cell staining for flow cytometric
analysis (Invitrogen).

Statistical analysis

Statistical significance was determined using a Mann-Whitney U test for
nonparametric data and considered significant given P = .05. One-way
ANOVA and Tukey-Kramer method tests were used for analysis of multiple
groups in both in vivo and in vitro studies. Two-way ANOVA was used for
analysis of effects of L-4F on tumor burden over time. Survival data were
analyzed using a log-rank (Mantel-Cox) test.

Results

Adiponectin is decreased in the host microenvironment of mice
permissive for multiple myeloma

The KaLwRij strain of mice of the well-established Radl model of
myeloma is unique in that 5T myeloma cells will only grow in
syngeneic KalLwRij mice, and not in closely related C57B16 mice
(Figure 1A). This suggests an important role for the KaLLwRij host
microenvironment in myeloma pathogenesis. The similarities be-
tween human myeloma and myeloma observed in the KaLwRij
mice led us to hypothesize that differences between a myeloma-
permissive and non-permissive microenvironment might provide
valuable insights into the development of human myeloma and the
associated bone disease.

To investigate factors that were differentially expressed in the
permissive KaLwRij microenvironment compared with non-
permissive C57B16, microarray analysis was performed on pooled
bone marrow samples from both strains. The microarray identified
genes that were differentially expressed between the marrow of the
KaLwRij and C57Bl6 mice (Table 1) and were verified by
quantitative real-time PCR analysis. These included a significant
increase in glycerophosphodiesterase domain-containing 3 and a
significant reduction in hydroxyprostaglandin dehydrogenase
15 and adiponectin expression (Figure 1B-D). Myeloma is accom-
panied by a destructive bone disease; therefore, adiponectin drew
particular interest based on its association with both cancer and
bone biology. Expression of the adipokine adiponectin was signifi-
cantly decreased in the bone marrow of the myeloma-permissive
KalLwRij mice at both mRNA (Figure 1D) and protein (Figure 1E)
levels. Because adiponectin is a secreted factor, we also measured
serum concentrations and found that myeloma-permissive Kal-
wRij mice had significantly lower serum concentrations of total
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Figure 1. Comparison of permissive KaLwRij and
non-permissive C57BI6 bone marrow microenviron-
ments. (A) Tumor burden in non-permissive C57BI6 and
myeloma-permissive KaLwRij mice inoculated with
5TGM1 myeloma cells, determined by measuring my-
eloma-specific IgG2bk concentrations. P < .01. n = 8.
(B-D) Quantitative RT-PCR measurements of hydroxy-
prostaglandin dehydrogenase 15 (NAD HPGD), glycero-
phosphodiesterase domain containing 3 (Gdpd3), and
adiponectin/GAPDH ratio in C57BI6 and KaLwRij bone
marrow. (E) Expression of adiponectin in bone marrow
from C57BI6 and KalLwRij mice was determined by
Western blot. Each lane represents bone marrow from an
individual mouse. (F) Serum concentrations of adiponec-
tinin C57BI6 and KaLwRij mice. (G) Quantitative RT-PCR
measurements of adiponectin expression in 5TGM1 my-
eloma cells, and ST2, C57BI6, and KaLwRij BM stromal
cells (see also supplemental Figure 1). Data are
mean + SEM. *P < .05, **P < .01, and ***P < .001, com-
pared with C57BI6.

adiponectin compared with non-permissive C57B16 (Figure 1F).
There was also a decrease in the HMW form of adiponectin in
KaLLwRij sera (supplemental Figure 1).

Although adiponectin was originally identified as an adipose-
specific factor, it has since been recognized that adiponectin is also

secreted by a range of cell types, including BMSCs. To determine a
cellular source of the differential expression of adiponectin in
myeloma-permissive KaLwRij mice, we performed real-time PCR
on a panel of BMSCs. Adiponectin was strongly expressed in both
the normal ST2 BMSC line and in primary BMSCs from

Table 1. Differentially expressed genes in KaLwRij bone marrow

Gene Gene description Fold change*
Abhd6 Abhydrolase domain containing 6 2.01 increase
Abcail3 ATP-binding cassette, sub-family A (ABC1), member 13 2.15increase
Ch5art Complement component 5a receptor 1 2.06 increase
Gdpd3 glycerophosphodiester phosphodiesterase domain containing 3 32.7 increase
Mgl1 Macrophage galactose N-acetyl-galactosamine specific lectin 1 2.19 decrease
Mrgpra2 MAS-related GPR, member A2 2.08 increase
Mc2r Melanocortin 2 receptor 2.06 increase
Olfm4 Olfactomedin 4 2.21 increase
Sirpb1 Signal-regulatory protein-p1 2.17 increase
Stfat Stefin A1 2.28 increase
Stfa2 Stefin A2 2.55 increase
Stfa3 Stefin A3 2.49 increase
Trdn Triadin 2.29 increase
Adipoq Adiponectin, C1Q and collagen domain containing 2.08 decrease
Cysltr2 Cysteinyl leukotriene receptor 2 2.98 decrease
Gnal guanine nucleotide binding protein, a-stimulating, olfactory type 2.05 decrease
Grap2 GRB2-related adaptor protein 2 2.38 decrease
Hist1h2bc Histone cluster 1, H2bc 2.27 decrease
Hist1h4c Histone cluster 1, H4c 3.18 decrease
Hpgd Hydroxyprostaglandin dehydrogenase 15 (NAD) 5.05 decrease
Tcte3 t-complex—associated testis expressed 3 2.21 decrease
Tnfrsf26 Tumor necrosis factor receptor superfamily, member 26, mMRNA 5.08 decrease

Comparative microarray analysis of genes expressed in the BM of KaLwRij mice compared with C57BI6 mice (pooled whole BM from 3 mice per strain).
*Change in expression in KaLwRij bone marrow compared with C57BI6 bone marrow.
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Figure 2. Decreased serum adiponectin concentra-
tions in female MGUS patients are associated with
progression to myeloma. (A) Concentration of HMW 18000
adiponectin in serum from matched controls and patients
with MGUS that subsequently progressed or did not
progress to myeloma. Data are subdivided to demon-
strate differences between male and female (control,
n = 40; MGUS with progression, n = 20; and MGUS no
progression, n = 20). (B) Percentage decrease from
matched control in HMW adiponectin serum concentra-
tions in MGUS patients who either progress or do not
progress to myeloma. (C) Adiponectin expression relative
to serum monoclonal protein expression in patients with
MGUS who progress to myeloma. (A-B) Data are
mean + SEM. *P < .05, compared with control. #P < .05,
compared with MGUS with progression.
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non-permissive C57B16 mice; however, primary BMSCs from
myeloma-permissive KaLwRij mice did not express adiponectin
(Figure 1G), providing further evidence for decreased adiponectin
in the myeloma-permissive KalLwRij host microenvironment. We
also determined that adiponectin is not expressed by 5TGMI1
myeloma cells themselves (Figure 1G). These data demonstrate
that the myeloma-permissive KaLwRij mice possess decreased
circulating and bone marrow-derived adiponectin levels; however,
the clinical relevance of these observations remained unknown.

Adiponectin is decreased in the serum of patients with MGUS
that subsequently progressed to myeloma

In almost all cases, myeloma is preceded by an unexplained
non-malignant plasma cell disorder known as MGUS.!” Given the
well-characterized similarities between the 5T Radl model of
myeloma in KaLwRij mice and human myeloma, we next deter-
mined whether our observations of decreased adiponectin in
myeloma-permissive KaLwRij mice translated to the clinical
setting. In collaboration with Mayo Clinic colleagues, we obtained
serum samples from patients with MGUS that subsequently
progressed to myeloma and patients with MGUS that had not
progressed to myeloma over an average period of 19 years. Patient
samples were age-, sex-, and BMI-matched to normal controls
(supplemental Table 1). Previous studies in the field of metabolism
and diabetes suggest that HMW adiponectin is more biologically
active and a better predictor of metabolic parameters.'®!° Measure-
ment of HMW adiponectin in all patient samples revealed a trend
toward a decrease in HMW adiponectin in those MGUS patients
who progressed to myeloma, compared with controls or those
patients who did not progress to myeloma (MGUS with progres-
sion, 4.5 * 0.5 pg/mL; controls, 5.6 = 0.5 wg/mL; MGUS with no
progression, 6.4 * 1.6 ng/mL; Figure 2A). Interestingly, when
samples were stratified into male or female, no significant differ-
ence was observed in males between controls and MGUS patients
with or without progression. However, in females, a significant
reduction in serum HMW adiponectin was observed in those

patients with MGUS who subsequently progressed to myeloma,
compared with either control or MGUS patients who did not
progress (MGUS with progression, 4.8 = 0.7 pg/mL; controls,
7.3 = 1.0 pg/mL; MGUS with no progression, 11.5 = 4.2 png/mL;
Figure 2A-B). Furthermore, analysis of serum monoclonal protein
concentrations in those patients with MGUS that subsequently
progressed to myeloma revealed a significant negative correlation
between concentrations of serum paraprotein and adiponectin
(Figure 2C).

Adiponectin is influenced by a number of different factors,
including testosterone, obesity, diabetes, and metabolic syndrome.
To exclude such factors from our analyses, patients and controls
were matched for BMI, and no significant difference was detected
in BMI measurements. In addition, no significant difference was
detected in blood glucose levels or testosterone (supplemental
Table 1). No patients had any evidence of metabolic syndrome, as
defined by the International Diabetes Federation.?? These human
data reinforce our observations from murine systems that decreased
adiponectin is associated with a myeloma-permissive microenviron-
ment and thus support the further use of the 5T Radl model to
investigate the role of adiponectin in myeloma pathogenesis
in vivo. Furthermore, the significant difference between adiponec-
tin concentrations in MGUS patients who do or do not progress to
myeloma suggests that adiponectin levels may function to suppress
myeloma tumor development and represent a valid therapeutic
target.

Lack of host-derived adiponectin exacerbates myeloma
pathogenesis

To specifically address the contribution of host-derived adiponectin
to myeloma development in vivo, we investigated myeloma
development in adiponectin-deficient mice. To study 5T myeloma
growth in genetically modified mice, it is necessary to use mice
deficient in RAG-2, which are permissive to STGM1 myeloma cell
growth and provide a tool for examining contributions of host-
derived factors.> RAG-27/~ mice were bred with adiponectin™/~
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Figure 3. Lack of host-derived adiponectin exacer-
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mice to obtain littermate WT (RAG-27/":Adipo™/*) and homozy-
gous deficient (RAG-27/7:Adipo~~) genotypes. Western blot
analysis of serum confirmed that the double-knockout (RAG-27"":
Adipo~~) mice do not express total adiponectin or other circulat-
ing isotypes (supplemental Figure 2).

After inoculation with STGM1 myeloma cells, both WT and
adiponectin-deficient mice developed myeloma over a period of
~ 4 weeks. However, RAG-27/":Adipo™~ (Adipo~~) mice had a
significant increase in tumor burden, as measured by myeloma-
specific IgG2bk serum concentrations compared with WT mice
(Figure 3A). This increase in tumor burden was seen as early as
1-week after tumor cell inoculation and persisted through the
experimental end point. Accompanying this, myeloma-bearing
Adipo™~ mice developed a more severe osteolytic bone disease
with increased lesions penetrating the cortical bone (Figure 3B),
decreased trabecular bone volume (Figure 3C), and decreased
osteoblast activity (Figure 3D). Adipo~/~ mice also showed a
decrease in both osteoblasts and osteoclasts (data not shown). To
determine whether adiponectin™~ mice had a significant bone
phenotype at the time of tumor cell inoculation that might impact
myeloma establishment, we evaluated their skeletal properties.
Micro-CT analysis and histomorphometry found no significant
differences between Adipo~/~ and WT mice in any bone parameter
measured (supplemental Table 2).

Histologic assessment of the bone marrow demonstrated a
decrease in myeloma cells undergoing apoptosis in Adipo™~ mice
compared with WT mice (Figure 3E). These data provide evidence
in support of a myeloma-suppressive effect of host-derived adi-
ponectin and suggest a proapoptotic mechanism of action. There
was no difference in myeloma cell proliferation in the Adipo~/~
mice compared with WT mice (data not shown). The significant
increase in both tumor burden and the associated osteolytic bone
disease observed in the Adipo~~ mice provide strong evidence that
decreased adiponectin plays a role in myeloma pathogenesis.

Adiponectin induces myeloma cell apoptosis

The function of adiponectin in myeloma biology is completely
unknown. Because our studies demonstrated a significant decrease
in host-derived adiponectin in myeloma-permissive KaLwRij mice,
we next investigated adiponectin receptor expression in cells of the
bone marrow microenvironment. Primary BMSCs from both
C57B16 and KaLwRij mice expressed both adiponectin receptors 1
(AdipoR1) and 2 (AdipoR2; Figure 4A), as did STGM1 myeloma
cells. The detection of adiponectin receptor expression on STGM1
myeloma cells suggested that bone marrow—derived adiponectin
might have direct effects on myeloma cells. Adiponectin signaling
has been previously reported to require phosphorylation-dependent
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Figure 4. Adiponectin induces myeloma cell apoptosis. (A) Adiponectin receptor expression measured by RT-PCR in 5TGM1 myeloma cells, ST2, C57BI6, and KaLwRij
BMSCs. (B) Western blot of AMPK activation after treatment of 5TGM1 myeloma cells with 5 to 15 ng/mL adiponectin for 48 hours. (C) Western blot of p38 kinase activation
after treatment of 5TGM1 myeloma cells with 5 to 10 wg/mL adiponectin for 48 hours. (D) Proportion of apoptotic 5TGM1 myeloma cells, as measured by annexin V/propidium
iodide staining and flow cytometric analysis, after treatment with 5 png/mL adiponectin for 48 hours. **P < .01, compared with control (data represent 3 independent
experiments). (E) Western blot of cleavage of caspase 3 after treatment of 5TGM1 myeloma cells with 5 to 15 pug/mL adiponectin for 48 hours. (F) Western blot of cleavage of
PARP-1 after treatment of 5TGM1 myeloma cells with 5 to 15 wg/mL adiponectin for 48 hours.

activation of AMP kinase and MAP kinase.?!?> Treatment of
5TGM1 myeloma cells with recombinant adiponectin for 48 hours
resulted in activation of the downstream signaling kinase, AMPK
(Figure 4B). The level of AMPK activation was comparable with
the activation seen after treatment with the known AMPK activator,
aminoimidazole carboxamide ribonucleotide (Figure 4B). In addi-
tion, adiponectin treatment also resulted in the activation of p38
(Figure 4C).

Adiponectin is known to induce apoptosis in a number of solid
tumors, including breast cancer. Its role in myeloma is unknown;
however, our in vivo studies suggest a tumor-suppressive effect.
Furthermore, the activation of AMPK has been shown to inhibit growth
of myeloma cells and other types of cancer cells.”*> Given this
inhibition, we determined the downstream effects of adiponectin on
myeloma cells. STGM1 myeloma cells treated with adiponectin showed
a significant decrease in viability and a significant increase in the
percentage of apoptotic cells compared with vehicle-treated control cells
(Figure 4D). Moreover, there was an increase in expression of cleaved
caspase-3 (Figure 4E) and PARP-1 cleavage (Figure 4F) present in
5TGMI1 myeloma cells, indicative of apoptotic signaling activation.
Although these studies indicate a mechanism through which adiponectin
exerts a tumor-suppressive effect, the potential for targeting adiponectin
clinically remained to be demonstrated.

L-4F increases adiponectin production in vitro and in vivo

Because our data strongly suggest that a decrease in host-derived
adiponectin promotes myeloma, we hypothesized that pharmaco-
logic enhancement of adiponectin levels may represent a novel
therapeutic approach. To increase adiponectin production, we used
an apolipoprotein mimetic peptide (L-4F) reported to increases
serum concentrations of HMW adiponectin in obese mice.? First,
the low basal levels of adiponectin in KalLwRij mice were
increased to a level comparable with normal C57B16 mice (Figure
5A). To determine whether L-4F could induce adiponectin expres-
sion in BMSCs, particularly from KalLwRij mice with decreased
adiponectin expression, normal ST2 BMSCs and primary BMSCs
isolated from myeloma-permissive KalLwRij mice were treated
with L-4F. Both ST2 and KaLwRij BMSCs showed a significant
induction of adiponectin expression within 48 hours. This increase
in expression was demonstrated at both 20 and 40 pg/mL (Figure
5B). Interestingly, the KaLwRij BMSCs showed adiponectin
expression after L-4F treatment, despite basal expression being
undetectable. In contrast, STGM1 myeloma cells treated with L-4F
failed to induce adiponectin expression, which remained undetect-
able (data not shown).

Increasing concentrations of L-4F did not inhibit STGM1
myeloma cell viability (Figure 5C). However, treatment of STGM1
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Figure 5. L-4F treatment increases circulating adi-
A HMW ponectin in vivo and increases adiponectin expres-
300000 - adiponectin sion by BMSCs. (A) Expression of HMW adiponectin, as
0 Day 21 measured by Western blot, in mice treated with L-4F for
= i 21 days, compared with baseline. A representative West-
‘g %‘ ern blot image is shown. Data are mean + SEM of
§ §20D00{) 1 5 mice. *P < .05. (B) Quantitative real-time PCR measure-
o o ment of adiponectin/GAPDH ratios in ST2 and KaLwRij
; % BMSCs after treatment with L-4F for 48 hours. **P < .01
s EWODOO ] and ***P < .005, compared with control. (C) Myeloma
= cell proliferation, as measured by MTS assay, after
treatment with 10 to 40 pg/mL L-4F for 24 to 72 hours.
(D) Myeloma cells were treated with 20% conditioned
0 o] media from KaLwRij or adiponectin knockout BMSCs that
0 Day 21 had been treated with 40 pg/mL L-4F or vehicle control.
B . Apoptotic and viable cells were quantitated by annexin
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myeloma cells with conditioned media from KalLwRij BMSCs
treated with L-4F showed a significant increase (82%) in the
percentage of apoptotic cells (Figure 5D). In contrast, treatment of
5TGM1 myeloma cells with conditioned media from L-4F—treated
Adipo~/~ BMSCs had no significant effect on apoptosis, indicating
that L-4F can indirectly induce myeloma cell apoptosis via
induction of adiponectin in BMSCs. These results suggest that
BMSC:s of the myeloma-permissive KaLwRij mice are not irrevers-
ibly altered and support the therapeutic potential for increasing
adiponectin levels using L-4F in vivo.

L-4F reduces myeloma tumor burden via adiponectin in vivo

Given that L-4F increases adiponectin expression and production
in vitro, we next addressed whether L-4F treatment of myeloma-
bearing KaLwRij mice had an antitumor effect. Our data from
human subjects who develop myeloma demonstrate that decreased
adiponectin levels are present before myeloma cell presence.
Because our human data suggest a role for adiponectin in the early
stages of myeloma development, we first investigated the effect of
L-4F administered as pretreatment, to increase host adiponectin
levels, before myeloma cell inoculation. After 28 days of daily
L-4F treatment, KalLwRij mice showed an increase in both HMW
and total adiponectin levels present in serum (Figure 6A), similar to
that seen in normal C57BI16 animals. At the 28-day time point, mice

were inoculated with STGM1 myeloma cells. Treatment with L-4F
or vehicle was continued throughout the experiment to maintain the
change in the host microenvironment. Mice treated with L-4F had a
significant reduction in tumor burden throughout disease progres-
sion (Figure 6B-C). Interestingly, the decrease in tumor burden was
seen early in myeloma development, suggesting that changes in
adiponectin are important for tumor establishment. Immunohisto-
chemical analysis of the bone marrow demonstrated a significant
increase in the number of apoptotic myeloma cells in mice treated
with L-4F compared with vehicle-treated mice (Figure 6D). There
was also a significant decrease in Ki67 staining and a 55% decrease
in phospho-histone H3-positive myeloma cells in the bone marrow
of mice treated with L-4F, indicative of a decrease in overall myeloma
cell proliferation (Figure 6E). In contrast, L-4F treatment of myeloma-
bearing mice from time of tumor inoculation had no effect on tumor
burden (data not shown), suggesting that modification of the host
microenvironment, before myeloma cells appear, is critical for the
anti-myeloma effect of L-4F and adiponectin. Importantly, the anti-
myeloma effects of L-4F were not observed in adiponectin-deficient
mice. There was a 33.4% = 10.2% decrease in serum IgG2bk in WT
mice treated with L-4F (P < .05), but no significant decrease in tumor
burden in L-4F—treated adiponectin-deficient littermates (Figure 6F).
These in vivo results confirm that the effects of L-4F to reduce myeloma
tumor burden are mediated through adiponectin.
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Figure 6. L-4F has anti-myeloma effects in vivo. A _ ) B

(A) Western blot of the different molecular weight iso- Lo HWW adiponectin 60
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myeloma cells in BM was quantitated by flow cytometry. 0+ -
**P < 01, compared with vehicle control. (C) KaLwRij e "o — Vehicle L4F
mice were treated as described in panel B and tumor c 12 3 -

burden monitored by serum IgG2bx ELISA. Two-way
ANOVA demonstrated a significant difference in the rate
of tumor development in L-4F-treated mice compared
with control (P < .01). Days 0 to 15 are expanded in the
second panel to demonstrate differences in tumor burden
detectable at early time points. (D) Apoptotic myeloma
cells in the BM were quantitated by TUNEL staining. A
representative image is shown. White asterisks represent
TUNEL-positive cells. Bar represents 50 um. *P < .05,
compared with vehicle control. (E) Proliferation was
quantitated in the BM by immunostaining for Ki-67. Bars
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represent 200 um. *P < .05, compared with vehicle con-
trol (Vehicle, n =9; L-4F, n =10). (F) Adiponectin-
deficient mice (KO) or WT controls were treated with L-4F
for 28 days before inoculation of 5TGM1 myeloma cells.
Treatment was continued for a further 25 days, at which
point mice were killed. Tumor burden was monitored by
serum IgG2bk ELISA. Data are expressed as percentage
change in serum IgG2bk after treatment with L-4F.
#P < .05 compared with WT. (G) KaLwRij mice were
treated with L-4F for 28 days before inoculation of 5TGM1
myeloma cells. Treatment was continued until time of
paraplegia, as a surrogate for survival. Data are dis-
played as a Kaplan-Meier plot, and a log-rank (Mantel-
Cox) test demonstrated a significant increase in survival
with L-4F treatment (P < .0001, n = 15). (H) KaLwRij
mice were inoculated subcutaneously with 5TGM1 my-
eloma cells and treated with L-4F. Tumor volume was
measured daily (Vehicle, n = 7; L-4F, n = 8). Two-way
ANOVA demonstrated a significant difference in the rate
of tumor development in L-4F-treated mice compared F

with control (P < .05). Data are mean *= SEM. 30
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To further investigate the anti-myeloma effects of L-4F in vivo,
we examined whether L-4F treatment could increase survival or
impair myeloma cell growth independent of the bone marrow
microenvironment. Myeloma-bearing mice treated with L-4F
showed a significant increase in survival compared with vehicle-
treated animals (P < .0001, Figure 6G). Finally, because adiponec-
tin is a secreted factor detected in the serum, we used L-4F in a
plasmacytoma model to test the anti-myeloma effects independent
from the bone marrow microenvironment. KaLwRij mice were
treated daily with L-4F after subcutaneous injection of 5STGM1
myeloma cells. L-4F treatment resulted in a significant decrease in
tumor growth, compared with vehicle-treated mice (P < .05,
Figure 6H), that was associated with a significant 8-fold increase in
myeloma cell apoptosis.

L-4F decreases myeloma bone disease

Myeloma is associated with a destructive osteolytic disease; therefore,
when investigating new potential therapeutic options, it is important to
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consider potential benefits for myeloma bone disease in addition to
antitumor effects. As previously described and commensurate with
human myeloma bone disease, myeloma-bearing Kal.wRij mice have
reduced trabecular bone volume, increased numbers of both osteolytic
lesions and osteoclasts, and decreased osteoblast numbers and bone
formation rates. Micro-CT analysis showed that treatment with L-4F
resulted in significantly fewer osteolytic lesions within cortical bone,
relative to vehicle-treated mice (Figure 7A). Histomorphometric analy-
sis demonstrated a 26% increase in trabecular bone volume, no
significant differences in osteoclast numbers, and a significant increase
in bone formation rates in L-4F—treated mice compared with vehicle
(Figure 7B).

To determine whether L-4F had effects on bone independent of
tumor cell presence, we assessed the bone parameters in nontumor mice
treated with vehicle or L-4F. After L-4F treatment, mice showed a
significant increase in trabecular bone volume, measured by micro-CT,
compared with vehicle-treated animals (Figure 7C). Histomorphometry
showed that L-4F treatment induced a significant increase in both
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Figure 7. L-4F prevents myeloma bone disease and increases bone volume and bone formation in non-tumor-bearing mice. (A) KaLwRij mice were treated with L-4F
for 28 days before inoculation of 5TGM1 myeloma cells. Treatment was continued for a further 25 days, at which point mice were killed. Representative images of tibiae of
vehicle and L-4F treated are shown. Osteolytic lesions through cortical bone were quantitated after micro-CT analysis. Vehicle, n = 9; L-4F, n = 10. (B) Bone formation rates in
myeloma-bearing control and L-4F-treated mice were quantitated by dynamic histomorphometry. (C) KaLwRij mice were treated with L-4F for 28 days. Micro-CT analysis
demonstrated a significant increase in trabecular bone volume. N =5 per group. (D) Osteoblast number in control and L-4F-treated mice was quantitated by
histomorphometry. (E) Adiponectin-deficient mice (KO) or WT controls were treated with L-4F for 28 days before inoculation of 5TGM1 myeloma cells. Treatment was continued
for a further 25 days, at which point mice were killed. Trabecular bone volume was quantitated by micro-CT analysis, and rates of bone formation were quantitated by dynamic
histomorphometry (F). (E-F) Data are presented as percentage change in response to treatment with L-4F. Data are mean = SEM. *P < .05 and ***P < .001, compared with

vehicle. #P < .05, compared with WT.

osteoblasts (Figure 7D) and bone formation rates (data not shown). In
contrast to the increase in osteoblast number and activity seen in
response to L-4F, there was no significant change in the number of
osteoclasts (data not shown). As such, these data provide strong
evidence that L-4F has positive effects on both myeloma bone
disease and normal bone, probably mediated through increasing
osteoblastic bone formation. Importantly, the effects of L-4F on
myeloma bone disease were not observed in adiponectin-
deficient mice; myeloma-bearing adiponectin-knockout mice
treated with L-4F had no increase in trabecular bone volume
(Figure 7E) or rates of bone formation (Figure 7F), compared
with WT mice. This confirms that the effects of L-4F to reduce
myeloma bone disease are mediated through adiponectin.

Discussion

The present study identifies adiponectin as a novel mediator in the
pathogenesis of myeloma and provides direct in vivo evidence for

an association between decreased adiponectin levels and myeloma
establishment and progression. In the preclinical murine model of
myeloma, decreased circulating adiponectin was observed in the
myeloma-permissive KalLwRij mice, compared with non-
permissive C57B16 mice. These observations were supported by
clinical evidence demonstrating that MGUS patients who pro-
gressed to myeloma had decreased serum adiponectin concentra-
tions. Adiponectin deficiency exacerbated myeloma pathogenesis,
whereas increasing circulating adiponectin in myeloma-bearing
mice resulted in reduced tumor burden, prevention of myeloma
bone disease, and increased overall survival. These data demon-
strate that adiponectin is tumor-suppressive and decreased levels
contribute to myeloma pathogenesis. Furthermore, we have estab-
lished the potential therapeutic benefit of increasing adiponectin
levels in the treatment of myeloma.

In almost all cases, myeloma is preceded by the non-malignant
plasma cell disorder MGUS. However, not all patients with MGUS
will develop myeloma, with studies demonstrating a rate of
progression of 1% per year, with a rate of disease progression of
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10% at 10 years and 21% at 20 years.”” The underlying mecha-
nisms behind the progression of MGUS to myeloma are not well
understood, and it is currently not possible to definitively identify
the patient with MGUS who will develop myeloma. In the present
study, we identified a significant reduction in adiponectin concen-
trations in a subset of MGUS patients who subsequently progressed
to myeloma, compared with those MGUS patients who did not.
Furthermore, we observed a negative correlation between adiponec-
tin concentrations and monoclonal protein levels, which have
previously been shown to predict progression to myeloma. No
association was observed between adiponectin concentrations and
evidence of bone disease. Strikingly, these results were only
observed in female patients. Adiponectin concentrations are in-
creased in females, and our data are in support of this.?®>® This
gender difference may be a result of testosterone-mediated inhibi-
tion of adiponectin secretion.?*3* However, we found no significant
difference in testosterone levels in patients with MGUS, suggesting
that the reduction in adiponectin in female patients with MGUS
who progress to myeloma is not dependent on testosterone. There is
no evidence to suggest that gender is associated with risk of
progression from MGUS to myeloma, although the incidence of
myeloma is greater in males than in females. Although only a
subset of our overall cohort, our results raise the intriguing
possibility that serum adiponectin concentrations may be a benefi-
cial biomarker in predicting the likelihood of myeloma progression
from MGUS in women.

To date, there are very few studies measuring circulating adiponectin
in plasma cell disorders, with only 2 studies indicating a potential
association between abnormal adipokine production and myeloma.3'-32
However, adiponectin is inversely correlated with obesity, and there is
increasing evidence to suggest an association between obesity, MGUS,
and myeloma.’33 Interestingly, in the present study, all samples were
age-, sex-, and BMI-matched,; therefore, it is unlikely that the differences
observed in adiponectin concentrations are simply a reflection of
changes in obesity. Furthermore, we have confirmed that differences in
glucose, testosterone, or the presence of a metabolic syndrome were not
associated with progression from MGUS to myeloma. Our studies
suggest that differences in host-derived adiponectin may be a major
contributing factor in myeloma pathogenesis, which is a unique and
unexplored concept.

In this study, we demonstrate that reduced or absent adiponectin
promotes myeloma progression and we provide strong evidence for
a tumor-suppressive role for adiponectin in myeloma. Adiponectin
can directly induce apoptosis of myeloma cells, myeloma cell
apoptosis is reduced in myeloma-bearing adiponectin-deficient
mice, and increasing adiponectin via L-4F increased apoptosis of
myeloma cells in vivo. Adiponectin-induced apoptosis was associ-
ated with an activation of AMPK that has been shown to inhibit
myeloma cell growth in vitro, supporting AMPK activation as a
potential mechanism by which adiponectin can reduce myeloma
tumor burden in vivo.?* Adiponectin haploinsufficiency was shown
to promote mammary tumor development, but recently, 2 indepen-
dent studies have identified a proangiogenic effect of adiponectin in
mammary tumor development where later stages of the disease
were associated with either an increase in tumor growth or
metastasis.!'"13 In light of these studies, we specifically analyzed
myeloma growth at different stages of disease development and
identified no evidence of enhanced tumor growth in response to
adiponectin. Myeloma-bearing adiponectin-deficient mice had a
higher tumor burden than their WT littermate controls. Intriguingly,
the increased tumor burden was apparent not only at death but also
very early in disease development. Furthermore, the potent anti-
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myeloma effect of L-4F, mediated via adiponectin, was only
observed when mice were treated with L-4F before tumor inocula-
tion, and was again apparent as early as 7 days after tumor
inoculation. These results, combined with our observation of
decreased adiponectin in MGUS patients who progress to my-
eloma, suggest that host-derived adiponectin has a protective effect
against myeloma establishment and progression, which manifests
early in disease development.

Our studies suggest that adiponectin represents a novel potential
therapeutic target in myeloma and raise the possibility of L-4F as a
treatment for this fatal malignancy. Indeed, an oral version of L-4F
is currently in clinical trials for the treatment of cardiovascular
disease.®® L-4F is an apolipoprotein peptide mimetic developed for
the treatment of atherosclerosis, which we and others found to
significantly increase serum adiponectin concentrations in vivo.?
L-4F had no effect in adiponectin-deficient mice, suggesting that
the anti-myeloma effects are mediated through adiponectin. How-
ever, we cannot exclude the possibility that the effects of L-4F may
be the result of changes in the microenvironment of adiponectin-
deficient mice, which have previously been shown to influence
lung and melanoma growth.3® The striking effect of L-4F to reduce
myeloma development when administered preventatively, com-
bined with our observations of decreased adiponectin in MGUS
patients who progress to myeloma, raise the intriguing potential for
L-4F and related compounds as a prophylactic approach for those
MGUS patients identified at high risk for myeloma development.

Destructive osteolytic bone disease is a major clinical feature of
myeloma. We show that L-4F has positive effects on bone, in the
presence or absence of tumor cells, suggesting that L-4F may be a
viable treatment option for other conditions in which bone health is
compromised. Our data suggest that adiponectin improves bone
mass mainly through stimulation of osteoblasts. Conflicting studies
in the literature indicate both a positive and negative effect of
adiponectin on the skeleton.?”*° The additional benefits of L-4F on
bone suggest that increasing adiponectin may be beneficial for
MGUS patients who experience bone loss, as recently demon-
strated by Drake et al, who found that MGUS patients experience a
generalized bone loss despite the absence of lytic lesions.4?

In conclusion, our studies using human and murine systems have
collectively identified a novel mechanism whereby decreased adiponec-
tin promotes tumor growth and myeloma bone disease. Moreover, our
model has highlighted a clinical association between adiponectin and
myeloma progression from the clinically identified, yet poorly under-
stood, non-malignant plasma cell disorder MGUS. We have clearly
demonstrated the potential for targeting adiponectin in the treatment of
myeloma and the associated bone disease, identifying not only adiponec-
tin as a therapeutic target but also apolipoprotein peptide mimetics, such
as L-4F, as novel therapies for the treatment of myeloma. The inevitable
fatality associated with a diagnosis of myeloma and the unpredictable
nature of MGUS progression make it imperative to identify mechanisms
that will ultimately enhance our understanding of disease progression
and lead to new therapeutic approaches, such as targeting adiponectin, to
both prevent myeloma development, and to treat patients with estab-
lished myeloma and their associated bone disease.
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