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Targeting vasculogenesis to prevent progression in multiple
myeloma
M Moschetta1,2, Y Mishima1, Y Kawano1, S Manier1, B Paiva3, L Palomera4, Y Aljawai1, A Calcinotto5, C Unitt6, I Sahin1, A Sacco1,
S Glavey1, J Shi7, MR Reagan1,8, F Prosper3, M Bellone5, M Chesi9, LP Bergsagel9, A Vacca2, AM Roccaro1,10 and IM Ghobrial1
The role of endothelial progenitor cell (EPC)-mediated vasculogenesis in hematological malignancies is not well explored. Here,
we showed that EPCs are mobilized from the bone marrow (BM) to the peripheral blood at early stages of multiple myeloma
(MM); and recruited to MM cell-colonized BM niches. Using EPC-defective ID1+/ − ID3 − / − mice, we found that MM tumor
progression is dependent on EPC trafﬁcking. By performing RNA-sequencing studies, we conﬁrmed that endothelial cells can
enhance proliferation and favor cell-cycle progression only in MM clones that are smoldering-like and have dependency on
endothelial cells for tumor growth. We further conﬁrmed that angiogenic dependency occurs early and not late during tumor
progression in MM. By using a VEGFR2 antibody with anti-vasculogenic activity, we demonstrated that early targeting of EPCs
delays tumor progression, while using the same agent at late stages of tumor progression is ineffective. Thus, although there is
signiﬁcant angiogenesis in myeloma, the dependency of the tumor cells on EPCs and vasculogenesis may actually precede this
step. Manipulating vasculogenesis at an early stage of disease may be examined in clinical trials in patients with smoldering MM,
and other hematological malignancies with precursor conditions.
Leukemia (2016) 30, 1103–1115; doi:10.1038/leu.2016.3

INTRODUCTION
Increased angiogenesis is associated with progression of hematological malignancies,1,2 and correlates with shorter overall survival and
resistance to therapy.3 These observations led to the assumption that
anti-angiogenic agents would be effective in multiple myeloma
(MM), as they are for several types of solid tumors.4 However,
selective anti-angiogenic drugs have not shown promise therapeutic activity as single agents in clinical trials for hematological
malignancies,5 speciﬁcally for MM.6
Most studies have focused on neoangiogenesis as the
principal mechanism that drives MM-associated vessel formation
in the BM,7 but other mechanisms possibly contributing to this
process8 (that is, vascular co-option, vasculogenic mimicry and
endothelial progenitor cell (EPC)-mediated post-natal vasculogenesis) remain ill deﬁned.
EPCs are BM-derived circulating precursors that can home
to the tumor bed, secrete pro-angiogenic growth factors and
differentiate into endothelial lineage cells through a process
known as ‘post-natal vasculogenesis’, thereby contributing
to vessel formation.9 The role of EPCs in regulating tumor
progression in cancers (such as MM) that already reside in the
BM has not been studied.9 Here, we explore the functional
role of EPC trafﬁcking in a hematological malignancy such as
MM, and test the hypothesis that targeting these cells at the
early stages of the ‘angiogenic switch’,10 before the occurrence
of active progression, can halt disease progression.

MATERIALS AND METHODS
Cells
MM cell lines (human MM1.S, MM1.S-GFP-luc+, MM1.S-RFP-luc+ and IM9,
and murine 5TGM1 and Vk12598 cells) and human umbilical vein
endothelial cells (HUVECs) were used in this study as described in
Supplementary Methods. MM patient samples were obtained after
approval from the Dana-Farber Cancer Institute Institutional Review Board
(DFCI IRB). Informed consent was obtained from all patients in accordance
with the Declaration of Helsinki. Peripheral blood (PB) mononuclear cells
(PBMCs) were isolated as detailed in Supplementary Methods.

Detection of EPCs in the PB of patients with MM
PBMCs were isolated from PB of MM patients at different stages of
disease,11 and processed as described in Supplementary Methods.

In vitro endothelial cell - colony forming unit (EC-CFU) and
endothelial colony forming cells (ECFC) colony-forming assays
A 15-ml sample of venous blood was used for the EC-CFU or ECFC colony assays.
EC-CFU and ECFC colony assays were performed as previously described12,13
with some modiﬁcations, and as detailed in Supplementary Methods.

MM cell proliferation assay and MM cell sorting in the co-culture
system
MM1.S-GFP-luc+ and MM1.S-RFP-luc+ cells were plated at 1 × 104 cells/well
in a BD Falcon 96-well plate (BD Falcon, Bedford, MA, USA), alone or in coculture with HUVECs (3 × 103 cells) or primary ECFCs (3 × 103). Detailed
description of co-culture experiments is provided in Supplementary
Methods.
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Tube formation assay
HUVECs (2.5 × 104 per well) or cells derived from ECFC colonies (ECFCs)
(2.5 × 104 per well) were seeded on growth factor reduced Matrigel (BD
Biosciences, San Jose, CA, USA) pre-coated 96-well plate, and in colony
medium for 16 h, and tube formation was assessed by light microscopy
as previously described.14

Live confocal microscopy
Five × 105 HUVECs or ECFCs were seeded in 12-well glass bottom plate
(MatTek, Ashland, MA, USA) and cultured in colony medium. Staining
procedures and imaging acquisition are described in Supplementary
Methods.

MM1.S-GFP-luc+ and MM1.S RFP-luc+ xenografts and in vivo
anti-VEGFR2 therapy with DC101
MM1.S-GFP-luc+ and MM1.S-RFP-luc+ xenografts were generated as
described in Supplementary Methods. DC101 anti-murine VEGFR2 Ab
(Eli Lilly & Co., Indianapolis, IN, USA) therapeutic activity was evaluated
in vivo in the MM1.S-GFP-luc+ orthotopic xenograft model as described in
Supplementary Methods and as previously reported.15

Transgenic mice experiments

Histological analysis and CD34 BM microvessel density
quantiﬁcation
Histological analysis and CD34 BM microvessel density (MVD) quantiﬁcation have
been performed as reported,10,17 and as detailed in Supplementary Methods.

PB and BM EPC quantiﬁcation and proliferation by cytometry by
time-of-ﬂight
PB was obtained by sub-mandibular bleeding, and processed as described
above for PBMC isolation. BM cells were obtained at the time of killing the
mice through ﬂushing of femurs with 1 × PBS, as previously described.17
cytometry by time-of-ﬂight studies were performed as previously
reported.18,19 A detailed description of the Methods is reported in
Supplementary Data.

Clear, unobstructed brain/body imaging cocktails and
computational analysis-femur preparation and ex vivo BM confocal
microscopy
To observe the intra-bone tumor cells and functional vessels, we performed
confocal-microscopic observation of femurs that were treated with the
recently developed transparent technology.20 Details are provided in
Supplementary Methods.

Library construction, RNA-sequencing and RNA-sequencing data
analysis

ID3 − / − mice and ID1 − / − mice in a mixed C57Bl6/129Sv background
were kindly provided by Dr Benezra R (Memorial Sloan–Kettering Institute,
NY, USA). Mice were backcrossed onto C57BL/6 background (Jackson
Laboratories, Ban Harbor, ME, USA) for 4–5 generation, and then crossed to
obtain ID1+/+ ID3+/+ mice (wild-type littermates) and ID1+/ − ID3 − / −
mice. Genotyping was performed by using Transnetyx automated
genotype service (Transnetyx Inc., Cordova, TN, USA). Details of experiments involving ID1+/ − ID3 − / − mice are provided in Supplementary
Methods.

Full description is provided in Supplementary Methods.

Serum electrophoresis, serum total and gamma protein
quantiﬁcation

RESULTS
MM patients present with increased levels of circulating EPCs
We used ﬂow cytometry to assess the numbers of circulating EPCs
(CD34+VEGFR2+ cells)21 in the PB of MM patients at different
stages of disease, including monoclonal gammopathy of uncertain
signiﬁcance (MGUS) patients, smoldering MM (sMM) and active
MM (MM) diagnosed according to the 2009 International Myeloma
Working Group criteria.11 Similar studies were also performed in
and healthy donors as a control. The EPC gating strategy is shown
in Supplementary Figure 1A. CD34+ VEGFR2+ EPC levels were
signiﬁcantly increased (7- to 10-fold, P o 0.005) in sMM and MM
patients compared with healthy individuals (Figure 1a), indicating
that EPC circulation occurs at early stages of progression, even at
the smoldering stage, before active disease progression occurs.
We did not observe signiﬁcant differences in levels of circulating
EPCs between MGUS patients and healthy donors (Figure 1a).
We next performed quantiﬁcation of EPCs in the PB of MM
patients, and healthy controls with the use of two in vitro colonyforming assays: the endothelial colony-forming cell (late outgrowth
EPCs, ECFC assay) and the endothelial cell (EC) colony-forming
unit (early outgrowth EPCs, EC-CFU assay) assays.9 The ECFC assay
allows quantiﬁcation of the putative hemangioblast-derived EPC
population.22,23 ECFC colonies were indeed characterized by a high
proliferative activity and the cobblestone morphology typical of ECs
(Figure 1b). Cells from these colonies formed capillary-like tubes
when seeded on matrigel, in a similar manner to HUVECs that were
used as a control (Figure 1b). The ECFC phenotype was examined
with live confocal microscopy; the cells showed positive expression
of EC-speciﬁc markers, including CD34, CD31 and VE-Cadherin
(Figure 1c), but lacked CD45 expression (Supplementary Figure 1B).
Flow-cytometry analysis further conﬁrmed that ECFCs were positive
for CD34, CD31, VE-Cadherin, VEGFR2 and Tie2/Tek, but negative for
CD45 and CD133 expression, thus recapitulating the conventional
phenotype of HUVECs (Supplementary Figure 2A). Together, these

Serum electrophoresis, serum total and gamma protein quantiﬁcation have
been performed as previously described and as detailed in Supplementary
Methods.16

Detection of EPCs in the PB of transgenic Vk*MYC mice
Transgenic Vk*MYC mice with early MM disease (early MM t-Vk*MYC,
n = 12), late MM disease (late MM t-Vk*MYC, n = 9) according to the M-spike
quantiﬁcation by electrophoresis of the serum protein (SPEP) (6% M-spike
area under curve of the SPEP pattern was used as cutoff) and healthy
C57BL/6 mice (n = 11) were bled at retro-orbital site.
After, the PB was lysed to obtain PBMCs; these were then washed with PBS
and FcR blocker (BD Biosciences), and stained with eFluor450-anti-mouse
CD34 (eBiosciences, San Diego, CA, USA, clone: RAM34), and Alexa Fluor 647anti-mouse VEGFR2 (BioLegend, San Diego, CA, USA, clone: 89B3A5)
antibodies for 30 min on ice, and acquired on a BD LSR Fortessa ﬂowcytometry system (BD Biosciences). Data were analyzed using the FlowJo
software (TreeStar Inc., Ashland, OR, USA).

SCID-mu model characterization and recruitment model
Full methods of SCID-mu and recruitment model characterization are
provided in Supplementary Methods.

Bone marrow transplantation studies
Six- to eight-week-old healthy SCID-bg mice were lethally irradiated (450 rads)
and injected with 4–5 × 106 BM cells collected from SCID-GFP mice. After
4–5 weeks, engraftment was conﬁrmed by ﬂow-cytometry study of GFP+ cells
on PBMCs from transplanted mice.
Wild-type littermate mice and ID1+/ − ID3 − / − mice were lethally
irradiated (950 rads) at 8 weeks of age. Approximately 4 × 106 wild-type
bone marrow (BM) cells isolated from wild-type littermates were injected
intravenously (i.v.) into tail veins of irradiated recipient mouse. Mice were
used for experiments 4–5 weeks after BM transplantation.
Leukemia (2016) 1103 – 1115

Statistical analysis
Statistical analysis was performed with GraphPad Prism Software (Prism,
GraphPad Software Inc., La Jolla, CA, USA). The unpaired Student's t-test was
used to compare two independent groups for continuous end points if
normally distributed. One-way ANOVA was used when three or more
independent groups were compared. For survival data, Kaplan–Meier curves
were plotted and compared using a log-rank test. All tests were two-sided.
A P-value of less than 0.05 was considered as statistically signiﬁcant.
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Figure 1. Circulating EPC levels are increased in MM patients. (a) Circulating CD34+VEGFR2+ cell (EPCs) levels were quantiﬁed by ﬂow cytometry
in PB of healthy donor controls (n = 11), MGUS patients (n = 5), sMM patients (n = 12) and active MM patients (MM, n = 19). Presence of EPCs
was expressed as EPCs/μl. MM patients but not MGUS patients presented with a signiﬁcant increase in EPCs compared with healthy donor
controls. (b) ECFC colony presented cobblestone morphology typical of mature ECs (upper panel, × 10 magniﬁcation), and are able to form
capillary-like structures when seeded on matrigel (middle panel, × 10 magniﬁcation) similarly to HUVEC cells (lower panel, × 10 magniﬁcation).
(c) CD34, CD31 and VE-cadherin expression by live confocal microscopy (×63.5 magniﬁcation) in cells from an ECFC colony (ECFCs, left panels) and
in HUVECs (right panels). (d) Mean ECFC colony number per 15 ml PB obtained from PBMCs of healthy donor controls (n = 5), sMM patients (n = 8),
MM patients (n = 14). Smoldering and MM patient PBMCs presented a signiﬁcantly higher colony-forming ability compared with healthy donor
controls. Data expressed as mean+s.e.m. P indicates P-value. (e) Representative EC-CFU colony (×10 magniﬁcation upper left panel, × 20
magniﬁcation upper right panel). (f) Mean EC-CFU colonies obtained from PBMCs from healthy donor controls (n = 8), sMM patients (n = 15), MM
patients (n = 15) per 20 × 106 PBMCs. Data expressed as mean+s.e.m. P indicates P-value.

results indicate that ECFC colonies are formed by mature ECs
that are derived by trans-differentiation of hemangioblastderived circulating EPCs. Importantly, the ECFC colony-forming
ability of PBMCs from both sMM and MM patients was
signiﬁcantly higher compared with that of control donor PBMCs
(Figure 1d, 0.93 and 0.66 ECFC colonies/15 ml of blood for MM
and sMM, respectively, versus 0.25 ECFC colonies/15 ml of blood
for control donors, P o 0.05).
The early outgrowth EPCs, which include other circulating precursor
cells of hematopoietic origin with vasculogenic ability,23,24 were
© 2016 Macmillan Publishers Limited

quantiﬁed with use of the EC-CFU colony-forming assay. Figure 1e
shows a representative EC-CFU colony that appeared 10–15 days after
culturing PBMCs on ﬁbronectin and in EC-speciﬁc growth medium:
in contrast to the ECFC colonies, EC-CFU colonies disappeared after
a more prolonged time in culture, as reported.23,24
PBMCs from the PB of sMM and MM patients displayed
a signiﬁcantly higher EC-CFU colony-forming ability compared
with those from the PB of donor controls (Figure 1f, all P o 0.01
compared with controls); PBMCs from patients with active MM
showed the highest EC-CFU colony-forming ability (16 EC-CFU
Leukemia (2016) 1103 – 1115
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colonies/20 × 106 PBMCs for MM versus 6.4 EC-CFU colonies/
20 × 106 for controls). In line with the previous reports,23
ﬂow-cytometry studies showed that cells from these colonies
expressed EC-speciﬁc markers (CD34, CD31 and VEGFR2) and also
CD45, conﬁrming their hematopoietic origin (Supplementary
Figure 2B).
Collectively, these results indicate that levels of circulating EPCs
are increased in MM patients,25,26 and show that sMM patients
present with enhanced vasculogenic activity and higher levels of
EPCs, suggesting that the process of vasculogenesis occurs early
during MM progression.
Evaluation of circulating EPC levels and EPC proliferation using
murine MM mouse models
To further conﬁrm that EPCs increase in number and trafﬁcking
in early stages of smoldering-llke MM, we measured levels of
circulating CD34+VEGFR2+ EPCs27,28 in the PB of Vk*MYC transgenic
mice29 at different stages of disease development, as recently
reported.30 These included early (smoldering-like) stages (M-spike
lower than 6% area under curve of the SPEP, early t-MM Vk*MYC) to
stages of overt MM (M-spike higher than 6% area under curve of the
SPEP, late t-MM Vk*MYC) (Figure 2a), and compared them with
levels in PB of control C57BL/6 wild-type mice.

Levels of circulating EPCs were signiﬁcantly higher in both early
t-MM Vk*MYC and late t-MM Vk*MYC, compared with wild-type
mice (7.5 times and 4.5 times higher, respectively, compared with
healthy control mice; P o 0.05), indicating that EPC circulation
occurs at early stages of disease progression, and conﬁrming our
observation on patient samples (Figures 2b and c). No signiﬁcant
differences in EPC levels were observed between the early t-MM
Vk*MYC and late t-MM Vk*MYC mouse groups (Figure 2b).
The Vk*MYC-derived transplantable Vk12598 model has
recently been reported to be a reliable murine MM model,16
and it is the only transplantable MM model that can be used in
a C57BL/6 background31 thus allowing studies in genetic modiﬁed
mouse models. We ﬁrst injected a group of mice with Vk*MYC
cells, and killed them at an early (±2 weeks after tumor cell
injection) and a late (±4 weeks after tumor cell injection) time
point. The transplantable MM cells presented with a progressive
accumulation of CD138+ cells in the BM, and the typical
appearance of the M-spike by SPEP recapitulating features of
MM progression (Supplementary Figure 3A). Also, mice with early
and late Vk*MYC MM disease presented with a 3.1- and 4.4-fold
enhancement in BM MVD, respectively, compared with healthy
C57BL/6 mice (Supplementary Figure 3B). These results show that
progression of Vk12598 MM disease in the BM is indeed
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Figure 2. Circulating EPCs increase early during progression of MM in murine models. (a) M-spike quantiﬁcation in early (n = 12) and late (n = 9)
transgenic MM Vk*MYC mice (MM t-Vk*MYC) express as percentage of area under curve (% M-spike AUC) of a serum electrophoresis (SPEP)
pattern. 6% M-spike AUC of SPEP has been used as a cutoff to distinguish early and late MM t-Vk*MYC. (b) Circulating CD34+VEGFR2+ cell
levels were evaluated in PB of healthy C57BL/6 mice (n = 11), early MM t-Vk*MYC (n = 12) and late MM t-Vk*MYC (n = 9) mice using ﬂow
cytometry. P indicates P-values. (c) Representative CD34/VEGFR2 dot plots from a healthy C57BL/6 mice, an early MM t-Vk*MYC and a late MM
t-Vk*MYC showing an increase in circulating CD34+ VEGFR2+ EPCs in MM bearing mice.
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Graph bar indicates % of Ki-67 positivity in PB and BM EPCs of single mouse studied. Values express as mean % ± s.e.m. P indicates P-value.
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accompanied by a progressive increase in MVD, similar to that
described for MM patients.32,33 In the same groups of mice,
we also used cytometry by time-of-ﬂight to study EPC levels and
the rate of EPC proliferation, in BM (Figures 3a and c) and in PB
(Figure 3d); we found that EPC levels were signiﬁcantly increased,
compared with healthy mice, in early as well as late stage of the
disease; no signiﬁcant differences in EPC levels were observed
between the early and late groups of mice. Notably, Ki-67 costaining of EPCs in BM and PB showed that an enhanced
proliferation rate of EPC in tumor-bearing mice at early and late
disease stages relative to that of healthy C57BL/6 mice
(Figures 3c–e). These ﬁndings suggest that in the Vk12598
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transplantation

EPCs are recruited to areas of tumor growth within MM BM niches
To study whether EPCs can be mobilized from one area of the BM,
and recruited to a different BM site where malignant cells are
growing, we generated a new mouse model, referred as the SCIDmu model: in this model, syngenic femurs were implanted
subcutaneously into recipient SCID-bg mice previously transplanted with BM from SCID-GFP mice, such that trafﬁcking of host
BM-derived cells (GFP+ cells) from one site of the BM to another
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Figure 4. SCID-mu recruitment model. (a) Schematic representation of the experimental procedure of the SCID-mu recruitment model. SCIDbg mice are transplanted with BM from SCID-GFP mice (1); after GFP-BM transplantation, these mice are implanted with femurs from SCID-bg
mice (2), and i.v. injected with MM-RFP+ cells 2 weeks after femur implantation (two femur each mouse) (3). In this model, host BM cells are
GFP+, while the BM cells resident in the implanted femur are GFP − . (b) Flow-cytometry study of ﬂushed BM cells from implanted femurs of
tumor cell injected versus not injected mice. Panels are representative dot-plot panels showing RFP+ and GFP+ cells in the BM ﬂushed cells of
an implanted femur from a naive mouse and a 5TGM1-RFP+ cell i.v injected mouse. Only 5TGM1-RFP+ cell injected mouse present RFP+ MM
cells in the implanted femur (right panel); tumor cell injected mice presented an increase in the % of GFP+ cells in the ﬂushed BM (right panel)
compared with not injected mice. (c) The % of GFP+ cells was signiﬁcantly higher in ﬂushed BM cells from 5TGM1-RFP injected mice
compared with not injected mice, suggesting that MM cells recruit BM-derived cells. P indicates P-value. (d) IHC studies of GFP+ cells (brown)
in the implanted femur of a representative 5TGM1-RFP+ cell injected mouse, showing GFP cells of different morphology commingled with BM
resident GFP − cells (×20 magniﬁcation left panel, × 40 magniﬁcation right panel). (e) Double CD34 (brown) and GFP (pink) IHC staining of an
implanted femur from a representative 5TGM1-RFP injected mouse showing occasional CD34/GFP double-positive cells lining BM vessels
containing red blood cells (×100 magniﬁcation), indicating that the process of vasculogenesis takes place in the BM.
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could be examined (Supplementary data and Supplementary
Figure 4). We ﬁrst engrafted normal SCID-bg mice with SCID-GFP
BM cells to track host BM-derived GFP+ cells; following this
(Supplementary Figure 5), engrafted mice were implanted with
femurs from normal SCID-bg mice, and 2 weeks after implantation,
wild type littermates
#1 #2 #3 #4 #5 #6 #7

mice were injected (i.v.) with 5TGM1-RFP+ MM murine cells, which
home to and engraft in the host as well as implanted femurs
(Figure 4a).
When the mice developed paralysis, they were killed, the
implanted femurs were harvested and used for ﬂow-cytometry
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Figure 5. Transplantable Vk*MYC model progression is impaired in EPC-defective ID1+/ − ID3 − / − transgenic mice. (a) SPEP agarose gel
results in the group of wild-type littermates (left gel, n = 7) and ID1+/ − ID3 − / − mice (right gel, n = 6) 3 weeks after injection of Vk*MYC
transplantable cell line (4 × 106 total spleen cells) showing the presence of an M-protein in the gamma region of the SPEP pattern of higher
intensity in the group of wild-type littermates compared with that of ID1+/ − ID3 − / − mice. (b) Serum gamma globulin concentration
estimated by QuickScan 2000 software in the same groups of mice and at the same time point. Values expressed as mean+s.e.m. P indicates Pvalue. (c) Kaplan–Meier survival curves of wild-type littermates (n = 8), and ID1+/ − ID3 − / − mice (n = 6) injected with transplantable Vk*MYC
cells (4 × 106 total spleen cells). P indicated P-value by log-rank test. (d) BM MVD quantiﬁcation performed after CD34 IHC staining on BM slides
from Vk*MYC injected wild-type littermates (n = 3, 2 × 40 ﬁelds per mouse) and ID1+/ − ID3 − / − mice (n = 3, 2 × 40 ﬁeld per mouse) killed ad
interim 3 weeks after tumor cell injection. (e) CD34 (left panels) and CD138 (middle vertical panels) IHC studies of BM sections from
a representative Vk*MYC injected wild-type littermate (upper horizontal panels), and a Vk*MYC cell injected ID1+/– ID3 − / − mouse. Right
panels show SPEP results of the correspondent mice.
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Wild-type BM transplantation restores Vk*MYC tumor growth in
ID1+/ − ID3 − / − transgenic mice
To further conﬁrm that the previous results obtained in ID1+/ −
ID3 − / − mice depend on BM-derived EPC defect of these mice,
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EPCs promote MM progression in vivo
We then used the ID1+/ − ID3 − / − mouse model to investigate
whether EPCs are involved in MM tumor progression. We chose
this model for its speciﬁc defect in BM-derived EPCs,34,35 together
with a normal representation of other hematopoietic-derived cell
populations36 including other BM-derived pro-angiogenic hematopoietic cell types (that is, Tie2 expressing monocytes, tumor
associated macrophages and neutrophils). This model has been
previously extensively characterized.34,35 We examined the in vivo
tumor growth of Vk12598 cells transplanted in ID1+/ − ID3 − / −
mice. Parameters of disease development and survival were
evaluated after injecting Vk12598 cells in ID1+/ − ID1 − / − mice
and wild-type littermates. A signiﬁcant decrease in tumor burden
was noted in ID1+/ − ID3 − / − mice injected with Vk12598 cells,
relative to control mice, as evidenced by quantifying the M-spike
by SPEP (Figures 5a and b). Moreover, survival of ID1+/ − ID3 − / −
tumor engrafted mice was signiﬁcantly longer compared with
wild-type controls, with approximately 1/3 of the ID1+/ − ID3 − / −
mice developing no signs of disease progression for up to
125 days after injection of tumor cells (Figure 5c). BM MVD and
numbers of inﬁltrated BM Vk12598 cells and were signiﬁcantly
lower 3 weeks after tumor cell injection in ID1+/ − ID3 − / − mice
compared with wild-type littermates (Figures 5d and e). Taken
together, these results indicate that EPCs are critical for MM
progression.

wild type BM transplanted
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(wild type BM transplanted)
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Percent survival

and immunohistochemistry (IHC) studies: the presence of 5TGM1RFP+ cells was conﬁrmed within the BM of implanted femurs in
mice that were injected with tumor cells (Figure 4b); levels of total
GFP+ cells were signiﬁcantly increased (7.92 ± 2.4% versus
2.63 ± 0.89%) in implanted femurs in tumor injected mice
compared with control mice (Figure 4c, P o 0.03), indicating that
BM cells were mobilized from the host BM and recruited to BM
areas colonized by malignant cells. GFP-IHC staining of implanted
femurs showed that host BM-derived GFP+ cells were commingled with resident non-GFP BM cells (Figure 4d). Importantly,
double labeling for GFP and mouse CD34 revealed that GFP+
CD34+ cells were integrated in the BM vessels of implanted
femurs (Figure 4e, arrows). These results indicate that the process
of vasculogenesis occurs within the BM niche during MM growth
and results from recruitment of BM-derived cells from distant
BM sites.

ID1+/- ID3-/- mice
(wild type BM transplanted)
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50
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Figure 6. Wild-type BM transplantation restores Vk*MYC tumor growth
in ID1+/ − ID3 − / − transgenic mice. (a) SPEP agarose gel results of
wild-type BM-transplanted wild-type littermates (n = 5), and wild-type
BM-transplanted ID1+/ − ID3 − / − mice (n = 5) 3 weeks after injection
of Vk*MYC transplantable cell line (4 × 106 total spleen cells) showing
the presence of an M-protein in the gamma region of the SPEP pattern
of similar intensity in the group of wild-type BM-transplanted wild-type
littermates and wild-type BM-transplanted ID1+/ − ID3 − / − mice.
(b) Serum gamma globulin concentration estimated by QuickScan
2000 software in the same groups of mice and at the same time point.
Values expressed as mean+s.e.m. P indicated P-value. (c) Kaplan–Meier
survival curves of wild-type littermates (n = 5) and ID1+/ − ID3 − / −
mice (n = 5) injected with transplantable Vk*MYC cells (4 × 106 total
spleen cells). P indicated P-value by log-rank test.

Figure 7. Smoldering-like MM1.S-RFP-luc+ cells are more dependent on vasculature for their proliferation. (a) Kaplan–Meier survival curves of
SCID-bg (n = 5) mice injected with either MM1.S-GFP-luc+ cells (5 × 106) or MM1.S-RFP-luc+ isogenic cells (5 × 106); survival of mice injected
with smoldering-like MM1.S-RFP-luc+ cells was approximately three times longer than that of MM1.S-GFP-luc+ cell injected mice.
(b, c) Luciferase proliferation assay of MM1.S-GFP-luc+ and MM1.S-RFP-luc+ cells after 24 of co-culture with HUVECs (b) or primary MM
patients’ ECFCs (c); compared with monoculture. Both HUVEC and ECFC co-cultures were able to signiﬁcantly increase proliferation of the
smoldering-like MM1.S-RFP-luc+ cells but not that of aggressive MM1.S-GFP-luc+ cells. (d) Gene set enrichment analysis (GSEA) plots
(Enrichment Score) for several angiogenesis-related genesets analyzed in MM1.S-GFP-luc+ cells co-cultured with ECs compared with
MM1.S-GFP-luc+ cells alone (upper panels), in MM1.S-RFP-luc+ cells co-cultured with ECs compared with MM1.S-RFP-luc+ cells alone (middle
panels), and in MM1.S-GFP-luc+ cells alone compared with MM1.S-RFP-luc+ cells alone (lower panels). Angiogenesis-related genesets were
enriched when MM1.S cells (both MM1.S-GFP-luc+ and MM1.S-RFP-luc+ cells) were co-cultured with ECs compared with when they were
cultured alone. FDR indicates false discovery rate always and P indicates P-values and are shown per each geneset analyzed. (e) GSEA plots
(Enrichment Score) for the cell-cycle KEGG, Reactome and Biocarta genesets analyzed in MM1.S-RFP-luc+ cells compared with MM1.S-RFP-luc+
cells alone (upper panels); in MM1.S-GFP-luc+ cells co-cultured with ECs compared to MM1.S-GFP-luc+ cells alone (middle panels); and MM1.SGFP-luc+ cells alone compared with MM1.S-RFP-luc+ cells alone. The green curves show the enrichment score and reﬂect the degree to which
each gene (black vertical lines) is represented at the top or bottom of the ranked gene list. Cell cycle-related genesets were enriched only
when MM1.S-RFP-luc+ cells co-cultured with ECs were compared with MM1.S-RFP-luc+ cells alone. FDR indicates false discovery rate always
and P indicates P-values and are shown per each geneset analyzed.
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Figure 8. Early treatment with DC101 anti-VEGFR2 Ab delays MM tumor progression. (a) SCID-bg mice injected with MM1.S cells (n = 3, 5 × 106
cells) and healthy SCID-bg mice (n = 2) were injected with texas-red lectin i.v. then the mice were killed; femurs were clear, unobstructed brain/
body imaging cocktails and computational analysis-treated (a representative femur is shown in the left panel indicated by arrows) to make them
transparent; ex vivo BM confocal was performed directly in these femurs (right panels), showing the presence of GFP+ cells together with
functional neovessels vascularizing clusters of MM GFP+ cells (right upper panels, × 30 magniﬁcation). The BM vasculature pattern is disorganized
compared with that of a healthy mouse (right panels), suggesting pathological BM neovessel formation in tumor-bearing mice. (b) Tumor growth
curves evaluated by BLI imaging in MM1.S-GFP-luc+ cell i.v. injected SCID-bg mice (5 × 106 cells) treated with untargeted IgG (40 mg/kg body
weight (BW) at 3-day intervals, n = 10) or DC101 anti-VEGFR2 Ab (40 mg/kg BW at 3-day intervals n = 10) started 4 days after tumor cell injection
(early treatment). (c) Comparison of tumor growth evaluated by BLI imaging in the same untargeted IgG-treated mice and the late DC101 antiVEGFR2 Ab (40 mg/kg BW at 3-day intervals started 3 weeks after tumor cell injection, n = 10) treated mice. Values expressed as mean ± s.e.m.
P indicates P-value. (d) Kaplan–Meier survival curves of untargeted IgG (blue line) and early DC101 anti-VEGFR2 Ab (green line) treated mice.
(e) Kaplan–Meier survival curves of the untargeted IgG (blue line) or late DC101 anti-VEGFR2 Ab (red line) treated mice. (f) Tumor growth
evaluated by BLI imaging of MM1.S-GFP-luc+ cell i.v. injected SCID-bg mice (5 × 106 cells) treated with PBS (200 μl i.p., n = 7) or bortezomib
(0.5 mg/kg, twice/week; i.p., n = 7 ) started 3 weeks after tumor cell injection (same as DC101 late schedule) showing signiﬁcant anti-tumor activity.
Values expressed as mean ± s.e.m. P indicates P-value.

we transplanted wild-type BM (from syngenic wild-type littermates) into ID1+/ − ID3 − / − mice and wild-type littermates,
injected them with Vk12598 tumor cells, and examined the rate of
progression of Vk12598 tumors in these mice. Tumor growth was
Leukemia (2016) 1103 – 1115

restored in the ID1+/ − ID3 − / − mice transplanted with wild-type
BM, as evidenced by similar M-spike levels in these mice and wildtype controls (Figures 6a and b). Moreover, survival of mice in the
two groups was not signiﬁcantly different (Figure 6c), indicating
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that, indeed, the lack of EPCs in ID1+/ − ID3 − / − affects the
growth of MM and restoring wild-type BM recovers tumor
progression.
Smoldering-like MM cells are more dependent on vasculature for
their proliferative activity
We developed two isogenic sub-clones of MM1.S, a GFP-luc+
MM1.S clone that presents with a more aggressive (active MMlike) in vivo tumor growth; and an RFP-luc+ MM1.S clone,
characterized by a more indolent behavior (sMM-like). Mice
injected with MM1.S-RFP-Luc+ cells presented with an overall
survival three times longer compared with those injected with
equal number of the isogenic MM1.S-GFP-luc+ cells (P 0.0122;
Figure 7a).
We next tested whether a slower growing MM clone (as in sMM;
MM1.S-RFP-luc+) is more dependent on the external stimuli
provided by surrounding ECs and EPCs; while a more aggressive
clone (as in active MM; MM1.S-GFP-luc+) is less dependent on
external microenvironmental support. By comparing the proliferation of these isogenic sub-clones in co-culture with HUVECs or MM
patient-derived ECFCs, we found a statistically signiﬁcant proliferative increase in the smoldering-like clone (MM1.S-RFP-luc+)
when cultured in the presence of either HUVECs or primary
MM patient-derived ECFCs, for 24 h. In contrast, this HUVEC- or
ECFC-induced growth advantage was less evident when active
MM-like clones (MM1.S-GFP-luc+) were tested (Figures 7b and c).
Similar results were observed at 48 and 72 h (Supplementary
Figure 6A–D).
To further deﬁne the mechanism of this dependency of the
tumor cells on endothelial cells, we performed RNA sequencing of
ﬂow-sorted MM1.S-GFP-luc+ and MM1.S-RFP-luc+ cells alone or
co-cultured with ECs (Supplementary Figure 7A–C). Gene set
enrichment analysis showed a consistent enrichment of
angiogenesis-related genes in both MM1.S-GFP-luc+ and MM1.SRFP-luc+ cells when co-cultured with ECs as compared with MM1.
S-GFP-luc+ or MM1.S-RFP-luc+ cells cultured alone. These ﬁndings
suggest that the interaction of either active MM-like or sMM-like
cells with ECs activates pro-angiogenic programs in MM cells
(Figure 7d, upper and middle panels). MM1.S-GFP-luc+ cultured
alone as compared with MM1.S-RFP-luc+ cells cultured alone
showed a signiﬁcant enrichment of pro-angiogenic-related
pathways, thus indicating that the active MM-like MM cells
(MM1.S-GFP-luc+) present with a constitutive enrichment of
pro-angiogenic relevant genes, compared with the smolderinglike MM1.S-RFP-luc+ (Figure 7d, lower panels). Interestingly, when
we performed gene enrichment of genesets related to cell cycle
and proliferation, we found that these were signiﬁcantly enriched
only when we compared MM1.S-RFP-luc+ cells co-cultured with
ECs to MM1.S-RFP-luc+ cells alone (Figure 7e, upper panels). There
was no signiﬁcant enrichment when comparing MM1.S-GFP-luc+
cells co-cultured with ECs to MM1.S-GFP-luc+ cells alone
(Figure 7e, middle and lower panels), indicating that ECs promote
proliferation and cell-cycle regulation in the smoldering-like MM
cells but not in the active-like MM1.S-GFP-luc+ cells
(Supplementary Tables 1 and 2). To validate the RNAsequencing data, we studied cell cycle and apoptosis of MM1.SGFP-luc+ and MM1.S-RFP-luc+ cells co-cultured with ECs by ﬂow
cytometry. As shown in Supplementary Figure 8A and B, there was
a signiﬁcant induction of cell-cycle progression and reduction of
apoptosis in MM1.S-RFP-luc+ cells that were co-cultured with ECs
but not in MM1.S-GFP-luc+ cells. Therefore, targeting ECs at early
stages of MM disease development may better exploit therapeutic
potentialities of vessel targeting drugs in MM.
Targeting EPCs to prevent tumor progression in MM
The anti-murine VEGFR2 antibody (Ab) DC101 prevents mobilization and recruitment of BM-derived EPCs,27,35 and was used
© 2016 Macmillan Publishers Limited
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to examine whether targeting EPCs can prevent tumor progression in MM. To avoid a possible confound by direct anti-tumor
activity of the murine Ab in assessing the effects of EPC
targeting in MM, we used a human MM1.S-GFP-luc+ orthotopic
xenograft model. We ﬁrst explored whether MM progression in
this model is accompanied by BM neovessel formation by
injecting (i.v.) MM1.S tumor-bearing mice and healthy control
mice with texas-red conjugated tomato-lectin before killing, in
order to stain perfused functional vessels. Femurs were
harvested and treated with clear, unobstructed brain/body
imaging cocktails and computational analysis,20 in order to
make them transparent (Figure 8a) and permit ex vivo intra-BM
confocal imaging. Figure 8a shows the presence of GFP+ tumor
cells in the BM, surrounded by small, perfused neovessels that
enter the tumor clusters, and a change in the physiological BM
vessel architecture observed in healthy mice. These observations conﬁrmed that BM neovessels form in the MM1.S
xenograft model.
Given that we observed that EPCs increase in the circulation in
the early smoldering stages of MM and that at this stage MM cells
are more dependent on BM ECs for their proliferation, we
hypothesized that early treatment with DC101-Ab will prevent
early EPC mobilization and tumor progression, while late
treatment with the antibody, after signiﬁcant tumor establishment, will not signiﬁcantly affect tumor progression. Indeed, early
administration of the DC101-Ab (started 4 days after injection of
MM1.S-GFP-luc+ cells) led to a signiﬁcant delay in tumor
progression compared with mice treated with IgG control, and
compared with mice receiving late treatment (started 3 weeks
after injection of MM1.S-GFP-luc+ cells) (Figures 8b and c).
Importantly, mice treated with the early schedule of DC101-Ab
treatment showed a signiﬁcant survival improvement (Figure 8d),
while the late treated mice (Figure 8e) resulted in survival similar
to that of mice treated with IgG control. No signs of toxicity or
body weight loss was observed in the DC101-Ab-treated animals.
Of note, bortezomib treatment started as late schedule of DC101Ab treatment still exerted signiﬁcant anti-MM activity in the MM1.
S-GFP-luc+ model (Figure 8g). These results suggest that EPC
targeting drugs may be effective for the treatment of early-stage
myeloma (sMM) but not in late stages of overt MM.
DISCUSSION
EPCs promote tumor progression in solid cancers in preclinical
models and in patients,37,38 yet their role in regulating progression
in hematological malignancies that reside within the BM has not
been well deﬁned. Here, we show that EPCs are mobilized to the
PB of patients at early stages of sMM; and recruited from the BM
to areas of disease colonization in other BM niches. We
demonstrate that EPCs are critical for tumor progression in mouse
models of MM, and that regulation of EPC trafﬁcking using
ID1+/ − ID3 − / − transgenic mice, or with use of the monoclonal
DC101 antibody therapy, leads to a signiﬁcant reduction of tumor
progression. Notably, transplantation of wild-type BM in ID1+/ −
ID3 − / − restored the growth of MM cells in the BM, indicating
that indeed EPCs derived from the BM are critical for progression
of cancers that reside in the BM, such as MM.
We also demonstrate that angiogenic dependency occurs early,
during stages of sMM: in patient samples and mouse models,
mobilization of EPCs occurs at early stages of disease progression,
documenting that EPC circulation precedes MM progression.
Moreover, we were able to successfully generate two MM1.S subclones with different in vivo growth rate, and showed that indeed EC
interaction promotes a strong proliferative effect in smoldering-like
MM clone but not in the more aggressive active-like MM clone.
These were further conﬁrmed using RNA-sequencing and ﬂowcytometry studies, demonstrating that ECs can enhance proliferation, cell cycle and apoptosis regulation only in MM clones that are
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smoldering-like and have non-cell autonomous dependency on EC.
Overall, the data presented here show that MM cells induce BM
mobilization of EPCs, and stimulate their proliferation in both BM
and PB. EPCs are then recruited into MM-enriched BM niches, where
they transform into mature ECs thus contributing to the increase in
neovessel formation observed in smoldering and active MM
patients. Mature ECs then interact with MM cells promoting their
proliferation and survival.
We hypothesized that early therapeutic intervention to prevent
EPC circulation will prevent progression in MM, while delayed
intervention after signiﬁcant tumor colonization and independence of BM microenvironment stimuli will not have a beneﬁcial
effect. Our observations with the use of DC101 conﬁrm this
hypothesis and delineate a potential therapeutic intervention
for patients who are in early stages of disease progression, such
as in sMM.
Many agents, including immunomodulators39,40 and proteasome
inhibitors,41,42 have been surveyed for their anti-angiogenic activity
in MM. However, speciﬁc anti-angiogenic agents have not shown
promising activity in the treatment of MM or other hematological
malignancies,5 despite their routine use in the treatment of solid
tumors.4 Here, we demonstrate that the apparent ineffectiveness of
these agents may be a function of the time at which they are
administered. Thus, although angiogenesis and MVD are high in
active myeloma, the dependency of the tumor cells on EPCs and
vasculogenesis may actually precede this step. This novel concept of
manipulating vasculogenesis at an early stage of disease should be
examined in future clinical trials in patients with sMM. Of note, the
anti-human version of the DC101, namely ramucirumab, has been
clinically developed and it is FDA approved for advanced gastroesophageal adenocarcinoma and metastatic non-small-cell lung
carcinoma. This preclinical study supports the investigation of this
speciﬁc drug in future clinical trials in sMM patients.
In summary, our ﬁndings show that vasculogenesis is of critical
importance in promoting early vessel formation, and is permissive
for MM progression at early, but not later, stages of the disease;
neovessel targeting agents should be used at early time points in
these cancers where early intervention during angiogenic
dependency is crucial for their activity.
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