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While multiple myeloma (MM) is almost invariably preceded by asymptomatic monoclonal gammopathy of
undetermined significance (MGUS) and/or smoldering MM (SMM), the alterations of the bone marrow (BM)
microenvironment that establish progression to symptomatic disease are circumstantial. Here we show that in Vk*MYC
mice harboring oncogene-driven plasma cell proliferative disorder, disease appearance associated with substantial
modifications of the BM microenvironment, including a progressive accumulation of both CD8C and CD4C T cells with a
dominant T helper type 1 (Th1) response. Progression from asymptomatic to symptomatic MM was characterized by
further BM accrual of T cells with reduced Th1 and persistently increased Th2 cytokine production, which associated
with accumulation of CD206CTie2C macrophages, and increased pro-angiogenic cytokines and microvessel density
(MVD). Notably, MVD was also increased at diagnosis in the BM of MGUS and SMM patients that subsequently
progressed to MM when compared with MGUS and SMM that remained quiescent. These findings suggest a multistep
pathogenic process in MM, in which the immune system may contribute to angiogenesis and disease progression. They
also suggest initiating a large multicenter study to investigate MVD in asymptomatic patients as prognostic factor for
the progression and outcome of this disease.

Introduction

Multiple myeloma (MM) is a B cell neoplasm characterized
by the accumulation of clonal plasma cells within the BM, which
in most cases is associated with monoclonal (M) protein (M-
spike) in blood and/or urine. MM is also characterized by end-
organ damage such as anemia, hypercalcemia, renal insufficiency
and bone lesions.1 Often if not always, MM is preceded by
MGUS, a pre-malignant condition without clinical symptoms of
malignancy.2,3 In some patients, an intermediate condition

defined as SMM, which is characterized by an M-spike of 3g/dL
or more and BM containing �10% of plasma cells without evi-
dence of end-organ damage related to the underlying plasma-cell
disorder,4 anticipates MM. Despite recent promising advances in
the treatment of MM,5 the disease remains incurable, and all
patients eventually relapse and die for the disease.

Genetic studies have found copy number alterations at all
stages, and lack of substantial genetic differences between MGUS
and MM.6,7 Also, primary chromosomal translocations affecting
the Ig locus are present at the MGUS phase of the disease,
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although additional aberrations, the so-called secondary translo-
cations arise during disease progression.7 Thus, all together these
data suggest that MM results from the progressive accumulation
of epigenetic, genetic, transcriptional, and phenotypic changes
within the transforming plasma cell.

While the BM microenvironment has a pivotal role in provid-
ing critical cell–cell interactions and autocrine and paracrine sig-
naling to support malignant plasma cell growth and survival, its
role in disease progression is only partially deciphered.8,9 This is
particularly true for the immune response that in different solid
tumors has been clearly shown to either eliminate transformed
cells or promote their tumorigenic potential.8 Thus, the nature
of the immune response during the early phases of MM could
already have profound consequences in determining whether
neoplastic plasma cells are eliminated or allowed to expand. This
lack of knowledge has direct clinical implications. Indeed, while
only 1% of MGUS patients per year will move forward to MM,
and notwithstanding the risk to progress to MM in SMM patient
increases to 10% per year, no reliable methods to predict disease
progression are available. Several prognostic criteria have been
proposed (e.g., the progressive increase in the M-spike in the first
year of follow-up, the type of monoclonal immunoglobulin, or
the serum free light chain ratio) with limited clinical impact,3

and attempts to treat MM precursor conditions have produced
mixed results,3 which are likely due to the inability to select for
patients that really need a treatment. A relevant exception has
been one phase III trial in which specific biomarkers were imple-
mented to focus on patients with the highest probability to have
symptomatic MM.10

Thus, a better understanding of the changes to the complex
interactions of malignant plasma cells and their surrounding
immune cells in the BM milieu, especially at the early phases of
disease, is eagerly needed to better define the risk of progression,
and provide the framework for novel therapies targeting these
interactions. To this aim, we have investigated the BM microen-
vironment during disease progression in Vk*MYC mice in
which the activation of the transcription factor MYC, whose
locus is found rearranged in half human MM tumors11 includ-
ing SMM,12 occurs sporadically through the exploitation of the
physiological somatic hypermutation process in germinal center
B cells. Within a year, although with variable intensity, all mice
develop a monoclonal plasmacytosis confined to the BM, a
measurable serum M-spike, and progressively show typical end-
organ damage.13 When compared with other existing mouse
models of human MM, the Vk*MYC model appears to more
fully recapitulate the human disease,14 and it has been already
validated as a faithful model to predict single agent drug activity
in human MM with a positive predictive value of 67% for clini-
cal activity, and a negative predictive value of 88% for clinical
inactivity,15

We have found in Vk*MYC mice that disease appearance
was characterized by substantial modifications of the BM micro-
environment, including a progressive accumulation of both
CD8C and CD4C T cells with a dominant Th1 response.
Instead, progression from asymptomatic to symptomatic MM
in these mice associated with imbalance between Th1 and Th2

immune responses, accumulation of CD206CTie2C macro-
phages, and increased pro-angiogenic cytokines and MVD.
Importantly, MVD was found significantly increased at diagno-
sis also in MGUS and SMM patients that, under monitoring,
subsequently progressed to MM when compared with MGUS
and SMM subjects who remained stable, thus suggesting that
MVD at diagnosis might be a predictive marker of disease pro-
gression in MM.

Results

Modification of the BM immune infiltrate is an early event
in Vk*MYC mice with M-spike

To identify immune correlates of disease progression in
Vk*MYC mice, we conducted multi-parameter flow cytometry
analyses in aging mice with M-spike at serum electrophoresis,13

and compared these findings with those obtained from age and
sex-matched wild type (WT) littermates. The BM of Vk*MYC
mice harboring an M-spike showed a progressive accumulation
of CD3C T cells that was independent of mouse age, and not
present in WT mice (data not shown). This accumulation
involved both CD8C (Fig. 1A) and CD4C T cells (Fig. 1B).
Interestingly, a much higher frequency of CD8C T cells and
especially CD4C T cells was evident in mice with an M-spike
�6%, which corresponds to 3–5 g/dL of paraprotein (Figs. 1A
and B). When these cells were assessed for intracellular cytokine
production, the frequency of both CD8C T cells producing
IFNg or TNFa, and CD4C T cells producing IFNg or IL2, all
type-1 cytokines, was higher in the BM of Vk*MYC mice with
an M-spike <6% than in WT mice (Figs. 1C and D, respec-
tively), thus demonstrating that the BM microenvironment of
Vk*MYC mice is the site of an inflammatory reaction with earlier
homing of type-1 T cells. Interestingly, while the percentage of
CD8C IFNgC and CD4C IL2C type-1 T cells significantly
dropped in Vk*MYC mice with an M-spike �6% when com-
pared with mice with an M-spike <6%, the production of type-2
cytokines (i.e., IL4 and IL13; Fig. 1E) remained higher in all
Vk*MYC than in WT mice, thus suggesting a tendency toward a
type-2 immune response in more advanced phases of disease.

An asymptomatic phase that progresses to symptomatic MM
can be identified in Vk*MYC mice

To better correlate the BM immune infiltrate with the disease
status, plasma cells were quantified in the BM of Vk*MYC mice
and age-and sex-matched littermates. As depicted in representa-
tive BM sections stained with an anti-IRF4/MUM1 mAb16

(Fig. 2A), and quantified in blind (Fig. 2B), plasma cells pro-
gressively accumulated in the BM of Vk*MYC mice, but not in
WT mice. Indeed, Vk*MYC mice with an M-spike <6%
(Fig. 2C) had an average plasma cell content of 30%, which was
significantly higher than that found in WT mice (approximately
10%), but lower than the >50% of the nucleated cells (Fig. 2B)
that could be found in the BM of mice with M-spike �6%
(Fig. 2C).
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As target organ damage is a
defining criterion for MM, and
Vk*MYC affected by MM also
develop anemia, renal damage
and bone lytic lesions,13 our
cohort of Vk*MYC mice was
investigated for symptomatic
disease. Indeed, anemia
(Fig. 2D) and a much more
pronounced loss of bone min-
eral density (Fig. 2E) was evi-
dent in Vk*MYC mice with an
M-spike �6%.

In summary, Vk*MYC mice
with an M-spike <6%, while
having by definition MYC alter-
ations, were characterized by
BM containing between 10%
and 60% of plasma cells and no
evidence of substantial end-
organ damage attributable to
the plasma cell disorder. Thus,
for the sake of simplicity,
Vk*MYC mice with an early
disease characterized by M-spike
<6% were hereafter defined as
affected by SMM.

Progression from SMM to
MM in Vk*Myc mice is
heralded by an angiogenic
switch

As rearrangement of MYC
has been associated with pro-
gression to MM,13 and MM is
also associated with increased
BM angiogenesis,17 we hypothe-
sized that also in Vk*MYC mice disease progression is character-
ized by an angiogenic switch. Thus, BM samples from Vk*MYC
and WT mice were stained with an anti-CD31 mAb and vessels
counted in blind. While we did not notice any difference in
MVD when comparing samples from WT and SMM Vk*MYC
mice, BM from MM Vk*MYC mice showed almost twice the
amount of vessels (Fig. 3A). Of note, MVD strongly correlated
with M-spike content (Fig. 3B), therefore suggesting a direct
relationship between disease activity and paraprotein level in this
model.

In search for a mechanistic explanation of the angiogenic
switch, we measured several cytokines in BM serum of Vk*MYC
and age-and sex-matched WT mice. As previously reported in
MM patients,18,19 among the 18 cytokines explored (Fig. 3C), a
strong, significant increase of VEGF-A and IL18, two angiogene-
sis-promoting cytokines,19,20 was evident in Vk*MYC mice at
the phase of MM (Figs. 3D and E, respectively). Again, a corre-
lation was found between peripheral blood M-spike and VEGF
concentration in BM serum (Fig. 3F).

Having found that in the BM of Vk*MYC mice progressing
to angiogenesis there were increased VEGF and frequency of T
cells producing Th2 cytokines, such as IL4 and IL13 (Fig. 1E),
both conditions favoring accumulation of alternatively activated/
M2 tumor associated macrophages (TAMs21), we investigated
the characteristics of BM-infiltrating CD11bC F4/80C TAMs.
Indeed, CD11bC F4/80C TAMs appeared to preferentially accu-
mulate in the BM of MM Vk*MYC mice (Fig. 4A), and the fre-
quency of bona fide pro-angiogenic CD11bC F4/80CTie2C

macrophages (Tie2-expressing macrophages, TEMs22) were
much higher than in BM of SMMmice (Fig. 4B). The frequency
of BM TEMs well correlated with serum M-spike (Fig. 4C), thus
suggesting a role for these cells in BM angiogenesis.

Increased MVD and angiogenic cytokines in the BM identify
a subpopulation of asymptomatic patients that progress to
symptomatic MM

Because of transgene expression, all Vk*MYC mice affected by
SMM are bound to develop MM,13 which we have found is

Figure 1. Modifications of the T cell infiltrate in the BM of Vk*MYC mice during disease progression.
(A and B) The frequency of CD8C and CD4C T cells was assessed in the BM of Vk*MYC mice and age-matched
WT littermates by flow cytometry after staining with the indicated mAbs. Each dot represents an individual
mouse. (C–E) Cells were also analyzed by intracellular cytokine production assay upon incubation with PMA
and Ionomycin for 4 h at 37�C. BFA was added during the last 3 h of stimulation. Dead cells were excluded by
live/dead staining. Aggregated data from five independent experiments are reported as mean § SE. Statistical
analyses (Student’s t test): *p < 0.05; **p < 0.01; ***p < 0.001.
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characterized by an angiogenic
switch. This is substantially dif-
ferent from what occurs in
MGUS/SMM patients, among
which only a minority will
move forward to MM. Hypoth-
esizing that disease progression
in Vk*MYC mice well recapitu-
lates what occurs only in those
MGUS and SMM patients that
will progress to MM, we set out
to investigate MVD in the BM
of a cohort of MGUS and
SMM patients that progressed
to MM, and compared these
data with those obtained from a
cohort of MGUS and SMM
patients that did not progress to
MM in the same time lag
(Table 1). To this aim, the
microvessel area was investigated
in blind on BM biopsies (BMb)
obtained at the time of first
diagnosis, and in the second
BMb obtained 2–27 years later,
and not earlier than 6 months
before clinical and hemato-
chemical signs of the overt pro-
gression in patients who
progressed. Already at the first
BMb, some MGUS and SMM
showed increased micovessel

Figure 2. Both M-spike and BM
plasma cells increase during dis-
ease progression in Vk*MYC mice.
(A) Paraffin-embedded sections of
the shinbone from Vk*MYC and
sex-and age-matched WT litter-
mates were analyzed by immuno-
histochemistry after staining with
anti-IRF-4 mAb (40x magnification).
(B) The number of BM plasma cells
was also quantified in blind by an
expert pathologist. (C) Mice were
also assessed for percentage of
serum M-spike by serum protein
electrophoresis analyses. (D)
Hemoglobin (Hgb) concentration,
and (E) bone mineral density were
assessed individually in the indi-
cated groups of mice as described
in the Materials and Methods sec-
tion. Each dot represents an indi-
vidual mouse. Data are reported as
mean § SE. Statistical analyses
(Student’s t test): *p < 0.05;
**p < 0.01; ***p < 0.001.
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area (Figs. 5A and B, respectively), and microvesssel area in the
first BMb was significantly higher in those patients who at fol-
low-up evolved to symptomatic MM when compared with those
who persisted asymptomatic (Fig. 5C). As expected,23,24 patients
who progressed to symptomatic MM showed at the second BMb
a further increase in microvessel area (Fig. 5C).

When we measured cytokines in the BM plasma of these
patients at the time of first BMb, we found that levels of main

angiogenic cytokines were significantly increased in evolved vs.
not evolved patients (Table 2). Specifically, VEGF, FGF-2,
ANG-2, HGF, and PDGF-BB were significantly increased, while
no relevant variations or a trend to decrease were seen for TNFa,
IL8, TIMP-1 and TIMP-2. There was no interrelation between
the ANG-2, VEGF and PDGF-BB increase in a linear manner

Figure 3. Increased BM angiogenesis characterizes the transition from
SMM to MM in Vk*MYC mice. (A) Paraffin-embedded sections of the shin-
bone from Vk*MYC and sex-and age-matched WT littermates were
stained with anti-CD31 mAb, and vessels were quantified by an expert
pathologist. Data are reported as MVD for each shinbone. (B) Correlation
plot of MVD and percentage of M-spike. Each dot represents an individ-
ual mouse. Statistical analyses (Linear Regression): p D 0.002 R2 D 0.65.
(C) The indicated soluble molecules were quantified in the BM sera of
the same groups of mice (n D 7/group) by Mouse Cytokine MAP B v 1.0.
The Heat map shows the level of cytokines with values above 0, cluster-
ing using as distance metric 1-correlation, as linkage method average.
(D and E) Data for the most relevant cytokines are also reported as
mean § SE, and are representative of two independent experiments.
Statistical analyses (Student’s t test): * p < 0.05. (F) Correlation plot for
VEGF (pg/mL) and M-spike (%). Each dot represents an individual mouse.
Statistical analyses (Linear Regression): p< 0.0001 R2 D 0.64.

Figure 4. TEMs accumulate in the BM of Vk*MYC mice during disease
progression. (A) The frequency of CD11bC F4/80C macrophages was
assessed in the BM of Vk*MYC mice and age-matched WT littermates by
flow cytometry after staining with the indicated mAbs. Dead cells were
excluded by live/dead staining. Each dot represents an individual mouse.
Data from three independent experiments were aggregated. (B) Fre-
quency of TEMs within the CD11bCTie-2C cells. Data are reported as
mean § SE. Statistical analyses (Student’s t test): * p < 0.05; ** p < 0.01.
(C) Correlation plot for Tie-2C TEMs (%) and M-spike (%). Statistical analy-
ses (Linear Regression): p D 0.021 R2 D 0.76.

www.tandfonline.com e1008850-5OncoImmunology



(rs D 0.53, p D 0.02, by Spearman correlation test). All together,
these data suggest that a subgroup of asymptomatic patients
affected by MGUS/SMM already harbor biological culprits of
MM that predict progression to symptomatic disease.

Discussion

Taking advantage of a reliable animal model that develops M-
spike and invariably progresses to MM, we have identified and
reported here relevant modifications of the BM microenviron-
ment that were predictive of angiogenesis and progression to
MM. More importantly, increased microvessel area allowed us to
distinguish a subset of MGUS/SMM patients that progressed to
MM. Thus, our data extend to this very relevant subset of
patients previous findings demonstrating that angiogenesis is
increased in MM patients when compared with MGUS and
SMM patients,23 and high-grade angiogenesis or increased
microvessel area are negative prognostic markers in MM
patients.24,25 Interestingly, similar investigations have previously
failed to either show a significant increase in BM angiogenesis in
patients with MGUS when compared with healthy subjects, or to
demonstrate that increased angiogenesis was a significant predic-
tor of disease progression in MGUS and SMM patients.25 This
was likely because the previous work relied on a relatively small
number of unselected MGUS and SMM patients. Thus, poten-
tial informative results might have been diluted by the less rele-
vant information gathered from the majority of MGUS and
SMM that were unlikely to progress to MM.

Our findings also confirm the Vk*MYC as a primary model of
human MM, and extend its potential use to investigate disease
pathogenesis and progression.

Data obtained in the Vk*MYC model suggest a role of the
immune system in disease progression. It has been proposed that
tumor cells activate the angiogenic process at some point by alter-
ing the balance between pro-and anti-angiogenic cytokines.26,27

While the mechanism by which neoplastic plasma cells impact
on BM microenvironment is still poorly defined, our data suggest
that a progressive loss of Th1 immune responses in favor of Th2
T cells and the accumulation of pro-angiogenic macrophages are
key steps in the angiogenic switch. These data are in line with
previous reports on a skew toward Th2 responses, including
tumor-specific CD4C T cells,28 in the peripheral blood of MM

Table 1. Patients’ data

Pts BMb BJ CRAB

SMM Age Type ISS at Diag at Prog at Diag at Prog at Diag at Prog

1 56 IgG-k I 16% 65% NO NO NO I, A, B
2 48 IgG-l I 3% 24% YES YES A A, B
3 74 IgG-k nd 2% 40% NO NO NO A, B
4 64 IgA-l II 16% 75% NO YES NO A
5 72 IgG-k II 8% 70% NO YES A A, B, R
6 71 IgA-k YES / YES / NO /
7 46 IgA-k NO / NO / NO /
8 52 IgG-l NO / NO / NO /
MGUS
1 74 IgA-k II 1% 14% NO NO NO A, B, R
2 69 IgA-k nd 7% 56% NO YES NO A, B
3 74 IgG-l I 1% 8% NO NO NO B
4 76 IgG-k nd 2% 25% NO NO A A, B
5 72 IgG-l NO / NO / NO /
6 63 IgG-k NO / NO / NO /
7 65 IgA-l YES / YES / NO /
8 51 IgG-l YES / YES / NO /
9 44 IgG-k NO / NO / NO /
10 66 IgG-k NO / NO / NO /

Abbreviations: Pts, patients; BMb, BM biopsy; Diag, diagnosis; Prog, progres-
sion; BJ, Bence Jones; I, ipercalcemia; A, Anemia; B, bone lesions; R, renal
insufficiency.
aPlasmacytosis (%) at BMb.

Figure 5.MVD is already increased in the BM of MGUS and SMM patients
that subsequently progress to MM. (A and B) Paraffin-embedded sec-
tions of BMbs from MGUS (A) and SMM patients (B) were analyzed by
immunohistochemistry after staining with anti-factorVIII-RA mAb (40x
magnification). (C) Quantification of microvessel area as £ 10¡2 mm2 in
the BM of MGUS and SMM patients at the time of first and second BMb.
Data are reported as mean § SE. Statistical analyses (Student’s t test) are
reported.
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patients,29 and suggest that an imbalance in the Th1/Th2 ratio
within the BM of MGUS and SMM patients might be predictive
of progression to MM.

Even more instrumental to the angiogenic switch is the
polarization of myeloid precursors to TEMs in the BM of
Vk*MYC mice progressing to MM. TEMs are a minor and dis-
tinct fraction of tumor-infiltrating CD11bC myeloid cells30

that preferentially locate in hypoxic perivascular areas, where
they are likely induced to differentiate to Tie2C MRCC cells by
vascular endothelial cells,31 and support angiogenesis through
the angiopoietin2/Tie2 pathway.32 Unfortunately, no informa-
tion is available to date on TEMs in MM patients, but in
patients with active MM and in Vk*MYC mice, macrophages
are an abundant component of the BM microenvironment
(data reported herein and in33-35) where they support survival
and proliferation of neoplastic plasma cells35-37 and associate
with increased BM vascularity and poor prognosis.38 These
macrophages are functionally, phenotypically, and morphologi-
cally different from those of patients with non-active disease
and MGUS, and upon in vitro exposure to VEGF and FGF-2,
they undergo a process of vascular mimicry, increasing the
expression of Tie2 and VEGFR-1 molecules.39 Thus, investi-
gating the characteristics of TAMs and TEMs in the BM of
patients before they have developed symptomatic MM might
help defining the pathogenic progression of the disease.

It has been proposed that MM evolves from pre-existing
MGUS, and the angiogenic switch may be responsible, at least in
part, for the progression of MGUS and SMM to MM.40 Our
results support this hypothesis. Indeed, in Vk*MYC mice we
found a direct progression from SMM to MM that associated
with perturbation of the BM microenvironment and

angiogenesis, and, more importantly, angiogenesis was already
evident at the stage of MGUS or SMM in those patients that rap-
idly progressed to MM. All together, these results also suggest
that disease in Vk*MYC mice mimics what occurs in a subset of
patients that already at the phase of MGUS/SMM show biologi-
cal culprits of MM (e.g., increased microvessel area). Thus, it
should be assessed if MGUS/SMM patients with these character-
istics at the BMb, even if asymptomatic, should be treated as hav-
ing MM. This hypothesis deserves further experimental and
clinical investigations.

A variety of angiogenic cytokines, including FGF-2, VEGF,
HGF, PDGF-b and TNFa, promote angiogenesis.41 There is
evidence that soluble angiogenic cytokines (i.e., FGF-2, VEGF,
HGF and PDGF-b) are related to the tumor stage,17 can be mea-
sured in the patients’ plasma or serum, rise with tumor progres-
sion and correlate with a more aggressive phenotype, while fall
during response to treatment and long-term disease control.
Accordingly, here we demonstrate that BM plasma levels of
angiogenic cytokines increase significantly in patients with
MGUS and SMM who evolve to MM indicating that these fac-
tors are involved in the “angiogenic switch” that characterizes the
progression from MGUS/SMM to MM.

Taken together, these issues support the view that angiogene-
sis has a critical pathogenic role in MM.25 A much larger sample
size is obviously needed to assess whether angiogenesis, indepen-
dently from genetic properties of neoplastic plasma cells, could
be an independent prognostic factor at the specific stage of
MGUS/SMM. Results reported herein should prompt initiating
a large multicenter study to address this medical need. As some
MM patients have low-grade angiogenesis,25 other critical mech-
anisms of disease progression are likely involved in these patients,

Table 2. BM plasma levels of angiogenic cytokines in patients with MGUS and SMM who evolved or not to MM

Plasma levels

Cytokines Not evolved to MM Evolved to MM Variation p

Mean § SDa (range) Mean § SDa (range) Mean § SDa (range)
FGF-2 36,12 § 10,71 128,8 § 21,64 92,64 § 19,88 0.03

(16,34/70,84) (60,34/163,8) (32,88/147,5)
VEGF 154,6 § 7,292 232,1 § 19,54 77,51 § 20,86 0.03

(138,3/170,9) (174,4/280,1) (3,510/141,8)
ANG2 92,71 § 8,132 206,7 § 45,12 113,9 § 42,26 0.03

(61,20/121,2) (105,8/307,5) (7,480/225,4)
HGF 111,7 § 51,71 655,1 § 244,6 543,4 § 233,8 0.03

(17,26/272,9) (31,08/1390) (13,82/1372)
PDGF-BB 809,0 § 164,3 1572 § 70,87 400,3 § 162,6 0.03

(325,2/1499) (1387/1774) (¡111,6/930,0)
IL-8 11,23 § 3,383 10,08 § 2,171 ¡1,145 § 4,020 ns

(3,660/18,79) (4,780/16,51) (¡14,01/12,85)
TNF-a 29,84 § 8,944 36,90 § 7,919 7,057 § 11,95 ns

(9,840/49,84) (12,16/52,65) (¡37,68/42,81)
TIMP-1 6147 § § 1221 4709 § 437,3 ¡1438 § 995,1 ns

(3990/10000) (3651/6796) (¡5548/461,5)
TIMP-2 11437 § 2398 7981 § 166,9 ¡3456 § 2359 ns

(7164/19000) (7146/8154) (¡10854/981,9)

Results are expressed as mean § SD of two determinations per patient in the whole patients’ group (significant p < 0.05 –Wilcoxon rank test).
apg/mL.
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such as genetic and epigenetic alterations in cell proliferation and
resistance to apoptosis.

Currently, the standard of care for patients with SMM has
been observation until symptomatic disease occurs.42 Indeed, no
interventional study in patients with SMM has shown improved
overall survival in the treatment arm 43-47 except for one phase
III trial in which patients with high-risk SMM were assigned to
lenalinomide plus low-dose dexamethasone or to observation.10

Besides potential limitations of the study48 what distinguishes
the latter from the others is a risk-stratified approach to patient
selection. Indeed, Mateos and colleagues10 implemented specific
biomarkers to focus their trial on patients with the highest proba-
bility to have symptomatic MM. The angiogenic switch might
represent an additional biomarker of high-risk MGUS and
SMM patients.

In conclusion, the availability of a primary animal model of
SMM that invariably progresses to MM should help identifying
both predictive markers of disease progression and drugs that
avoid the switch to MM.

Materials and Methods

Animals
Wild type C57BL/6J mice (from Charles River Breeding Lab-

oratories, Calco IT), and Vk*MYC mice13 were housed in a
pathogen-free animal facility, and treated in accordance with the
European Community Guidelines. Vk*MYC mice were screened
by Real Time PCR in order to identify experimental
Vk*MYCC/– animals. All in vivo experiments were approved by
the Ethical Committee of Fondazione Centro San Raffaele
(Milan IT).

Flow cytometry
Mouse bones were harvested and epiphyses were cut to collect

BM. Single cell suspensions obtained from mouse femora were
labeled with fluorochrome-conjugated monoclonal antibodies
(mAbs, either from BD Bioscience, Buccinasco IT, Biolegend
Europe, Uithoorn The Netherlands, or eBioscience Inc., Prodotti
Gianni, Milan, IT) after neutralization of unspecific binding with
FcR blocker (BD Biosciences), and acquired by BD LSR For-
tessaTM. Data were analyzed using the FlowJo software (TreeStar
Inc., Ashland, OR, USA). Cells were also assessed for intracellu-
lar cytokine production after 4 h at 37�C of stimulation with
Phorbol Myristate Acetate (PMA)/ionomycin. Brefeldin A
(5 mg/mL) was added to the samples during the last 3 h of cul-
ture. After incubation, cells were washed and stained for surface
markers 15 min at 4�C, fixed with 2% paraformaldehyde (PFA),
and permeabilized with saponin (0.5% in PBS). Cells were then
washed and stained for intracellular markers.

Serum protein electrophoresis
Mouse blood was periodically collected in Eppendorf by

retro-orbital sampling. Sera were used undiluted and loaded on
agarose gel (HYDRAGEL, SEBIA electrophoresis, Norcross,
GA, USA). Electrophoresis was performed by the semi-

automated multi-parameter HYDRASYS system SEBIA, and
obtained gels were analyzed by the densitomer/scanner GELS-
CAN SEBIA and PHORESIS software for flat-bed scanner.

Peripheral quantitative computed tomography (pQCT)
The pQCT measurements were performed using a Stratec

Research SAC pQCT scanner (Stratec Medizintechnik GmbH,
Pforzheim, D) with a voxel size of 70 mm and a scan speed of
3 mm/s. In order to orientate the long axes of the bones parallel
to the image planes, the excised bone specimens were fixed with
manufacturer-made plastic holders. The correct longitudinal
positioning was determined by means of an initial “scout scan”.
The scans were performed at the proximal metaphysis and at the
diaphysis of the tibiae. The scans were analyzed with pQCT soft-
ware 6.00B using contour mode 2 and peel mode 2 with a thresh-
old of 350 mg/cm3 for the calculation of trabecular and total
bone parameters and with a threshold of 710 mg/cm3 for cortical
bone parameters.

Hemoglobin estimation
Venous blood samples were freshly obtained by retro-orbital

sampling in BD Vacutainer
�
Blood Collection Tubes (BD Bio-

sciences). Hemoglobin was estimated with an automated cell
counter (System 9000; Serono–Baker Diagnostics, Lintech Com-
ponents, NY, USA).

Immunohistochemistry (IHC)
Vk*MYC mouse bones were formalin fixed and decalcified in

Fix Decal (Pro-Eco) overnight. Bones were then paraffin-embed-
ded, and 4-mm sectioned. Sections were stained with primary
antibodies: anti-CD31 rabbit mAb (Neomarkers, Fremont, CA,
USA; diluted 1:200 over-night) or with IRF4/MUM1 mouse
mAb (Santa Cruz Biotechnology, CA, USA, diluted 1:500 for
1 h). Samples were washed and incubated with biotinylated
horseradish peroxidase (HRP)-labeled secondary antibodies used
1:2 for 30 min (BioCare, Birmingham, UK). Slides were then
incubated for 5 min with the chromogen 3,30 – diaminobenzi-
dine (DAB), which is converted in an insoluble brown precipitate
by the HRP. After washing, slides were contrasted with Mayer-
Hematoxylin (BioOptica, Milan, IT) and mounted with a cover
glass. All sections were blindly evaluated by an expert
hematopathologist.

Patients
A total of 18 patients who fulfilled the International Myeloma

Working Group (IMWG) diagnostic criteria for SMM –
8 patients and MGUS – 10 patients49 who progressed
(9 patients) or not (9 patients) to symptomatic MM were stud-
ied. The ethics committee of the University Medical School of
Bari (IT) approved the study and all patients gave their informed
consent.

Measurement of BM angiogenesis
Blood vessels were detected in 6-mm sections of 4% PFA fixed

paraffin embedded biopsies by staining endothelial cells with the
anti-factor VIII related antigen (FVIII-RA) mAb (Dako,
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Glostrup, Denmark) and a three-layer biotin-avidin-peroxidase
system. Angiogenesis was measured as microvessel area without
knowledge of the clinical diagnosis. Briefly, four to six 250x fields
covering each of two sections per biopsy were examined with a
superimposed 484-point square reticulum (12.5 £ 10¡2 mm2)
for the presence of microvessels (capillaries and small venules).
These were identified as endothelial cells, either single or clus-
tered in nests or tubes, and clearly separated from one another,
and either without or with a lumen (not exceeding 10 mm in
diameter). A planimetric point count method with slight modifi-
cations for the computed image analysis (Zeiss KS300, Zeiss,
Oberkochen, D) was applied to measure the microvessel area
within the cellular area (reticulum area minus dense connective
tissue, fat, bone lamellae, necrosis, and hemorrhage areas). Values
are expressed as mean § 1 standard deviation (SD) per patient,
and groups of patients.

Cytokine quantification in mice BM serum samples
Cytokines were quantified by the Myriad RBDTM multiplex

immunoassay (Myriad RBD, Austin, TX, USA). The sera were
1:10 diluted with PBS, and stored at –808C until sending to
Myriad RBD for cytokine quantification.

BM plasma collection and storage and enzyme-linked
immunosorbent assay (ELISA) in patients

BM plasma samples were collected in not progressed MGUS
and SMM patients and in those who progressed to MM at least
6 months before clinical and hematochemical signs of the overt
progression. BM aspirates were processed immediately after har-
vesting by centrifugation at 1500 rpm for 10 min and the plasma
stored at –80�C until use. Angiogenic cytokines (FGF-2, VEGF,
ANG-2, HGF, PDGF-BB, IL8. TNFa, TIMP-1, TIMP-2) were
measured using the “Q-Plex Human Angiogenesis for the chemi-
luminescent Platform” (Quansys Biosciences, Logan, UT, USA)
and the Q-View Software.

Statistical analyses
These were performed using the Student’s t test. Values were

considered statistically significant for p < 0.05. For all tests sym-
bols mean: * p < 0.05; ** p < 0.01; *** pP < 0.001. Non-
parametric tests were applied because variables were not normally
distributed using the SPSS statistical software. The Wilcoxon
signed rank test was employed to compare pre-and post-progres-
sion cytokine serum levels. The Spearman rank correlation test

was used to evaluate the correlation between the cytokine
variations.
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