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Abstract

Immunomagnetic separation is used to isolate circulating endothelial cells (ECs) and endothelial
progenitor cells (EPCs) for diagnostics and tissue engineering. However, potentially detrimental
changes in cell properties have been observed post-separation. Here, we studied the effect of
mechanical force, which is naturally applied during immunomagnetic separation, on proliferation
of human umbilical vein endothelial cells (HUVEC), kinase insert domain-positive receptor
(KDR) cells, and peripheral blood mononuclear cells (PBMCs). Cells were exposed to CD31 or
Vascular Endothelial Growth Factor Receptor-2 (VEGFR?2) targeted MACSi beads at varying bead
to cell ratios and compared to free antibody and unconjugated beads. A vertical magnetic gradient
was applied to static 2D cultures, and a magnetic cell sorter was used to analyze cells in dynamic
flow. No significant difference in EC proliferation was observed for controls or VEGFR2-targeting
beads, whereas CD31-conjugated beads increased proliferation in a dose dependent manner in
static 2-D cultures. This effect occurred in the absence of magnetic field, but was more
pronounced with magnetic force. After flow sorting, similar increases in proliferation were seen
for CD31 targeting beads. Thus, the effects of targeting antibody and magnetic force applied
should be considered when designing immunomagnetic separation protocols for ECs.

Graphical abstract

Magnetic beads are commonly conjugated to cell surface receptors for isolating cells from
heterogeneous mixtures. We found that conjugating magnetic beads to cells via CD31 receptors
using common immunomagnetic separation protocols increases cell proliferation, whereas
VEGFR?2 binding does not. These observations were confirmed using multiple cell types and by
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subjecting magnetic beads to different modes of magnetic field activation. Thus, caution must be
exercised when selecting cell surface receptors targeted in immunomagnetic separation protocols
to prevent unanticipated pathway activation in cells.
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1. Introduction

Endothelial cells (ECs) are located at the interface between the blood and tissue
parenchyma. ECs become activated in response to pathological conditions and can
potentially be used as predictive indicators for a variety of conditions, including aging,
atherosclerosis, heart failure, diabetes, hypertension, obesity [1], vascular injury and repair,
neovascularization, and cancers [2]. Endothelial progenitor cells (EPCs) are a class of adult
stem cells that can differentiate into ECs. EPCs support the maintenance of a functional
endothelial layer and adult neovascularization [3, 4]. Because of their potential applications
in cell therapy for heart [5], lung [6], and blood diseases [7], there is substantial interest in
developing technologies that can isolate ECs and EPCs from blood and tissues for diagnostic
and therapeutic applications.

Introduced by Jackson et al. [8], immunomagnetic separation is one of the most popular
methods employed in EC separation. Using markers associated with the endothelial
phenotype [9], this approach can be used for isolation of EPCs, ECs, human umbilical vein
endothelial cells (HUVECS), and human blood outgrowth endothelial cells (HBOECSs) from
blood, tissue, and fat [8, 10]. However, potentially detrimental effects, such as reduction in
cell proliferation following immunomagnetic cell isolation have been observed [11-13].
These reductions have been attributed to the lack of biocompatibility of the magnetic beads
used in the separation process [11]. However, we hypothesized that these changes could
result from chemical stimulation of the receptors used in separation via antibody binding,
and that this effect could potentially be enhanced via application of magnetic force (i.e.,
mechanotransduction) during separation processes.

ECs are known to be mechanosensitive, which is not surprising given the complex
mechanical environment in the vasculature. ECs are subjected to pulsatile flow and shear
stresses, and use these cues to regulate blood pressure via release of soluble factors [14].
These forces have been shown to influence EC shape, with a tendency to align in the
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direction of flow, and to alter proliferation, cell cycle regulation, and apoptotic response [14,
15]. Relevant to this work, proliferation increases in response to increased or disturbed flow
[16-19] and is reduced in laminar conditions [20, 21]. Cyclic strain also influences
proliferation, but responses are dictated by cell type and strain level [22, 23]. Increased
proliferation is linked to sustained ERK signaling, suggesting possible mechano-regulation
of this pathway. Several receptors have been implicated in these mechanotransduction
responses, including integrins, tyrosine kinase receptors, g-protein coupled receptors, and
cell adhesion molecules. In particular, Vascular Endothelial Growth Factor Receptor-2
(VEGFR2, KDR, Flk-1, CD309) and Platelet Endothelial Cell Adhesion Molecule-1
(PECAM-1, CD31) have been shown to play a central role in EC mechanotransduction [24,
25]. These responses are generally believed to be initiated by application of strain to a
receptor, initiating a physical change in the protein that can yield hidden cryptic binding
sites or change interactions with intracellular components [26]. It is thus reasonable that
application of magnetic force could mimic the effects of shear flows, and indeed, magnetic
force application is an accepted method of evaluating cellular mechanotransduction
responses [27]. However, little attention has focused on the possible influence of induced
mechanotransduction responses in magnetic cell separation procedures [28].

Here, we examined the biochemical effects of antibody binding and the biophysical results
of force application via magnetic beads on VEGFR2 and CD31 receptors, which have been
previously implicated in mechanotransduction [24, 25] and are routinely used in EC/EPC
separation [29]. These effects were examined in three cell types: HUVECs, a common
commercial type of ECs; ‘KDR+’ cells, which are human embryonic kidney cells (HEK293
line) that over-express VEGFR2; and peripheral blood monocytes (PBMCs), which contain
more primitive circulating cells that can differentiate into other vascular cell types [30].
Cells interacted with magnetic beads commonly used in cell separation and were exposed to
magnetic force application in two models. The first consisted of a magnetic plate capable of
applying a vertical gradient to cells cultured in the system. The second consisted of a flow-
through magnetic cell sorter, known as the ‘quadrupole magnetic sorter’, developed by Sun
et al. [31]. In this device, the cells flow through an annular channel surrounded by a
quadrupole magnet. The magnetically labelled cells are sequestered in the column, whereas
the unlabeled, non-magnetic cells pass through. Shear stress resulting from the flow rate
through the column reduces non-specific binding. Using these models, the influence of bead
binding and force application on cell proliferation was explored.

2 Materials and methods

2.1 Cell Culture

HUVECs were purchased from Lonza (CC-2517) and cultured in Bulletkit medium prepared
by mixing basal medium EBM®-2 (CC-3156, Lonza) with SingleQuots® (CC-4133, Lonza)
supplements and growth factors, including hydrocortisone, human epidermal growth factor
(hEGF), fetal bovine serum (FBS), vascular endothelial growth factor (VEGF), human
fibroblast growth factor basic (hFGFB), recombinant insulin growth factor-1, expressed in E.
coli, (R3-IGF-I) ascorbic acid, heparin and gentamicin/amphotericin-B. KDR cells were
purchased from SibTech, Inc. (Cat No. SBT021-293, SibTech) and were cultured in
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Dulbecco's modified eagle medium (DMEM) with 10% FBS and 2 mM L-glutamine.
PMBCs were obtained from the American Red Cross and used as received immediately.
During the experimental observation period, cells were cultured in CFU-Hill liquid medium
Endocult (Cat No. 05900, Stem Cell Technologies) prepared by mixing CFU-Hill basal
medium with CFU-Hill proliferation Supplement.

2.2 Cell Proliferation Measurements

Cell proliferation was assessed using the CyQuant Cell proliferation assay [32], which is
based on the fluorescence intensity enhancement of CyQuant GR dye in response to binding
cellular nucleic acids. As per manufacturer's instructions, frozen cells were thawed and lysed
using cell lysis buffer. Dye was then added; and the enhancement in fluorescence was
measured using a fluorescence microplate reader (Victor X, Perkin Elmer) with 480 nm
excitation and 520 nm emission. Cell numbers were determined by comparison to a
calibration curve generated for concentrations of 50 to 50,000 cells in a fixed volume.
Calibration curves were considered acceptable if they displayed a correlation coefficient >
0.99.

2.3 Antibody Conjugation to Magnetic Particles

Anti-Biotin MACSi bead particles (Cat No. 130-092-357, Miltenyi Biotec) were conjugated
with Biotinylated CD309 (VEGFR2/KDR) (Cat No. 130-093-603, Miltenyi Biotec) or CD31
(Cat No. MA1-19510, Thermo Scientific Pierce Antibodies) antibodies through avidin-
biotin interactions. Briefly, 10 pl anti-biotin MACSi bead particles were added to 200 pl of
blocking buffer (5% bovine serum albumin (BSA) in phosphate buffered saline (PBS)) and
incubated for 30 minutes at room temperature. Beads were then separated using a Magna-
Sep magnetic separator (Cat No. K1585-01, Invitrogen) for 5 minutes. The supernatant was
removed and 200 pl of blocking buffer (0.5% BSA in PBS with 2 mM
ethylenediaminetetraacetic acid(EDTA)) was added. Thirty pg total biotinylated antibody
was loaded per 108 beads and incubated for 2 hours at 2-8 “C under constant gentle rotation.
Fifty ul of this bead suspension was then added to 500 pl medium and separated again using
the Magna-Sep column. Beads conjugated with antibodies were then resuspended in fresh
medium. For the control treated with free antibody, the amount of antibody present on the
conjugated beads at the 20:1 bead to cell ratio was determined (assuming 100% conjugation
efficiency), and an equivalent amount was added to solution.

2.4 Mechanotransduction Experiments

Three cell types (HUVEC, KDR, and PBMC) and two antibodies (VEGFR2 and CD31)
were used in this study. For static 2D cultures, cells were loaded with magnetic beads at
bead to cell ratios of 2, 5, 10, and 20 by incubation for 2 hours under gentle rotation. [Except
that CD31 binding was not assessed in KDR cells as these do not express these receptors.]
Cells were then washed with PBS and seeded in 96 well plates at a density of 5000 cells/
well. As controls, cells were also exposed to free antibody and to unconjugated magnetic
beads at the bead to cell ratio 20 concentrations. The effect of conjugated magnetic bead
binding in the absence of a magnetic field was also assessed.
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In the 2D static culture model, for each experiment, all treatment groups were seeded in two
96 well plates, one of which was subjected to magnetic force by placing it on a strong
permanent magnet platform (Cat No. 2501008-1, Dexter Magnetic). The Dexter Magnetic
platform provides a magnetic gradient primarily in the vertical direction. The other plate
served as a control and was not subjected to magnetic force. Both plates were kept in an
incubator at 37° C and cells were allowed to proliferate for 2.5 days. All experiments were
conducted in triplicate.

To evaluate potential mechanotransduction effects induced during sorting, cells were
processed using a permanent magnet cell sorter [31]. The cell suspension passed through the
column in less than 1 minute. Magnetically labelled cells (bead to cell ratio 20:1) were
retained in the column, whereas unlabeled cells flowed through. As a control, unlabeled cells
were passed through the cell sorter. After collection, cells were cultured in 96 well plates for
2.5 days at a predetermined density (5000 cells/ml) to permit evaluation of effects resulting
from magnetic exposure.

2.5 Statistics

3 Results

All the statistical analyses were performed using JMP Pro 12 software (SAS Institute Inc.,
Cary, NC, USA). ANOVA was used to determine the effect of free antibody, unconjugated
beads, and targeted beads at different bead to cell ratios on cell proliferation. P-values of
<0.05 were interpreted as statistically significant.

3.1 Bead Attachment to Cells

To examine the potential of chemical or physical activation of VEGFR2 and CD31
receptors, we employed MACSI beads (Miltenyi) commonly used in magnetic cell
separation. These MACSi beads had an anti-biotin coating allowing conjugation with
biotinylated antibodies and were of cell culture grade. These beads (1.5 um + 0.6 um)
consist of multiple ~50 nm superparamagnetic nanoparticles encased in a biodegradable
matrix, and are modified with avidin to permit conjugation to biotinylated antibodies. Beads
were thus conjugated to antibodies targeting VEGFR2 and CD31 cell surface receptors via
avidin-biotin interactions Figure 1(A, B). Before evaluating the response of cells to magnetic
beads, we first examined the relationship between bead to cell ratio and cellular distribution.
Irregular loading could lead to inhomogeneity in cell activation, which can display spatial
variations [33]. As a model system, we first evaluated these effects using HUVECs. Bead
distribution was not effected by magnetic treatment, and was non-uniform at lower bead to
cell ratios. However, bead distribution became more uniform as bead to cell ratio was
increased. Bead loading, which was measured by microscopic observation, was proportional
to the bead to cell incubation ratio Figure 1(C), indicating that experimental conditions
employed in this study were below saturation levels. Also, very little endocytosis was
observed.
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3.2 Effect of Unconjugated Beads and Free Antibody on Cell Proliferation

It has been suggested that decreases in cell proliferation observed in conjunction with
immunomagnetic separation can be attributed to toxicity of the magnetic beads employed
[11]. However, it is also possible that receptor activation/deactivation could result from
antibody-receptor binding or from mechanical activation of those receptors [19]. To
investigate the first two possibilities, the influence of free anti-VEGFR2 and anti-CD31
antibodies and unconjugated magnetic beads on HUVEC proliferation was examined in the
absence of a magnetic field (Figure 2). Beads were added at a bead to cell ratio of 20, and
antibodies were added at a concentration consistent with that experimentally determined to
be present on beads at the highest ratio employed (i.e., 20). No statistically significant effect
was observed, suggesting that the MACSI beads used in this study do not induce toxicity in
the form of reduced EC proliferation for up to 2.5 days. This is in contrast to previous
studies, which observed a significant dose dependent effect of bead toxicity on cell
proliferation, particularly for long incubation times (6 days) [11], and detrimental effects on
cell metabolism [12]. In addition, these results suggest that the antibodies employed in this
study do not activate/deactivate VEGFR2 or CD31 receptors at the concentration employed.

3.3 Mechanotransduction Responses via VEGFR2 and CD31 in ECs in Static 2-D Culture

To determine the potential for magnetic force to induce mechanical activation of VEGFR2
and CD31 in ECs, mechanical force application via antibody-conjugated MACSi beads was
examined. As a first approach, application of a magnetic gradient in a 2D culture system was
evaluated. HUVEC proliferation was not affected by VEGFR2 conjugated beads in the
absence of presence of magnetic field over 2.5 days (Figure 3). To confirm this result, we
next examined VEGFR?2 activation in KDR cells, which overexpress this receptor. Cell
proliferation was not affected by VEGFR2 targeted beads. Thus, neither chemical binding
nor magnetic force had a significant effect on cell proliferation through VEGFR2.

In contrast, a statistically significant, dose dependent increase in cell proliferation was
observed for ECs exposed to CD31-targeting beads in the presence (p=0.0003) or absence
(p<0.0001) of a magnetic field (a=0.05). Proliferation increased for bead to cell ratios up to
10, but no further increases were observed at higher bead to cell ratios, suggesting a possible
saturation response. Noting that proliferation did not increase after exposure to free CD31
antibody (Figure 2), proliferation increases for CD31-conjugated beads in the absence of a
magnetic field most likely result from either a concentration effect or receptor clustering
induced by MACSi bead binding. The concentration effect, which has previously been
observed in similar systems [34], occurs because beads can present a higher antibody density
to cells versus free antibody in solution, increasing effective concentration at the cell
surface. Alternatively, it has also been shown that bead binding can initiate receptor
aggregation [35], an effect that is more pronounced in the presence of a magnetic field.

Increases in proliferation in response to CD31 bead-binding were more pronounced with
magnetic field application, and increased with increasing bead to cell ratio until a saturation
point. Increased proliferation could occur because of attractive forces between beads,
inducing receptor clustering. However, the potential influence of mechanical forces cannot
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be neglected. Micron-sized magnetic beads, such as those employed here, have been shown
capable of initiating mechanotransduction responses through their bound receptors [36].

These data suggest that VEGFR2 may be an appropriate receptor for isolation of ECS/EPCs
as bead to cell ratio can be increased without unwanted effects (e.g., on cell proliferation)
through either chemical or mechanical pathways. However, CD31 beads should be used with
caution as it may increase cell proliferation, and could potentially also initiate additional cell
responses that may alter function in their intended use. If increased cell proliferation is
desired, a bead to cell ratio of 10 was optimal; however, no adverse effects were observed
for bead to cell ratios up to 20. It is noted that higher ratios may be desired for
immunomagnetic separations to yield more homogenous separations. Bead to cell ratios as
high as 50 have been reported with similar bead products [11].

3.4 Mechanotransduction Responses via VEGFR2 and CD31 in ECs in Flow-based Cell

Sorters

Next, we evaluated whether these results would translate to flow through separation systems,
which may expose cells to larger forces, but for a shorter duration. Thus, cells labeled with
beads at a 20:1 ratio were separated using a pre-commercial magnetic flow through sorter
[37, 38]. Cells were exposed to magnetic force upon passage through the fractionation
column. Cells labeled with magnetic beads were retained in the column, whereas non-
labeled cells flowed through the device. After the entire cell suspension had passed through,
the column was flushed with buffer to recover the magnetically-labeled cells. The total
exposure time to magnetic force was less than a minute. The recovered cells were then
cultured in 96 well plates for 2.5 days, and proliferation evaluated. These results were
compared to controls experiencing no magnetic force and static 2D cultures exposed to
magnetic gradients (bead to cell ratio 20:1). As expected, cells conjugated to VEGFR2-
targeting beads displayed no difference in proliferation after magnetic cell sorting (Figure 4),
as in 2D culture. Cells exposed to CD31-targeting beads and passed through the magnetic
flow through sorter displayed increases in proliferation. These increases were statistically
identical to those experienced following 2D plate exposure.

To further explore the influence of exposure time on proliferation, we subjected Peripheral
Blood Mononuclear Cells (PBMCs) to magnetic gradients in 2D culture and using the flow
through sorter at a 20:1 bead to cell ratio. PBMCs, contain both mononuclear leukocytes
(monocytes and lymphocytes), but also a small fraction of more primitive cells. These are an
important cell type for regenerative medicine, as they can potentially differentiate into other
functional cells such as, endothelial [39], blood [30], bone [40], or neural cells [41]. Thus,
high yield isolation of those progenitors from PBMC preparations is pivotal for development
of cellular therapies. Some of them express VEGFR2 [42], but the majority express CD31, a
homotypic molecule involved in their passing across an endothelial layer [43]. Similar to the
HUVECs, no increases in proliferation were observed for VEGFR2-targeting beads, whereas
CD31-targeted beads increased PMBC proliferation for both exposure methods (Figure 4).
Increases in proliferation were statistically indistinguishable for HUVECs and PMBC:s.
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3.5 Estimating Maximum Force Applied Via MACSi Beads

To further compare 2D plate culture to magnetic flow through sorting, the maximum
possible force applied via each method was determined. First, the magnetic susceptibility of
MACS:i beads was experimentally determined by measuring their magnetophoretic mobility
(i.e., the velocity resulting from the magnetic force acting on the cell) using the protocol
described by Nakamura et al. [44]. Beads were introduced into an electromagnet cell
tracking velocimetry (eCTV) instrument at a concentration of 2 x 108 beads/mL in
phosphate buffer saline (PBS). Beads were subjected to a well characterized and uniform
magnetic gradient [44]. The horizontal velocity of the beads induced by the magnetic field
(um) was recorded and analyzed. Magnetophoretic mobility (m) was calculated by dividing
the horizontal velocity of the beads (up,, Egn. 1) by the magnetic energy gradient (Sp,, Eqn.
2).

U=+ Sy (1)

Sm:E (d‘_B)
to \ Oz ) (2)

In this experiment, a total electric current of 0.2 A was applied, and therefore the applied
magnetic field, B, was equal to 0.1013 T and the magnetic energy density gradient, Sy, was
equal to 0.8356 T-A/mm2. These values were then used to determine the average
magnetophoretic mobility by solving equations (1) and (2) at different time points, resulting
in an average value of m = 6.9 x 10"11 m3/T-A-s. The magnetization of the particle, Mp
(A/m) at the field B(T) is related to the magnetophoretic mobility, m, by [45]:

18n (3)

where, |1, is the magnetic field permeability in free space equal to 1.23 x 10 m kg s2 A2,
x Fis the magnetic susceptibility of PBS (approximated as water) by volume equal to -9.035
x 10", Dp is mean bead diameter, and ny is viscosity of PBS equal to 103 Pa-s at room
temperature. The mean diameter of MACSi beads was measured via an Olympus IX71
upright brightfield microscope and evaluated using Image-J analysis software as 1.5 um

+ 0.6 um. Substituting these values into Eqn. 3 yields a MACSi bead magnetization (Mp) of
4.45 x 10* A/m. Because MACSi beads are composed of superparamagnetic iron oxide
nanoparticles and a polymer support matrix, the magnetization results from the iron oxide
content only. According to the magnetization versus applied field profile for these particles
[45], at the applied magnetic field of 0.1 T, the magnetization is ~ 77.8% saturated. Hence
the saturated magnetization, Mg = Mp/77.8%, is 5.69 x 10* A/m.
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The magnetic force experienced by a MACSi bead is the result of bead interaction with an
external magnetic field and is given by:

F,,=M,V,VB (4)

where Msis the saturated magnetization of the particle equal to 5.69 x 104 A/m (as
calculated above) and Vis the average MACSi bead volume equal to 1.77 x 10718 m3,
Substituting Msand Vpinto Eqgn. 4 yields:

F,=10""VB (5

Thus, if VB is known, the applied force per bead can be determined. The magnetic field
density, perpendicular to the Dexter magnetic platform, was measured at specific, regular
intervals using a gaussmeter. This data was used to determine the gradient present (Figure
5). The gradient of the quadrupole flow through sorter has been determined previously [31].
Substituting these magnetic field gradients into Eqn. 5 yields the magnitude of the maximum
magnetic force acting on the MACSi beads (Table 1). These forces exceed the range
previously reported to induce mechanical activation of these receptors (~ 20 pN, ~ 2.5
dyne/cm?) [46, 47].

4 Discussion

The primary goal of this work was to examine the potential mechanical activation of
receptors used in the magnetic separation of blood cells during the separation process. In this
study, we examined the effect of MACSi bead binding during immunomagnetic separation
on HUVEC, KDR cell, and PBMC proliferation using antibodies targeting two potentially
mechanosensitive receptors (VEGFR2, CD31) and 2 magnetic platforms (static 2D culture
and flow through sorter). We determined that unconjugated beads did not alter EC
proliferation, suggesting that toxicity was not a cause for any subsequently observed

changes in cell proliferation at the concentrations investigated. Further, proliferation did not
increase upon exposure to free antibody binding for either antibody investigated. VEGFR2-
targeted MACSI beads did not affect proliferation in any system investigated, suggesting that
this may be an appropriate receptor for EC isolation. In contrast, CD31 targeted MACSI
beads produced a dose-dependent enhancement in HUVEC proliferation in static 2-D
culture, and also increased proliferation in flow through systems.

Although mechanistic study of these two receptors was not the goal of this study, the lack of
response to VEGFR2-targeting beads is consistent with current knowledge of VEGFR2
mechanotransduction response. Mechanotransduction in VEGR2 can be initiated through
shear stress, even in the absence of chemical binding [47]. Thus, it is not surprising that
chemical activation by antibody binding alone failed to elicit a response. Further, although
shear stress increases VEGFR2 expression and activates its phosphorylation, these changes
can be transient. Increases in expression can disappear within as few as 30 minutes of
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continuous stress application [48], providing one possible explanation for the lack of
observed mechanotransduction response at 2.5 days.

Further, EC/EPC proliferation has been shown to increase through mechanical activation of
P13K and downstream ERK-dependent pathways [19, 47]. However, mechanically induced
changes in VEGFR2 expression are regulated by PI3K, but not ERK inhibitors. In contrast,
during EC stimulation through shear stress, CD31 undergoes tyrosine phosphorylation [49]
that activates the ERK pathway [24]. This suggests that ERK activation is a key step in
increasing EC proliferation, and future molecular studies of this pathway are recommended
to confirm this hypothesis. Activation of this pathway may be initiated chemically. Although
we did not observe increased proliferation in the presence of free antibody, a concentration
effect may have generated this response when antibody-conjugated beads were presented to
cells [34]. In addition, it is possible that proliferation increased via bead-induced
aggregation, which was more pronounced in a magnetic field. Nonetheless, the fact that
responses were increased with magnetic field exposure provides clear evidence for
mechanical activation of this pathway through direct force application or receptor clustering.
The MACSi beads employed in this experiment experienced approximately 17 pN of
magnetic force. It has been shown that forces of this magnitude can deform the cell
membrane and activate nearby mechanosensitive ion channels [50].

Importantly, these increases in proliferation in response to CD31 targeted beads were
observed for both static 2D culture and flow through magnetic systems, suggesting that
activation results not only from exposure to static gradients as would be expected from prior
literature [24, 25], but can also occur during magnetic separation processes. The magnitude
of the maximum magnetic force acting on the MACSi beads is higher for the flow sorter;
however, the duration of exposure is several orders of magnitude smaller (< 1 min vs. 2.5
days). CD31 phosphorylation has been shown in mechanically stimulated cells within 30
seconds of force exposure [46, 49]. However, we cannot rule out the possibility of activation
via shear forces, which are also present in the flow through system.

CD31 activation induced by magnetic cell separation has many potential implications for
downstream users. Mechanical force results in CD31 phosphorylation via src kinase.
Because phosphorylation can occur in < 1 min [46, 49] even short exposures to magnetic
gradients may initiate a response. Once activated, CD31 signaling is associated with
increases in cytoskeletal stiffness and focal adhesion assembly via actin reorganization,
which are modulated through PI3K. CD31 mechanical stimulation also activates the RhoA
pathway, and these responses are global, not localized to the point of activation [51].
Additionally, CD31 activation is associated with regulation of the B4 integrin, all of which
suggest a potential role in adhesion and migration. CD31 has also been shown to promote
cell survival [52]. Thus, forces applied during magnetic separation processes have the
potential to initiate a cascade of CD31-mediated responses, promoting cell adhesion,
migration, and survival. These data suggest that magnetic force applied via beads should be
considered when designing protocols for immunomagnetic EC separations.
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Abbreviations

BSA bovine serum albumin

DMEM Dulbecco's modified eagle medium
ECs endothelial cells

eCTV electromagnet cell tracking velocimetry
EPCs endothelial progenitor cells

ERK extracellular regulated kinase

FBS fetal bovine serum

HBOECs human blood outgrowth endothelial cells
hEGF human epidermal growth factor
hFGFB human fibroblast growth factor basic

HUVECs human umbilical vein endothelial cells
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KDR kinase insert domain-positive receptor
PBMCs peripheral blood monocytes

PBS phosphate buffered saline

PECAM-1 Platelet Endothelial Cell Adhesion Molecule-1
PI13K Phosphoinositide 3-kinase

R3-IGF-I  recombinant insulin growth factor-1

VEGF vascular endothelial growth factor

VEGFR2 vascular endothelial growth factor receptor 2
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Figure 1.
Magnetic bead conjugation to cells (A) Schematic, (B) microscope image of anti-CD31

MACSi beads attached to HUVECs, (C) Number of beads attached to HUVECs as a
function of bead to cell ratio (anti-CD31 beads shown).
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Effects of unconjugated beads (B) and free antibody (Ab) on HUVEC proliferation for (A)
VEGFR2 and (B) CD31 antibodies. No statistically significant difference in cell
proliferation was observed following exposure to unconjugated beads, antibodies, or their
combination at a significance level a=0.05. Starting sample size=10,000 cells, N = 3 for

each setting.
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Figure 3.
Cell proliferation in 2D culture versus bead to cell ratio in the absence or presence of a

magnetic field for (A) VEGFR2 targeting beads exposed to HUVECs, (B) VEGFR2
targeting beads exposed to KDR cells. No statistically significant differences were seen in
the cell proliferation of HUVECs or KDR cells conjugated with VEGR?2 targeting beads. (C)
CD31 targeting beads exposed to HUVECs. There was a statistically significant difference

in cell proliferation of HUVECs conjugated with CD31 targeting beads in the absence or
presence of magnetic field (p<0.0001). Further, there was a statistically significant
difference in cell proliferation with increasing bead to cell ratio for HUVECSs exposed to
CD31-targeting beads in the presence (p=0.0003) or the absence (p<0.0001) of a magnetic
field (a=0.05). Starting sample size=10,000 cells, N>3 for each setting.
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PBMC and HUVEC proliferation (CyQuant assay fluorescence intensity, normalized to
control = 1) exposed to VEGFR?2 targeting or CD31-targeting beads via a magnetic flow
through sorter (short exposure) or a 2D permanent magnetic platform (long exposure): (A)
HUVECs, (B) PBMCs. No statistical differences in proliferation were observed between the
cell sorter and the 2D plate for either antibody in both cell lines. Starting sample

size=10,000 cells, /= 3 for each setting.
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Magnetic field density (B, T) (left) and magnetic field density gradient (VB, dT/dm) (right)
as a function of perpendicular distance from the Dexter magnetic platform. Filled circles
correspond to experimental measurement of the field density. The solid line corresponds to a
second order fit to the data, and the dotted line the derivative of that 2" order fit,
representing VB. The vertical line corresponds to the distance that a monolayer of cells
would be expected to be located at relative to the field (~ 2 mm).
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Table 1

Maximum force acting on a cell with 20 MACSi beads attached in the 2D magnetic plate and the QMS cell
sorter [36]. B = magnetic field, VB = magnetic field gradient.

Sorter Estimated B (T) EstimatedVB (T/m) Max force(pN) Exposure Time (min)

Plate  0.175 60 120 3600

QMs 1.2 300 600 <1
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