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Objective. Microenvironmental interactions of malignant B cells can modulate various in vitro
physiological responses, including proliferation, migration, apoptosis, and drug resistance.
Disease manifestations of human malignant B-cell variants, isolated based on their differential
interactions with fibronectin, were examined in nonobese diabetic/severe combined immuno-
deficient (NOD/SCID) mice.

Materials and Methods. Disease manifestations were assessed by pathological examinations
and skeletal imaging of NOD/SCID mice injected with malignant B-cell variants. Dissemina-
tion patterns were analyzed by whole-body real-time imaging of mice injected with fluores-
cence-labeled malignant cells.

Results. Initial dissemination patterns and dynamics of both high (type A) and low (type F)-
adherent variants, following intravenous inoculation, were similar. Both cell types reached the
spleen and liver within 30 minutes after injection, then increasingly accumulated within the
bone marrow. Mice injected with type-A cells developed multiple myeloma-like disease within
the bone marrow, with multiple lytic bone lesions. In contrast, type-F cells displayed low tu-
morigenic capacity in spite of their efficient homing to the bone marrow niche. In addition,
type-A cells grew as extramedullary tumors in some of the intravenous-inoculated mice,
and formed solid tumors following subcutaneous injection. Both cell variants retained their
characteristics surface markers following in vivo outgrowth as tumors, indicating that at least
some of their properties are relatively stable.

Conclusion. Data suggest that the differential tumorigenicity of B-cell adhesive variants is at-
tributable to the capacity of type-A cells to survive and proliferate within the bone marrow,
rather than to different initial dissemination of the two cell populations. © 2008 ISEH -
Society for Hematology and Stem Cells. Published by Elsevier Inc.

The B-cell lineage is the origin of various hematological ma-
lignancies, including acute and chronic leukemias, different
types of aggressive and indolent lymphomas, and plasma cell
dyscrasias (e.g., multiple myeloma). Various genetic events
(e.g., chromosomal translocations) are involved in develop-
ment of B-cell malignancies. Biochemical signals that gov-
ern generation of immunoglobulin diversity can also trigger
molecular events involved in B-cell tumorigenesis [1,2]. Mo-
lecular lesions in B cells that can lead to malignancy develop-
ment may also be initiated by viruses (e.g., Epstein-Barr virus
[3,4]). Although cancer cells, in general, are considered less
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dependent on and/or responsive to regulatory factors and
stimuli compared with their normal counterparts, many stud-
ies indicate that microenvironmental interactions play an im-
portant role in regulating malignant B-cell physiology [5].
For example, survival-promoting microenvironments can
support growth of chronic lymphocytic leukemia (CLL)
cells, and rescue them from cytotoxic therapy [6]. In the
case of multiple myeloma (MM), the bone marrow (BM)
stroma supplies growth factors and cytokines that are essen-
tial for growth of the malignant plasma cells and progression
of the disease [7-9]. Moreover, adhesive interactions be-
tween MM cells and various constituents of the extracellular
matrix are known to regulate key physiological activities of
the malignant plasma cells, including proliferation and resis-
tance to apoptosis and cytotoxic drugs [7,10-13].
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A hallmark of tumorigenesis is genetic instability, result-
ing in generation of diverse populations of malignant cells
[14]. In diffuse large B-cell lymphoma, the malignant cell
population is diverse, and the extent of this diversity may
correlate with high risk for disease relapse and resistance
to therapy [15]. The possibility that microenvironmental
factors generate diversity in B-cell malignancy in clinical
specimens has been suggested previously, but the clinical
significance of such variants has not yet been evaluated
[16,17]. We previously demonstrated that the malignant
B-cell line ARH-77 cell is heterogeneous in its matrix
adhesiveness and migratory activity [16]. Using selective
adsorption on fibronectin-coated surface, we isolated two
subpopulations of ARH-77 B cells, one displaying highly
adhesive/low motile properties (type A), and the other,
low adhesive/highly motile phenotype (type F). The two
subpopulations differ in several surface markers and display
different cytoskeletal organization [16] as well as distinct
gene expression profiles (Nadav et al., unpublished data).
Moreover, variant subpopulations of MM cells have also
been observed in patient samples, where cells expressing
high levels of CD138 (similar to type-F cells) were found
in the liquid phase of the BM, and low CD138 expressors
(similar to type-A cells) were found firmly attached to the
BM spicules [16]. In the present study, we analyzed the
tumorigenic potential, in vivo dissemination patterns and
disease manifestations of these two malignant B-cell popu-
lations. The findings indicate that while both cell types
home similarly to the BM, the fibronectin-adhesive variant
displays a much higher capacity to develop a malignant
disease similar to human MM.

Materials and methods

Cells

The ARH-77, Epstein-Barr virus—transformed plasma cell line
was kindly provided by Prof. Hanna Ben-Bassat (Hadassah Med-
ical School, Jerusalem, Israel), and cultured as described previ-
ously [16]. Cells were subjected to serial adhesion cycles on
fibronectin, yielding type-A and type-F cell populations as de-
scribed previously [16].

Mice, irradiation, and inoculation

Nonobese diabetic/severe combined immunodeficient (NOD/
SCID) mice, 4 to 6 weeks old, were obtained from Harlan labora-
tories Ltd. (Ein Kerem, Jerusalem) and maintained at the Veteri-
nary resources facility of the Weizmann Institute of Science. All
in vivo experiments were approved by the Weizmann Institute’s
Animal Care and Use Committee. Mice were exposed to 150
cGy (rads) radiation from a Gammacell 40 source. Twenty-four
hours later, 1 x 107 cells of either type-A or type-F variants
were injected into the tail veins of 20 female NOD/SCID mice,
in two independent groups of 10. The mice were then observed
daily until they developed apparent disease manifestations. For
subcutaneous growth, 1 x 107 cells of either type-A or type-F
variants were each injected into the flanks of five nonirradiated

mice. These mice were also observed daily until they developed
palpable tumors.

Cell adhesion assay

Cell adhesion assay was carried out as described previously [16].
Briefly, cells were plated for 30 minutes on 5-cm bacterial dishes
coated with 15 pg/mL fibronectin (Sigma, St Louis, MO, USA).
Dishes were then washed twice with phosphate-buffered saline
(PBS) to remove nonattached cells and the remaining cells were
counted microscopically.

Flow cytometry

Fluorescein isothiocyanate (FITC)—conjugated anti-CD138 and
isotype-control IgG1 were purchased from DAKO (Glostrup, Den-
mark) and used according to manufacturer’s instructions. For
staining with directly labeled antibodies, 50-puL samples (5 X
10° cells) were incubated with 5 uL each of the designated mono-
clonal antibody at 4°C for 30 minutes and then washed with 2 mL
PBS. From each sample, 3 x 10* events were acquired by FACS-
Calibur at a rate of 150 to 300 events per second, and analyzed
using the CellQuest software (Becton Dickinson, San Jose, CA,
USA).

Homing experiments in NOD/SCID mice

Homing of type-A and type-F cells was investigated using whole-
body optical imaging. Groups of nine anesthetized mice were
injected with type-A or type-F cells, labeled with near-infrared
lipophilic carbocyanine dye [1,1’-dioctadecyl-3,3,3',3'- tetrame-
thylindotricarbocyanine iodide (DiR)] (Invitrogen, Carlsbad, CA,
USA) [18]. Cells (1 x 107) were incubated in 10 mL PBS contain-
ing 3.5 pg/mL DiR dye, and 0.5% ethanol at 37°C for 30 minutes.
Cells were then washed twice with PBS, and the viability of the
labeled cells was verified by trypan blue staining. Labeled cells
were then injected intravenously into NOD/SCID mice whose
hair was removed previously. DiR has absorption and fluorescence
maxima at 750 and 782 nm, respectively, which correspond to
low-light absorption and autofluorescence in living tissues. This
property enables harvesting of a significant signal from labeled
cells, with very low tissue background levels [18]. Mice were
then observed by an IVIS 100 Imaging System (Xenogen, Cran-
bury, NJ, USA). For higher magnification visualization of labeled
cells in the skull, mice were scarified and the head skin was re-
moved. An SZX12 microscope (Olympus, Tokyo, Japan) coupled
with charged coupled device Pixelfly (PCO, Kelheim, Germany)
and compatible filter set for DiR were used for observation.

Histopathology

Animals were sacrificed and tissues were excised and fixed in 10%
phosphate-buffered formalin, embedded in paraffin, sectioned, and
stained with hematoxylin eosin. Histopathological examination
was performed with a Nikon E600 microscope (Nikon Corpora-
tion, Tokyo, Japan). Images were recorded with a Nikon
DXM1200 camera (Nikon Corporation).

Micro—computed tomography

Mice were scanned with a GE Explore Locus Micro-CT System
(GE Healthcare, Ontario, Canada). The three-dimensional images
were analyzed using a Microview 3D Volume and Analysis Tool
(GE Healthcare).
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Results

Disease manifestations of adhesive

B-cell variants in NOD/SCID mice

The main objective of the present study was to elucidate the
tumorigenic properties of malignant B-cell variants that
were isolated by differential adhesive interactions with
fibronectin. The 1 x 107 highly adherent (type-A) or 1 x
107 poorly adherent (type-F) cells were injected into the
tail veins of 20 NOD/SCID mice. Of the 20 mice injected
with type-A cells, 11 developed tumors within 50 days
(Fig. 1A), which were manifested in a variety of ways,
depending on their location (Fig. 1B). Six of the 11 dis-
ease-bearing animals developed head swelling and a lateral
tilt in their posture, compatible with a tumor originating in
the skull, with the mass causing lateral pressure on the brain
tissue (Fig. 1B). Two of the 11 disease-bearing animals de-
veloped hind-leg paralysis, due to spinal cord compression
by the tumor (Fig. 1B). Three of them developed palpable
tumors in the leg, in the cervical region, and in the scapula.

A 100

80 -

60

40

Tumor-Free mice (%)

20 +

O T T T T T

20 40 60 80 100 120

Lapsed time (days)

Hind leg paralysis

The mean latency period prior to disease onset in mice in-
jected with type-A cells was 40 days (Fig. 1A). In contrast,
only 3 of 20 mice injected with type-F cells developed man-
ifestations of disease: two of these displayed head swelling
without lateral tilt, and one developed head swelling and
hind-leg paralysis. Mean latency period in mice injected
with type-F cells was 73 days (Fig. 1A). Similar results
were obtained when lower numbers (2 x 10° of cells
were injected (not shown). Parental ARH-77 cells exhibited
intermediate level of tumorigenic activity (Fig. 1A). While
intravenous injection enables cells to home into their nor-
mal physiological environment, subcutaneous inoculation
is not considered orthotropic. Subcutaneous inoculations
can therefore assess the ability of the cells to grow without
physiological microenvironmental support or constraints.
As shown in Figure 1A, four of five nonirradiated mice in-
jected subcutaneously with type-A cells developed palpable
tumors after a mean latency time of 35 days. None of the
nonirradiated mice developed tumors following such
injection with type-F cells.
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Figure 1. Disease incidence and clinical symptoms in nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice, injected with type-A and
type-F cell subpopulations.(A) Disease incidence and latency period seen in mice injected with type-A (closed colored squares) and type-F (open triangles)
cells. Kaplan-Meier analysis of tumor onset shows a higher incidence of tumors in mice injected with type-A cells, as compared to those injected with type-F
cells (mice injected intravenously: 11 of 20 as compared to 3 of 20; mice injected subcutaneously: 4 of 5 as compared to 0 of 5), and shorter latency period to
disease onset in type-A injected mice. Also shown: Tumor incidence in mice injected with parental ARH-77 cells (dashed line). (B) Clinical manifestations in
disease-bearing mice. Pictures show the most prevalent symptoms observed: hind-leg paralysis indicating a tumor in the thoracolumbar area of the spine, and
lateral tilt in the posture accompanied by head swelling, indicating presence of a brain tumor. The few disease-bearing mice injected with type-F cells dis-

played the same symptoms (data not shown).



L. Nadav et al.] Experimental Hematology 2008;36:1524—1534 1527

24 h

100

Fluorescence intensity

Fluorescence intensity

B g 100 == &
80 =
= T 6
EER 60 £E
xS x5
S 40 T 2
= g s g
Q 20
g Femur é 20 Liver
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Time after inoculation(hours) Time after inoculation (hours)
- - . ]
g 100 — g 100 =
e 80 _c 80| 7
® O © O /
E® 60 ER 60 //
XS xS
© 40 o 40
= g 20 = § 20
3]
] Skull 8 Spleen
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Time after inoculation (hours) Time after inoculation (hours)
- 100 ==
g pom <
c 80 z
T 0 o
ER 60 k=
s ® ©
82 40 S3s
8 20 o
© Vertebrae S

10 20 30 40 50 60 70 80 pe'bu, S,{»(/// V@,T% 4/’,,& Sp/ee

Time after inoculation (hours) "8 i

Figure 2. In vivo homing patterns and dynamics of type-A and type-F subpopulations in nonobese diabetic/severe combined immunodeficient (NOD/SCID)
mice. (A) Noninvasive color-coded near-infrared fluorescent (NIRF) images of type-A and type-F homing in NOD/SCID mice. Upper panel: Images show
massive primary homing to liver and spleen, and secondary homing to the bone marrow (BM). Type-A and type-F cells both home to the same organs. Images
represent findings in at least three different mice. F = femur; L = Liver; Sk = Skull, Sp = Spleen, V = Vertebrae. Lower panel: high-resolution NIRF
microscopic analysis of the cranium of a sacrificed NOD/SCID mouse after removal of skin, at different time points. The images show that the source of
the cranium fluorescence is the BM, mainly in the area of the occipital sutures and not the brain tissue. Type-F cells accumulate in the skull more rapidly,
reaching the maximal intensity after 24 hours, while signals from type-A cells reach the same intensity only after 72 hours. The cutoff of low-intensity light
was adjusted to make a detected autofluorescent signal below the threshold. The monochrome-graduated bar and the color-graduated bar indicate
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Dissemination patterns and dynamics of adhesive B-cell
variants, as examined by whole-body optical imaging

A critical stage in the generation of hematopoietic malignan-
cies involves the homing of the malignant cells to their phys-
iologically relevant sites. We therefore examined in vivo the
homing patterns and dynamics of the B-cell adhesive variants
in the intravenous-inoculated mice, utilizing two comple-
mentary imaging tools: Whole-body optical imaging of the
mice was performed at various time points following inocu-
lation, followed by higher-resolution, microscopy-based
imaging, which was utilized to observe the dissemination
kinetics of the cells within the BM compartment in the skull.
As shown in Figure 2, rapid accumulation of both type-A and
type-F cells was observed in the spleen and liver, reaching
>50% of the maximal value within 30 minutes, followed
by significantly slower homing of cells into the BM of three
independent organs, vertebrae, skull, and femur (Fig. 2A and
B). The initial dynamics of the dissemination appeared to be
somewhat faster for type-F cells, yet by 72 hours post inocu-
lation the total accumulated fluorescence intensity was
similar for both variants (Fig. 2A and B).

Fluorescence microscopy was further employed in order
to track the dissemination of B-cell variants within the
skull. As shown in Figure 2A (lower panel), distribution
of the circulating cells was restricted to the BM of the skull,
without penetrating into the brain tissue. These high-resolu-
tion images revealed cell aggregates in the BM, concentrat-
ing mainly in the fissures and occipital area, where the bone
is relatively thick. Here again, type-F cells disseminated
more rapidly than type-A cells, although 72 hours post in-
oculation, the overall fluorescence intensity of both variants
was similar (Fig. 2A).

Analysis of osteolytic activity of adhesive B-cell variants

in NOD/SCID mice, using micro—computed tomography

In order to characterize the disease manifestations in NOD/
SCID mice, injected with type-A or type-F cells, treated
and control mice were scanned by micro—computed tom-
ography (micro-CT), which enables visualization of bone
structure, density, and texture. Bone areas affected by tu-
mors in several type-A injected mice displaying disease
manifestations were visualized at higher resolution. Figure 3
(upper panel) depicts representative examples of several
bony areas, including the hind leg, skull, lumbar, and cervi-
cal vertebrae of affected mice, as well as nonaffected mice,
either injected with type-F cells, or untreated. The bone sur-
face texture in mice injected with type-A cells was rough,

affecting the fibula most severely (red arrow). Marked
changes in the tibia texture were also observed, with a de-
cline in mineralized bone structure. Bone mineral density
(BMD) in the knee joint of this same mouse was compared
to that of a normal-looking knee from a mouse injected
with type-F cells (Fig. 3, lower panel) or untreated mouse
(not shown). This analysis demonstrated areas of reduced
BMD in the tibia of the mouse injected with type-A cells
(red arrow), as well as foci, apparently representing lytic le-
sions (red arrowhead) where no minerals were detected.
The skull of the mouse injected with type-A cells was
also found to be severely affected (Fig. 3, top), sustaining
damage that could have been caused by a combination of
several distinct effects. Changes in the bone texture along
both the outer and inner aspects of the skull (red arrow) re-
flect bone lysis. In addition, the fissures were open due to
pressure caused by intracranial tumor growth from within
the skull (red asterisk, and Fig. 5C). A BMD scan of the
skull rim emphasized the lack of continuity, and the dimin-
ished BMD adjacent to the missing skull bone regions. In
the lumbar vertebrae, the same elements of lytic lesions
and altered bone texture were evident (red arrow); fractures
in the cervical vertebrae were also seen (Fig. 3, red arrows).

Histopathological characteristics

of disease generated by type-A cells

Mice injected with the highly adherent type-A cells devel-
oped MM-like disease, which disseminated throughout the
body, leading to destruction of appendicular and long bones
and nervous tissue, but with visceral sparing. Within bone
and nervous tissues, multicentric disease was a regular
finding. Typically, clinical manifestations only partially re-
flected the full extent of the lesions, as seen in postmortem
examination. Figure 4A shows an example of massive neo-
plastic proliferation, which led to extensive destruction of
the vertebral column and the loss of normal anatomic struc-
tures. Figure 4B depicts, at higher magnification, a view of
a normal vertebra (black arrowhead) adjacent to a vertebra
that has been largely obliterated by neoplastic infiltration
(black arrow), with malignant cells extending beyond the
vertebral body. These data indicate that although the prolif-
eration of malignant cells may be initiated within the BM,
their outgrowth is not necessarily confined to this compart-
ment. In a similar manner, neoplastic growth was found in
the subdural space of the skull, with destruction of calvaria
(black arrow) (Fig. 4C); this tumor apparently originated
from within the BM of the skull (Fig. 4D). In contrast,

<

fluorescence intensity in arbitrary units. (B) Kinetics of type-A and type-F cell homing in NOD/SCID mice (dashed line: type-A cells, solid line: type-F cells).
Rate of cell accumulation in the liver and spleen is higher compared to that see in the BM, both for type-A and type-F cells. In the BM, the numbers of type-F
cells reach a plateau after 48 hours and then tend to decrease, whereas the numbers of type-A cells continuously accumulate. Type-F cells accumulate more
rapidly (significant results were obtained in the skull and vertebrae) within the different organs, as shown by lower T1/2 values (bar graph, bottom right)
(white bars: type-F cells, black bars: type-A cells). Each point on the graph represents the average * SD of three individual measurements performed on

three different mice.
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Figure 3. Micro-computed tomography skeleton imaging and bone mineral density (BMD) of mice injected with type-A and type-F cells. Upper panel:
Images were taken from mice injected with type-A cells, in which disease manifestations and pathological findings were noted in the skull, the vertebral
column and the leg. Images show altered bone texture in the fibula, skull, and vertebrae (red arrows), lytic lesions in the tibia (red arrowhead), detachment
of the temporal and occipital bones in the area of the sutures due to pressure of the growing tumor from within the skull (red asterisks), and fractures in the
cervical vertebrae (red arrow). Middle panel: Mice that were normal in appearance injected with type-F cells had no bone pathology. Lower panel: BMD
decreased in areas of tumor and bone destruction, while adjacent areas are not affected. Two examples are the tibia, with areas of decreased BMD (red arrow),
and areas with no bone detection at all (red arrowhead), that could represent lytic lesion. The femur in the diseased mouse resembles that of an unaffected
control. In the skull of the diseased mouse, the surface of the cranium is not continuous (asterisks), and the existing bone manifests lower BMD.

the tumors seen in mice injected with type-F cells were usu-
ally solitary intracranial masses. One type-F mouse devel-
oped a combination of intracranial and vertebral masses.

In mice inoculated with type-A cells, the disease was man-
ifested in neurological symptoms (e.g., head swelling, hind-
leg paralysis). Pathological examination of tissue sections
taken from these mice revealed considerable damage to nerve
tissues. Figure 5SA shows pronounced compression of the spi-
nal cord (black arrow) as a result of neoplastic proliferation
within the vertebral canal. Figure 5B indicates neoplastic in-
filtration (black arrowhead) of a dorsal root ganglion (black
arrow). In our animal model, the disease produced nervous
deficits associated with intracranial masses, causing mass ef-
fect and pressure on the brain. Figure 5C depicts one such ex-
ample, an intracranial tumor (black arrow) pressing on and
distorting the midbrain. Lateralization of the tumor clinically
correlated with the head tilt that this mouse developed (Fig. 5,
inset). High-resolution microscopic examination of the brain
tissue (Fig. SD) showed a discrete border between the tumor
and the brain (marked with black arrowheads).

Ex vivo properties of tumor-derived type-A cells

Several tumors that grew in mice injected with type-A cells
were explanted and grown in vitro in order to compare the
tumor cells phenotype to that of the injected cell population.
Adhesion assays demonstrated that cells derived from these
tumors retained their highly adhesive phenotype regardless
of the tumor site in vivo (Fig. 6A). In contrast, cells originat-
ing from the brain tumor isolated from mice injected with
type-F cells did not adhere at all (data not shown), indicating
that differences in adhesive properties between these two
malignant plasma cell variants are retained in the developing
tumor. Moreover, these results indicated that formation of
tumors, albeit in rare cases, by type-F cells is not attributable
to interconversion of type-F cells into type-A. We previously
demonstrated that type-A and type-F cells differ in their flow
cytometric profiles, including in expression of known
MM-related antigens, such as CD138 [16]. As shown in
Figure 6B, flow cytometric analysis of the cells originating
from these tumors also conserved their flow cytometric pro-
file. Thus, type-A cells, grown ex vivo, had lower levels of
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Figure 4. Destructive effects of growing multiple myeloma (MM) tumors on tissue. (A) Massive neoplastic proliferation leading to extensive destruction of
the vertebral column and of normal anatomic structures. (B) View at high magnification of a normal vertebra (arrowhead) adjacent to a vertebra that has been
largely obliterated by neoplastic infiltration (arrow). (C) Neoplastic growth in the subdural space of the skull with destruction of calvaria (arrow). (D) View at
high magnification showing a tumor originating from the bone marrow (BM) of the skull bone.

CD138 compared to type-F cells: in fact, these levels were
even lower than those of the cultured type-A cells, prior to
inoculation. Similarly, cells originating from a brain tumor
found in a mouse injected with type-F cells were character-
ized by CD138 expression levels that were even higher than
those of the type-F cells originally injected into the mice
(data not shown).

Discussion

Various studies indicate that extracellular matrix compo-
nents of the BM microenvironment may play a crucial
role in the pathogenesis of B-cell malignancies. Thus, adhe-
sion to fibronectin via a4 and a5f; integrins confers resis-
tance to Fas-mediated apoptosis to neoplastic plasma cells,
and interactions of MM cells with both free and immobi-
lized vitronectin and fibronectin stimulate their prolifera-
tion [11,19]. In B-CLL, adhesion to fibronectin can

induce transendothelial migration and invasion of the leu-
kemic cells [20], or protect B-CLL cells from the cytotoxic
effects of fludarabine [21]. These findings, demonstrating
the capacity of matrix adhesion to affect the behavior and
fate of cancer cells, compelled us to isolate adhesion vari-
ants from a B-cell malignancy and compare their properties
[16]. In the present study, we directly examined whether ad-
hesion variants of malignant B cells represent different tu-
morigenic potential in vivo, using the NOD/SCID mouse
model, which was previously utilized to assess the malig-
nancy of ARH-77 cells [22]. This assay indicated a signifi-
cantly higher incidence of MM-like disease with a much
shorter latency period in mice injected with the adhesive
type-A B cells as compared to mice injected with the poorly
adhesive type-F B cells.

Different tumorigenic properties of type-A and type-F
cells could, in principle be attributed to a variety of cellular
features, including cell homing into the BM, long-term
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Figure 5. Damage to the nervous system inflicted by tumor growth. (A) Pronounced compression of the spinal cord (arrow) arising from neoplastic pro-
liferation within the vertebral canal. (B) View at high magnification of neoplastic infiltration (arrow) of a dorsal root ganglion (arrowhead). (C) Tumor (arrow)
presses and distorts the midbrain. Lateralization of the tumor clinically manifested itself as a head tilt (insert). (D) Malignant cells have low affinity to the
neuroparenchyma. A discrete border is present between the tumor and the brain (marked by double arrowheads). The cortex is infiltrated by a low number of
malignant cells that are mostly confined to the perivascular spaces of Virchow-Robbins (arrow).

survival in the BM niche, and capacity to proliferate in that
site [23-26]. Specific homing of malignant cells to the
target tissue is often considered critical for successful estab-
lishment and growth of tumors [26]. In order to determine
whether the preferential development of disease by type-A
cells is attributable to the higher capacity of these cells to
reach the BM, we performed a short-term (up to 72 hours)
homing analysis of the two variants. We found that the
homing patterns of type-A and type-F cells were generally
similar. Both variants disseminated mainly to the spleen,
liver, and BM, which are the primary organs for MM cells
[27]. Tt is nevertheless noteworthy that disease manifesta-
tions were detected only in the BM, without apparent
involvement of the liver and spleen.

Although the general dissemination patterns of the two
adhesive variants were similar, the homing of type-F cells
was maximal at 24 hours, while type-A cells reached

similar dissemination only after 72 hours. Supportive data
obtained in our previous work [16] indicated that in vitro
type-F cells migrate considerably faster than type-A cells.
These data suggest that the low tumorigenic capacity of
type-F cells is not attributable to poor BM homing, but
rather to their poor long-term survival in the BM, and to
the capacity to proliferate in that site. Collectively, our
results indicate that establishment and development of
disease is predominantly determined by interactions of
the cells with the microenvironment in the target organs,
rather then by restricted dissemination routes.

Micro-CT analysis provided striking information on the
similarity between the disease model in mice, inoculated
with type-A cells and human MM disease. Clear lines of sim-
ilarity were noted, including major bone lesions, altered bone
surface texture, fractures and, in some cases, complete loss of
bone. We systematically measured BMD of the leg, thoracic
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Figure 6. Cells isolated from mice injected with type-A cells retained their adhesive and flow-cytometry phenotype. (A) Tumors isolated from mice injected
with type-A cells retained their adhesive phenotype, as demonstrated by an adhesion assay. Type-F cells (black bar) demonstrated low levels of adhesion,
while type-A cells (white bar) and two tumors derived from mice injected with type-A cells (dark gray bars) were found to be highly adhesive (*p < 0.05,
compared with type-F cells). One brain tumor isolated from a mouse injected with type-F cells showed a tendency to adhere that was even lower than that of
the original type-F cells (data not shown). (B) CD138 expression levels are low in type-A cells (white bar) compared to those seen in type-F cells (black bar).
This phenomenon was also observed in tumors derived from mice injected with type-A cells (light gray bars), whether intravenously or subcutaneously (even
lower then type-A cells, * p < 0.009) injection. The insert shows a representative analysis of a tumor isolated after intravenous injection. The bars indicate an
average * standard deviation of tumors isolated after intravenous or subcutaneous injection, as well as one brain tumor.

vertebrae, and the skull, and found that low BMD is confined An intriguing question highlighted by the present study is
to areas where tumor growth was apparent. Previous studies the possible causal relationships between the adhesive phe-
with this technique have shown that BMD of the lumbar spine notype and the apparent tumorigenic properties. Two general
is often diminished in MM patients at diagnosis, whereas mechanisms should be considered, namely, a direct involve-
BMD of the hip is rarely affected, a finding that also corrob- ment of matrix adhesion in the fine homing of malignant B

orates the local effect suggested by our data [28,29]. cells into a specific BM niche, affecting their invasive growth
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characteristics; or an indirect mechanism, whereby type-A
cells exhibit higher survival capacity than type-F cells
(related to, or independent of, integrin signaling). It is note-
worthy that the increased tumorigenicity of type-A cells
(compared to type-F) cannot be attributed to differences in
the initial homing to BM, which was similar in the two adhe-
sive variants. It should be mentioned that previous studies
support the notion that highly adhesive cells have a growth
advantage, which is enhanced by the cells’ adhesion to the
BM niche [30]. It was also found that cells with a highly ad-
hesive phenotype characterize overt MM cells compared
with the less adhesive plasma cells derived from smoldering
myeloma patients [31]. Regulation of malignancy by other
extracellular matrix proteins (e.g., thrombospondin-1) [32]
and malignant clonal dominance by growth conditions [33]
have already been established. Such studies clearly advocate
for epigenetic regulatory modes of malignancy by microen-
vironmental factors and conditions.

Future studies may clarify the biochemical and molecu-
lar characteristics of adhesive malignant B cells (and MM
cells in particular), thereby generating novel therapeutic
targets. In this respect, it is already known that anti-adhesion
therapy can significantly inhibit progression of MM and its
clinical manifestations in murine models [34]. Moreover,
anti-integrin—based agents may be utilized to overcome
adhesion-mediated drug resistance [35]. Development of
novel therapies for treatment of B-cell malignancies will
be based on a deeper understanding of the basic molecular
mechanisms driving this diversity.
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