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Abstract: Tumors contain heterogeneous cell populations and achieve dominance by functioning as collective sys-
tems. The mechanisms underlying the aberrant growth and interactions between cells are not very well understood.
The pre-B acute lymphoblastic leukemia cells we studied were obtained directly from a patient with Ph+ ALL. A new
Ph+ ALL cell line (ALL3) was established from the leukemic cells growing as ascitic cells in his pleural fluid. The
patient died of his disease shortly after the cells were obtained. ALL3 cells grow well at high cell densities (HD), but
not at low cell densities. ALL3 cells are very sensitive to potent tyrosine kinase inhibitors (TKIs) such as Dasatinib
and PD166325, but less sensitive to AMN 107, Imatinib, and BMS 214662 (a farnesyl transferase inhibitor). Here,
we show that the growth of the LD ALL3 cells can be stimulated to grow in the presence of diffusible, soluble fac-
tors secreted by ALL3 cells themselves growing at high density. We also show that exosomes, part of the secretome
components, are also able to stimulate the growth of the non-growing LD ALL3 cells and modulate their proliferative
behavior. Characterization of the exosome particles also showed that the HD ALL3 cells are able to secret them in
large quantities and that they are capable of inducing the growth of the LD ALL3 cells without which they will not
survive. Direct stimulation of non-growing LD ALL3 cells using purified exosomes shows that the ALL3 cells can also
communicate with each other by means of exchange of exosomes independently of direct cell-cell contacts or dif-
fusible soluble stimulatory factors secreted by HD ALL3 cells.

Keywords: Acute lymphoblastic leukemia, quorum sensing, exosome, proliferation, collective behavior, tyrosine
kinase inhibitor

various cellular interactions that can be defined
on the basis of their functions such as cell
motility factors, growth factors, extracellular
proteases, cytokines, anti-survival proteins,
angiogenic factors and other bioactive mole-
cules. They are involved in various pathophysi-
ological functions like cell differentiation, inva-
sion, metastasis, autophagy, apoptosis, tissue
organization, immune surveillance, angiogene-

Introduction

Collective behaviors are important features
regulating many biological processes such as
cell migration, stem-cell maintenance, mainte-
nance of proper organ size, immune system
regulations, hematopoiesis homeostasis and
regeneration in higher organisms [1-10].
Individual cells use ‘autocrine’ and/or ‘para-

crine’ factors to coordinate these beneficial col-
lective behaviors. Secretomes include group of
proteins or other molecules that are secreted
into the extracellular space by cells, tissues,
organs or organisms at any given time or in dif-
ferent conditions through known and unknown
mechanisms [11-13]. These secreted proteins
are an important class of molecules involved in

sis, and cell- cell communications [12].

Cancer cells function at population levels to
sustain excessive cell proliferation, initiate local
invasion or more distant metastasis, neutralize
invading immune cells or other immune defense
mechanisms, and initiate mechanisms of thera-
peutic resistance, and metabolic reprogram-
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ming [1, 14-17]. One of the most important
questions in the field of cancer biology is how
the cancer cells regulate their number by alter-
ing homeostatic quorum sensing regulatory
mechanisms, but this is still not well under-
stood [6]. It is also important to understand
how cell-cell communication helps to regulate
several key regulatory processes in cancer pro-
gression. There are several mechanisms of
cell-cell communications. A direct contact
between cells by integral membrane proteins is
one of them. Another mechanism is indirect
contact via the extracellular matrix. Cells also
communicate with each other via soluble dif-
fusible factors or via membrane vesicles. These
interesting nanoscale sized membrane vesicles
called “microvesicles” or “exosomes” are also
involved in cell-cell communications.

Exosomes (nanometer-sized membrane vesi-
cles) are secreted into extracellular space by
numerous cell types including dendritic cells, B
cells, T cells, mast cells, and tumor cells [18].
Circulating microvesicles were first described
by Taylor and Doellgast in 1979 [19]. Trams and
colleagues used the term “exosomes” for the
first time in 1981 [20]. Exosomes are derived
from an endosomal compartment and secreted
as extracellular vesicles (EVs). EVs are formed
by inward budding of late endosomes, and
fusion with the plasma membrane leads to
their release into the extracellular environment
[24]. They are found in various body fluids such
as urine, saliva, serum, peripheral blood, bron-
choalveolar lavage fluid, and malignant pleural
fluids [18, 21-23]. Different studies confirm that
exosomes derived from various cell types con-
tain membrane and cytosolic components such
as DNAs, proteins, lipids and RNAs [24].
Shuffling of these components between cells
serve as a novel important and smart means of
intra- and or inter- cell-to-cell communication.
Several studies suggest that exosomes are
involved in the induction of immune response
[25, 26], in the pathogenesis of neurodegener-
ative disease [27], in cell-cell communication
between cancer cells, and in metastasis [28-
30]. Exosomes also help the cells to determine
their movement through tissues [31].

Leukemia is an excellent model system to study
cancer cells’ collective behavior [32-35].
Several studies also suggest that exosomes
have an important role in hematological malig-
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nancies. Exosomes derived from acute promy-
elocytic leukemia patients can be more effec-
tive in inducing cytotoxicity by dendritic cells
[36]. Clarkson et al observed striking spleno-
megaly, granulopoietic stimulation and erythro-
blastosis in the chick embryo upon injection of
several mouse leukemic cell lines, but was
unable to identify the factors responsible for
this effect [37-39]. It is possible that the P388,
P815 and other mouse leukemic cell lines
secrete exosomes that acts on host embryonic
spleen stem cells to stimulate granulopoiesis
and also to induce erythroblastosis [37]. In
another study, acute myeloid leukemia patients’
sera derived exosomes have been shown to
have a detrimental effect on natural killer cells’
(NK cells) ability to kill tumor cells [40, 41].
Cross talk between endothelial cells and leuke-
mic cells in the bone marrow via exosomes
leads to an increase in neovascularization due
to the presence of higher amount of angiogenic
factors in CML exosomes [42]. In another study
researchers found that K562 CML cell line
derived exosomes induces angiogenesis in
human umbilical endothelial cells (HUVEC) [43].
The CML cell line derived exosomes modulate
the process of neovascularization by inducing
expression of ICAM-1 and VCAM-1 cell adhe-
sion molecules and down-regulating expres-
sion of VE-cadherin and B-catenin on the endo-
thelial cell surface leading to an increase in
endothelial cell motility [44]. K562 cell line
derived exosomes are found to be more highly
enriched for miRNAs than the whole K562 cells
[45]. In acute myelogenous leukemia (AML) the
exosomes secreted by leukemic cells also mod-
ulate bone marrow niche cells to support dis-
ease progression and therapy resistance at the
expense of homeostasis. Huan et al found that
primary AML cells and AML cell lines release
exosomes carrying several coding and non-cod-
ing RNAs that alters and reprograms the prolif-
erative, angiogenic, and migratory responses of
stromal and hematopoietic progenitor cell lines
[46).

In view of the above and the emerging impor-
tance of exosomes in leukemias, the objective
of the present study was to determine if exo-
somes have any role in the collective stimula-
tion of growth of Ph+ ALL3 cells at low cell den-
sity by factors secreted by the same or other
cells growing at high cell density [6]. The ALL3
cell line provided a unique opportunity to inves-
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tigate the mechanisms regulating the growth of
these malignant cells that closely simulate the
conditions in the pleural fluid ecosystem in
which they were growing rapidly in ascetic form
in the patient. In contrast to many other long-
established human or murine BCR-ABL driven
leukemic cell lines, ALL3 cells do not form colo-
nies in methylcellulose, do not grow in liquid
culture at low cell densities (~5000-10,000
cells/ml) (LD), and grow increasingly faster at
progressively higher cell densities (HD) between
20,000 cells/ml and 3-4 x 10° cells/ml without
stimulation by any growth factors (GFs) [6]. The
ALL3 cells are unresponsive to any known
hematopoietic cytokines, produce no clones in
semi-solid media, not even tiny ones, and don’t
grow as single cells in 60-well single cell clon-
ing plates. The cell-free supernates from ALL3
cells grown at high starting cell densities
(HDSN) were found to stimulate the growth of
the ALL3 cells at LD at which they otherwise
don’'t grow. The ALL3 cells shortly enter apopto-
sis and die at LD, but the apoptosis of LD ALL3
cells can be repressed and some of the cells
rescued and stimulated to resume proliferation
in the presence of the HDSN. Labeling studies
with Ki67, BrdU or EdU showed that the LD
ALL3 cells are poised to begin proliferating but
cannot do so without being triggered by HDSN
from ALL3 cells or some other normal or leuke-
mic cells growing at HD [6].

Our study reveals some clues about the under-
lying exosome mediated proliferative mecha-
nisms responsible for the defective quorum
sensing in ALL that may also be involved in
other hematologic malighancies and solid can-
cers. It also provides strong evidence that the
great majority of individual ALL3 cells by them-
selves have very limited self-renewal and prolif-
erative potential, and are only able to prolifer-
ate continuously and achieve dominance in
vitro and presumably in vivo because of collec-
tive communication and a continuously pro-
duced supply of growth promoting substances
present in the exosomes and soluble growth
factors secreted by rapidly proliferating HD
ALL3 cells.

Materials and methods
Drug formulations

All the TKls such as PD166326, Dasatinib, ima-
tinib mesylate, AMN107, and BMS214662 were
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synthesized by Dr. Darren Veach in Clarkson
Lab or by Chemical Synthesis core facility at
MSKCC, NY.

ALL3 cells

The human p190B°R48L driven ALL cells line
(ALL3) was derived from the rapidly growing
Ph+ ALL leukemic cells growing in ascitic form
in the pleural fluid of an adult patient with wide-
ly disseminated Ph+ ALL who died shortly
thereafter [6]. Multiple aliquots of ALL3 cells
were frozen to preserve the cells’ condition as
closely as possible to their status in the pleural
fluid. When experiments were planned, an ali-
quot was thawed about a month or so ahead of
time as it took a few weeks or longer for the
majority of cells surviving the freeze/thaw pro-
cedures to resume growing at about their origi-
nal rate in the pleural fluid and shortly in vitro
after collection of the pleural fluid by thoracen-
tesis. After thawing an aliquot a portion of the
thawed cells was refrozen for future use. During
the course of a series of experiments the cells
were passaged serially in liquid media for about
4-6 months during which they usually main-
tained their original growth characteristics, but
with longer passage, they sometimes began to
adapt to the liquid culture conditions and start-
ed to grow at lower cell densities at which they
would not grow originally. During this optimal
experimental period the cells were maintained
in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Hyclone Laboratories,
Logan, Utah, USA), 1% penicillin-streptomycin
solution (PSN; 10,000 I.U. penicillin and 10,000
pug/ml streptomycin) (Corning # 30-001-Cl,
Fisher Scientific, Pittsburgh, PA, USA), 1% sodi-
um pyruvate (Mediatech Inc, Manassas, VA,
USA # 25-000-Cl), 1% HEPES buffer (N-2-
hydroxyethylpiperazine-N’-2-ethanesulphonic
acid) (Mediatech # 25-060-Cl), 1% non-essen-
tial amino acids (NEAA; Mediatech #25-025)
and 0.1% B-mercaptoethanol (BME) (Life
Technologies, Grand Island, NY, USA # 21985-
023). Hereafter, we will use the term ALL3
media to describe the above culture medium
used to culture the ALL3 cells.

For exosome collection, we used exosome-
depleted FBS to prepare ALL3 media with 10%
FBS. FBS was depleted of bovine exosomes by
ultracentrifugation at 100,000 x g for 70 min.
The ALL3 cells were grown for 72-96 hr for col-
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lecting supernatant and the cell-free super-
nates were subjected to exosome purification.

Collection and processing of supernatant

The ALL3 cells were washed with plain IMDM
and suspended (0.5-1 x 108 cells/ml) in IMDM
with 10% exosome-depleted FBS and cultured
for 72-96 hr at 37°C in a 5% CO, atmosphere.
The cell culture supernates were harvested
after 3-4 days of growth and the cells were cen-
trifuged at 500 x g for 10 min. The cell-free
supernatant was collected and filtered using
Millipore 0.22 ym 50-ml filter tubes. The fil-
tered-supernatant was used either for stimula-
tion or exosome purification.

Exosome isolation

The ALL3 cells were cultured in media supple-
mented with 10% exosome-depleted FBS. We
used a modified version of the technique devel-
oped by Théry et al. [27] for exosome isolation.
Supernatant fractions collected from 72-96 hr
ALL3 cell cultures were pelleted by centrifuga-
tion at 500 x g for 10 min leaving the cells pel-
let behind. The supernatant was further centri-
fuged at 20,000 x g for 20 min to remove any
cell debris. The exosomes were then harvested
by centrifugation at 100,000 x g for 70 min.
The exosome pellet was resuspended in 25 ml
of PBS (Phosphate-buffered Saline, Invitrogen,
Carlsbad, CA) and collected by ultracentrifuga-
tion at 100,000 x g for 70 min. The exosome
pellet was suspended into 25 ml of PBS and
loaded on a 4 ml 30% sucrose cushion in D,0
(300 g/l sucrose, 24 g/| Tris base, pH 7.4) in a
SW 28 ultracentrifuge tube. Samples were cen-
trifuged at 165,000 x g for 1 hr at 37°C and,
approximately 3.5 ml of the sucrose cushion,
now containing exosomes, was collected from
the lower phase and transferred to a fresh ul-
tracentrifuge tube. The tube containing the su-
crose cushion with exosomes was filled close to
the rim with 25 ml of PBS and centrifuged again
at 165,000 x g for 1 hr at 37°C. The superna-
tant was discarded and the pellets of exosomes
were stored at -20°C until further use.

[*H]-Thymidine incorporation assay

The supernates or exosomes from cells growing
at high starting cell densities were collected as
described above. For growth assays, cells were
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counted using the trypan blue dye exclusion
method and cells equivalent to 5,000-10,000
cells/ml (LD ALL3 cells) were placed into 15-ml
falcon tubes. The adjusted ALL3 cells at the LD
were washed with fresh ALL3 media once, and
replaced with HDSN or exosome pellets col-
lected from ALL3 cells grown at high starting
cell density or with plain ALL3 media (as nega-
tive control). In each experiment the cell sus-
pension volume was 6-7 ml. Then, the LD cells
were resuspended thoroughly and dispensed
into two 6-well flat bottom plates with 3 ml cell
suspension per well in each plate and kept at
37°C, 5% CO, in an incubator until harvesting
them for assay. The day before harvesting the
cells on a filter plate, 200 ul of cell suspensions
were taken from the 6-well plate and seeded in
triplicate in 96-well round bottom plates. Then,
these cells were incubated with 20 ul (for each
well) of 0.3 uCi of [*H]-thymidine (PerkinEImer
Life Sciences, Shelton, CT, USA), and the cells
were incubated for 18 hr at 37°C and 5% CO.,,.
Next day, cells were harvested on Unifilter GF/C
96-well plates (Perkin Elmer Life Sciences #
1450-521) using Unifilter-96 cell harvester
(Perkin Elmer Life Sciences # 961961) as
described by manufacturer. The plates were
allowed to air dry, and 20 ul Microscint-20 fluid
(Perkin Elmer Life Sciences # 6013621) was
added and plate was covered with transparent
top-seal and opaque back-seal, and [°H]-thy-
midine radioactivity was measured in TopCount
Microplate Scintillation Counter (Perkin Elmer
Sciences). This assay system was used to
determine stimulatory activity of different
sources of supernates on the growth of the LD
ALL3 cells.

[*H]-Thymidine proliferation assay for drug inhi-
bition study

The effect of PD166326, Dasatinib, imatinib
mesylate, AMN107, and BMS214662 on ALL3
proliferation was determined by [*H]thymidine
assay as previously described [47]. Briefly, cells
were plated in triplicate at a particular concen-
tration in 96-well plates and treated with a
range of TKI concentrations or control (DMSO).
After 48 hours, [(H]thymidine was added to
each well for 18 hours, and incorporation was
quantitated by using a Packard scintillation
counter (Packard Instrument, Downers Grove,
IL). After correction for background, counts per
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minute (CPM) values were determined for each
sample and normalized relative to control-treat-
ed samples. CPM as percentage of control was
then plotted versus the concentration of drug.

Western blotting

ALL3 cells, K562, R10(-), Mo7 and CML CD34+
were lysed in RIPA buffer (50 mM Tris
(tris(hydroxymethyl)aminomethane) pH 7.4,
150 mM NaCl, 1% sodium deoxycholate, 1 mM
EDTA (ethylenediaminetetraacetic acid), 1%
Triton-X, 0.1% SDS (sodium dodecyl sulfate))
containing 1 mM phenylmethylsulfonyl fluoride,
1% aprotinin (vol/vol), 25 mM sodium fluoride,
1 mM sodium orthovanadate, 1 uyg/mL pep-
statin, 5 yg/mL leupeptin, and 2 mM Pefabloc
SC (Roche Diagnostics, Mannheim, Germany)
as previously described [48]. RIPA lysates were
normalized by OD%%® (Bio-Rad Protein Assay;
Bio-Rad Laboratories, Hercules, CA). For Bcr/
Abl expression analysis, cells were lysed direct-
ly in 2X sample buffer, briefly sonicated, and
centrifuged for 10 minutes at 12,000 x g at
4°C to remove insoluble debris. Cell lysates
were resolved by SDS/polyacrylamide gel elec-
trophoresis and electrophoretically transferred
to a nitrocellulose membrane overnight and
probed with antibody overnight. The antibody
for BCR-ABL detection in ALL3 cell line was
anti-Abl (Oncogene Research Products, Boston,
MA.

Mouse transplantation

Animal studies and procedures were approved
by the Memorial Sloan-Kettering Cancer Center
Institutional Animal Care and Use Committee.
NOD.Cg-Prkdcscidll2rgtm1Wijl/SzJ (NOD/SCID)
mice were either purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) or bred in-
house, and were housed in specific pathogen-
free facilities and fed a sulfatrim-containing
diet. Mice, 6-8 weeks old, were irradiated (3 Gy)
3 h before transplantation and cells of interest
were resuspended in 0.2 ml of QBSF and trans-
planted intravenously via the tail vein. Unless
otherwise indicated, mice were sacrificed 5-6
weeks after transplant.

Bioluminescent imaging of mice

NOD-SCID mice (8-10 weeks of age; Jackson
Laboratory) were sublethally irradiated with a
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single fraction of 300 rads, and 3-6 hr later, a
total of 1 x 10° cells were administered by tail
vein injection. Mice were imaged and total body
luminescence quantified.

Atomic Force Microscopy (AFM)

AFM images were recorded at room tempera-
ture (RT) using an AFM in contact mode. The
samples were prepared by applying a drop of
the exosome solution (1:50 dilution of the origi-
nal purified solution in PBS) onto mica, incubat-
ing for 10 min, and blowing dry with Na.

Measurement of particle size and concentra-
tion distribution with NTA

For particle size determination, nanoparticle
tracking analysis (NTA) was performed with a
NanoSight LM-10 instrument equipped with
the NTA analytical software. Isolated exosomes
from HD ALL3 cells were analyzed using the
NanoSight LM-10 instrument (NanoSight Ltd,
Amesbury, UK). The analysis settings were opti-
mized and kept constant between samples,
and each video was analyzed to give the mean,
mode, median and estimated concentration for
each particle size. All experiments were carried
out at a 1:1000 dilution, yielding particle con-
centrations in the region of 1 x 108 particles
per ml in accordance with the manufacturer’s
recommendations. All samples were analyzed
in quadruplicate. The concentrations of parti-
cles from HD ALL3 cells were expressed per
cell numbers.

Measurement of particle size and concentra-
tion distribution with zetasizer

Dynamic light scattering was performed with a
Zetasizer nanoseries instrument (Malvern
Nano-Zetasizer, A = 532 nm laser wavelength).
The exosome size data refers to the scattering
intensity distribution (z-average). Each experi-
ment was carried out in quadruplicate. For
dynamic light scattering, the exosomes that
were initially dispersed in PBS after the isola-
tion were diluted 1:1000 with PBS.

Statistical analysis

Unless otherwise indicated, analyses were per-
formed on data generated from quadruplicate
NTA and zetasizer results. Data were analysed
using Prism6 (version 6).

Am J Transl Res 2016;8(9):3614-3629
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Results

Karyotype and FISH analysis of ALL3 Cells

The human p1908°*4BL driven ALL cell line
(ALL3) was derived from the rapidly growing
Ph+ ALL leukemic cells growing in ascitic form
in the pleural fluid of an adult patient with wide-
ly disseminated Ph+ ALL who died shortly
thereafter. 26.5% of ALL3 cells have 2 copies of
bcr/abl and 73.5% have 3 copies (Figure 1A,

3619

Figure 1. The karyotype and FISH analysis of ALL3 cells.
A and B. 26.5% of ALL3 cells have 2 copies of bcr/abl
and 73.5% have 3 copies of bcr/abl. C. Confirmation of
size of BCR/ABL protein in ALL3 cells using western blot
analysis. The ALL3 have a p190 kd size fusion protein as
compared with other cell lines such as K562, R10(-) cell
lines and CML CD34+ cells which contain a p210 kd BCR/
ABL protein. Note: Analysis was performed by Cytogenet-
ics core facility, MSKCC, NY.

1B). ALL3 cells contain p190 bcr/abl protein as
confirmed using western blotting (Figure 1C).

Growth of ALL3 cells at different starting cell
densities in-vivo in mice and in-vitro

We followed the growth of the ALL3 cells at dif-
ferent starting cell densities of 0.5 x 104, 1 x
104, 5 x 104, 1 x 10%and 5 x 10°cells/ml using
the trypan-blue dye exclusion method. The
hemocytometer cell counts are increasingly

Am J Trans| Res 2016;8(9):3614-3629
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Figure 2. Growth of the ALL3 cells at different starting cell densities. The ALL3 cells were grown in the ALL3 medium
as described in ‘Methods’. Comparative growth of the ALL3 cells at starting cell density of (A) HD of 5 x 104, 10 x 10*
and 5 x 10°cells/ml and (B) 0.5 x 10%-1 x 10*cells/ml. Y-axis represents total number of viable cells on different
days as determined using the trypan-blue exclusion method. Note: In, (A) and (B), the Y-axis has a different scale.

inaccurate at the low density. As shown in
Figure 2A the ALL3 cells were growing faster at
higher starting cell densities (HD) between 5 x
10%-5 x 10° cells/ml with doubling times (DTs)
of ~24 hr. At low starting cell densities of 0.5 x
1041 x 10*cells/ml, ALL3 cells did not grow in
liquid culture except very transiently during the
first few days (Figure 2B). Mice injected S.C.
with as few as 5 x 10° ALL3 cells developed
tumors reaching 2 cm? in size between 4 and 6
weeks after injection (Figure 3A), and mice
injected i.v. with 5 x 10% or more ALL3 cells all
developed disseminated leukemia within 5
weeks after injection (Figure 3B). However mice
injected i.v. with 5 x 103, 2.5 x 10%, and 5 x 10*
ALL3 cells did not develop leukemia, unlike the
established mouse BM185 cell line which
caused disseminated leukemia in the majority
of mice with 50-100 cells (data not shown). The
cells grow increasingly faster at progressively
higher cell densities between 20,000/ml and
1-3 x 10%/ml and produce lethal tumors in
NOD-SCID mice when injected either SCor IV in
numbers as low as 10° cells (Figure 3C).

Comparison of inhibition of ALL3 cells in the
presence TKis

We then compared the sensitivities of the ALL3
cells to several different TKIs (Figure 4). The
ALL3 cells were highly sensitive to inhibition of
growth by Dasatinib and PD166326 as shown
by ®H-thymidine uptake (Figures 4A), less sen-
sitive to inhibition by Imatinib, BMS214662

3620

and AMN107 (Figure 4B, 4C), and did not show
any comparable beneficial synergistic effect to
the combination of Dasatinib and BMS214662
(Figure 4D).

Comparison of growth of ALL3 cells at differ-
ent starting cell densities and per cm? of sur-
face area

As described earlier ALL3 cells do not grow at
all in liquid media at starting cell densities at or
below ~ 5000 cells/ml unless they are tightly
packed together as in round-bottom 96 well
plates. Proximity or close contact are clearly
important for the growth of ALL3 cells, the ALL3
cells grown in 96-well round bottom plate at
concentration of 0.5 x 10%5 x 10* cells/ml
grow faster, whereas at very low starting cell
densities (2000, 1000, and 500 cells/ml) they
don’t grow well as shown using growth curve
Figure 5A and [*H]-thymidine uptake assay
(Figure 5B). We observed that 5000 cells failed
to grow except transiently even at a density of
50,000 cells/ml and 14-15,000 cells per cm?
of surface area; 10,000 cells only grew slowly
at cell densities of 10° cells/ml and ~30,000
cells per cm? 20,000 cells grew poorly at
40,000 cells/ml and 27,000 cm?, and best at 2
x 10° cells/ml and ~60,000/cm? (Figure 5C,
5D).

ALL3 cells usually don’'t grow at all in liquid
media at starting cell densities at or below
~5000 cells/ml unless they are tightly packed
together as in round-bottom 96 well plates

Am J Transl Res 2016;8(9):3614-3629
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Figure 3. Growth of the ALL3 cells in mice. A. In-vivo growth rate of ALL3 cells
implanted S.C. in NOD/SCID mice with 5, 10, 15, and 20 million ALL3 cells.
B. In mice injected i.v. with 5 x 10° or more ALL3 cells widespread dissemina-
tion of the leukemic cells were observed in all mice (except the control), with
infiltration of multiple organs such as spleen and bone marrow. C. Biolumines-
cence imaging of systemically injected ALL3 cells. Mice received 3Gy IR 3 hours
before I.V. injection of ALL3 cells. Mice were sacrificed 35 days post injection

and analyzed for signs of dis-
ease. Mice injected i.v. with
ALL3 cells were sent to the
Molecular Pathology Facility
for complete necropsy either
5 or 6 weeks after injection.
Widespread dissemination of
neoplastic lymphocytes was
observed in all mice (except
the control), with infiltration
of multiple organs as well as
bone marrow, meninges, and
epidural space. Despite bone
marrow filtration, most of the
animals had a normal WBC
count and no sign of circulat-
ing atypical lymphocytes. Note:
The mouse study was per-
formed by Elisa DeStanchina,
head of the MSKCC Anti-tumor
Assessment Core Facility.

(Figure 5E). Total ALL3 ce-
lls at 10,000 or 20,000
only grew at the highest
starting cell densities (10*
or 2 x 10* cells/ml) and
when closely packed to-
gether (~ 30,000/cm? or
60,000/cm?), Figure 5F
and 5G, and didn’t grow at
5000 cells/ml even at a
starting cell density of 5 x
10% cells/ml and ~ 15,000
cells/cm? (Figure 5E).

Figure 5 shows some of
the important characteris-
tics of the growth of ALL3
cells in liquid media, name-
ly their failure to grow at low
starting cell densities and
faster growth at higher den-
sities in 48 well plates,
their still faster growth and
to higher peak numbers at
intermediate starting den-
sities when closely packed
together on bottom growing
areas, and their slower
growth at very high starting
densities as they rapidly
reach saturation densities.
Thus both intimate cell con-
tact as well as cell density
are clearly important fac-
tors in enhancing their
growth.
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ALL3 cells (40,000 cells/well) growing exponentially at a starting cell density of ~4 x 10° cells/ml. (C) Comparison
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Comparison of growth of ALL3 cells in the
presence of HDSN

Next, we used the filtered supernatant collect-
ed from the ALL3 cells growing at high starting
density to see whether the HDSN can stimulate
the growth of the LD ALL3 cells or not. We used
[*H]-Thymidine incorporation assay as descri-
bed in the “material and method section” to
observe the stimulatory activity. The LD ALL3 at
~5,000 cells/ml grew very well in the presence
of filtered HDSN providing maximum stimulato-
ry activity around ~15-18 days (Figure 6). We
also found that the HDSN is not able to stimu-
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late growth of ALL3 cells at very low starting
cell densities (100, 500, and 1000 cells/ml)
(Figure 7). The ALL3 cells grow much better
when the starting cell density is 5000 cells/ml
compared to 2000 cells/ml and no growth at all
was detectable below 2000 cells/ml (Figure 7).
Thus, the diffusible, soluble, and secreted fac-
tors present in the HDSN are able to stimulate
growth of the non-growing LD ALL3 cells but not
if the latter’s cell number and density is below
~1-2 x 10° cells/ml. ALL3 cells at 5000 cells/
ml or below without stimulation from HDSN
failed to grow at all under the same condition.
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Figure 5. Growth of the ALL3 cells at different starting cell densities per ml and per cm? of surface area. A. Compari-
son of the growth of ALL3 cells at different starting densities in 96-well round bottom plates. The y-axis represents
total number of viable cells per ml. Note: Because the well volume is only 0.2 ml and the bottom surface area
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represents the counts per minute (CPM). C. Comparison of growth of ALL3 cells at starting cell densities of 5000,
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Figure 6. The [°H]-Thymidine uptake assays of the
ALL3 cells in the presence of HDSN. The [*H]-Thymi-
dine uptake assays showing the stimulatory effect of
the HDSN collected from HD ALL3 cells on the growth
of LD ALL3 cells (5000 cells/ml; red bar) to that of LD
ALL3 cells without stimulation (blue bar). The y-axis
represents the counts per minute (CPM).

Comparison of growth of ALL3 cells in the
presence of ultracentrifuged fractions

The stimulatory activity of the whole HDSN was
due to several components of the HD ALL3
cells’ secretome. The cells’ secretomes include
various soluble growth factors, proteins, small
molecules, peptides and also exosomes. To
determine which component of the secretome
was responsible for the stimulatory activity, we
designed the experiment as shown in Figure
8A. The supernates collected from exponen-
tially growing HD ALL3 cells were filtered and
centrifuged to remove cells, dead cells, and cell
debris. Then the supernates were ultracentri-
fuged at high speed to collect top, middle, and
pellet fractions as shown in Figure 8A. The pel-
let was further processed as described in the
experimental section to enrich for purified exo-
somes as shown in Figure 8B. This experiment
was designed to determine if the activity was
due to the secretory proteins (upper part= lack-
ing the exosomes), exosome (pellet containing
the exosomes), and both. After obtaining all the
fractions (upper, middle, purified enriched exo-
somes, and whole HDSN), we incubated them
with the LD ALL3 cells to follow their effect in
time-dependent manner using the [*H]-thy-
midine incorporation assay. As shown in Figure
9, we found that as expected the whole HDSN
were able to stimulate the growth of the LD
ALL3 cells (at 5000 cells/ml). We also found
that the upper part (exosome depleted) also
stimulated the LD ALL3 cells and the stimula-
tory activity profile on the LD ALL3 cells was
similar to that of the HDSN. Surprisingly, the
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Figure 7. Stimulatory effect of the HDSN on the dif-
ferent numbers of low cell densities ALL3 cells. The
HDSN was collected from HD ALL3 cells grown at 5
x 10° cells/ml after 3 days when cell count was 1.1
x 10° cells/ml and viability 85% (DT = ~52 hr). The
[*H]-Thymidine uptake assays showing the stimulato-
ry effect of the HDSN on different number of LD ALL3
cells (100-5000 cells/ml). The y-axis represents the
counts per minute (CPM).

purified exosome (pellet) did not show any stim-
ulatory activity until approximately two weeks,
but after this the purified exosomes in the pel-
let first showed minimal stimulatory activity at
day 16 and at day 21 the LD ALL3 cells were
clearly stimulated and continued to grow until
day 27 with maximal activity at day 24 (Figure
9). It is important to note that the LD ALL3 cells
were only treated once with exosomes, whole
HDSN, or upper HDSN lacking exosomes. Thus,
in this study we were able to show that the stim-
ulatory activity of the whole HDSN is present in
both the soluble secretory proteins or other
molecules as well as in exosomes, but the lat-
ter’s stimulation occurred later, probably due to
the greater need for transport of exosomes
across the cell membrane and intracellular
processing.

Characterization of exosomes

Next, we performed several analyses to con-
firm the presence of exosome vesicles in the
pellet. We investigated the total number of exo-
somes and their size using nanoparticle track-
ing analysis (NTA) method. The exosomes were
collected from five separately growing HD ALL3
cells after either three or four days of the
growth. Appropriately diluted samples were
kept on ice and applied to the sample chamber

Am J Transl Res 2016;8(9):3614-3629
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Figure 8. Design of experiment to determine activity of different part of HDSN.
(A) Scheme used to collect HDSN and exosome. After removal of cells and cell
debris the supernates were ultracentrifuged and the upper (representing su-
pernate devoid of exosome), middle part (representing supernate devoid of
exosome), and pellet (representing small extracellular vesicle = exosome) were
collected. The pellet was further processed as shown in (B) to obtain more pure
exosome. All the fractions were used to determine if they could stimulate the
LD ALL3 cells or not. (B) Steps for the exosome purification procedure based on
differential ultracentrifugation and sucrose gradients. The right side of the ar-
row indicates speed, time or washing solution used for each step. Pellets (cells,
dead cells, cell debris) were discarded after each of the first three steps, and
the supernatant was ultracentrifuged. Then the pellet was washed, and also
purified using sucrose gradient and washed again with PBS. The washes were
discarded and the pellet was incubated at -20°C until further use.

some. Therefore, we also
used Zetasizer to determi-
ne the exosome particle
size using the Dynamic Li-
ght Scattering (DLS) meth-
od. Figure 10C shows the
Z-average size of the exo-
some particles collected
from five different prepara-
tions; the average size from
all the preparations was
found to be ~87 nm. We
also used AFM to confirm
presence of the exosome
particles (Figure 10D) and
NTA video analysis to show
representative images (Fi-
gure 10E).

The data indicate that the
stimulation of the LD ALL3
cells are different for secre-
tory factors and exosome
fractions, suggesting that
there may be different
stimulatory factors or they
are processed differently.
The exosomal contents are
enclosed in membranous
structures and their uptake
by the non-growing LD
ALL3 cells require trans-
port across the cell mem-
brane and intracellular pro-
cessing. Once they are pro-
cessed the stimulatory fac-
tors act on the downstream
growth promoting signaling
pathways to further stimu-
late growth. In contrast the
secreted proteins or other

of the Nanosight LM-10 instrument. For each
preparation the measurement were taken in
triplicate. Using NTA we found that 0.0028 x
108 particles (average of all the five prepara-
tions) were secreted per million HD ALL3 cells.
Exosome particles concentration for each prep-
aration is shown in Figure 10A. Figure 10B
shows the average mean size for exosome par-
ticles collected from five different preparations
using the NTA method. The diameter of the exo-
some particles ranged from ~30 to 450 nm.
The average particle diameter from all of the
five preparation is ~148 nm. In NTA analysis,
the light intensity of the larger particles causes
overestimation of the smaller particle size exo-
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growth factors are readily available and once
they are in sufficient quantity, they probably
bind quickly to receptors and stimulate the
growth of non-growing LD ALL3 cells.

Discussion

The Ph+ ALL3 cell line was used as a model
system to try to understand how cells commu-
nicate with each other and with other cells and
the abnormalities in quorum sensing that per-
mitthese S/P cells to far exceed normal homeo-
static cell densities. The ALL3 cells do not grow
at low staring cell densities but grow very well
with good viability at high starting cell densi-
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ties. This observation is nicely coordinate with
older observations in bacteria in which light
emission was determined to occur only at a
high cell population density [49].

Although there are many potential interpreta-
tions of this finding, the most probable explana-
tion is that both soluble factors and compo-
nents of exosomes stimulate the growth of the
non-growing LD ALL3 cells. With regard to exo-
somes, firstly RAB27A was ~2-4 fold up-regulat-
ed in the HDSN stimulated LD ALL3 cells [6]
suggesting that this induces release and secre-
tion of exosomes which contain factors that
can stimulate the non-growing LD ALL3 cells to
survive and resume proliferation. Rab27A is
known to be involved in the exosome secretion
pathways [50] and is highly expressed in mela-
nocytes and hematopoietic and other secretory
cells [51]. Its expression has been clinically
related to hepatocellular carcinoma [52] and
pancreatic cancer [53]. Raimondo et al have
shown that CML-derived exosomes promote
the proliferation and survival of tumor cells in
an autocrine fashion by activating anti-apoptot-
ic pathways [54].

Secondly, in our study we treated the LD ALL3
cells only once with exosomes from HD ALL3
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cells. However, in vivo the exosomes are con-
stantly secreted by neighboring leukemic cells
or other cells present in microenvironments
that can assist small number of semi-isolated
leukemic S/P to survive, avoid apoptosis, and
continue to grow even in adverse conditions
such as during chemotherapy.

In summary, we have demonstrated that diffus-
ible factors secreted or released by proliferat-
ing cells are capable of initiating and sustaining
growth of Ph+ ALL3 cells at low cell densities at
which they do not grow without these stimula-
tory factors but rather succumb to apoptosis,
and death.
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