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A paracrine loop in the vascular endothelial growth factor pathway triggers tumor
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Background and Objectives. In tumors, vascular
endothelial growth factor-A (VEGF-A) stimulates angio-
genesis and vascular permeability by activating the tyro-
sine kinase receptor-2 (VEGFR-2 or KDR/Flk-1) and-1
(VEGFR-1 or Fit-1).

Design and Methods. The distribution and function of
VEGF homologs and their receptors on bone marrow plas-
ma cells, endothelial cells, and other stromal cells (resid-
ual stromal cells) were examined in patients with multi-
ple myeloma (MM).

Results. Plasma cells secrete VEGF-A (and VEGF-B,
VEGF-C and VEGF-D, albeit marginally) into their condi-
tioned medium (CM). CM VEGF-A stimulates proliferation
and chemotaxis in endothelial cells (both being manda-
tory for angiogenesis) via VEGF receptor-2 (VEGFR-2),
and in residual stromal cells via the VEGFR-1. Residual
stromal cells secrete VEGF-C and VEGF-D, but little of the
other homologs. Their CM VEGF-C and VEGF-D increase
in response to plasma cell CM and trigger plasma cell pro-
liferation via VEGFR-3. Proliferation in all cell types par-
allels VEGFR and extracellular signal-regulated protein
kinase-2 (ERK-2) phosphorylation. The homologs and
receptors are weakly or inconstantly expressed in patients
with monoclonal gammopathies of undetermined signifi-
cance or vitamin Bio/iron deficiency anemias.

Interpretation and Conclusions. This study shows that
the VEGF pathway is directly involved in tumor angiogen-
esis and growth in MM. A paracrine VEGF loop for MM pro-
gression is suggested. This, in turn, provides a further
indication that the VEGF pathway and its signaling pro-
teins may be appropriate targets in the management of
MM.
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homolog, stimulates angiogenesis and vascular per-

meability by activating the tyrosine kinase receptor-
2 (VEGFR-2 or KDR/FIk-1) and -1 (VEGFR-1 or Fit-1), the
latter in synergism with placental growth factor.'? Its
homolog VEGF-B exerts overlapping activities by activat-
ing VEGFR-1.2 Homologs VEGF-C and VEGF-D are both
angiogenic via VEGFR-2 and VEGFR-3 (or Fit-4), and lym-
phangiogenic (primarily VEGF-D) via VEGFR-3.* The
VEGF/VEGFR pathway also activates proliferation, chemo-
taxis and secretion of cytokines, growth factors, and pro-
teolytic enzymes in tumor cells and their associated stro-
mal (or inflammatory) cells.>¢ For example, melanoma cells
secrete VEGF-C which stimulates both angiogenesis and
chemotaxis of macrophages via VEGFR-2;7 breast carcino-
ma cells secrete VEGF-C which induces lymphangiogene-
sis via VEGFR-3 and stromal cells secrete VEGF-A which
stimulates tumor growth.8?

In multiple myeloma (MM), VEGF-A is produced by plas-
ma cells.’®" |t acts as an autocrine inducer of growth and
chemotaxis via VEGFR-1"? and is also thought to be an
angiogenesis inducer.’®-3 It stimulates stromal cells via
VEGFR-2 to secrete interleukin (IL)-6 and thus forms a
paracrine loop for growth.™The distribution and function
of VEGF homologs and their receptors on bone marrow
plasma cells, endothelial cells, and other stromal cells are
examined in this paper. The results point to the existence
of a paracrine loop in the VEGF pathway that supports
tumor angiogenesis and growth in MM.

Vascular endothelial growth factor-A (VEGF-A), a VEGF

Design and Methods

Patients and control subjects

Patients who fulfilled the South West Oncology Group
(SWOG) diagnostic criteria for MM (n=14) and mono-
clonal gammopathy of undetermined significance (MGUS)
(n=12) were studied at diagnosis. The MM patients (9 M,
5 F) were aged 41-85 years (median = 70.5); 11 had stage
[1IA and 3 had stage IlIB'>; the M-component was IgG in
9,lgAin 3,K in 2. The MGUS patients (7 M, 5 F) were aged
43-82 years (median = 64.5); 9 had IgG disease and 3 IgA.
Control subjects were 12 patients aged 48-82 years (medi-
an = 67) with anemia due to iron or vitamin B, deficien-
cies. The study was approved by the local ethics commit-
tee and all patients gave their informed consent.

Cell isolation and preparation of conditioned
media (CM)

Plasma cells were obtained by Ficoll-Hypaque (Pharma-
cia Biotech, Uppsala, Sweden) separation from bone mar-
row aspirates close to the biopsy site, and B-cell enrich-
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ment with magnetic microbeads (Dynal, Oslo, Nor-
way) coated with a monoclonal antibody (MoAb) to
the plasma cell marker CD38 (Becton Dickinson,
Mountain View, CA, USA), as described previously.'s
Cells consisted of >95% tumor plasma cells and
their clonally-related cells,'” as assessed by mor-
phology in May-Griinwald-Giemsa and flow cytom-
etry with the anti-CD38 MoAb (FACSscan, Becton
Dickinson), or by immunocytochemical staining with
anti-K or anti-A polyclonal antibodies (Dako, Glo-
strup, Denmark) according to the light chain of the
M-component. Cells were cultured in serum-free
RPMI-1640 medium (SFM) (1x107/25 cm? flask/6 mL
medium) supplemented with 1% glutamine for 24 h
in 5% CO; humidified atmosphere at 37°C. If the
number of harvested plasma cells was lower (as in
MGUS or control subjects), cells were cultured in a
smaller quantity of medium to preserve the same
cell number /medium volume ratio. Cell viability,
assessed by trypan blue exclusion was >90%.

The separated mononuclear cell fraction was left
to adhere to 25 cm? polystyrene flasks in RPMI-1640
medium supplemented with 10% fetal calf serum
(FCS) and 1% glutamine (complete medium) for 2 h
in culture conditions. Adherent cells were stromal
cells, i.e., fibroblasts, macrophages, osteoclasts and
endothelial cells.’® To isolate endothelial cells, stro-
mal cells were harvested in trypsin/EDTA solution
(0.05/0.02% in phosphate buffered saline [PBS]),
washed twice with PBS, suspended at 2x107/mL in
SFM and incubated for 30 min at 37°C with mag-
netic microbeads (1x107/mL) coated with a rabbit
anti-murine IgG antibody (Dynal) and the murine
IgG1 MoAb to the endothelial cell marker CD31
(Serotec, UK), in rotation. Microbeads with bound
cells were recovered using a side-pull magnetic sep-
aration unit, transferred to a 12-well plate or cham-
ber slide (Costar, Cambridge, MA, USA) in 3 mL com-
plete medium/well or slide and left to migrate to the
plate/slide surface and grow. The endothelial cell
fraction contained >95% CD31+ and factor VIII-
related antigen (FVIII-RA, another endothelial mark-
er) cells, as assessed by flow cytometry. Residual
stromal cells were cultured as endothelial cells. The
trypan blue viability was >90%. Residual stromal
cells were cultured in SFM as described for plasma
cells to obtain their CM. The two CM were collect-
ed, sequentially centrifuged at 1,200 and 12,000 rpm
for 10 min respectively, filtered through sterilized
0.22 mm pore-size filters (Costar) and stored at
-80°C.

Immunohistochemistry and
immunocytochemistry

Blood vessels were detected in 6-mm sections of
4% paraformaldehyde-fixed paraffin-embedded
bone marrow biopsies by staining endothelial cells
with the anti-FVIII-RA MoAb M616 (Dako) and the
anti-VEGFR-2 goat antiserum (RE&D Systems Inc.,

Minneapolis, MN, USA). The very few megakary-
ocytes, stained by M616 were easily distinguishable
by their morphology and size. Angiogenesis was
measured as FVIII-RA+ and VEGFR-2+ microvessel
areas on 4 to 6x250 fields covering each of two sec-
tions per antibody per biopsy by using a planimet-
ric point count method and a computed image
analysis described elsewhere.'® Enriched plasma cells
(1 to 2x105/slide) were cytospun, fixed in 100% ace-
tone (Merck, Darmstadt, Germany) at -20°C, washed
twice in PBS, and stained with anti-VEGF-A and
anti-VEGFR-3 rabbit polyclonal antibodies A-20 and
C-20 respectively (Santa Cruz Biotechnology Inc.,
CA, USA). Tissues and cells were red-stained by a
three-layer biotin-streptavidin-peroxidase system
followed by an aminoethylcarbazole chromogenic
solution (Sigma Chemicals Co., St. Louis, MO, USA)
and hematoxylin counterstaining as already
described.'®

In situ hybridization for VEGFR mRNA

This was performed as described elsewhere.!
Deparaffinized biopsy sections, cytospun plasma
cells, and endothelial cells or residual stromal cells
grown on the chamber slides were hybridized
overnight at 50°C with 5 pg/mL of three 5'-biotin-
labeled oligonucleotides (Genenco Life Science, Flo-
rence, Italy), the first of 90 bases complementary to
the sequence 1451-1540 of the VEGFR-1 mRNA,%
the second of 90 bases complementary to the
sequence 3981-4071 of the VEGFR-2 mRNA,?" and
the third of 80 bases complementary to the
sequence 3831-3911 of the VEGFR-3 mRNA.22 The
hybridization signal was revealed by alkaline phos-
phatase activity on a Western-blue-stabilized sub-
strate (Promega Co., Madison, WI, USA).

Antibodies and Western biot

Rabbit antisera to VEGFR-1 and the phosphory-
lated form of the mitogen-activated protein (MAP)
extracellular signal-regulated protein kinase-2
(ERK-2, Santa Cruz Biotechnology Inc., CA, USA),
those to VEGF-A, VEGFR-2 and VEGFR-3 just
described, goat antisera to VEGF-C and VEGF-D
(R&D Systems Inc.), and anti-rabbit or anti-goat
horseradish peroxidase-labeled antisera (Chemicon
International Inc., Temecula, CA, USA) were used for
the Western blotting, which was performed as
described elsewhere.?® Briefly, 50 mg proteins of
total cell extracts and 10 mg proteins of the CM
were measured with the Bradford method (Bio-Rad
Laboratories, Richmond, CA, USA) and subjected to
8% sodium dodecyl-sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing condi-
tions. Gels were transferred electrophoretically to a
polyvinylidene difluoride (PVDF) membrane (NEN™,
Life Science, Boston, MA, USA), which was incubat-
ed for 1 h in 5% non-fat dry milk in tris(hydrox-
ymethyl)-aminomethane buffer saline (TBS) with
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0.1% Tween 20, washed in the same buffer, and
incubated with the primary and secondary antibod-
ies for 1 h at room temperature. After washing in
TBS-Tween, the membrane was incubated with
enhanced chemiluminescence (NEN™ Life Science),
and the signal revealed by exposure to Kodak Bio-
max film (Eastman Kodak Company, Rochester, NY,
USA). The intensity of bands was expressed as arbi-
trary optical density (OD) units by reading with Flu-
orad (Bio-Rad Laboratories).

Enzyme-linked immunosorbent assay
(ELISA) for VEGF homologs

Proteins (100 pg/100 pL) of plasma cell, endo-
thelial cell, and residual-stromal cell CM were
measured with the Bradford method and tested in
triplicate for VEGF-A, VEGF-B and VEGF-D levels
by applying a sandwich ELISA (Quantikine Human
VEGF-A, VEGF-B and VEGF-D, R&D Systems Inc.),
according to the manufacturer's instructions.
VEGF-C levels were quantified by the same ELISA:
96-well plates were coated with a goat MoAb to
VEGF-C (R&D Systems Inc.) and sequentially
loaded with the CM proteins, the horseradish per-
oxidase-labeled anti-VEGF-C antibody and a
tetramethylbenzidine chromogenic solution (R&D
Systems Inc.). The colorimetric reaction was read
with a Benchmark Microplate Reader (Bio-Rad
Laboratories) at 450 nm with A correction at 540
nm, and referred to a calibration curve set up with
known concentrations of VEGF-C (Sigma Chemical
Co.) versus those of bovine serum albumin (BSA) as
control.

Cell proliferation and chemotaxis assays
The proliferation of enriched plasma cells was
determined in each MM patient by using
3[H]thymidine incorporation in short-term cul-
tures.2* Two %105 cells/mL in complete culture
medium (RPMI-1640 medium with added 10%
FCS and 1% glutamine - positive control) or in
SFM alone (negative control) or in SFM supple-
mented 1:1 (vol:vol) with residual-stromal cell CM,
or with 1 pg/mL of VEGF-C or VEGF-D (Sigma
Chemical Co.) were pulse-labeled with 7.4
kBg/well [*H]thymidine (specific activity 70
GBg/mMol; Amersham, Bucks, UK) for 8 h before
harvesting. After 72 h cells were harvested auto-
matically, transferred onto filter papers and
washed three times. The incorporated radioactiv-
ity was measured with a [3-scintillation counter
(Beckman). For inhibition tests, the experimental
SFM were admixed with 5 pg/mL of the anti-
VEGF-C, anti-VEGF-D or anti-VEGFR-3 polyclonal
antibodies (R&D Systems Inc.). Since the anti-
VEGF-C and anti-VEGFR-3 antisera are not
described by the manufacturer as having blocking
activity, we tested this activity in preliminary
experiments in which inhibition of phosphoryla-

tion of the VEGFR-3* IM9 MM cell line was
obtained with exposure to VEGF-C + anti-VEGF-C
or to VEGF-C + anti-VEGFR-3 (data not shown).
Proliferation of endothelial cells and residual-
stromal cells was evaluated by seeding 5%103
cells/well in triplicate on 96-well polystyrene
plates in the same control media or in SFM
admixed 1:1 with the plasma cell CM or with 1
Hg/mL of VEGF-A (Sigma Chemical Co.). In the
inhibition tests, these SFM were admixed with 5
pg/mL of the anti-VEGF-A, or anti-VEGFR-2
(endothelial cells) or anti-VEGFR-1 (residual-stro-
mal cells) antisera (R&D Systems Inc.). The
inhibitory activity of anti-VEGF-A and anti-VEG-
FR-1 antisera was assessed in preliminary experi-
ments in which the VEGFR-1+ EA.hy926 endothe-
lial cell line gave inhibition of phosphorylation
when exposed to VEGF-A + anti-VEGF-A and to
VEGF-A + anti- VEGFR-1 (data not shown). Cells
were counted after 48 h by the crystal violet col-
orimetric method reported by Kueng et al.,?> with
slight modifications.’® The media from residual-
stromal cells exposed to the plasma cell CM were
harvested for VEGF-C and VEGF-D measurement.
Chemotaxis of endothelial cells and residual-stro-
mal cells and inhibition experiments of this cell
function were determined with the Boyden cham-
ber technique described previously.'® Accordingly,
1x10°% cells suspended in 400 pL of DMEM 0.1%
BSA were seeded in triplicate in the upper com-
partment of the chamber, and 200 mL of the
media used in the proliferation assay were placed
in the lower compartment, which was separated
from the former by a 12-pm polycarbonate
(polyvinylpyrrolidone free) filter (Costar) pre-
coated with 0.1% gelatin. After 6 h of incubation
at 37°C, cells on the upper side of the filter were
removed by scraping, whereas those that had
migrated to the lower side were fixed (absolute
ethanol), stained (toluidine blue, Merk), and
counted in ten oil X 400 immersion fields.

VEGFR and ERK-2 phosphorylation and
inhibition

Plasma cells, endothelial cells or residual-stromal
cells were cultured in SFM alone or admixed with
their CM or VEGF as described in the proliferation
assay. After 5 min at 37°C, cells were lysed for 20
min in 1 mL of ice-cold lysis buffer,2?and centrifuged
at 12,000 rpm for 15 min. Lysates were partly (50
g proteins) tested in Western blots with the rabbit
antiserum to phosphorylated ERK-2, and remaining
aliquots incubated for 2 h at 4°C with rabbit preim-
mune serum (Santa Cruz Biotechnology Inc., CA,
USA) and 50 L of a 50% Protein A-Sepharose slur-
ry (Sigma Chemicals Co.). Supernatants were
removed and incubated overnight at 4°C with anti-
VEGFR antisera and Protein A-Sepharose beads.
Immunoprecipitates were washed in 20 mM HEPES,
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pH 7.4, 137 mM NaCl, 1% Triton X-100, 10% glyc-
erol (HNTG) buffer and tested in Western blots with
an anti-phosphotyrosine MoAb (Chemicon Interna-
tional Inc.). In inhibition experiments, cells were
treated as for inhibition of proliferation.

Results

Expression and secretion of VEGF-A by
plasma cells

Immunohistochemistry on bone marrow biopsies
with the anti-VEGF-A antibody showed intense
expression by plasma cells from all 14 MM patients
(Figure 1A, B). Secretion of VEGF-A by plasma cells
was found by Western blot of their CM (Figure 1C)
where levels were 1567+313 pg/mL by ELISA. This
expression was very low in 8 out of 10 (80%) MGUS
and in 8 out of 12 (66%) control subjects. Accord-
ingly, the VEGF-A levels in their plasma cell CM were
170+39 and 68+13, respectively (p < 0.01 or better;
Fisher and Kruskal-Wallis test followed by paired
Duncan (t), Bonferroni (t) and Wilcoxon tests). Only
marginal levels of VEGF-B, VEGF-C and VEGF-D were
found (Figure 1C).

VEGFR-2+ microvessels

MM MGUS CONTROL

Plasma cell conditioned medium

MM MGUS CONTROL

VEGF-A® - L e

VEGF-A+ MM plasma celis

VEGF-B4

=gy g WD
VEGF-C | S
l‘a‘_ ) -15

" —2
1 VEGF-D# L
4 l —18

Figure 1. (A), (B) Staining with VEGF-A of bone marrow from
a patient with MM. Insert: the negative control obtained
with rabbit preimmune serum replacing the VEGF-A anti-
body. Bar = (A) 55 mm; (B) 40 mm. (C) Western blot analy-
sis for VEGF homologs of plasma cell CM from a represen-
tative MM patient (out of 14 patients), MGUS patient (out
of 12 patients) and control subject (out of 12 subjects).

VEGFR-2+ MM VEGFR-2 on
endothelial cells endothelial cell lysates

F
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Flé ure 2. Staining with VEGFR-2 of bone marrow from a patient with MM (A) showing numerous, thin microvessels, (B) from a
US patient and écyrom a control subject showing very few microvessels. In situ hybridization for VEGFR-2 mRNA hlghllghtl( F%

W) neovessels an
estern blot ana J’SIS for the VEGFR-2 of endothelual cell |

showing enhanced expression in MM (bands’ OD = MM 9.

g

) enriched endothelial cells of the MM patient. Insert: RNAse-treated cells as the negative control
sates from the patients with MM, MGUS and the control subject
x103; MGUS 1.1 x103; control 1. 3 x103). (G) Immunocytochemi-

cal stamm with VEGFR-1 and (H) in situ hybridization for VEGFR- 1 mRNA of residual-stromal cells from the patient with MM.
Insert: RNAse-treated cells as the negative control. LI) Western blot analysis for the VEGF[R]-1 of residual-stromal cell lysates

from the patlent with MM (G, H) and the patient wit

MGUS and the control subject. The expression of VEGF[R]-1 is higher in

MM (bands’ OD = MM 6.8 ><10 MGUS 2.1 x103; control 3.4 x10%). The Western blot gictures refer to representative cases

out of 14 patients with MM, 12 patients with MGUS and 12 control subjects. Bar: (A), (

um.

), (C) 40 pm; (E), (H) 22 pm; (G) 12
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Figure 3. (A), (B) In situ hybridiza-
tion for VEGFR-3 mRNA of bone
marrow from two patients with
MM and staining with VEGFR-3 of
(C) bone marrow and (D) enriched
plasma cells of the patient (B).
Insert: the negative control
obtained with rabbit preimmune
serum replacing the VEGFR-3
antibody. Bar: (A) 40 um; (B), 22
um (C), (D) 16 pm. (E) Western

VEGFR-3 on plasma cell lysates

116 —

Conditioned medium of
MM R-stromal cells

kDa

=

65— |8

Expression of VEGFR-2 by microvascular
endothelial cells

In the MM patients, VEGFR-2 immunohisto-
chemical staining of biopsy sections adjacent to
those just described highlighted microvessels (Fig-
ure 2A) whose area was 0.38+0.22 mm?2 x 10-2.
Overlapping areas (0.45+0.27) were obtained by
FVIII-RA staining. VEGFR-2 expression by microvas-
cular endothelial cells was confirmed both on sec-
tions (Figure 2D) and enriched cells (Figure 2E) by
mRNA in situ hybridization and by Western blot of

180

MGUS CONTROL

blot analysis for the VEGFR-3 of
plasma cell lysates from the
patient (B), a patient with MGUS
and a control subject. The VEG-
FR-3 expression is higher in MM
(bands’ OD = MM 10.6x103;
MGUS 2.2x103; control 2.6x103).
Western blot pictures refer to rep-
resentative cases out of 14
patients with MM, 12 patients
with MGUS and 12 control sub-
jects.

Conditioned medium of
MGUS R-stromal cells

Figure 4. Western blot for VEGF
homologs of CM of residual[R]-
stromal cells from a represen-
tative patient with MM (out of
14) and another with MGUS
(out of 12). Note the pro-
nounced presence of VEGF-C
and VEGF-D in MM.

the translated protein (Figure 2F; 9.8+2.5 X103 OD).
In the MGUS patients, the two microvessel areas
shrank significantly (0.07+0.03 and 0.09+0.02, p <
0.01; same paired tests), and were virtually equal
to those of the control subjects (0.07+0.02 and
0.08+0.01) (Figure 2B, C). VEGFR-2 expression by
endothelial cells was thus marginal (Figure 2F;
MGUS: 1.3+0.7 x 10% OD; control subjects: 1.2+1
x 10° OD; p < 0.01 or better, compared with MM;
same paired tests). VEGFR-1 and VEGFR-3 expres-
sion was extremely weak (data not shown).
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Table 1. Effect of plasma cell conditioned media (CM) on
proliferation and chemotaxis of endothelial cells and resid-
ual stromal cells in the 14 patients with multiple myeloma.

Sample Endothelial cells Residual-stromal cells
x10°  Migrated cells ~ x10°  Migrated cells

Starvation serum-free 5.2+1.1 1£1 5.8+1.6 1#1
medium (SFM)
(negative control)

Complete medium 37.945.7% 12125 40.6£3.5%  141£34*
(positive control)

SFM + plasma cell (M 22.1+4.0*  68+18* 32148  104£22¢

SFM+ VEGF-A 13.3+6.41  33x13f 21.5£3.0 6316t
SFM + plasma cell 9.3£1.6 20£11 13.2+£3.9 51+18
CM + anti-VEGF-A

SFM + VEGF-A + 6.1£1.2 124 7.6£2.2 8.7¢5.1
anti-VEGF-A

SFM + plasma cell 11.3¢2.2 2749 nt nt
CM + anti-VEGFR-2

SFM + VEGF-A + 12.4+2.7 218 nt nt
anti-VEGFR-2

SFM + plasma cell CM nt nt 15.2+2.6 4112
+ anti-VEGFR-1

SFM + VEGF-A + nt nt 16.8+2.4 46+16
anti-VEGFR-1

For proliferation assay, low-density cultures (5x103 cells/well) of endothelial
cells and residual stromal cells were exposed to the indicated control or
experimental media and counted after 48 h. For chemotaxis assay, 1x10° cells
were seeded to the upper compartment of Boyden chambers, whereas the media
were added to the lower compartment. Cells which had migrated to the lower
surface of a gelatin-coated filter were counted after 6 h. Results are expressed
as mean + 1 SD of three determinations per patient in the whole patient group.
'p < 0.05, *p < 0.03 and *p < 0.01 versus the negative control

(Wilcoxon’s rank test). nt = not tested.

Expression of VEGFR-1 by residual-stromal
cells

In all MM patients, both immunocytochemical
staining and the in situ hybridization for VEGFR-1
mRNA of residual stromal cells showed intense
expression (Figure 2G, H), which was confirmed at
the protein level by Western blot (Figure 2I; 7+3.1
%103 0D), whereas it was faint in MGUS and con-
trol subjects (Figure 21; MGUS: 2.3+1.1 x103 OD;
control subjects: 3.2+1.8%103 OD; p < 0.01). The
expression of VEGFR-2 and VEGFR-3 was always
weak or absent when assessed by Western blotting
(data not shown).

Expression of VEGFR-3 by plasma cells
Intense expression of VEGFR-3 mRNA by plasma

[*H]-thymidine uptake (cpm X 103)

Figure 5. Effect of residual [R]-stromal cell CM on plasma
cell [3H]thymidine incorporation in the 14 MM patients.
Cells (2x105 cells/mL) in suspension were incubated in
starvation serum-free medium (SFM, negative control), com-
plete medium (positive control), or in SFM admixed with
the CM of residual-stromal cells or with the indicated VEGF
homologs and the respective antibodies and pulse-labeled
with 7.4 kBq /well [3H]thymidine. After 72 h the incorpo-
rated radioactivity was measured. Results are given as
mean * 1 SD in a triplicate experiment per patient in the
whole patient group. *p < 0.01 by Wilcoxon rank test com-
pared to the negative control.

cells of all MM patients was shown by in situ
hybridization (Figure 3A, B). VEGFR-3 protein was
also detected by immunohistochemistry of biop-
sies (Figure 3C) and cytospun cells (Figure 3D), and
by Western blot of cell lysates (Figure 3E; 9.6+3.3
x 103 OD). It was significantly lower in the MGUS
and control groups, as evaluated by Western blot
(Figure 3E; MGUS: 2.9+1.5x103 OD; control sub-
jects: 2.3+1.4x103 OD; p < 0.01).

Secretion of VEGF-C and VEGF-D by
residual-stromal cells

VEGF secretion was assessed in the CM of MM
residual stromal cells. By using Western blot, only
VEGF-C and VEGF-D were intense (Figure 4). Their
ELISA levels were 841+123 and 492+51 pg/mL pro-
tein and rose to 1122 + 215 and 570 + 84 after cell
exposure to plasma cell CM. In contrast, levels of
VEGF-A and VEGF-B were 136+42 and 122+25.
The CM of MGUS and control subjects gave com-
parable low amounts (Figure 4): 50-140 pg/mL for
VEGF-A, 54-205 for VEGF-B, 120-305 for VEGF-C
and 85-160 for VEGF-D.

Functional studies

To mimic functional events within the bone mar-
row microenvironment, endothelial and residual
stromal cells were exposed to the plasma cell CM,
and plasma cells to the residual stromal cell CM.
Both endothelial and residual stromal cells displayed
a significant (p < 0.01; Wilcoxon rank test) increase
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MM plasma cells MM endothelial cells MM R-stromal cells
kDa kDa kDa
—205 =
VEGFR-3—> [l = = VEGFR-2—P e we
—116
IP VEGFR-3 IP VEGFR-2 IP VEGFR-1
WB PTyr WB PTyr WB PTyr

p-ERK-2—»

Figure 6. Induction of activated VEGFRs in MM plasma cells, endothelial cells and residual [R] stromal cells by interaction of VEG-
FRs with the indicated VEGF homologs. Cells were cultured in SFM alone or admixed with the VEGF homologs. After 5 min at
37°C, cells were lysed, the extracts immunoprecipitated (IP) with the indicated anti-VEGFR antibody, and the immunoprecipitates
were analyzed by Western blot with anti-phosphotyrosine antibody (WB PTyr). ERK-2 phosphorylation (p-ERK-2) in cells incubat-
ed with the VEGF homologs and its lowering with SFM or addition of anti-VEGFRs antibodies. Similar phosphorylation events were
obtained when the VEGF homologs were replaced by the residual stromal cell CM (in plasma cells) and by the plasma cell CM (in
endothelial and residual-stromal cells), or when the anti-VEGFRs antibodies were replaced by the anti-VEGF homolog antibodies
(lanes not shown).

Angiogenesis

Q~

ERK-2
phosphorylation

ERK.. i i o B
‘Phosphorylatin
I ERK-2
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VEGFR-3
VEGF-C
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Figure 7. The hypothetical paracrine pathway of VEGF for blood vessel formation and plasma cell growth within the bone mar-
row of MM. VEGF-A is prevalently produced by plasma cells and stimulates proliferation and chemotaxis of endothelial cells
(both necessary for angiogenesis) via VEGFR-2, and of residual stromal cells via VEGFR-1. Activation of these cells results in
VEGF-C and VEGF-D production that stimulates plasma cell growth via VEGFR-3. Proliferation of all cell types parallels phos-
phorylation of VEGFRs and ERK-2.
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in proliferation and chemotaxis when exposed to
SFM plus the plasma cell CM versus the SFM alone
(Table 1). This increase was less marked when the
SFM was supplemented with VEGF-A, probably
because the CM contains additional growth and
chemotactic factors, such as fibroblast growth fac-
tor-2 (FGF-2)'¢ and hepatocyte growth factor.? Nei-
ther proliferation nor chemotaxis, in fact, was fully
abolished when the anti-VEGF-A antibody was
added to the CM, whereas abolition occurred when
the antibody was added to the SFM admixed with
the VEGF-A only. Similar results were obtained in
endothelial cells when the anti-VEGFR-2 antibody
was added to the plasma cell CM or to VEGF-A, and
in residual stromal cells with the anti-VEGFR-1
antibody (Table 1).

We evaluated, in short-term cultures,2* the [3H]-
thymidine incorporation by plasma cells stimulat-
ed with residual stromal cell CM, VEGF-C or VEGF-
D. As shown in Figure 5, the SFM containing the
residual stromal cell CM led to a significant increase
in DNA synthesis rate when compared with nega-
tive control. This increase was reduced by the anti-
VEGF-C and, to a lesser extent, by anti-VEGF-D
antibodies. A slightly weaker stimulus was given
by the SFM containing the VEGF-C or VEGF-D, once
again because the CM may contain additional plas-
ma cell growth factors, such as IL-6,%7 granulocyte
macrophage-colony stimulating factor,?® and FGF-
2.2 The DNA synthesis rate also reduced when
either the CM or VEGF-C and VEGF-D were
admixed with the anti-VEGFR-3 antibody.

VEGFR and ERK-2 phosphorylation and
inhibition

Engagement of a VEGFR promotes its activation
and phosphorylation, followed by the recruitment
and phosphorylation of several proteins,°3' and
activation of intracellular signaling pathways.’? To
determine whether this was the case in our study,
the endothelial and residual stromal cells of each
MM patient were exposed for 5 min to the plasma
cell CM or VEGF-A, and their plasma cells to the
residual stromal cell CM or VEGF-C and VEGF-D,
either without or with the relative anti-VEGFs or
anti-VEGFRs neutralizing antibodies. As shown in
Figure 6, VEGFR-1 of residual stromal cells, VEGFR-
2 of endothelial cells and VEGFR-3 of plasma cells
were rapidly phosphorylated after interaction with
their VEGF homologs. The transduction pathways of
the VEGFR signal led to ERK-2 phosphorylation.
That phosphorylation of VEGFR and ERK-2 follows
the VEGF/VEGFR interaction was proved by its inhi-
bition when anti-VEGF or anti-VEGFR neutralizing
antibodies were added.

Discussion

Here we show (outlined in Figure 7) a previously

undescribed paracrine loop for angiogenesis and
tumor growth in the bone marrow of MM patients.
Plasma cells secrete VEGF-A and this induces pro-
liferation and chemotaxis in endothelial cells (both
being mandatory for the development of angio-
genesis)® through VEGFR-2, a VEGF-A receptor
prevalently expressed on these cells. VEGF-A has so
far been regarded as an angiogenesis inducer in
MM.0-13 Conversely, secretion of VEGF-A and
expression of VEGFR-2 were very low (or incon-
stant) in MGUS and the controls. Accordingly, the
VEGFR-2+ and FVIII-RA+ microvessel areas are larg-
er in MM patients. This offers a functional confir-
mation of the vascular phase in the MM bone mar-
row, as previously demonstrated by others3*37 and
ourselves.'®38 Together with VEGF-A, the synergis-
tic3® FGF-2 (also secreted by plasma cells)'® is
directly involved in induction of this phase. Because
VEGFR-2 mediates major angiogenic and perme-
ability actions of VEGF-A,% its expression together
with that of aquaporin 1 by endothelial cells in
MM# suggests that neovessels are hyperpermeable,
which implies increased interstitial pressure, hypox-
ia and further stimulation of VEGF-A secretion.

Plasma cell VEGF-A also stimulates the prolifer-
ation and chemotaxis of residual stromal cells via
VEGFR-1, which is prevalently expressed on these
cells. Bellamy et al.'® have shown that bone mar-
row stromal cells express VEGFR-2. This has been
confirmed by Dankbar et al.,'* who have also shown
IL-6 secretion following the VEGF-VEGFR-2 inter-
action, which suggests another paracrine loop for
plasma cell growth. Here we split stromal cells into
endothelial cells and residual stromal cells and
found that expression of VEGFR-2 and VEGFR-1
was confined to these populations, respectively. In
MM the residual stromal cells secreted VEGF-C and
VEGF-D abundantly into their CM. This occurred
constitutively and after cell exposure to plasma cell
CM. Both homologs are ligands of VEGFR-3, a
receptor intensely expressed on plasma cells. Since
antibodies to VEGF-C and less so to VEGF-D reduce
proliferation of plasma cells exposed to the CM,
both homologs are suggested to stimulate plasma
cell proliferation via VEGFR-3. At variance with
MM, secretion of VEGF-C and VEGF-D and expres-
sion of VEGFR-3 are very weak in MGUS and con-
trol subjects. To date, plasma cells have been shown
to express VEGFR-1,"2 and VEGFR-2 only slightly,'*
and proliferate in response to VEGF. Overall data
suggest a wide expression of VEGFRs by plasma
cells and full opportunities to proliferate in
response to the array of VEGF homologs. Much in
the same way as MM, autocrine and paracrine pro-
liferative responses to the VEGF-VEGFR interaction
have been demonstrated in leukemic cells.243

We show that proliferation of endothelial cells,
residual stromal cells and plasma cells linked to
VEGFR-2, VEGFR-1 and VEGFR-3 triggering paral-
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lels ERK-2 phosphorylation which, in fact, mediates
DNA synthesis.** Podar et al.'? have described an
autocrine VEGF-VEGFR-1 loop for plasma cell
growth and migration involving ERK-1/ERK-2 and
protein kinase C (PKC) phosphorylation, respec-
tively. VEGF-induced migration following 3:-medi-
ated adhesion to fibronectin also involves PKC.45

To sum up, our data suggest that a paracrine loop
for tumor angiogenesis and growth is operative in
MM. Its afferent arm is plasma cell VEGF-A and
endothelial cell VEGFR-2/residual stromal cell VEG-
FR-1.The efferent arm is residual stromal cell VEGF-
C/VEGF-D and plasma cell VEGFR-3. In MGUS (and
control subjects) this loop is down-requlated and
perhaps functional at a very low tone. As in solid
tumors,*6-48 progression to MM* parallels overex-
pression of VEGF-A, which induces angiogenesis
(and further plasma cell growth as evaluated by the
labeling index)3® and residual stromal cell activa-
tion, the latter resulting in VEGF-C/VEGF-D overex-
pression, and ultimately in growth. Thus, progres-
sion enhances the functional tone of the loop which
supports progression itself. This hypothesis isin line
with the higher serum VEGF levels in patients with
MM than in those with MGUS, and the correlation
of VEGF with worse prognosis.®®s' Qur data also
suggest that VEGF and its signaling proteins (par-
ticularly ERK) may be appropriate targetss2 in the
management of MM.
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What is already known on this topic

Increased bone marrow angiogenesis is a feature of
multiple myeloma and has prognostic value in the dis-
ease. The increased angiogenesis is felt to be mediat-
ed by the expression of angiogenic cytokines such as
vascular endothelial growth factor A (VEGF-A) by the
neoplastic myeloma cells.

What this study adds

This study shows that VEGF-A is secreted by myelo-
ma cells and leads to proliferation and chemotaxis of
endothelial cells mediated through VEGF receptor 2
expressed on these cells. In contrast, the secretion of
VEGF-A and expression of VEGF receptor 2 were low in
patients with MGUS and in controls. This study, along
with other previously published studies, provides fur-
ther rationale for development of novel agents and tri-
als targeting the VEGF pathway in myeloma.

Caveats

More work is still needed to define the pathogenet-
ic role of VEGF and angiogenesis in myeloma. The
results with VEGF-C, VEGF-D, and VEGFR3 need further
confirmation.
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