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Abstract
Objective—Infiltration of the central nervous system (CNS) by leukemia is a problematic disease
manifestation of acute lymphoblastic leukemia (ALL). The mechanisms by which leukocytes interact
with brain-derived microvasculature endothelial cells (HBMEnd) and enter the CNS are largely
derived from models of inflammation. However, our data indicate that ALL cells do not elicit an
inflammatory phenotype by HBMEnd. Our current investigation focuses on the contribution of the
unique co-expression of VE-cadherin and PECAM-1 by ALL in mediating leukemic cell interactions
with HBMEnd as an in vitro model of the blood-brain-barrier.

Materials and Methods—Primary ALL and ALL cell lines were evaluated for VE-cadherin and
PECAM-1 expression. Lentiviral-mediated transduction of VE-cadherin and PECAM-1 into REH
cells and antibody neutralization of VE-cadherin and PECAM-1 in SUP-B15 cells was used to
delineate the role of these two proteins in mediating ALL adhesion to and migration through
HBMEnd monolayers.

Results—While cell line models indicate that VE-cadherin and PECAM-1 expression is found on
the surface Ph+ ALL, evaluation of primary ALL demonstrates that VE-cadherin and PECAM-1 are
expressed independent of Ph-status. Expression of VE-cadherin and PECAM-1 by ALL enhanced
the adhesion of ALL to HBMEnd, while expression of PECAM-1 enhanced ALL adhesion to, and
migration through, HBMEnd.
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Conclusions—Expression of VE-cadherin and PECAM-1 by ALL cells positions them to interact
with HBMEnd. By increasing our understanding of molecular mechanisms through which ALL cells
gain entry into the CNS, new strategies may be designed to prevent leukemia cell entry into the CNS.

Introduction
Disease specific prognostic indicators, such as chromosomal translocations and other
cytogenetic features, are used to stratify patients with ALL into risk groups for relapse and
disease outcomes.[1] In addition to disease specific prognostic indicators, there are also
anatomical sites that are therapeutically challenging. Relevant to the current study, infiltration
of the CNS by leukemic cells contributes to relapse of disease and predicts poor disease
outcome.[2,3] Risk factors associated with the development of CNS leukemia include age with
a higher incidence found in infants and young children, high leukocyte counts, and the presence
of high-risk cytogenetics.[4] At diagnosis, less than 5% of children and less than 10% of adults
with ALL present with CNS involvement. However, without prophylactic measures, as many
as 50%-75% of children and 33% of adults with ALL would develop CNS manifestations.[4]
The use of prophylaxis significantly decreases the rates of CNS involvement, but treatments
targeted for action in the CNS produce unique toxicities including seizure, dementia,
intellectual dysfunction, leukoencephalopathy, and growth retardations.[5,6] While
prophylaxis reduces the rate of CNS involvement, the implications of CNS directed therapeutic
toxicities in a pediatric population, the persistence of CNS relapse in some patients despite
prophylactic measures, and the dismal prognosis surrounding CNS relapse highlight the need
to better understand the biology involved in the communication between ALL cells and the
CNS.

Circulating leukemic cells are carried by the internal carotid arteries or the vertebral arteries
to the blood-brain-barrier (BBB), the interface of general circulation and the CNS.[7] The BBB,
which serves to isolate the parenchyma of the brain from general circulation and to tightly
regulate movement of material into and out of the CNS, has classically been regarded as the
most logical site for immune cells to enter the CNS.[8] The BBB is composed of microvascular
endothelial cells joined together by relatively impermeable and highly developed tight and
adherens junctions.[7,8] Tight junctions are composed of transmembrane proteins, including
occludin and claudin-5, which interact homotypically with adjacent endothelial cells and are
linked to the cytoskeleton through the ZO family of proteins.[9,10] The transmembrane
proteins of adherens junctions, VE-cadherin and PECAM-1, also bind homotypically to
adjacent endothelial cells and are linked to the cytoskeleton through beta-catenin.[9] Together
these structures form the anatomical basis of the BBB, which restrict the paracellular migratory
pathway for circulating cells into the CNS.[7,11]

Much of what is known about leukocyte migration into the CSN was discovered using the
murine experimental autoimmune encephalomyelopathy model of human multiple sclerosis.
In this model, self-reactive T-and B-lymphocytes as well as monocytes enter the CNS under
inflammatory conditions.[12] Our data, however, indicate that the leukemic blasts of ALL do
not induce the inflammatory phenotype of brain microvascular endothelial cells associated
with classical extravasation. Based on these observations we have investigated migration of
ALL across monolayers of brain-derived microvascular endothelial cells, focusing on the
contribution of ALL VE-cadherin and PECAM-1 expression. Through the use of lentiviral-
mediated expression of these two proteins and neutralization of protein function with specific
antibodies, we demonstrate that expression of VE-cadherin and PECAM-1 by ALL confers an
advantage to the leukemic cells with respect to adhering to, and migrating through, human
brain derived microvascular endothelial cell monolayers.
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Materials and Methods
Cell culture

The ALL cell lines JM-1 (CRL-10423), REH (CRL-8286), and SUP-B15 (CRL-1929) were
obtained from ATCC (Manassas, VA). Nalm-27 cells were provided by the Fujisaki Cancer
Center (Okayama, Japan). Leukemic cells were maintained at a density of 1×106 cells/mL in
Iscove's DMEM (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT), 2 mM l-glutamine (Mediatech), 0.05 μM 2-mercaptoethanol (Sigma-
Aldrich, St. Louis, Missouri), 100 U/mL penicillin (Sigma-Aldrich), and 0.1 mg/mL
streptomycin (Sigma-Aldrich). Primary ALL cells included de-identified samples from
leukaphoresis products, bone marrow aspirates, or cerebrospinal fluid as indicated.
Mononuclear lymphocytes were isolated from all primary samples using Accu-Prep
Lymphocytes (Accurate Chemical & Scientific Corporation, Westbury, NY) according to the
manufacturer's instructions. Positively selected peripheral blood CD19+ B-cells from a healthy
donor were purchased from AllCells (Emeryville, CA). Human brain-derived microvascular
endothelial cells (HBMEnd) were obtained from Angioproteomie (Boston, MA) and
maintained in complete EGM-2MV media (Lonza, Basel, Switzerland).

Production of stable VE-cadherin and PECAM-1 expressing REH
Cloning of human VE-cadherin (CDH5) into pLenti6.2-DEST/V5 (Invitrogen, Carlsbad, CA),
as well as generation of the pLenti6.2-DEST/V5 empty vector control has been reported
previously.[13] Human PECAM-1 full length cDNA in the pENTR vector was obtained from
Invitrogen and cloned into pLenti6.2-DEST/V5 using Gateway cloning technology. Production
of lentiviral particles and titer determination in this system has been previously described.
[13] To generate REH cell lines stably expressing empty vector (REH VECT), VE-cadherin
(REH CDH5), or PECAM-1 (REH PECAM1), cells were infected with the lentivirus particles
with a multiplicity of infection of 1. Clones stably expressing the genes of interest were selected
by blasticidin (3 μg/mL) and gene expression was confirmed by real-time reverse transcriptase
(RT) PCR and flow cytometry.

Real-time RT-PCR
Total cellular RNA was isolated using the RNEasy RNA isolation kit (Qiagen, Valencia, CA).
Real-time RT-PCR was performed using 50 ng RNA per reaction according to the
manufacturer's specifications using the QuantiTech SYBR Green RT-PCR kit (Qiagen).
Primers specific for human CDH5 and PECAM1 were obtained from SABiosciences
(Frederick, MD). Primers specific for the housekeeping gene PPIA were from Real Time
Primers, LLC (Elkins Park, PA). Samples were prepared in triplicate and analyzed using the
Applied Biosystems 7500 Real-time PCR system (Foster City, CA). Relative gene expression
was determined using the Comparative Ct method.[14]

Antibodies
The following antibodies were used for flow cytometry, confocal microscopy, and western blot
analysis: rabbit IgG and mouse IgG1 isotypes (Southern Biotechnology Associates,
Birmingham, AL), rabbit anti-human VE-cadherin (Axorra, San Diego, CA), mouse anti-
human PECAM-1 (Santa Cruz Biotechnologies, Santa Cruz, CA), mouse anti-human GAPDH
(Fitzgerald, Concord, MA) mouse anti-human ICAM-1 (R&D systems, Minneapolis, MN),
and mouse anti-human VCAM-1 (BD Biosciences, San Jose, CA). Alexa Fluor conjugated
secondary antibodies were obtained from Invitrogen. For neutralization experiments, mouse
IgG1 isotype (Southern Biotechnology Associates), mIgG2a kappa (BD Pharmingen, San
Diego, CA), mouse anti-human CD31 (PECAM-1, Ancell, Bayport, MN), and mouse anti-
human VE-cadherin (clone BV9, Santa Cruz Biotechnologies) were utilized where indicated.
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Immunofluorescence, flow cytometry, and confocal microscopy
Flow cytometric detection of cell surface adhesion molecules was carried out by incubating
1×106 cells with primary antibody (1 μg) or matched isotype control on ice for 20 min, washing
with 1X phosphate buffered saline (PBS), and incubating with a fluorochrome-labeled
secondary antibody (1 μg) on ice for an additional 20 min. Immunofluorescence was evaluated
using the BD FACSCalibur flow cytometer and CellQuest Pro software (BD Biosciences).
Data were analyzed using WinMidi software version 2.8. To determine expression and
localization of proteins in HBMEnd, cells were grown to confluence on 0.2% gelatin coated
glass coverslips. Samples were fixed in 4% paraformaldehyde and subsequently permeabilized
with 0.5% Triton-X-100 at room temperature for 15 min. After blocking in 5% BSA/1X PBS,
cells were incubated with primary antibody (1 μg) or matched isotype control antibody.
Samples were washed in 1X PBS and incubated with a fluorochrome-labeled secondary
antibody (1 μg). Coverslips were mounted on glass slides using ProLong Gold plus DAPI
(Invitrogen). Confocal images were acquired using a Zeiss LSM510 confocal system connected
to an AxioImage ZI microscope. The images were analyzed using the Zeiss LSM510 software
(Carl Zeiss, Thornwood, NY). Images were prepared using Adobe Photoshop CS2 version
9.0.2 and Adobe Illustrator CS2 version 12.0.1.

Immunohistochemistry
High-grade lymphoma biopsy samples were formalin-fixed and paraffin-embedded. Five
micron sections were stained using ducal breast carcinoma and tonsil as control tissue for VE-
cadherin and PECAM-1, respectively. For the detection of VE-cadherin the primary antibody
(mouse monoclonal anti-human VE-cadherin, clone BV6; Millipore Billerica, MA) was used
at a dilution of 1:10 for 24 h. For the detection of PECAM-1 the primary antibody (mouse
monoclonal anti-human PECAM-1, clone JC/70A; Abcam Cambridge, MA) was applied at a
dilution of 1:25 for 6 h. The slides were then incubated with a conjugated secondary antibody
and counterstained with hematoxylin. The slides were then analyzed using light microscopy
and all images shown are 400×.

Antibody neutralization of VE-cadherin and PECAM-1
To inhibit the function of ALL expressed VE-cadherin and PECAM-1, Nalm-27 and SUP-B15
cells (1×106 cells/mL) were treated with (3 μg/mL) anti-VE-cadherin antibodies, anti-
PECAM-1 antibodies, or matched isotype controls for 15 min prior to the initiation of
incubation with HBMEnd and antibody remained in cultures for the duration of functional
assays.

Leukemic cell adhesion assay
Leukemic cells were fluorescently labeled according to the manufacturer's specification using
CellTracker Green CMFDA (Invitrogen). The fluorescently labeled cells (1×106 cells/mL in
500 μL of complete culture media) were incubated with confluent HBMEnd monolayers for
15 min (neutralization assay), 30 min, 1 h, or 4 h. Following incubations, the culture media
was removed and wells were rinsed three times with 1X PBS. Samples were collected by
trypsinization and the number of adherent leukemic cells was determined by flow cytometry
by counting the number of fluorescent events collected during 30 s of high flow rate. Samples
were evaluated in triplicate.

Transendothelial migration assay
HBMEnd were grown to confluence on 0.2% gelatin coated polycarbonate inserts of a 24-well
transwell system (5 μm pore size, Corning, Lowell, MA). Fluorescently labeled leukemic cells
(1×106 cells/mL in 150 μL media) were added to the top chamber of the transwell and allowed
to migrate through the HBMEnd layer toward media supplemented with 100 ng/mL CXCL12
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for 4 h. Samples were collected from the bottom chamber and were evaluated by flow
cytometry. Migration is expressed as the number of fluorescent positive events acquired during
30 s of high flow rate. Samples were evaluated in triplicate.

Microarray analysis
Human extracellular matrix and adhesion molecule pathway-focused Hytube GEArrays and
reagents were obtained from SABiosciences and used according to the manufacturer's
instructions. RNA isolated from JM-1, REH, Nalm-27, and SUP-B15 cells was used to
synthesize cDNA. cDNA (3 μg) was used to produce biotin-labeled cRNA, which was
hybridized with microarray membranes overnight. The hybridized microarray membrane was
incubated with alkaline phosphatase-streptavidin, followed by CDP-Star and subsequently
exposed to x-ray film. The resulting images were analyzed using GEArray Expression Analysis
Suite 2.0. Gene expression was normalized to GAPDH. (GEO accession: GSE18516)

Electric cell substrate impedance sensing (ECIS)
To evaluate changes in HBMEnd barrier function induced by ALL cells, ECIS assays were
performed as described previously.[15] Briefly, HBMEnd were grown to confluence on
gelatin-coated 8-well-10-electrode ECIS cultureware (Applied BioPhysics, Troy, NY). Two
hours prior to the assay, HBMEnd culture media was replaced with leukemic cell culture media.
Baseline resistance readings were collected from the HBMEnd monolayer for 30 min. REH,
Nalm-27, or SUP-B15 cells were added to the HBMEnd monolayers at 1×106 cells/mL.
Addition of media alone served as a negative control, while addition of thrombin (4U/mL,
Enzyme Research Laboratories, South Bend, IN). Data were collected every 30 sec for 5 h and
are indicated as resistance normalized to the initial resistance reading.

Statistical analysis
Where appropriate statistical significance was determined using Student t test and indicates
p<0.05.

Results
ALL cells do not elicit an inflammatory response by HBMEnd

To evaluate potential inflammation-induced phenotypic changes caused by endothelial cell
exposure to leukemia cells, immunofluorescent staining to detect endothelial cell VCAM-1
and ICAM-1 was performed. Upon treatment of HBMEnd with TNF-α, a known inflammatory
cytokine, VCAM-1 and ICAM-1 expression is increased on the surface of HBMEnd (Figure
1A). Exposure of HBMEnd to REH, Nalm-27, or SUP-B15 cells does not result in upregulation
of cell surface VCAM-1 or ICAM-1.

As alteration in endothelial barrier integrity is a component of inflammatory models, we
performed ECIS experiments to determine whether exposure of HBMEnd to REH, Nalm-27,
and SUP-B15 cells disrupted endothelial barrier function. As expected, when HBMEnd are
challenged with thrombin, a known vasoactive agent, barrier function as measured by
normalized resistance decreases (Figure 1B, top). However, following exposure of HBMEnd
to ALL cell lines, resistance across the HBMEnd monolayer does not decrease (Figure 1B)
implying that ALL cells do not overtly disrupt HBMEnd barrier function. Taken together, these
data show that ALL cells do not induce classical inflammatory changes in the endothelial cells
including upreguation of VCAM-1 and ICAM-1 and disruption of endothelial barrier integrity.
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ALL cells co-express the adherens junction proteins VE-cadherin and PECAM-1
Previously published observations from our laboratory have indicated that Ph+ ALL cell lines
express the adhesion molecule VE-cadherin, while Ph- ALL cell lines do not.[13] The unique
expression of this classical endothelial marker in a hematologic malignancy prompted us to
further characterize the expression of adhesion molecules and extracellular matrix proteins by
ALL cell lines. Using a pathway-focused cDNA microarray, we compared the expression of
extracellular matrix proteins and adhesion molecule genes between the Ph- ALL cell lines JM-1
and REH and the Ph+ ALL cell lines Nalm-27 and SUP-B15. Consistent with the pattern of
VE-cadherin expression in cell line models, another adherens junction protein, PECAM-1, was
expressed to a greater extent by Nalm-27 and SUP-B15 than JM-1 or REH cells (Figure 2A).
Gene expression results generated by the microarray were confirmed using real-time RT-PCR
and cell surface immunofluorescent staining and demonstrate that VE-cadherin and PECAM-1
are expressed by Nalm-27 and SUP-B15 cells (Figure 2B-C).

While cell lines provide researchers with invaluable models for in vitro manipulations
including gain-of-function and loss-of-function studies, we next sought to expand our
understanding of VE-cadherin and PECAM-1 expression using primary ALL clinical samples.
Primary ALL cells derived from leukaphoresis products and bone marrow aspirates were
evaluated for VE-cadherin and PECAM-1 expression using real-time RT-PCR and cell surface
immunofluorescent staining. In contrast to expression patterns observed in cell line models,
VE-cadherin and PECAM-1 are expressed on the surface of both Ph- ALL and Ph+ ALL patient
samples (Figure 3A and B). Flow cytometric evaluation of ALL cells derived from
cerebrospinal fluid (CSF) demonstrates cell surface expression of VE-cadherin and PECAM-1
(Figure 3B). Peripheral blood CD19+ B-cells, which would be found in the circulation of
healthy individuals, however, do not demonstrate cell surface VE-cadherin or PECAM-1
expression (Figure 3B). Consistent with peripheral B-cells, high-grade B-cell lymphomas also
lacked expression of VE-cadherin and PECAM-1 (Figure 3C). As adherens junction proteins
interact homotypically, demonstrating the unique cell surface co-expression of VE-cadherin
and PECAM-1 by ALL cells prompted us to hypothesize that the expression of these two
proteins by ALL may enhance the interaction between leukemia cells and HBMEnd that also
express VE-cadherin and PECAM-1 (Figure 3D).

Expression of VE-cadherin by ALL cells enhances leukemia cell adhesion to HBMEnd, while
expression of PECAM-1 enhances leukemia cell adhesion to HBMEnd and tumor
transendothelial migration

To examine the contribution of VE-cadherin and PECAM-1 to mediating ALL cell interaction
with HBMEnd, REH cells were transduced with the human VE-cadherin gene (REH CDH5),
PECAM-1 gene (REH PECAM1), or empty vector control (REH VECT) using lentiviral-
mediated gene delivery. Flow cytometric analysis of immunofluorescent staining in Figure 4
demonstrates that transduction of REH cells with the VE-cadherin or PECAM-1 gene results
in cell-surface expression of VE-cadherin or PECAM-1, respectively, while the empty vector
control expresses neither protein. To evaluate the role of VE-cadherin and PECAM-1
expression in mediating ALL adhesion to HBMEnd, REH cells expressing VE-cadherin,
PECAM-1, or the vector control were used in an adhesion assay. Compared to the REH cells
transduced with the empty vector, REH CDH5 and REH PECAM1 cells were better able to
adhere to HBMEnd at each of the time points evaluated (Figure 5A). In support of this, when
Nalm-27 cells were treated with VE-cadherin (Figure 5B) or PECAM-1 (Figure 5C)
neutralizing antibodies their ability to adhere to HBMEnd was decrease compared to cells
treated with isotype control antibodies by 24.7% and 33.8%, respectively. Treatment of SUP-
B15 cells with neutralizing antibodies against VE-cadherin (Figure 5B) and PECAM-1 (Figure
5C) resulted in inhibition of adhesion by 26.6% and 27.4%, respectively. Combining VE-
cadherin and PECAM-1 inhibition by treating Nalm-27 cells with both neutralizing antibodies
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only modestly reduced the adhesion over single inhibition (38.9% vs. 24.7% and 33.8%, data
not shown). Interestingly, when these same cells were compared using a different functional
readout, transendothelial migration (TEM), the REH PECAM1 cells were better able to cross
HBMEnd monolayers than REH VECT or REH CDH5 cells (Figure 6A) and only neutralization
of PECAM-1 was able to blunt SUP-B15 migration (Figure 6B). Taken together these data
suggest that the expression of VE-cadherin and PECAM-1 by ALL cells can enhance the ability
of the tumor to interact with HBMEnd.

Discussion
In the current study, we investigated the interaction between ALL and HBMEnd, an in vitro
model of the BBB, to understand the functional significance of coincident VE-cadherin and
PECAM-1 expression by ALL. In vitro models of the BBB have been used with success to
elucidate mechanisms of immune cell and tumor cell adhesion to brain microvascular
endothelial cells and TEM.[16-18] Consistent with the phenotype of endothelial cells widely
used to represent the BBB, the low passage HBMEnd used in our current studies express tight
junction markers, including occludin, claudin-5, and ZO-1 (data not shown), as well as the
adherens junction proteins VE-cadherin and PECAM-1.[19] This particular model system,
combined with lentiviral-mediated expression of VE-cadherin and PECAM-1 and the use of
specific neutralizing antibodies for VE-cadherin and PECAM-1 elucidated the specific role of
each of these proteins in mediating ALL cell interaction with HBMEnd.

It is recognized that, when compared with other hematologic malignancies such as acute non-
lymphoblastic leukemia, Hodgkin lymphoma, non-Hodgkin lymphoma, and AML, ALL is
marked by more prevalent involvement of the CNS.[13,20,21] As adhesion of a circulating
leukemic cell to the endothelial cells that compose the BBB may represent the first step of
invasion into the CNS and models of immune cell invasion of the CNS are derived from
inflammatory settings, we first explored the role of inflammation in our model. While exposure
of HBMEnd to TNF-α and thrombin increased ICAM-1 and VCAM-1 expression and disrupted
endothelial barrier resistance as is seen in inflammation, respectively, exposure of HBMEnd
to REH, Nalm-27, or SUP-B15 cells did not promote upregulation of HBMEnd ICAM-1 or
VCAM-1 and disrupt barrier function as measured by ECIS (Figure 1A and B). Collectively,
these observations suggest that interaction of ALL cells with HBMEnd may be distinct from
signaling that is central to inflammatory dogma.

Based on our observation that induction of adhesion molecules that are typically increased
subsequent to inflammation did not occur following interaction of ALL cells with endothelial
cells, we explored adhesion molecules expressed constitutively by ALL cell lines that could
enhance leukemic cell adhesion to HBMEnd. Evaluation of primary ALL samples, including
leukemic cells isolated from CSF, demonstrated that VE-cadherin and PECAM-1 are co-
expressed on the tumor cell surface (Figure 3A and B) in contrast to high-grade B-cell
lymphoma (Figure 3C) which was negative for both proteins of interest. Several reports have
documented that VE-cadherin and PECAM-1 are expressed early in normal B-cell
development with both down-regulated through maturation.[22-24] Therefore, while VE-
cadherin and PECAM-1 may be expressed on healthy, or malignant, pro-pre-B lineage cells
resident in the bone marrow, the only circumstance in which co-expression of these proteins
would be expected in a peripherally circulating hematopoietic cell of comparable
differentiation stage, pro- or pre-B, would be unique to patients with leukemia. Subsequently,
the circumstance in which co-expression of these proteins is likely to facilitate CNS infiltration
of a hematopoietic cell in the circulation is quite limited and likely unique to malignant
progenitor cells. Consistent with earlier studies, we confirmed that these two proteins are not
expressed on peripheral blood CD19+ B-cells from a healthy donor and are not expressed by
more mature B-cell neoplasm (Figure 3B and C). The lack of co-expression of VE-cadherin
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and PECAM-1 on mature B lineage cells that are routinely in the periphery of healthy
individuals again suggests the phenotype is restricted and does not represent a common
mechanism by which healthy mature B-cells interact with endothelial barriers. Based on the
classical role of VE- cadherin and PECAM-1 mediating homotypic interactions between
adjacent endothelial cells, we hypothesized that expression of these two proteins by ALL cells
would enhance their interaction with HBMEnd.

The expression of VE-cadherin in non-endothelial cells has been documented in fetal
cytotrophoblast cells, as well as several cancers, where it is notably associated with an
aggressive phenotype.[25-28] Through the study of human placental development, Zhou et.
al. described that as cytotrophoblasts differentiate, they adopt a vascular phenotype, which
includes the expression of VE-cadherin.[25] Subsequent studies by Bulla et. al. demonstrated
that VE-cadherin was required for cytotrophoblast adhesion to and invasion into endothelial
cell monolayers. In the setting of cancer, work by Hendrix et. al. has shown that VE-cadherin
is expressed by aggressive melanoma and that its expression contributes to vascular mimicry.
[27] Of note then are the observations that aggressive melanoma and gestational trophoblastic
neoplasia are marked by frequent CNS metastasis.[29,30] Concordant with the findings of
Bulla et. al., forced expression of VE-cadherin in REH cells resulted in enhanced adhesion to
HBMEnd, while neutralization of endogenous VE-cadherin resulted in diminished adhesion
of Nalm-27 and SUP-B15 cells to HBMEnd (Figure 5).

Like VE-cadherin, the expression of PECAM-1 has also been documented during
differentiation of cytotrophoblasts and development of the placenta.[25] In a study by Bulla
et. al., cytotrophoblast treatment with a neutralizing antibody to PECAM-1 resulted in
modestly diminished adhesion to endothelial cells and decreased transendothelial migration.
[26] In addition to its role in normal physiology, the expression of PECAM-1 has been
documented in various cancer models and has been implicated in mediating tumor cell adhesion
to endothelial cells.[31,32] We also observed enhanced adhesion and transendothelial
migration following lentiviral mediated expression of PECAM-1 in REH cells, while
neutralization of PECAM-1 resulted in diminished ALL adhesion and transendothelial
migration (Figure 6). These findings are consistent with the documented necessity for
PECAM-1 in mediating leukocyte transendothelial migration.[33-35]

In conclusion, we have demonstrated that subsets of ALL cells have the potential to express a
unique combination of the adherens junction proteins, VE-cadherin and PECAM-1.
Overexpression of VE-cadherin and PECAM-1 enhances the interaction of ALL cells with
HBMEnd with VE-cadherin and PECAM-1 increasing adhesion and PECAM-1 augmenting
adhesion and transendothelial migration. Cancers having central nervous system involvement
place patients at high risk for poor disease outcomes. In the setting of ALL, implementation
of CNS-directed prophylaxis, including chemotherapy and radiotherapy, dramatically
enhanced patient survival, however not without associated toxicities.[1,5,6] Therefore,
understanding the molecular mechanisms through which ALL cells initially gain entry into the
CNS remains invaluable for designing strategies to prevent leukemia cell entry into the CNS
to minimize the need to treat aggressive leukemia in this unique anatomical site.
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Figure 1. ALL does not elicit an inflammatory response by HBMEnd
A. HBMEnd were grown to confluence in 6-well plates and exposed to ALL co-culture
(1×106 leukemia cells/mL), media (negative control) or TNF-α (100ng/mL) for 4h. Following
treatment, leukemia cells were rinsed away and samples were collected, immunostained with
antibodies to detect VCAM-1 or ICAM-1 (solid line) or matched isotype control (shaded
histogram), and analyzed by flow cytometry. B. (Top panel) HBMEnd were grown to
confluence on ECIS electrodes (8-well, 10 electrode). After collecting baseline resistance data
for 30 min, leukemia cells (1×106 cells/mL), media negative control, or thrombin positive
control (4U/mL) were added to each ECIS well. Resistance data were collected for a total of
5h and are normalized to the initial resistance reading for each condition. (Bottom panel)
Normalized resistance readings for each treatment are shown at discrete time points following
addition of each condition. Data are expressed as mean normalized resistance+SEM, N=3.
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Figure 2. Ph+ ALL cell lines co-express cell-surface VE-cadherin and PECAM-1
A. RNA isolated from the Ph-ALL cell lines, JM-1 and REH, and the Ph+ ALL cell lines,
Nalm-27 and SUP-B15, was evaluated by a pathway specific cDNA microarray focused on
expression of human extracellular matrix proteins and adhesion molecules. For each gene
evaluated, the gene expression map compares gene expression across the cell lines evaluated
and shows low level gene expression in light green and high level gene expression in red. B.
(Top) RNA isolated from ALL cell lines was subject to real-time RT-PCR to confirm VE-
cadherin and PECAM-1 expression. The expression level of VE-cadherin and PECAM-1 for
each cell line is compared to the expression levels of JM-1 cells. (Bottom) Gel electrophoresis
of the PCR products demonstrates that VE-cadherin and PECAM-1 is expressed by Nalm-27
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and SUP-B15 cells with PPIA used as a loading control and HUVEC RNA used as a positive
control. C. JM-1, REH, Nalm-27, and SUP-B15 cells were evaluated for cell surface VE-
cadherin and PECAM-1 expression by immunostaining and flow cytometric analysis (solid
line represents specific primary antibody while shaded histograms represents the isotype
matched control).
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Figure 3. Primary ALL expresses cell surface VE-cadherin and PECAM-1
A. RNA from leukemic cells isolated from leukaphoresis (Ph- ALL1, Ph- ALL 2, Ph- ALL 3,
and Ph+ ALL 1) and bone marrow aspirates (Ph+ ALL 2, Ph+ ALL 3, and Ph+ ALL 4) was
examined for VE-cadherin and PECAM-1 expression by real-time RT-PCR. RNA from REH
and SUP-B15 cells was included as negative and positive controls, respectively. Data are
expressed as fold increase over the gene expression levels in REH cells. B. Leukemic cells
derived from bone marrow aspirates (Ph- ALL 4 and Ph+ ALL 5) and cerebrospinal fluid (CSF)
as well as peripheral blood CD19+ B-cells from a healthy donor were evaluated for cell surface
VE-cadherin and PECAM-1 expression by immunostaining and flow cytometric analysis (solid
line represents specific primary antibody while shaded histograms represents the isotype
matched control). C. High-grade B-cell lymphoma biopsy samples were evaluated for VE-
cadherin and PECAM-1 expression by immunohistochemistry. Samples were also stained with
hematoxylin and eosin. Photomicrographs were taken at 400× magnification. D. HBMEnd
grown to confluence on glass coverslips were fixed and immunostained to detect the adherens
junction proteins VE-cadherin and PECAM-1. Cell nuclei were stained using DAPI.
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Figure 4. Lentiviral mediated transduction of human CDH5 or PECAM1 into REH cells results in
surface expression of VE-cadherin and PECAM-1, respectively
REH VECT, REH CDH5, and REH PECAM-1 were immunostained with antibodies specific
for VE-cadherin or PECAM-1 (solid lines) or matched isotype control antibodies (shaded
histograms). Samples were evaluated using flow cytometry.
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Figure 5. ALL expression of VE-cadherin and PECAM-1 enhances leukemia cell adhesion to
HBMEnd
A. REH VECT, REH CDH5, and REH PECAM1 were labeled with CellTracker green dye then
incubated HBMEnd for the indicated times. B and C. Nalm-27 and SUP-B15 cells were labeled
with CellTracker green dye then treated with neutralizing antibodies against VE-cadherin (B),
PECAM-1 (C), or matched isotype control antibodies for 15 min. Following this pretreatment,
Nalm-27 and SUP-B15 cells were incubated with HBMEnd for 15 min. Following incubation,
non-adherent leukemia cells were removed and the remaining adherent population was
recovered by trypsinization. The number of adherent leukemic cells was determined using flow
cytometry by collecting the number of fluorescently labeled events that occurred during 30 s
of high flow rate. Data are expressed as mean number of adherent cells + standard error of the
mean (SEM, N=3) and are representative of at least three independent experiments. *p<0.05
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Figure 6. ALL expression of PECAM-1 promotes leukemia cell migration through HBMEnd
monolayers
HBMEnd were grown to confluence on transwell inserts. A. REH VECT, REH CDH5, and
REH PECAM1 were labeled with CellTracker green dye then added to the top chamber of the
transwell system and allowed to migrate for 4h through the HBMEnd toward SDF-1 (100ng/
mL). B. SUP-B15 cells were labeled with CellTracker green dye then treated with neutralizing
antibodies against VE-cadherin, PECAM-1, or matched isotype control antibodies for 15 min.
Following this pretreatment the cells were added to the top chamber of the transwell system
and allowed to migrate for 4h through the HBMEnd toward SDF-1. Samples were collected
and enumerated using flow cytometry by collecting fluorescently labeled events in 30 s of high
flow rate. Data are expressed as mean number of cells migrated + standard error of the mean
(SEM, N=3) and are representative of at least three independent experiments. *p<0.05
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