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To circumvent the difficulty of isolating specific cell populations by MACS from dissociated complex animal
tissue, when their proportions reached levels similar to that of the background, we developed the “Three-step
MACS” strategy. Cells of interest are defined by their expression of a particular gene(s) of interest rather by
than their natural cell surface markers or size. A two-component transgenic cell surface protein, for two
sequential rounds of MACS, is expressed under the promoter control of the endogenous gene of interest by
means of gene targeting and the generation of transgenic tissue. An initial step to remove dead cells is also
used. Here, we describe proof-of-concept experiments, using the biotin acceptor peptide (BAP)-low-affinity
nerve growth factor receptor as the two-component protein. The first component, the BAP, can be
biotinylated in specific subsets of cells expressing a particular gene by expressing the biotinylating enzyme,
hBirA = humanized BirA (hBirA), under the promoter control of another gene defining the specific
subpopulation. We showed that a rare population of cells (1.1% of the 13.5 days postcoital mouse embryo)
could be enriched to a sufficiently high purity (84.4%). From another sample with 0.1% of our cells of interest,
we achieved a 40.3% pure sample. The low cost, speed, and technical ease of the Three-step MACS also
make it scalable and hence, an ideal method for preparing sufficient quantities of biological samples for
sensitive, high-throughput assays.
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INTRODUCTION

Sensitive assays for transcriptome profiling, proteomics,
and other biological processes require starting cell samples
of high purity, as the data are easily distorted by contami-
nating, irrelevant cell types. This need is most keenly felt
when developmentally regulated pathways are being inves-
tigated."™* Such studies require samples representative of
spatiotemporal, cell-specific events occurring in vivo. Sam-
ples must be of sufficient quantity and quality for the
sensitive downstream assays to produce reliable data. Cur-
rent technologies commonly used fall short. Analyzing
whole organs or tissues often introduces irrelevant cell types
into the sample, which distorts the data (e.g., gene expres-
sion profiles) of all of the cell types, which, on average, are
obtained, rather than that of any particular cell type.””®
Microdissected samples are purer, but they are laborious
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and technically challenging to prepare; hence, sample
quantities are small.” Nucleic acid amplification is often
needed downstream, a step that introduces bias.'*'* Cul-
tured cells are homogenous, cheap, and convenient to use,
but cells are taken out of their in vivo microenvironment,
which greatly affects spatiotemporally regulated, develop-
mental processes and gene expression.>*'>~'7 FACS has
thus far yielded the most suitable samples, in terms of its
sample purity, quality, and ease of preparation.'® " The
drawback of FACS, however, is its high start-up cost, which
is prohibitively high, and its flow rate, which can be pro-
hibitively low when scaling up is required. MACS is very
similar to FACS, except that the start-up costs are 100-fold
lower, and it is easily scalable to large input volumes.?? Tt
has routinely been used in the clinical setting to isolate cells
from large volumes of blood, based on the cell surface
markers of the desired cells.”>”*® However, single-step
MACS does not sort cells as purely as FACS.>”°

When using MACS to isolate rare cell populations
from dissociated animal tissue, even a low level of back-
ground renders the isolated cells insufficiently pure for
sensitive assays. Three main sources contribute to the back-
ground of MACS: cells that express endogenous proteins
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with regions identical or similar to the epitope tag, dead
cells, and cells expressing proteins on their extracellular
surface that bind nonspecifically to the antibody. However,
the proportion of these background cells in the purified
fraction is not just determined by the background level in
the starting cell sample; the percentage of desired cells of
interest within the starting cell sample is a major determi-
nant too. For example, if the background cells make up 1%
of the starting cell sample, and the desired cell population
also makes up 1% of the starting cell sample, then the final
eluted fraction will consist of 50% background cells and
50% desired cells. The effects of the background level
become very pronounced when the proportion of the cells
of interest approximates or drops below the level of the
background.

To address these needs and challenges, we developed a
cell isolation strategy, termed “Three-step MACS”, where
two consecutive rounds of MACS can be applied, each
against a different epitope tag. In the first round, dead cells
are removed. In the second round, rare cells are enriched to
levels well above the background level of the antibody to be
used in the third round. In that third round, the purity of
the final sample can then be enriched to sufficient levels of
purity. In our hands, the purity of isolated, rare cells (1.1%
of the starting cells) from dissociated, solid animal tissue
was doubled from 37.9% after the second round to 84.4%
after the third round of MACS. Our sorting strategy also
enables the isolation of cells defined by the expression of
one or two genes of interest, thus eliminating the need to
identify existing cell surface markers for antibody recogni-
tion, as is the limitation of current MACS strategies. This is
a generic isolation method that can be applied to all cell
types of interest defined this way, e.g., to study any tran-
scription factor of interest within its in vivo environment.
In this paper, we describe our protocol for obtaining highly

purified cell samples using Three-step MACS.

MATERIALS AND METHODS
Transient Expression in Cells
Human embryo kidney (HEK)293 cells (ATCC CRL-

1573) were transfected with circular plasmid expression
constructs for transient protein expression, using FuGENE
6 with Plus reagent (Invitrogen, Carlsbad, CA, USA) or
FuGENE HD (Roche Applied Science, Indianapolis, IN,
USA). Optimem (Invitrogen) was used as the carrier me-
dium. Cells were maintained in high-glucose DMEM/
10% FBS/40 pg/ml gentamycin sulfate. Cells were har-
vested between 24 and 48 h.

Expression Plasmids Construction

The constructs for transient transfection and expression in
cell cultures were based on the pDisplay (Invitrogen) vec-
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tor. Three consecutive biotin acceptor peptide (BAP)
epitopes were cloned after and in-frame with the HA tags
on the vector. The base vector was modified such that three
versions were made: one with [RES-hBirA-IRES-EGFP,
one with an /RES-hBirA, and another one with EGFP
in-frame and hence, fused to the transmembrane region on
the intracellular side. The IRES-hBirA or IRES-hBirA-
IRES-EGFP was cloned in after the Stop codon of the
transmembrane protein but before the BghPolyA tail. Low-
affinity nerve growth factor receptor (Lngfr; Miltenyi Bio-
tec, Germany) was cloned in between the BAP tags and myc
tag. hBirA is a humanized sequence of the Escherichia coli
endogenous BirA.”!

Confocal Imaging

Cells were grown on Lab-Tek chambered coverglass
(Nunc, Thermo Scientific, Rochester, NY, USA) until
80% confluency for confocal imaging. Cells were fixed in
4% PFA for 10 min at 4°C and permeabilized with 0.1%
Triton X-100/PBS for 3 min with ProLong Gold (Invitro-
gen) and mounted with DAPL. If antibodies were used,
cells were blocked in 1% BSA/PBS after permeablization
and then incubated with antibodies in 1% BSA/PBS. Im-
aging was done using the Carl Zeiss LSM 5 DUO inverted

microscope.

Flow Cytometry (FC)

FC analysis was performed on a Becton Dickinson LSR 11
three-laser, using DPBS/0.5% BSA/5 mM EDTA, pH 8.0
(PBE), as a carrier medium, with each sample containing
between 10% and 107 of single cells, resuspended in 1 ml
PBE. Dissociated, WT mouse embryo cells were used for
gating and to set the fluorescence baseline level. PI (Invit-
rogen) was used to stain dead cells.

Dissociation and MACS of Cells from Tissues
WT C57BL/6] mouse embryonic tissue [12.5 days postco-

ital (d.p.c.)] were used. Dissociation of tissue was carried
out by a combination of enzymatic and mechanical disso-
ciation. Embryo tissue was cut into small pieces of
~3 mm X 3 mm X 3 mm. The pieces were immersed in
5-10X tissue volume of liver digest media (Invitrogen) at
room temperature for enzymatic dissociation. Mechanical
dissociation was used by pipetting up and down with a
wide-bore, 1 ml pipette tip, followed by a narrow-bore, 1
ml pipette tip, until tissue is completely dissociated to
single cells. Cold calcium-, magnesium-, and phenol red-
free HBSS (5 vol; Gibco, Life Technologies, Carlsbad, CA,
USA) was added to dilute out the liver digest media and
reduce the enzymatic activity. Dissociated cells were pel-

leted, resuspended in cold HBSS, and passed through a
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40-p single cell filter and collected on ice. The entire
process took ~15 min.

MACS

Up to 10 cells/0.5 ml PBE were nutated for 20 min at room
temperature with a magnetic bead-conjugated antibody
(Miltenyi Biotec) or a primary antibody followed by a second-
ary magnetic bead-conjugated antibody. Table 1 provides
details of the different antibodies used and their working
concentration. Cold PBE (1 ml) was then added; the cells
pelleted at 200 g at 4°C. Up to 10 cells were resuspended in 1
ml PBE. The cells were then put over a 40-pm single cell filter
and through a magnetic separation (MS) column (Miltenyi
Biotec), which was freshly equilibrated with 0.5 ml cold PBE.
The column was then washed with a total of 2 ml cold PBE.
Cells were eluted with 1 ml cold PBE using the plunger, into
a second freshly equilibrated MS column. They were washed
again and finally eluted into a 1.7-ml tube with 1 ml cold
PBE and kept on ice. All subsequent analysis was done
immediately. MACS (from applying the input cells to the
MACS column to obtaining the desired washed and eluted
fraction) took ~20 min to complete.

Removal of Cell-Bound Magnetic Beads

Cells, which were bound to the column by magnetic bead-
conjugated antibodies, were given a final wash with
calcium-, magnesium-, and phenol red-free HBSS (Gibco,

TABLE 1

Life Technologies) and then eluted from the column with
phenol red-free 1 ml 1X TrypLE Express (Gibco, Life
Technologies). Cells were nutated with TrypLE Express at
room temperature for 5 min, and then 100 wl FBS was
added to inhibit the reaction. Cells were then pelleted and
washed with PBE. Dead cells were removed, and the live
cell fraction was then subjected to a second round of
MACS. The Dead Cell Removal Kit (Miltenyi Biotec) was
used to remove dead cells from cell samples, following the
manufacturer’s instructions. Briefly, MACS was performed
on the dissociated cells, using magnetic bead-bound anti-
bodies against apoptotic and necrotic cells.

Ethics Statement

All animal procedures were performed according to the
Singapore Agency for Science Technology and Research
(A*STAR) Biopolis Biological Resource Center Institu-
tional Animal Care and Use Committee (IACUC)
guidelines, and the JACUC protocols used were re-
viewed and approved by the aforementioned committee
before any animal procedures were undertaken for the
study described here (IACUC Protocol Nos. 080348
and 080377).

RESULTS
The difficulty of achieving high purities using MACS

when desired cells were 1% or less of the starting popu-

Antibodies Used for MACS

Epitope Epitope seq

Antibody

Concentration (supplier, catalog number)

Antibodies against common epitope tags

Mouse anti-HA-FITC

1:11 (Miltenyi Biotec, 130-092-256, 7)

Mouse anti-HA-PE

HA YPTDVPDYA

S-tag KETAAAKFERQHMDS
Lngfr Lngfr

Myc EQKLISEEDL

V5 GKPIPNPLLGLDST
His HHHHHH

CBP KRRWKKNFIAVSAANRFKKISSSGAL
FLAG DYKDDDDK

Biotin Biotin

Commonly used secondary antibodies
Rabbit Rabbit IgG

Rat Rat IgG

Mouse Mouse IgG

FITC FITC

PE PE

Rabbit anti-S-tag

Mouse anti-Lngfr
Mouse anti-cmyc-FITC
Mouse anti-V5

Mouse anti-His

Rabbit anti-CBP

Mouse anti-FLAG
Mouse anti-biotin

Goat anti-rabbit
Goat anti-rat
Goat anti-mouse
Mouse anti-FITC
Mouse anti-PE

1:20 (Delta Biolabs, Gilroy, CA, USA;
DB1155-tag)

1:4 (Miltenyi Biotec, 130-091-330)

1:100 (Invitrogen, R953-25)

1:100 (Invitrogen, R963-25)

1:20 (BD PharMingen, San Diego, CA,
USA; 552565)

1:50 (Upstate Biotechnology, Waltham, MA,
USA; 07-482)

1:500 (Sigma, St. Louis, MO, USA; F 3165)

1:4 (Miltenyi Biotec, 130-090-485)

1:5 (Miltenyi Biotec, 130-048-602)
1:5 (Miltenyi Biotec, 130-048-501)
1:5 (Miltenyi Biotec, 130-048-401)
1:10 (Miltenyi Biotec, 130-048-701)
1:5 (Miltenyi Biotec, 130-048-801)

CBP, Calmodulin-binding peptide.
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FIGURE 1

Antibody background: the proportion of the starting
cells inappropriately ending up into the eluted fraction
after a single round of MACS. Single cell populations
dissociated from 13.5 d.p.c. WT mouse embryos were
incubated with the antibodies to these epitopes stan-
dardly used in purification. The antibodies and their
concentrations used are listed in Table 1, following the
manufacturer’s recommendations for FACS. Antibod-
ies against commonly used epitopes and commonly
used secondary antibodies (*) were tested. Ideally,
none of these cells should be labeled, but in practice, a
small percentage of these WT cells were labeled non-
specifically, and the percentage was determined by
this experiment. The labeled cells were then subjected
to MACS, and the background was defined as the
number of cells in the eluted fraction as a percentage
of the number of starting cells put through the MACS
column.

lation was acknowledged by Miltenyi et a
ers.>>73¢ Most of the antibodies against commonly used
epitope tags (His, FLAG, myc, V5, S-tag, CBP, HA,
Lngfr, or biotin tags), which we tested, resulted in
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resultant cell surface protein is incapable of transducing
further intracellular signals.
As both rounds of sorting depended on MACS, there

0.36% and 3.13% of the starting cells, inappropriately
ending up into the eluted fraction (Fig. 1) when a single

round of MACS was performed. When the proportion
of the cells of interest within a complex mixture of

cells approaches this background level, the resultant
MACS eluted fraction would have a purity of ~50%

only.

To isolate rare cells from a complex mix of cell types,
we expressed a two-component cell surface marker on
the cells of interest for two sequential rounds of MACS.
Briefly, the first-round MACS targets the first compo-
nent, biotinylated BAP, and the second round targets
the second component, Lngfr (Fig. 2). In between both
rounds, the two-component protein is cleaved at its
trypsin sites to remove the beads labeling the cells.

The N-terminal first component is the biotinylated
BAP tag for the first-round MACS. We incorporated three
BAP tags in succession, rather than a single one, to increase
the number of epitopes and thus, improve retention on the
column. The BAP tag is a 13-aa sequence, to which biotin
protein ligases catalyze the attachment of biotin. This re-
quires the trans expression of BirA, the E. coli biotin protein
ligase (35.5 kD).?”~>? Biotinylated proteins can be affinity-

purified using avidin.*°

The second component of our two-component cell
surface marker is the truncated human Lngfr, developed
and optimized by Miltenyi Biotec’s MACSelect Systems
for MACSorting by their accompanying magnetic bead-
conjugated anti-Lngfr antibody. It consists of only the
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BAP
BAP
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FIGURE 2

The design of the two-component cell surface protein that enables two
sequential rounds of MACS, the Three-step MACS. Following removal
of dead cells, the second MACS round targets the first component at the
N-terminus, the biotinylated BAP. The third round targets the second
component, the Lngfr. Three BAP tags were used to increase the num-
ber of epitopes and thus, improve retention on the column. In between
both rounds, the two-component protein is cleaved at its trypsin sites to
remove the beads labeling the cells. In the proof-of-concept experi-
ments, EGFP is fused to the intracellular C-terminus and HA at the
N-terminus to enable confocal imaging and FC analysis.
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was a need to remove the magnetic bead-conjugated anti-
bodies from the first round of sorting. Lngfr has 14 trypsin
sites; these were used to remove the N-terminal 3X BAP
and the attached beads from the cells, between the two
rounds of MACS. As the anti-Lngfr antibody was poly-
clonal, even after trypsin cleavage, there was still a sufficient
length of the polypeptide (46 aa) exposed on the cell surface
to provide epitopes for antibody binding in the second
round of MACS. This method of bead removal meant that
trypsin could not be used as one of the enzymes for tissue
dissociation to single cell suspensions before the first round
of MACS.

As proof of concept to rapidly ascertain the effective-
ness of our rare cell isolation strategy, we made expres-
sion plasmids to express the two-component cell surface
BAP-Lngfr proteins in HEK293 cells, spiked the trans-
fected cells into a suspension of cells from dissociated
WT embryos in predetermined quantities and ratios,
and performed MACS to recover the transfected cells.
Conceptually, to isolate a particular cell type from dis-
sociated animal tissue, the BAP-Lngfr cell surface
marker needs to be expressed together with the gene that
has been selected to define the cells of interest within the
animal tissue. This can be achieved, for example, by
expressing BAP-Lngfr under the promoter of the gene
defining the desired cells through homologous recombi-
nation in embryonic stem cells. Transgenic animals can
then be created, which express the BAP-Lngfr on the
surface of desired cells at the appropriate spatiotemporal
developmental stage. Harvested tissue can be dissociated
and MACS performed, as we describe in our proof-of-
concept experiments, to obtain the desired cells for
downstream expression-profiling assays. We chose to use
BAP for the first component, as BAP requires the expres-
sion of BirA in trans, thus adding another layer of
control and specification. By expressing the biotinylat-
ing enzyme, hBirA, under the promoter control of an-

HA DAPI EGFP
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other gene, a smaller subset of cells, defined by the
expression of two different genes, can be isolated.

Our expression plasmids, used for the proof-of-
concept experiments, drive the expression of the BAP-
Lngfr through the CMV promoter. We expressed the
humanized BirA®>"*! under the same promoter using the
IRES. The expression constructs also encoded EGFP,
which was fused to the C-terminus intracellular side of
BAP-Lngfr so that the various fractions of the MACS
could be analysed by FC (Fig. 2). A HA tag was also
included N-terminal of the three BAP epitopes for confocal im-
aging prior to MACSorting To determine if the cell surface
molecule was properly translocated to the extracellular
side of the cell surface, we performed anti-HA, PE-
conjugated antibody staining without prior cell permea-
balization (Fig. 3). Antibody staining of the cell mem-
brane (red) confirmed that our two-component
extracellular cell surface BAP-Lngfr was indeed exposed
on the cell surface for the cell to be labeled by bead-
conjugated anti-biotin or anti-Lngfr for MACS. BAP-
Lngfr-EGFP, located in the cytoplasm (green) and the

nuclei (blue), were also seen.
The Three-step MACS Protocol
WT C57BL/6] mouse embryos (12.5 d.p.c.) were dissoci-

ated using liver digest (Invitrogen) media and passed
through a single cell filter. The single cell suspension was
spiked with the BAP-Lngfr-EGFP-expressing HEK293
cells at 1% by cell count (1.1% by FC analysis), forming the
starting input cell population. They were incubated with
bead-conjugated anti-biotin and the first round of MACS
performed. FC analysis showed that the resulting eluted
fraction had a purity of 37.9% (Fig. 4). The unbound
fraction had 0.2% GFP+ cells.

Following this first round, the bead antibody-bound
BAP epitopes had to be cleaved off. We used TrypLE
(Invitrogen), which cleaves proteins at the trypsin-cleavage
sites but produces higher cell viability than trypsin and

FIGURE 3

The BAP-Lngfr-EGFP fusion cell surface protein is
translocated to the extracellular cell surface. Con-
focal images show the subcellular distribution of
the BAP-Lngfr-EGFP protein. Nonpermeabilized,
transfected HEK293 cells were probed with PE-
conjugated anti-HA, staining only the HA epitopes
on the extracellular cell surface (red). BAP-Lngfr-
EGFP (green) protein can be seen to be evenly
distributed across the cytoplasm but not nucleus
(DAPI, blue). (A) Fluorescent imaging is superim-
posed with the phase contrast image. (B) Fluores-
cent imaging only.
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The second round of the Three-step MACS doubles the purity of the first round. HEK293 cells expressing the
BAP-Lngfr-EGFP fusion protein on their cell surface were added into dissociated, 12.5 d.p.c. mouse embryo cells. In the
first round, they were sorted with anti-biotin; in the second round, with anti-Lngfr. The purity of the second and third
round of sorting was 37.9% (B) and 84.4% (C), respectively. The first panel is a FC plot of the baseline control using
dissociated mouse embryo cells without any BAP-Lngfr-EGFP-transfected HEK293 cells spiked in.

works at room temperature. As the carrier solution used to
resuspend and wash cells for MACS contained 0.5% BSA,
which can potentially compromise the TrypLE cleavage,
we used HBSS solution for the third and final wash before
eluting the cells bound to the MACS column. The cells
were then eluted using TrypLE and left to incubate with
gentle rotation for 10 min at room temperature. FBS was
added to 20% concentration to stop the reaction. The
Dead Cell Removal Kit was then applied. Finally, the cells
were washed in PBE and then incubated with the bead-
conjugated, anti-Lngfr antibody for the second round of
MACS. The purity of the cells after the second round was
increased to 84.4% (Fig. 4), and the wash had 0.2% GFP+
cells. The enitre process, between harvest to tissue dissoci-
ation (15 min), and the completion of the two rounds of
MACS (about 2 h) took ~2% h in total. Starting with
~4 X 107 cells pooled from five dissociated embryos
inititally, our final purified sample had ~5 X 10 cells, of
which ~70% were viable, by trypan blue staining on a
hemocytometer. In the second and third rounds of MACS,
the recovery was nearly 100% by cell count. Approximately
25% of cells were recovered after applying the Dead Cell
Removal Kit.

We also made an attempt, using this same protocol, to
isolate cells expressing BAP-Lngfr-EGFP when the WT
embryo single cell suspensions were spiked at an ultra-low
level of 0.15% by cell count (0.1% GFP+ by FC analysis).
Purity of the eluted cells following the first round of MACS
was 17% and 40.3% after the second round. We did a
negative control MACS using this same protocol, where we
used HEK293 cells expressing EGFP intracellularly with-
out BAP-Lngfr-EGFP at the cell surface. We spiked them
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into the WT embryo-dissociated cells at 1% by cell count
(0.7% GFP+ by FC analysis). Purity of the eluted cells
following the second round of MACS was 0.6% and 2.2%
after the third round.

DISCUSSION

Our experiments described here showed that a 1.1% rare
cell population could be enriched to over 84.4% purity
through our Three-step MACS, which is then acceptable
for sensitive downstream assays. From a 0.1% starting cell
sample, we achieved an enriched fraction of 40.3% purity.
Spike-in experiments offer two advantages. Firstly, as the
positive cells have already been precharacterized and enu-
merated, we had a basis for evaluating the performance of
MACS. If transgenic tissue samples were used, the uncer-
tainty of the exact proportion and fluorescence would make
it difficult to evaluate and optimize each step of MACS.
The second advantage is that this is a much faster way of
optimizing the MACS, as long durations may be required
for wholly transgenic animals or tissue to be obtained.

In the course of developing the Three-step MACS
protocol, we optimized each of the following parameters to
produce the optimized protocol described earlier: the Two-
component BAP-Lngfr extracellular surface molecule de-
sign for MACS, the embryonic tissue dissociation condi-
tions, the BAP-Lngfr cleavage conditions, and the
conditions for bead-conjugated antibody labeling of the
target cells. For example, we tested an alternative option for
the removal of magnetic beads after the first round of
MACS: Miltenyi Biotec’s Anti-Biotin Multisort Kit. The
bead-conjugated Anti-Biotin Multisort Kit antibody was
identical to the anti-biotin antibody that we used for the
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Three-step MACS, except that had been modified to con-
tain a proprietary cleavage site, which would be cleaved to
remove the conjugated bead when treated with the kit’s
accompanying multisort release reagent. We chose to use
TrypLE, however, as in our hands, TrypLE seemed more
effective at removing the beads (unpublished results). The
modified multisort anti-biotin antibody also seemed to
bind with lower affinity than the unmodified antibody
(unpublished results).

A critical issue that we dealt with during optimization
was the amount of dead cells in the dissociated tissue input
sample. Dead cells tend to bind antibodies nonspecifically
and form a significant source of background cells, which
has great impact on the eventual purity of the eluted,
desired cells. Dead cells tend to be sticky as well and will
form clumps with each other, which might, in turn, trap
live cells. These clumps tend to be retained on the column
and get eluted out with the desired cells of interest in the
eluted fraction. Embryos and animal tissues start to die the
moment they are removed from the mother or animal,
respectively. During the tissue dissociation process re-
quired to obtain single cell suspensions, the mechanical
force and enzymes will further kill a proportion of the cells.
We addressed the issue of dead cells in two ways. Firstly, we
minimized cell death as much as possible by minimizing
the time spent from the sacrifice of the host animal until the
cells are completely sorted and dissolved in Trizol for RNA
extraction. Cells were kept on ice wherever possible. Sec-
ondly, we introduced a dead cell removal step using Milte-
nyi Biotec’s Dead Cell Removal Kit between the cell disso-
ciation steps and the MACS procedure. Here, magnetic
bead-conjugated antibodies against various apoptotic and
necrotic cell surface markers bind to dead or dying cells,
which themselves tend to bind easily and nonspecifically to
antibodies anyway. When the cell suspension is put
through the magnetized column, the dead and dying cells
are retained, allowing only live cells to pass through.

The use of multistep cell isolation methods previously
has been used successfully to increase the purity of the final
cell sample. Busch et al.** reported a double MACS proto-
col. Here, CD45™" leukocytes were first labeled and de-
pleted from peripheral blood. The depleted fraction was
then incubated with magnetic bead-conjugated anti-
CD71, and this time, the CD717" cells were positively
selected—to a final purity of 62—87%. The first round of
MACS depletion enriched for CD71" by 9.4-fold, and the
second round of MACS selection enriched it by a further
32.1-fold. Recovery rates for the positive selection ranged
from 38% to 55%. In another example, a dual-step MACS
procedure was used to isolate fetal cells from peripheral
maternal blood for paternity testing. CD45" and CD14 "
cells were depleted by 780-fold from PBMCs. From this
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fraction, CD71 cells were enriched by 500-fold to 80%
purity by MACS, with a recovery of 40-55%. PCR de-
tected paternal DNA sequences from the purified fetal cell
fraction but not from the unsorted maternal blood.** The
above cases of multiple rounds of cell isolation were possi-
ble, as several methods of sorting were already available for
each cell type. For example, a lot of cell types from blood
have multiple cell surface markers identified, or they have
unique cell sizes and densities that separate them from
other cell types. Without prior, further knowledge of these
cells or prior purification to define their properties, it
would be impossible to purify the cells by density or to
know what kinds of cell surface markers are unique to those
cells. Our Three-step MACS can circumvent this problem
because of the introduction of a transgenic cell surface
marker, which can be expressed under the same promoter
control of the gene of interest to sort the cells. This is
similar to other reports of successful isolations of specific
cell populations by FACS, although these cells did not
express any known, unique cell surface protein to which
fluorescent antibodies could bind. They achieved this by
expressing EGFP under the promoter control of a gene,
which was uniquely expressed in the desired cell popula-
tion, =48

Another significant drawback to defining cells of inter-
est by their endogenous cell surface markers is that these
markers may not be expressed at the earliest stages of
differentiation. Onset of stem cell differentiation down a
particular lineage is often defined by a transcription factor
functioning as a master regulator. Our MACS strategy
allows the isolation of cells from the earliest stages of
differentiation, as the expression of the cell surface mole-
cule can be placed under the promoter control of the gene
expressed at the earliest stage of a cell lineage’s differentia-
tion. Thus, gene expression and other events at the earliest
stages of differentiation can be observed. At the earliest
stages of differentiation, the numbers of precursors to a
particular lineage are usually very small, before they enter
the proliferative phases. This makes it important for the
strategy to be able to isolate these rare cells of interest to
sufficient purity and quantity. A single round of MACS
does not yield samples of sufficient purity when the pro-
portion of the cells of interest approaches the level of the
background or false positives. This background tends to be
high in a complex cell population. Doing two consecutive
rounds of MACS significantly improves this purity.

The scalability of Three-step MACS means that suffi-
cient quantities of the rare cell sample can be obtain simul-
taneously from multiple tissue samples. This reduces the
need to depend on cell cultures or nucleic acid amplifica-
tion. From the ~5 X 10% cells, which we obtained from a
single MS column, up to 50 ng RNA can be extracted,
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sufficient for downstream applications, such as an Illumina
Beadchip Microarray (San Diego, CA, USA). By simulta-
neously using multiple MS columns (capacity to sort
2X10° cells in 20 min) or larger columns, such as the large
separation (LS) columns (capacity to sort 2X 10 cells in 20
min; Miltenyi Biotec), the amount of sample obtained can
be scaled up proportionally, with minimal extra time and
effort spent, at the cost of only the additional columns.
MACS is scalable because of its low cost (compared with
FACS, with a capacity to sort 10° cells in 20 min) and
technical ease (compared with microdisections).

In conclusion, we have contributed to the available
options for isolating rare cell populations from animal
tissues by developing this Three-step MACS strategy.
Compared with current available options, our strategy is
fast, low-cost, technically simple, and scalable to produce
quantities as required. The Three-step MACS strategy can
potentially isolate any rare cells from dissociated animal
tissue by ensuring that the transgenic cell surface marker is
expressed in tandem with the gene of interest. It is capable
of isolating specific cell populations or subpopulations, as
defined by the expression of one or two genes of interest,
thus eliminating the need to have prior information about
the cells size, density, or surface markers available. The
precaution that needs to be taken, however, is that not all
cells may be compatible with the BAP-Lngfr two-compo-
nent cell surface molecule design. Depending on the cell
type and animal under study, the BAP or Lngfr component
may need to be replaced. This requires empirical observa-
tion to know if the cells of interest within the tissues can
express, fold, and translocate this protein appropriately and
at suitable levels for sorting.

Beyond the mapping of genomes, spatiotemporally
specific tissue transcriptomes and proteomes are now being
mapped, with the advent of fast, high-throughput sequenc-
ing and array technologies. Protein interactions, protein-
nucleic acid interactions, and micro-RNA expression pro-
files are other areas of interest enabled by technological
advances in profiling methods. The development of a strat-
egy to provide spatiotemporally specific animal tissue sam-
ples will cater to these downstream technologies so that
information gleaned will be truly reflective of the in vivo
processes.
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