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Abstract

An attempt to isolate and cultivate hematopoietic stem cells from cord blood has been
successful considering the application of a commercialized antibody-conjugated nanobeads
imported from other countries. Specific labelling of target cell surfaces using antibody-
conjugated paramagnetic nanobeads is essential for efficient magnetic cell separation.
However, studies examining parameters determining the kinetics of bead-cell binding are
scarce. The present study determines the binding rates for specific and unspecific binding of
150 nm paramagnetic nanobeads to highly purified target and non-target cells. Beads bound to
cells were enumerated spectrophotometrically. Results show that the initial bead-cell binding
rate and saturation levels depend on initial bead concentration. Unspecific binding within
conventional experimental was not detectable photometrically. For CD3-positive cells, the
probability of specific binding was found to be around 80 times larger than that of unspecific

binding.

However, the second part of this project attempting to isolate various stages of erythrocytes
from cultivated hematopoietic stem cells in order to serve as new target cells for P.vivax
malaria parasite is not successful. Due to the fact that the selected antibody used in
conjugation with the nanobead did not render a satisfactory amount of the cells and neither the
specific cell isolation. Therefore, the attempt to cultivate P.vivax malaria parasite in vitro is not

successful.

Keywords: high gradient magnetic separation; bead-cell binding; iron content; paramagnetic

nanoparticles; magnetic labeling; cell separation
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Development of continuous culture of Plasmodium vivax: Modified procedures using
erythroblasts isolated from human hematopoietic stem cells by high-gradient magnetic

separation.

Rationale of the study

Plasmodium falciparum and Plasmodium vivax are the two most prevalent human
malaria parasites. In recently years, P. vivax has become a major public health problem in
many regions of the world (Mendis et al., 2001; Sattabongkot et al., 2004). Thailand is one of
the malaria-endemic countries where P. vivax has become the most prevalent human malaria
parasite. Chloroquine-resistant P. vivax strains have been reported in many P. vivax-endemic
regions (Rieckmann et al., 1989; Baird et al., 1996). In addition, understanding of the host
immunity to P. vivax infection is scanty due to the lack of parasite materials for in vitro studies.
Although recent efforts in culturing P. vivax have led to the development of a short-term culture
method (Chotivanich et al., 2001), establishment of a continuous in vitro culture system for this
parasite proves very difficult. A major obstacle is the selective invasion of erythroblast by the
parasite (Panichakul et al., 2007). Therefore, continuous in vitro cultivation of the P. vivax
parasite depends on the unlimited production of erythroblastic cells to serve as host cells.
Several successful attempts to cycle P. vivax in continuous culture used reticulocyte-enriched
blood either from monkeys that were treated with a hemolytic drug (Mons et al., 1988), or from
hemochromatosis patients (Golenda et al., 1997), or from human cord blood (Udomsangpetch
et al., 2007; Udomsangpetch et al., 2008). However, these procedures have received very
limited applications in P. vivax research due to its labor-intensiveness and the unavailability of

reticulocyte-enriched human blood.



Research in P. vivax malaria often requires in vitro manipulations of the parasite field
isolates for more extended period. In recognition of this need and based on the techniques we
recently report (Panichakul et al. 2007); we therefore propose to develop a modified procedure
for unlimited production of human erythroblasts to maintain the continuous culture of P. vivax.
The materials produced by the in vitro cultivation of P. vivax will support abundant number of
projects that have not been studied in this malaria parasite over the past decades. The
products of this project will enhance various studies of P. vivax in different geographic regions,

and significantly strengthen the success of several other researchers of the malaria community.

Objectives

1. Produce human hematopoietic stem cell line to provide unlimited erythroblasts for

research use.

2. Develop a simple and low cost cell separation technique for hematopoietic stem cells.

3. Establish a continuous culture line of P. vivax parasite.

Methods

Part | — Production of erythroblastic cells

A.1. Isolation and production of hematopoietic stem cells from human cord blood

Human umbilical cord blood samples obtained from Ramathibodi Hospital will be used
for hematopoietic stem cell (HSCs) isolation. Cord blood collection (ID 04-45-16, see Appendix)
has been approved by the Ethical Committee of Research on Human Being from Ramathibodi

Hospital, Faculty of Medicine, Mahidol University, Bangkok, Thailand.
A.2. Separation of mononuclear cells and isolation of stem cells

Mononuclear cells (MNCs) from cord blood will be separated by LymphoPrep ™
solution (Schlenke et al. 1998). The CD133" hematopoietic stem cells (HSCs) will be isolated
by magnetic microbead selection, and Mini-MACS columns (Miltenyi Biotech,Germany) then

cultured with Stemline Il medium in 6-well plate for producing gRBCs.



A.3. Isolation of HSCs by high gradient magnetic separation (HGMS)

HGMS technology (Bhakdi&Malasit 2007) is adapted for use with hematopoietic stem cells and
erythroblastic cells. The HGMS device consists of a horseshoe magnet, a separation column,
and a fluid reservoir. HSC are labelled with magnetic microbeads as described above and

separated by the HGMS separating column.
A.4. Propagation of hematopoietic stem cells

HSCs/CD133" cells will be cultured in Stemline Il medium supplemented with stem cell
factor, IL-3, hydrocortisone, transferring, humulin® N, ferrous sulfate, monothioglycerol. The
cells will be diluted with the complete Stemline Il medium every 4 days for expansion of the
HSC. The HSC are cultured in Stemline 1l medium with transferrin, humulin® N, ferrous sulfate,
monothioglycerol and erythropoietin (EPO) for production of erythroblastic cells. All cultures will

be incubated in the CO, incubator at 37[1C with 5% CO,.
A.5. Determination of the culture quality and analysis of cell differentiation

Discontinuous gradients (30-60%) of Percoll (Sigma-Aldrich, Inc, USA) are used to separate
heterogeneous cell populations from the cell culture on day 10. Each cell fraction is separated,
washed twice with RPMI medium by centrifugation at 1,000 g for 10 min. Differential
enumeration of each cell type is performed by morphological examination of Giemsa’s stained

cells using light microscope (Olympus BX50, Japan).

B. Isolation and production of hematopoietic stem cells from induced pluripotent stem

cells
B.1. Induced pluripotent stem cells (IPS)

Production of hematopoietic stem cells is modified from Ye et al. 2009. In our system, induction
of human fibroblasts is performed by co-transfection with pMXs retroviral vectors, containing the
human genes Oct3/4, Sox2, KIf4, c-Myc, Nmyc, Nanog, and Lin28 (Addgene). Early

erythroblastic cells will be enriched by buffer optimized HGMS.



Part Il - Cultivation, isolation and characterisation of P.vivax-infected red blood cells

Patient recruitment

Patients with P. vivax parasitemia visiting the Malaria Clinic in Mae Sot district, Tak province

are recruited to the project. The human use protocol has been approved by the Ethical Review
Committee of Mahidol University. Parasite infection is confirmed by microscopic examination of
thin and thick blood films. After informed consent is obtained, 5 ml of blood are withdrawn into

a heparinized tube.

Parasite cultures

P.vivax-infected red blood cells at mature stages, i.e. schizonts, are enriched by 60% Percoll
gradient separation techniques. The parasites and erythroblast are mixed and cultured as
described by Panichakul et al. 2007. Parasitemia and maturation are determined by Giemsa’s

staining of thick blood films.
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Viability of human erythroid cells in the culture post cryopreservation
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5. Powerstem+G+C 0.1 0.2 0.4 0.2 0.4 0.3 0.3

6. Stemspan 0.1 0.1 0.1 0.05 0 0 0

7. Stemspan+G+C 0.1 0.6 2 1.6 2 2.2 1.8
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Abstract: Specific labelling of target cell surfaces using antibody-conjugated paramagnetic
nanobeads is essential for efficient magnetic cell separation. However, studies examining
parameters determining the kinetics of bead-cell binding are scarce. The present study
determines the binding rates for specific and unspecific binding of 150 nm paramagnetic
nanobeads to highly purified target and non-target cells. Beads bound to cells were
enumerated spectrophotometrically. Results show that the initial bead-cell binding rate
and saturation levels depend on initial bead concentration and fit curves of the form
A(1 — exp(—kt)). Unspecific binding within conventional experimental time-spans (up to 60 min)
was not detectable photometrically. For CD3-positive cells, the probability of specific
binding was found to be around 80 times larger than that of unspecific binding.

Keywords: high gradient magnetic separation; bead-cell binding; iron content;
paramagnetic nanoparticles; magnetic labeling; cell separation
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1. Introduction

Magnetic labelling of cells with paramagnetic nanoparticles is widely used in biomedical sciences.
Labelled cells are used in research as well as in clinical diagnostics and therapy, facilitating a range of
applications from magnetic cell separation [1] and clinical imaging to targeted drug delivery [2].
The present paper focuses on labelling of cells for magnetic separation of target cells from
heterogeneous cell suspensions. For magnetic cell separation in biomedical sciences, high gradient
magnetic separation (HGMS) is the most widely used technique, with over 12,000 studies published [3].
Other separation technologies include magnetohydrostatic separation [1,4—7], magnetohydrodynamic
separation, and separation using eddy currents [8,9].

In most magnetic cell separation protocols, target cells are labelled with magnetic nanobeads that
are conjugated to specific antibodies [10]. The efficiency of magnetic separation is influenced by
factors related to the hardware of the magnetic separation system used and factors determined by the
quality of the magnetic labelling of cells which depend on the properties or quality of the magnetic
nanobeads employed [11]. An ideal magnetic nanobead-based cell labelling system would offer
completely specific binding of beads to target cells while completely avoiding binding of beads to
non-target cells [12]. To optimize a nanobead-based magnetic separation system, it is therefore crucial
to understand the kinetics of specific and unspecific binding of beads to cells.

Previous studies have shown the negative impact of unspecific binding on the downstream recovery
rate and purity of the target cells. It was established that optimization of bead concentration can
minimize capture of non-target cells during HGMS [13,14].

The present study determines the binding rates for specific and unspecific binding of 150 nm
paramagnetic beads to target and non-target cells using highly purified populations of untouched
CD3- and CDIl14-positive cells. These cells often need to be separated in biomedical research.
Hence the model is deemed relevant to a large number of biomedical studies. The model allows us to
calculate the average number of beads per cell by optimized spectrophotometric measurement of total
iron in well-defined populations of labelled target and non-target cells or, in other words, in models of
specific and unspecific bead-cell binding.

2. Results
2.1. Characterization of Paramagnetic Nanobeads

Manufacturer information described beads as polymer embedded, multi-domain iron oxide cores
covalently conjugated to antibodies. Transmission electron microscope (TEM) images showed the iron
oxide cores of nanobeads. As expected, the polymer matrix of the nanobeads could not be visualized
by TEM. From TEM imaging, the iron oxide cores are estimated to measure 30—50 nm (Figure 1A).
X-ray diffraction (XRD) confirmed that the iron oxide crystals consist of pure magnetite (Fe3;O4)
with a characteristic pattern of peaks at angles (260) of 30.1, 35.5, 43.1, 53.4, 57.0 and 62.6
which correspond to the Miller indices shown in Figure 1B. Dynamic light scattering (DLS) of
antibody-conjugated magnetic nanobeads returned a mean diameter of 158 and 156 nm for anti-CD3
and anti-CD14 beads, respectively, which is consistent with polymer embedding of magnetite crystals
as seen in TEM and XRD (Figure 1C). TEM and XRD data are consistent with superparamagnetic iron
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oxide (magnetite) nanoparticles as described previously [15,16] and with data provided by the
manufacturer. Determination of the antibody concentration of the nanobeads via a UV-Vis
spectrophotometer showed 40 pg of antibodies per mg of nanobeads.

Figure 1. Characterization of paramagnetic nanobeads. (A) TEM micrograph of
antibody-conjugated magnetic nanobeads. The multi-domain iron oxide cores from two
nanobeads are visible. Bar size is 100 nm; (B) XRD pattern of antibody-conjugated
magnetic nanobeads; (C) Size distribution of antibody-conjugated magnetic nanobeads is
shown by a dynamic light scattering (DLS) graph. Ten replicates, as shown by peaks of
different colours, were analysed.
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2.2. Enrichment of Untouched CD3- and CD14-Positive Cells by Flow Cytometry

Negative isolation of untouched CD3- or CD14-positive cells was performed as described in the
Experimental Section. Over 95% purity was achieved for untouched CD3- or CD14-positive cells in all
the experiments. One representative experiment is shown in Figure 2.

2.3. Standard Curve

Standard curves were generated for varying amounts of magnetic nanobeads with or without peripheral
blood mononuclear cells (PBMC) using the method described in the Experimental Section. Two million
PBMC were used for each data point. A linear relationship was determined between absorbance and
number of magnetic beads (Figure 3). The presence of PBMC did not show any significant
interference with the linearity of the relationship, especially in the range that proved to be relevant for
kinetic experiments (up to 10'® beads). Calculations for the number of beads per cell for specific or
unspecific binding in the proceeding experiments were made according to the standard curve of iron
with PBMC (solid line, Figure 3).
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Figure 2. Flow cytometric analysis of untouched CD14- and CD3-positive cells separated
by buffer optimized high gradient magnetic separation (HGMS) (negative selection). Plots
show CD14- and CD3-positive cells before and after magnetic separation. CD14-positive
cells were enriched from 17% to 95% and CD3-positive cells from 62% to 96%.

Figure 3. Standard curves for the number of magnetic beads with (solid line, dots) or
without peripheral blood mononuclear cells (PBMC) (dashed line, crosses). For both
standard curves R* = 0.99. In this and later figures, data points are the mean of triplicate
values. Vertical lines (sometimes smaller than the plotted points) indicate the range

of values.
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2.4. Quantification of Time-Dependent Binding of Magnetic Nanobeads to Target Cells

Specific binding assays were performed using anti-CD3 and anti-CD14 conjugated magnetic
nanobeads with purified, untouched CD3-positive cells and CDI14-positive cells, respectively.
To determine the rate of unspecific binding of antibody-coated beads to cells, anti-CD3 labelled beads
were incubated with untouched CD14-positive cells and vice versa.

Specific and unspecific binding kinetics of nanobeads to target cells were determined at time points
varying from 5-45 and 30-300 min, respectively.

2.4.1. Kinetics of Nanobead Binding to Untouched CD3-Positive Cells

The kinetics of specific time-dependent binding of nanobeads to purified untouched CD3-positive
cells was determined for different concentrations of nanobeads and target cells. The experiment with
the lowest nanobead concentration (8 pg/100 pL), where the target cell concentration was maintained
at 5 x 10° cells/100 pL, did not reach saturation (grey dashed line and square dots, Figure 4).
Nanobead concentrations of 16 pg/100 pL (dotted line, Figure 4) and 32 ug/100 pL (black dashed line,
Figure 4) where target cell concentrations were maintained at 1 x 10°100 and 2 x 10%100 pL,
respectively, reached saturation after 20 or 30 min of incubation. Interestingly, higher saturation levels
were achieved for higher concentrations of nanobeads and higher bead-to-cell ratios.

Figure 4. Time-dependent binding of anti-CD3 conjugated magnetic nanobeads to
untouched CD3-positive cells. In this figure and the next, data are fitted to saturation-type
curves of the form A(1 — exp(—kt)) where ¢ is the incubation time. Solid black and grey line
and round dots: 32 pg beads/100 pL, 10° cells/100 pL, R* = 0.95 and 0.99 (cells from two
different donors); black dashed line and square dots: 32 pg beads/100 pL, 2 x 10° cells/100 pL,
R* = 0.99; dotted line and squares: 16 pg beads/100 uL, 10° cells/100 uL, R* = 0.95;
grey dashed line and square dots: 8 ug beads/100 pL, 5 x 10° cells/100 pL, R* = 0.98.

:

number of beads per cell
]
g
S

1 1
0 10 20 30 40
incubation time (min)

The effect of different blood donors on the kinetics of bead-cell binding was assessed by keeping
the concentrations of nanobeads (32 pg/100 pL) and untouched CD3-positive cells (1 x 10%/100 pL)
constant. Similar kinetics of bead-cell binding and equal numbers of nanobeads per cell at saturation
(~4000 beads per cell) were obtained for the two experiments based on blood samples from two
different donors (solid lines, Figure 4).
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2.4.2. Kinetics of Nanobead Binding to Untouched CD14-Positive Cells

Kinetics of specific time-dependent binding of nanobeads to highly pure untouched CD14-positive
cells were determined for different concentrations of nanobeads keeping the target cell concentrations
constant. Saturation levels of around 3500 and 5000 nanobeads per cell were obtained in experiments
where the concentration of nanobeads was 16 pg/100 pL (dashed and grey lines) and 32 ug/100 uL
(solid line), respectively. As with the CD3 cells, the saturation levels were higher for the larger
bead-to-cell ratio case (Figure 5).

Figure 5. Time-dependent binding of anti-CD14 conjugated magnetic nanobeads to
untouched CD14-positive cells. Solid line: 32 pg beads/100 pL, R* = 0.98; dashed line and
circles, dotted line and square dots: 16 ug beads/100 pL, R* = 0.98 and 0.99. Concentration
of target cells: 1 x 10%100 pL. The experiments are from samples from three different
blood donors.
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2.4.3. Maximum Bead Saturation of Cells: Specific Binding Assays

To determine the saturation level of specific nanobead-cell binding, saturation experiments were
performed by adding an excess of beads, as described in the Experimental Section. It was observed
that repeated incubation (“multi-step incubation”) of cells with beads increased the number of beads
per cell to approximately 10,000. After three steps of bead-cell incubation, the numbers of beads per
cell did not increase further. Similar results were found for both anti-CD3 (open circles) and
anti-CD14 (solid circles) conjugated magnetic nanobeads (Figure 6).

2.4.4. Unspecific Binding Assays

To examine the rates of unspecific binding of beads to cells, highly purified, untouched populations
of CD3 positive cells were incubated with CD14-specific beads and vice versa. Around 1000 nanobeads
per cell were obtained after 5 h of incubation (Figure 7). The binding rate for unspecific binding was
found to be 3.3 beads/cell/min (R* = 0.95). This scales to 5.0 beads/cell/min for a bead concentration
of 10'*/mL.
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Figure 6. Maximum saturation level for target cells was determined by using multi-step

incubation, as described in the Experimental Section. Solid and open circles represent the

number of beads per untouched CD14- and CD3-positive cell, respectively.
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Figure 7. Time-dependent unspecific binding of anti-CD14 conjugated magnetic

nanobeads to untouched CD3-positive cells. Concentration of nanobeads: 16 ng/100 uL;

concentration of target cells: 10%/100 pL.
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The initial binding rate was determined by calculating the initial slopes of time-dependent binding

curves of untouched CD3- and CD14-positive cells. The initial binding rate (the number of beads

binding to a cell per minute) was found to vary linearly with the initial bead concentration (Figure 8).
The initial binding rate of beads to untouched CD3-positive cells (solid line, slope 390) is less than that
of beads to untouched CD14-positive cells (dashed line, slope 550). Correlation of initial binding rate

with initial bead concentration for CD3- and CD14-positive cells was found to be significant with R

values of 0.69 and 0.97, respectively. The slope for specific (plus unspecific) binding to CD3 positive

cells is 390/5.0 = 80 times larger than the slope would be for unspecific binding to CD3 positive cells.

When there is a small amount of unspecific binding, this is roughly the ratio of probabilities for

specific and unspecific binding, as is described further in the discussion.
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Figure 8. Initial rate of bead-cell binding as a function of initial bead concentration.
Solid line and dots: CD3; dashed line and circles: CD14.
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3. Discussion

HGMS is the most widely used magnetic cell separation technique for the isolation of magnetically
labeled cells from cell suspensions [17]. A cell labelled with magnetic nanobeads will be captured in
the HGMS column if the magnetic force acting on the cell is larger than the drag and gravitational
forces [8]. In principle, the magnetic force acting on the cell is proportional to its magnetic
susceptibility [18], and the magnetic susceptibility of a cell is proportional to the number of magnetic
nanobeads bound to the cell.

To optimize any magnetic separation assay it is therefore crucial to understand the kinetics of
specific and unspecific bead-cell binding in detail. Previously, unspecific bead-cell binding was
examined as a function of bead concentration for different cell types [14]. However, to our knowledge,
this is the first time that bead-cell binding kinetics has been examined by direct quantification of
magnetic beads on populations of highly purified target and non-target cells. For both specific and
unspecific binding assays, sensitive iron detection assays were adopted to determine average numbers
of magnetic beads per cell.

CD3-positive cells encompass the entire lymphocyte population present in PBMC, whereas
CD14-positive cells are known as monocytes. Both cell types were previously described as expressing
80,000-120,000 receptors per cell [19-24]. Lymphocytes are usually 8-12 um across, whereas
monocytes exist in two well-characterized populations with diameters of 8-10 and 16-20 pm [19-24].
The ratio of the two monocyte populations can be assumed to be 2:1 (smaller:larger) in healthy
individuals [19,23-25].

The antibody-conjugated magnetic nanobeads employed in the study were found to be 150-160 nm
in diameter with magnetite crystal cores of 30—50 nm, as determined by DLS and TEM images.

Results showed that the initial binding rate of beads to cells is proportional to the initial bead
concentration employed during bead-cell incubation. Experimental data of time-dependent assays
showed saturation-type curves for all cell- and bead-type combinations.

We assume that the rate at which beads bind to cells (db/dz where b is the number of beads per cell)
is proportional to the concentration of viable beads in solution (which is ny — n.b where ny is the initial
bead concentration and 7, is the concentration of cells) and to the remaining area on the cell that can be
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occupied by beads (which is proportional to byax — b Where by is the maximum possible number of
beads per cell). Hence db/dt = C(ny — ncb)(bmax — b) where C is the constant of proportionality which is
itself proportional to the probability of binding. The solutions to this equation are saturation type
curves which have an initial value of db/d¢ (the initial binding rate when b is still small) of Crobmax.
One would therefore expect that the initial binding rate is proportional to the bead concentration.

Later during the course of bead-cell binding, the value of b levels off at by.x When ny > nebmax
(i.e., when there are enough beads in solution to saturate the cells) and at ny/n. when ny < ncbmax Which
is when there are not enough beads to saturate the cells. For the cases ny > ncbmax and ny < ncbmax,
these saturation curves are approximately of the form A(1 — exp(—47)). Indeed, as shown in the results,
fitting saturation-type curves of the form A(1 — exp(—£t?)) to the experimental data returned significant
R? values, corroborating the assumption of classical, concentration-dependent saturation-type kinetics
based on the theory outlined here.

To determine the maximum possible number of beads per cell, multi-step incubation experiments
were performed. These gave higher saturation levels than single-step incubation experiments with
increased bead concentrations (data not shown). Regarding the cells as spheres, the cell surface area is
47R’ where R ~5 pm is the radius of a cell, and treating the attached nanobeads conjugated to
antibodies as discs of radius » ~80 nm, it would appear that the maximum number of beads on a cell
surface would be 47zR*fI(m+") where f is the maximum fraction of the cell surface area that can be
covered by beads without overlap. Assuming that f' = aN12 = 0.91, the value for close packing of
discs on a plane, gives in the order of 14,000 beads per cell. Saturation levels in multi-step incubation
experiments reached approximately 10,000 beads per cell, which seems consistent with the above
calculation allowing for the fact that there is a distribution of cell and bead sizes. This also corresponds
with previous studies that demonstrated steric saturation of cell surfaces with nanobeads [13].

Perhaps the more interesting observation is that experiments without multi-step binding protocol
show slowing of bead-binding rates and apparent saturation at much lower levels of beads per cell.
A possible explanation is that the quality of beads is probably not consistent even within the same
batch. Firstly, during production of nanometre-sized particles, the number of functional groups
essential for antibody conjugation is difficult to control per particle, as assays of individual particles
are not yet possible. Secondly, after antibody-bead conjugation, orientation and functionality of
antibodies is also random to a certain extent, which further increases variability between beads. Hence
it can be assumed that during the incubation of a seemingly homogenous population of nanobeads with
cells, high-quality (i.e., highly reactive) beads are depleted first, and leftover lower quality beads
contribute to a progressively slowing bead-cell binding rate, which would result in the case of
no < ncbmax, €ven if only looking at bead numbers would lead to the initial assumption 79 > 7cbmax.

This unknown distribution could partly be characterized by a combination of the change of
the binding rate over time, the ratio of the maximum saturation levels in multi-step incubation
experiments, and saturation levels observed in kinetic, single-incubation experiments. Elucidating
further parameters to characterize the distribution in detail certainly warrants further research, since
its better understanding harbours the potential to advance validation of assays involving binding of
nanobeads to cells.
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4. Experimental Section
4.1. Preparation of Mononuclear Cells

Whole blood was obtained from healthy donors after informed consent. PBMC were prepared by
density gradient centrifugation as described previously [26]. Briefly, whole blood was mixed with an
equal volume of PBS (Biochrom, Berlin, Germany). Subsequently, blood was pipetted on top of an
equal volume of Lymphoprep (Axis-Shield PoC AS, Oslo, Norway) and centrifuged at 800x g for
20 min at 20 °C. PBMC were collected at the interface and then washed twice with PBS at 300x g for
10 min at 20 °C. Cell concentration was determined by haemocytometer (Boeco, Hamburg, Germany)
using the trypan blue (Gibco, Life Technologies, Stockholm, Sweden) exclusion method.

4.2. Characterization of Paramagnetic Nanobeads

The 150 nm HMX anti-human anti-CD3, anti-CD14, and anti-biotin magnetic beads were
from X-Zell Biotec, Bangkok, Thailand. According to the manufacturer, antibodies were conjugated to
carboxyl-functionalized polysaccharide beads containing a multi-domain magnetite core by carbodiimide
chemistry. The size distribution, morphology, and crystallinity of the nanobeads were determined by
dynamic light scattering (DLS), transmission electron microscopy (TEM), and X-ray diffraction (XRD),
respectively. For the DLS, the bead suspension was analysed in a Zetasizer (Malvern Instruments Ltd.,
Worcestershire, UK). For the TEM, an aqueous solution of the nanobeads was dispersed on a copper
grid, dried under vacuum, and micrographs were recorded using a Hitachi-600 electron microscope at
80 kV. The XRD experiment was performed using a Rigaku (TTRAX III) X-ray diffractometer with
fixed monochromater at a wavelength and speed of 0.1542 nm and 3°/min, respectively.

The amount of antibody on the beads was determined by a Bradford assay. Briefly, antibody-conjugated
nanobeads were placed in Bradford solution for 60 min and the protein concentration was determined
using a NanoDrop spectrophotometer ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA) at 595 nm.

4.3. Isolation of Untouched CD3- and CD14-Positive Cells
4.3.1. Magnetic Labeling

Untouched CD3- or CD14-positive cells were isolated from PBMC using buffer-optimized HGMS,
anti-biotin magnetic beads, and a biotinylated antibody cocktail. The cocktail contained anti-CD14,
-CD16, -CD19, -CD123, -CD235a for untouched CD3-positive cells, and anti-CD3, -CD7 -CD16,
-CD19, -CD56 -CD123, -CD235a for untouched CD14-positive cells. All reagents were from X-Zell
Biotec, Bangkok, Thailand. Briefly, PBMC were resuspended in HGMS buffer (3% BSA/PBS,
pH 7.4) and incubated with human TruStain FcX (BioLegend, San Diego, CA, USA) (5 uL per
2 x 10° cells) for 5-10 min at 4 °C to block Fc receptors. 10 pL of biotinylated antibody cocktail
(for untouched CD3- or CD14-positive cells) was added and incubated for 10 min at 4 °C. Finally,
anti-biotin magnetic beads were mixed and incubated for 15 min at 4 °C. The incubation mixture was
shaken every 5 min by finger tapping and finally washed (300x g at 4 °C for 10 min).

The incubation volume was maintained at 250 pL. Fresh, filtered, cold buffer (3% BSA/PBS,
pH 7.4) was used in the assay.
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4.3.2. Magnetic Isolation of Untouched CD3- and CD14-Positive Cells

Magnetically labeled PBMC were resuspended in HGMS buffer (3% BSA/PBS, pH 7.4)
(500 uL/10" cells) and subjected to magnetic separation as described previously [27]. Briefly, the
HGMS column was filled with HGMS buffer. Air bubbles were removed by gentle finger tapping. The
HGMS column was placed inside an HGMS magnet 5 min before loading the sample. The HGMS
column was connected to a 26G/'.-inch needle via a stopcock. Magnetically labelled PBMC
were loaded onto the column while the stopcock was opened. The column was washed with
8—10 mL buffer (0.5% BSA/PBS, pH 7.4) at a flow rate of 0.33 mL/min. The target cells (untouched
CD3- or CD14-positive cells) were allowed to flow through. The flow-through was centrifuged and
target cells were pelleted at 300x g for 10 min at 4 °C. The concentration of the target cells was
measured using a haemocytometer by the trypan blue exclusion method. Fresh, filtered, cold buffers
(3% BSA/PBS or 0.5% BSA/PBS; pH 7.4) were used in the assay. The HGMS columns and magnet
were from X-Zell Biotec, Bangkok, Thailand.

4.4. Flow Cytometry

The purity of the untouched CD3- or CD14-positive cells was determined using a FACScan flow
cytometer (BD, Erembodegem, Belgium). Cells were labelled with anti-CD3 or anti-CD14 antibodies
(Exbio, Prague, Czech Republic) conjugated with phycoerythrin (R-PE) or fluorescein (FITC)
(Innova Biosciences, Cambridge, UK). Cells were analysed before and after magnetic separation to
confirm enrichment. 10,000 events were acquired from each sample. Unstained untouched CD3- or
CD14-positive cells (after magnetic separation) were used as a negative control.

4.5. Quantification of the Average Number of Beads per Cell
4.5.1. Standard Curve

Non-coated 150 nm HMX beads were used in the assay (X-Zell Biotec, Bangkok, Thailand). The
bead diameter was 150 nm and the bead concentration was 4.11 x 10° beads/ug. The average number
of beads per cell was quantified by creating standard curves of known numbers of beads using a
photometric iron quantification assay as described previously [4].

Briefly, magnetic beads in distilled water containing 1, 3, 5, 7 and 9 pg beads were placed in 1.5 mL
centrifuge tubes (SPL Lifesciences, Gyeonggi-Do, Korea) and PBMC were added as indicated. The
bead-cell mixture was dried at 70 °C overnight. After the liquid evaporated completely, dried magnetic
beads were soaked in 100 uLL HCI (5M) (Thermo Fisher Scientific, Waltham, MA, USA), vortexed,
and incubated at 60 °C for 4 h. Caps of the tubes were kept on to avoid evaporation. After incubation,
two-fold dilution was made with freshly prepared 5% potassium hexacyanoferrate (II) (Fluka AG,
Buchs, Switzerland) and the tubes were incubated for a further 35 min at room temperature in the dark.
The mixture was centrifuged at 9700% g for 10 min. The iron content was quantified by measuring the
absorption in a NanoDrop spectrophotometer ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA)
at 700 nm. Triplicate samples were analysed.
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4.5.2. Magnetic Beads per Cell
Kinetics of Bead-Cell Binding

To determine the number of magnetic beads on untouched CD3- or CD14-positive cells, the
untouched CD3- or CD14-positive cells (2 % 10° cells, and in one case, 5 x 10° cells) were incubated
with anti-CD3 or anti-CD14 magnetic beads (X-Zell Biotec, Bangkok, Thailand), respectively, in
5% BSA/PBS at 4 °C for 5-45 min. The incubation volume was maintained at 200 pL. Each cell
suspension was agitated every 5 or 10 min by gentle tapping.

At the end of the incubation period, the cell suspension was diluted up to 10 mL and washed twice
at 300x g for 10 min at 4 °C to wash away unbound magnetic beads. The cells were then pelleted,
dried at 70 °C overnight, and the average number of beads was obtained by determining the total iron
content as described in 4.5.1.

Maximum Bead Saturation: Specific Binding Assay

To determine the maximum saturation level per target cell, the following protocol was established.
Saturation curves for specific binding for highly pure untouched CD3- or CD14-positive cells were
determined by incubating target cells with anti-CD3 or anti-CD14 magnetic beads, respectively.
Five sample tubes (1, 2, 3, 4 and 5) were prepared and subjected to one, two, three, four, and five
incubation steps, respectively. The time for each incubation step was set at 30 min. The total amount of
magnetic beads used for one, two, three, four, and five incubation steps was, respectively, 16, 64, 80, 96
and 112 pg per 1 x 10° target cells per 100 uL. After the first incubation step, target cells were pelleted
and resuspended in buffer, and the magnetic beads were mixed and incubated for the next 30 min at 4 °C.
The incubation mixture was agitated gently every 10 min. All remaining incubation steps were
performed in the same way.

Maximum Bead Saturation: Unspecific Binding Assay

To investigate the maximum saturation level per non-target cell (unspecific binding), anti-CD3
magnetic beads were incubated with untouched CD14-positive cells (2 x 10° cells) and vice versa.
The iron content was determined and the protocol was followed as described above.

5. Conclusions

The results demonstrated that the initial binding rate of magnetic nanobeads to cells is proportional
to the initial bead concentration. The measured numbers of bound beads per cell as a function of time
fit saturation-type curves of the form A(1 — exp(—£t)), and levels of binding after single-step incubation
experiments are significantly lower than the levels achieved in multi-step incubation assays, which
might be attributed to a previously unknown bead quality distribution. Our results show that the
probability that a bead binds specifically is around 80 times that for unspecific binding. This explains
our observation that unspecific binding within conventional experimental time-spans (up to 60 min)
was not detectable photometrically.
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Abstract

High gradient magnetic separation (HGMS) is the most commonly used magnetic cell separation technique
in biomedical science. However, parameters determining target cell capture efficiencies in HGMS still lack
systematic characterization. Low target cell capture efficiencies frequently lead to loss of information and
resources. The present study develops linear bead-capture theory to predict capture efficiencies in HGMS.
The theory is tested on a generic HGMS system by combining CD3- and CD14-positive cells with antibody-
labeled, paramagnetic beads of different diameters. To rule out adverse biological effects of adjusting bead
diameters, it is further demonstrated that physiological key functions of cells are not affected by respective
experimental conditions.

Keywords: high gradient magnetic separation, capture efficiency, recovery rate, CD3-positive cells,
CD14-positive cells

1. Introduction

Over the past three decades, magnetic cell separation has been established as an important tool in
biomedical research. To isolate a particular subgroup of cells from a heterogeneous cell suspension, target
cells are labelled with paramagnetic beads that are attached to specific antibodies. Commercially available
techniques include conventional magnetic separation (Dynal, Invitrogen, Carlsbad, USA), the technically
more sophisticated quadrupole separation (EasySep, Stem Cell techniques, Vancouver), and high gradient
magnetic separation (MACS, Miltenyi Biotec, Germany). Bead sizes range from several micrometres down
to tens of nanometres, and the choice of bead size plays an important role as to which magnetic separation
technique can be employed. Micrometre-sized beads can be separated by conventional magnets but usu-
ally require removal after separation since they interfere with flow cytometric or light microscopic readout
systems. It has also been reported that these larger bead sizes can lead to polyvalent binding, or in other
words, cross linking of receptors which leads to activation of sensitive cells and/or to endocytosis of beads
[1]. Currently, nanosized beads are therefore preferred for most applications. However, because of the sig-
nificantly lower amounts of paramagnetic material attached to each cell, they require one of the two more
sophisticated magnetic separation techniques.

The most widespread technique for separation of very weakly paramagnetic bodies is high gradient
magnetic separation (HGMS). In HGMS, a matrix of thin filaments or spheres of ferromagnetic material
is placed in a strong homogeneous magnetic field. With this technique, magnetic field gradients of up to
100 T/cm can be created at the surface of the matrix [2]. Early work on generic HGMS systems [3, 4]
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eventually led to the development of the MACS HGMS system [5]. Today, the MACS system is still the
only viable commercially available HGMS technique in cell biology, with over 12 000 studies published during
the past two decades [6].

The MACS system relies on HGMS in combination with 20-100 nm diameter paramagnetic beads.
However, while separation purities are generally reported to be acceptable, capture efficiencies (E; = [target
cells isolated]/[total target cell loaded]) are not always consistent between different researchers and different
target cell types. In many cases this leads to loss of information and resources [7].

The present study develops linear bead-capture theory to describe practical predictive parameters for E;
in HGMS. The theory is tested by labelling two different cell types with commercially available magnetic
beads of 50 nm and 100 nm diameter. Buffer-optimized HGMS serves as a readout system for FEi, as
described previously [8], and functional assays demonstrate viability of isolated cells.

2. Theory

2.1. Capture of beads by cells

We treat the cells and beads as spheres. The mean speed of a body in equilibrium with its surroundings
is inversely proportional to the square root of its mass. The smallest cell (7 ym diameter) has a mass 703
times that of the largest bead used (0.1 pum diameter), assuming both have the same density. Hence the
unattached beads have an average speed which is at least v/703 ~ 600 times that of the cells. We therefore
regard the cells as being stationary and subject to a flux of beads kn where n is the number density of the
unattached viable beads and & is a constant [9]. Let B(¢) and W (t) denote, respectively, the total numbers
of beads attached to antigens on the target cells and bound non-specifically (either to target cells or to other
cells) at time ¢. The beads are added at ¢t = 0 and so B(0) = W(0) = 0. The number of unattached viable
beads, N(t) = N(0) — B(t) — W (t), and n = N/V where V is the volume of the suspension. Let Ag, be the
maximum possible total cell surface area taken up by specifically bound beads. If r}, is the radius of a bead
then Ay, = atNCbmaxwr% where N, is the number of cells, oy is the fraction of cells which are target cells,
and by ax is the maximum number of beads that can be bound to antigens on a target cell and is given by

bmax = min(a, pd? /i)

where a is the number of antigens per target cell and ¢ is the fraction of the cell surface area that can be
covered by beads. We assume that ¢ = 7/v/12 = 0.9069, the value for close packing of discs on a plane.
The total surface area available for non-specific binding before any beads are present on all the cells is given
by
Ansb - T(SONC Z azdf - Asb
i

where d; and «; are the root mean squared diameter of and proportion of cells that are cell type i.

To avoid making the model too detailed, we make the following assumptions: (i) the antigens are
uniformly distributed on the target cells (ii) beads only attach to areas not already occupied by a bead
(iii) a bead has a chance of attaching to an antigen if the point at which the bead initially touches the cell
is less than 71, from the antigen (iv) non-specific binding never approaches saturation (i.e., Wrrg < Apgp).
Then we have

dB

- Brn(Agp — Bwrg), (1)
dw
- vyEN(Apsh — er%) (2)

where 8 and ~y are the fraction of times that a viable bead sticks when colliding with, respectively, an antigen
or another part of the cell surface. Dividing (1) and (2) by ayN. and N, respectively, gives
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where b is the mean number of beads attached to antigens on a target cell, w is the mean number of
non-specifically bound beads on any cell, ng is the initial number density of viable unattached beads, and

_ ¥ Z 2
Wmax = —5 Ofidj, — tbmax.
Tb p

The coupled nonlinear equations (3) and (4) cannot be solved analytically. However, the behaviour of b and
w is straightforward; both increase monotonically from zero and will saturate as either factor in brackets on
the right-hand sides approaches zero. When b < byax, W <K Wnax, and agneb + ncw <K ng the right-hand
sides are approximately constant and are both proportional to ng. We refer to this case as the linear regime.

The number of beads attached to target cells is B + (Apnsbt/Ansp)W where the total area not occupied
by antigens on the target cells, Ayghy = mayNepd? — Agp. Hence ¢, the mean number of beads attached to

a target cell, is given by
d? —b 2
co=bt <“0 ¢ m;"rb> w. (5)
WmaxT,

In the linear regime c; is therefore also proportional to ng.

2.2. HGMS capture efficiency

According to [10], the capture efficiency for a cell of type ¢ (i.e., [the number of cells of type i cap-
tured]/[the number of cells of type i that enter column]) is given by

h)d?F Lx; M B
E;=1-—exp —% (6)
TN UE

where (h) is the geometric factor (which is 4/3 for a random filter), F' is the filter filling factor (0.12 in our
case), L is the filter length (5 cm), M is the saturation magnetization of the matrix material (1.2 MA/m),
By is the applied magnetic flux density (0.7 T), n is the fluid dynamic viscosity (2 x 107 3kgm='s71), 7y,
is the radius of the particle buildup profile (which is initially equal to the radius of the wires, 30 ym), and
v is the mean fluid speed (2.0 mm/s). y; is the volume magnetic susceptibility of a cell of type 7 including
the attached beads minus that of the fluid and is given approximately by

27"b 3
Xi = ( 4 ) feixre (7)

where f is the volume fraction of a bead occupied by the magnetite (0.18), xr. is the volume magnetic
susceptibility of the magnetite (0.61), and ¢; is the number of beads per cell of type i. Using (6) and (7)
with Ey = 0.95 gives

97 log(20)nrf)bpvfdt

~ 2(h)FLM Byr3 fxre (8)

Ct

which in our case, with dy = 10 pm and 50 nm beads, evaluates to 130 which is much less than by ax. Thus
we can safely assume that the linear regime applies and so ¢ is proportional to ng. We may therefore write

Q = —log(l — E;) x ng. 9)

The constant of proportionality depends on the bead capture probabilities 5 and v which will differ among
blood donors. We remove the effect of having a variety of blood donors by dividing @) by the constant of
proportionality (calculated from the data obtained using cells of each donor using a regression line through
the origin) to obtain the normalized quantity ¢ which we therefore expect to obey ¢ = ny.
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3. Materials and methods

3.1. Mononuclear cell preparation

Human peripheral blood was obtained from voluntary donors after informed consent and peripheral
blood mononuclear cells were separated by density centrifugation by equal ratio (1:1) of blood to Lympho-
prep (Axis-Shield PoC AS, Oslo) at 2000g for 20 min. Mononuclear cells (MNCs) at the interface were
collected and resuspended in HGMS buffer (X-Zell Biotech Co. Ltd., Bangkok). MNC were counted using
a haemocytometer (Boeco, Germany).

3.2. Isolation of CD3- and CD14-positive cells

A customized HGMS magnet, HGMS columns, HGMS buffers, and HGMS beads were from X-Zell
Biotech Co. Ltd., Bangkok. The HGMS magnet provided a minimum magnetic field strength of 0.7 T
between the poles, as determined by a DC-Gaussmeter (alpha-Lab Inc., Salt Lake City, Utah). Positive
isolation of cells was performed according to the manufacturer’s protocol. Briefly, MNCs were incubated
with 100 pl of human AB serum (Gemini Bio Products Inc., California) for blocking of Fc receptors. Varying
volumes of 50 nm or 100 nm anti-CD3 or anti-CD14 HGMS beads were added and the MNCs were incubated
in HGMS buffer for 30 min at 4°C. Cells were gently shaken every 10 min. The bead concentration was
adjusted to between 1.5 and 13 x 10'2beads/ml. The target cell concentration was between 0.75 and
20x10° cells/ml. After incubation, cells were washed once with PBS (Biochrom AG, Berlin), pelleted at
400g for 10 min and resuspended in HGMS buffer. HGMS columns were filled with HGMS buffer in an
upright position to evacuate air by upward displacement. After removing the remaining air bubbles by
gentle finger tapping, a 20G/1-inch injection needle was connected to the stopcock. The column was placed
between the poles of the HGMS magnet and equilibrated for 5 min. The stopcock of the HGMS column
was opened, 10" MNCs were applied for each experiment and the column was rinsed with 30 ml of HGMS
buffer. After this, the stopcock was closed and the column was removed from the magnet. The column was
flushed retrogradely with 12 ml of PBS. The eluate containing the target cells was collected, washed once
by centrifugation at 1100g for 10 min, Giemsa stained, and analysed by light microscopy.

3.3. Phagocytic assay

To test the phagocytic activity of isolated CD14-positive cells, phagocytic assays were adapted from
[11]. Briefly, 1 x 10° isolated CD14-positive cells were suspended in culture media (RPMI 1640 + 10%
FBS) (both from Biochrom, Berlin) and incubated with 1 x 10% 0.45 ym-diameter latex beads in 24-well
cell culture plates (Becton Dickinson, USA) at 37°C and 5% CO,. Phagocytic activity was analysed after
1.5 h. Cells were washed with 2% sucrose/PBS solution (USB Corporation, Cleveland/Biochrom, Berlin)
to remove non-ingested latex beads (kindly synthesized for us by Prof. Pramuan Tungboriboonrat, Mahidol
University). The entire protocol was performed under sterile conditions. After incubation, bead-containing
and bead-free macrophages (M) were counted (per 1000 cells) under a phase contrast microscope (Olympus
Optical Co., Tokyo) and their ratio calculated. After counting, isolated cells were subjected to cytospin,
fixed and stained with Giemsa, and observed (at 400x magnification) under a light microscope (Olympus
Optical Co., Tokyo).

3.4. Parasite culture

Plasmodium falciparum strain AMBA47 was cultivated in O-positive whole blood as described in [12].
Peripheral blood was obtained from voluntary donors and human serum from the blood bank of Ramathibodi
Hospital, Bangkok. Blood was stored at 4 °C for at least one week to reduce viable leukocytes before parasite
culture. Infected red blood cells (iIRBCs) were cultured in malaria culture media (MCM) (10.43 g RPMI 1640
powder medium, 7.5% sodium bicarbonate (both Biochrom AG, Berlin), 40 ug/ml gentamycin (Gibco),
25 mM 4-(2-hydroxyethyl)-1-piperazine ethane-4-sulphonic acid (HEPES) and 200 mM hypoxanthine (both
from Sigma, Hamburg) supplemented with 10% non-inactivated human serum) in 75 cm? cell culture flasks
(Corning Inc., New York) at 37°C with 5% CO,. The parasite culture medium was changed every 24 h.
The culture was maintained in 5% haematocrit.
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3.4.1. Synchronization of parasites

Parasites were synchronized to ring stages by treating with 5% sorbitol (Merck, Germany) following
[13]. The parasite culture was washed twice (1000g, 90 s) with MCM after synchronization. Synchronized
parasites in 5% haematocrit were then resuspended in MCM. Synchronization was evaluated by Giemsa
staining.

3.4.2. Cryopreservation

For stock, 0.33 volumes of glycerolyte (Sigma, Hamburg) were added dropwise to packed iRBCs, mixed
gently, and incubated at room temperature for 5 min. After incubation, 1.33 volumes of glycerolyte were
added, frozen in cryovials (Corning Inc., New York) at —80 °C overnight, and then stored in liquid nitrogen.

3.4.3. Thawing

Cryovials were thawed at 37 °C and parasitized blood was transferred to 50 ml centrifuge tubes (Corning
Inc., New York). 0.2 volumes of cold 12% NaCl (Merck, Darmstadt) solution were mixed gently with thawed
iRBCs and incubated for 5 min at room temperature. Next, 10 volumes of cold 1.6% NaCl solution were
added gently and centrifuged at 300g for 10 min at 4°C. After removal of the supernatant, 10 volumes of
cold 0.9% NaCl were added and mixed gently and centrifuged as above. The pellets were resuspended in
MCM, and parasitemia and viability were measured by Giemsa staining.

3.5. Proliferation assay

Functional capacity of isolated CD3-positive cells was tested by proliferation and viability assays. The
protocol was adopted from [14] with modifications. Briefly, MNCs were separated by Lymphoprep and
cultured in a 75 cm? cell culture flask in 35 ml RPMI 1640 with 10% FBS at 37°C in 5% CO, for 1.5 h.
After incubation, supernatant containing suspended lymphocytes was removed. Monocytes attached to the
flask surface were washed gently with 10 ml RPMI 1640 + 10% FBS. Finally, 5 ml of the same media
was added to cover the monolayer of attached monocytes and incubated at 4°C overnight. On day 2,
monocytes were removed from the pre-incubated cell culture flask by cell scraper (SPL Lifescience, Korea).
HGMS isolation of CD3-positive cells was performed from MNCs obtained from peripheral blood of the same
donor. Isolated monocytes and CD3-positive cells were counted by haemocytometer. Three experimental
conditions were set per experiment. For all conditions, the initial cell count was 2 x 107 cells/well for M@
and 1 x 108 cells/well for CD3-positive cells. Cells were incubated in a 24-well cell culture plate (Becton
Dickinson, USA) in 1 ml of media. Condition 1 comprised only M@ and unstimulated CD3-positive cells.
In condition 2, P. falciparum iRBCs were used for stimulation of CD3-positive cells, as described in [15].
M@ were incubated with iRBCs for 4 h at 37°C and 5% CO, before adding CD3-positive cells. Cell
concentrations were set at 1:5:5 for M@:CD3-positive cells:iRBCs, respectively. Condition 3 was identical to
condition 1 except that CD3-positive cells were stimulated with 2 ug/ml leucoagglutinin (PHA-L) (Biochrom,
Cambridge, UK). Proliferation and viability of CD3-positive cells was assayed at four different times (day 2,
day 4, day 6, and day 8). Analysis was performed by Giemsa staining and light microscope. The entire
protocol was performed under sterile conditions.

3.6. Mitotic assay

After counting CD3-positive cells, the remaining cells were incubated with 3 ug/ml cytochalasin B
(Sigma-Aldrich, Germany) for 18-20 h at 37 °C and 5% CO, as described in [16]. After incubation, cells were
harvested, subjected to cytospin, fixed for 10 min, and stained with Giemsa. Bi-, tri- and tetra-nucleated
CD3-positive cells were analysed under light microscope. The mitotic index (MI), given by

where n, is the number of cells which are r-nucleated, was calculated from 1000 cells.
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4. Results

4.1. Testing of predictive power of linear bead-capture theory

Predictive accuracy of linear bead-capture theory was examined with two different bead sizes and two
different cell types, as described in the materials and methods. For both bead sizes, purities of CD3- and
CD14-positive cells after magnetic separation were at least 95% in all experiments.

If values of log(1 — E;) are plotted against bead concentration ny then the theory predicts that the
points should lie on a straight line through the origin. Experimental results were normalized as described
in section 2.2. Data of ¢, the normalized value of —log(1 — E}), was combined from a total of 15 different
blood donors and plotted against ng as shown in Figure 1. R? values range from 0.77-0.98.

For 50 nm beads, an E; of over 80% was consistently achieved for bead concentrations > 8.6 x 102 ml~*
and target cell concentrations > 4.0 x 10°ml~! for CD14-positive cells, and for > 6.0 x 10'? beads/ml
and > 10.4 x 10° target cells/ml for CD3-positive cells. For 100 nm beads, such capture efficiencies were
obtained with > 0.72 x 10'2 beads/ml and > 3.0 x 10 target cells/ml for CD14-positive cells, and > 0.32 x
10'2 beads/ml and > 1.7 x 106 target cells/ml for CD3-positive cells (data not shown).

Morphological examination of isolated target cells (CD3- and CD14-positive cells) showed no discernible
difference in their morphologies (Figure 2).

4.2. Functional assays

4.2.1. CD3-positive cells proliferation and mitotic assay

To demonstrate the viability of CD3-positive cells after HGMS, cells were subjected to proliferation
assays. Figure 3 depicts the proliferation pattern of isolated CD3-positive cells. Experiments were continued
over 8 days, with three different conditions as described in the materials and methods. Condition 1 (M@
and CD3-positive cells without stimulation) served as control and did not show significant proliferation at
any time. In condition 2 (M@ + iRBCs + CD3-positive cells), proliferation of CD3-positive cells was seen
from day 2 until day 6. The number of cells increased 1.5-, 2.4- and 2.8-fold on days 2, 4, and 6, respectively.
A decrease in the number of cells was observed on day 8. With condition 3 (CD3-positive cells co-cultured
with M@ stimulated with PHA-L), the number of cells increased 1.6-, 2.8- and 3.5-fold on days 2, 4, and 6,
respectively. CD3-positive cell numbers decreased after day 6 (Figure 3).

MI of isolated CD3-positive cells is shown in Figure 3. MI for both conditions 2 and 3 was higher
than controls. However, only MI for condition 3 was significantly higher than the control (p < 0.05). On
day 6, over 80% of PHA-stimulated CD3-positive cells and 30% of iRBC-stimulated CD3-positive cells were
binucleated as compared to 3% binucleated cells in the control. MI at day 2, day 4, day 6 and day 8
was, respectively, 0.97, 1.09, 1.41, and 0.89 for unstimulated CD3-positive cells, 0.98, 1.22, 1.74, and 1.13
for iRBC-stimulated CD3-positive cells, and 1.3, 1.54, 2.5, and 1.19 for PHA-stimulated CD3-positive cells
(inset graph). Unstimulated CD3-positive cells showed hardly any proliferation and retained their cellular
morphology and membrane integrity (inset picture with white arrow head). However, iRBC-stimulated
(inset picture with yellow arrow head) and PHA-stimulated (inset picture with black arrow heads) CD3-
positive cells showed clear binuclei on day 6. Cells with tri- or tetra-nuclei were also observed (pictures not
shown). Fewer proliferating CD3-positive cells were found on day 2 and day 4 (pictures not shown).

4.2.2. Phagocytic assay

To test key functions of CD14-positive cells after HGMS, phagocytic assays were performed by latex
bead (0.45 pum) ingestion assay. Around 82% of cells showed ingestion of latex beads in 1.5 h. Phagocytosis
was statistically significant (p < 0.01). A representative photograph of cells with ingested latex beads is
shown in Figure 4. Identical results were observed after HGMS of CD14-positive cells with both 50 nm and
100 nm magnetic beads (100 nm bead data not shown).
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Figure 1: Normalized — log(1 — E}) against bead concentration ng (both in units of 1012 ml=1) for both target cell types and
bead diameters: (a) CD3 50 nm (R? = 0.88) (b) CD14 50 nm (R? = 0.98) (c) CD3 100 nm (R? = 0.77) (d) CD14 100 nm

(R? = 0.93).

Figure 2: Morphologies of captured target cells. From left to right: CD3 50 nm; CD14 50 nm; CD3 100 nm; CD14 100 nm.
Images in this and subsequent figures were taken at 400X magnification by light microscope.
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Figure 3: Functional analysis of CD3-positive cells isolated by HGMS with 50 nm magnetic beads by proliferation and mitotic
assays. The M@:CD3-positive cell:iRBC ratio was set at 1:5:5 (iIRBCs only in condition 2). Significant proliferation of CD3-
positive cells was observed in conditions 2 and 3 (p < 0.01). For mitotic assays, the number of binucleated cells was counted.
Representative morphology of binucleated CD3-positive cells is shown in the inset. (Giemsa stained slides of day 6 for all three
experimental conditions). White arrow shows unstimulated CD3-positive cells, yellow arrow shows binucleated cells in iRBC-
stimulated CD3-positive cells, and black arrows show binucleated CD3-positive cells in PHA-stimulated condition. Mitotic
index (MI) for stimulated (with iRBCs and PHA-L) and unstimulated CD3-positive cells is shown in the inset graph. MI of
CD3-positive cells stimulated with PHA-L was significantly higher than controls on day 6 (p < 0.05) compared to unstimulated
CD3-positive cells on day 6. Data are collected from three independent experiments and calculated as mean+SE. ns = not
significant.
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Figure 4: Phagocytic assay based on ingestion of latex beads (0.45 um) by CD14-positive cells-derived macrophages (M@),
after isolation by HGMS system with 50 nm magnetic beads. M@ (1 x 10%) were exposed to latex beads (1 x 108) for 1.5 h
in a 24-well cell culture plate and then observed under a phase contrast microscope. Percentages of bead-free (white bar) and
bead-fed (grey bar) M@ were calculated from a total count of 1000 cells. M@ were also subjected to cytospin for Giemsa
staining to see latex beads inside cells. Inset image: a representative photograph of bead-fed M@. Data are calculated from
three independent experiments as mean+SE.
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5. Discussion

In spite of the three decade-long history of HGMS in biomedical research, very few studies are available
that examine the influence of physical parameters on capture efficiency Fy. This seems surprising given that
not only the key parameters (drag force and magnetic force) of a conventional HGMS apparatus can be
considered constant, but also that the physical parameters of magnetically labelled cells vary only in a very
narrow range. More specifically, cell size and receptor density are well characterized for a large number of
cell sub-populations, and together with known parameters of the HGMS apparatus, it can be hypothesized
that consistent separation results should be achievable. The present study developed linear bead-capture
theory which identifies bead concentration as the single most important parameter to predict FE.

The study chose to focus on CD3-positive cells, which are fairly constant in both size and CD3 receptor
expression [17], and CD14-positive cells which exist in two ranges of diameters, both with fairly constant
CD14 receptor expression [11, 18, 19]. These two cell types, together with two different bead sizes, served
as a model to test linear bead-capture theory on a generic, buffer-optimized HGMS system.

The theory predicts that log(1 — E) is proportional to the number of beads bound to target cells. When
the number of beads bound to target cells is small, this number of bound beads is in turn proportional to
the initial concentration of beads during incubation of cells with beads. In other words, plots of log(1 — E)
against initial bead concentration ng for various bead and target cell concentrations are expected to lie on
a straight line through the origin.

Results of the present study confirm that the theory predicts E; in a highly significant manner, with R?
values ranging from 0.77-0.98 (Figure 1). As predicted by linear bead-capture theory, it is clear that bead
concentration and bead size must be optimized, while taking into account the surface receptor density of
target cells, to achieve consistently high FE\.

Interestingly, variation of bead and target cell concentration, or in other words, variation of the bead/cell
ratio and E} had no influence on isolation purity. Positive selection of CD3- and CD14-positive cells by the
HGMS system led to over 95% purity in all experiments.

From the above, it should now become possible to better predict E; for different cell types and bead
sizes. For example, CD34-positive haematopoietic stem cells were described to have receptor densities of
around 50 000 receptors per cell [20] or, in other words, around 2 times lower receptor density than CD3- and
CD14-positive cells. At the same time it is known that E} for CD34-positive cells in conventional HGMS
systems are rather inconsistent [21]. It may now be hypothesized that commonly used protocols have not
optimized the bead concentration during labelling of cells with beads and/or that commercially available
50 nm beads are not able to confer sufficient magnetic susceptibility to cells with such low receptor densities.
In the latter case, use of 100 nm beads would increase magnetic susceptibility by one order of magnitude
and should therefore lead to much more consistent results.

Since linear bead-capture theory might require different bead sizes for optimization of capture efficiency,
the present study also examined the effect of varying bead diameters on cellular functions. HGMS-purified
CD14- and CD3-positive cells were assessed by phagocytic and proliferation assays. Assays were performed
without prior removal of beads, as is sometimes recommended [22].

Viability and proliferation rates of CD3-positive cells remained unchanged after separation with both
50 nm and 100 nm beads. Mitotic indices of CD3-positive cells were highest when stimulated with PHA-L,
while stimulation with iRBCs resulted in lower, but still significant, mitosis. The latter does not seem
surprising given the entirely different mechanisms of stimulation: PHA-L directly recruits T lymphocytes
to undergo mitosis [23] whereas iRBCs are phagocytosed by monocytes and by antigens presented to T
lymphocytes [24].

To examine functionality of CD14-positive cells isolated by HGMS, the inert latex beads ingestion model
was adopted. Ingestion of latex beads in monocytes was previously explained as a measure of frustrated
phagocytosis; over 80% of phagocytically active monocytes reflect optimal cellular engagement with inert
latex beads [25, 26]. Results of the present study show that for isolation of CD14-positive cells with both
50 nm and 100 nm beads, over 80% of cells were phagocytically active. Also, it was observed that adhesion
capacities of CD14-positive cells on cell culture dishes were over 80% (data not shown).
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In summary, linear bead-capture theory predicts F; in a highly significant manner. Assay-dependent
optimization of bead concentration and bead size seems feasible since no change of cellular functions could
be observed in HGMS-isolated cells labelled with paramagnetic beads of different diameters.

Further studies corroborating linear bead-capture theory are certainly warranted. For example, the
theory contains various parameters whose values are difficult to obtain theoretically. The most important of
these are the quantities Sx and vk which relate to the rate at which beads bind to the cells (see section 2.1).
To further refine the predictive power of the theory by finding these values more directly, data on the number
of beads attached as a function of time will be needed.
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