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Circulating tumor cells (CTCs) in the bloodstream of cancer
patients may indicate the likelihood and severity of metastatic
progression. Identification, enumeration, and characteriza-
tion of CTCs may provide a minimally invasive method for
assessing cancer status of patients and prescribing personal-
ized anticancer therapy."!! However, examination of CTCs
requires isolation of these cells from whole blood of patients,
which is difficult owing to their low quantity (around one
CTC per 10° non-cancerous hematopoietic cells in patient
blood).”! Many techniques are used to isolate CTCs, including
density gradient centrifugation and dielectrophoresis, but
methods using either size-based exclusion or affinity-based
enrichment are common.”! Size-based exclusion assumes that
CTCs are larger than most hematopoietic cells and removes
all cells smaller than a pre-determined size threshold.!
Affinity-based enrichment relies on the expression of surface
proteins specific to cancer cells and absent in hematopoietic
cells. These methods generally use antibody-conjugated
magnetic beads and enrich for CTCs by magnetic separation,
such as the CellSearch system.”!

Owing to their heterogeneous nature, it may be practically
impossible to isolate CT'Cs with high isolation efficiency using
the aforementioned methods. Some CTCs are reported to be
nearly identical in size or even smaller than leukocytes,
making them difficult to discriminate by size.”! As for protein
expression, epithelial markers, such as EpCAM (epithelial
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cell adhesion molecule), are downregulated during epithelial-
to-mesenchymal transition (EMT).I"! Furthermore, the type
and expression levels of surface proteins may vary greatly
depending on cancer histological subtype.”! Considering these
variations, finding the right antibody or combination of
antibodies that consistently captures all CTCs may prove to
be difficult.

To maximize isolation efficiency, we devised a dual-mode
isolation strategy that combines affinity-based enrichment
and size-based exclusion.”’! By using microbeads conjugated
with CTC-specific antibodies, the size of CTCs can be
augmented to enable better discrimination against leukocytes.
Subsequent size filtration isolates bead-bound CTCs, allowing
the recovery of even smaller-sized CTCs. However, all bead-
based capture methods have the inherent limitation of
prohibiting accurate image analysis, which is due to optical
distortion created by the presence of beads attached to cells.
The attached beads not only impede observation of cellular
morphology but can actually alter fluorescence signal inten-
sities (Figure 1), demonstrating the incompatibility of in situ
quantitative analysis with bead-based capture methods (see
the Supporting Information).

Accurate quantification of protein expression can lead to
better clinical management, particularly in regards to person-
alized therapy. The expression levels of predictive biomark-
ers, such as HER2 and EGFR, are commonly used to match
patients with appropriate treatment strategies and predict the
effectiveness of anticancer drugs.""! Therefore, it is important
to accurately characterize CTCs, and removal of beads from
the surface of CTCs prior to imaging is necessary. Thus, we
have developed a new method to detach beads from bead-
bound cells: By inserting a photocleavable linker between the
bead surface and conjugated antibodies, it is possible to
remove the attached beads from cells by light irradiation
without affecting cell viability. Herein, we demonstrate
a novel approach for isolation and subsequent in situ pro-
tein-expression analysis of CTCs using detachable beads
termed RIA (reversible bead attachment for cell isolation and
analysis).

Scheme 1 illustrates the entire RIA process. Detachable
beads conjugated to CTC-specific antibodies bind to CTCs in
whole blood of patients. After incubation, the entire sample is
filtered through a high-pore-density membrane filter chip,
which contains a maximal number of uniform-sized (pore
diameter 8 um) evenly spaced circular pores (distance
between pores 5 um). This step eliminates almost all hema-
topoietic cells, while CTCs remain on the filter surface. The
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Success of the RIA platform
depends on the reversibility of bead
attachment. To create detachable beads,
x we first synthesized a photocleavable
linker (BPCL), which contains the pho-
tocleavable o-nitrobenzyl group.'!! This
linker was then placed in between the
microbeads (diameter 3 um) and prote-
in G to improve the orientation of the

60 80 capture antibody. For our purposes, we

created beads conjugated with anti-
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EpCAM antibodies. The synthesized
detachable beads showed high affinity
towards tumor cells. Further details on
bead synthesis and specificity of the
beads to CTCs can be found in the
Supporting Information.

Exposure to i-line light causes the
decoupling of the o-nitrobenzyl moiety
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Figure 1. a) Micrographs of control (top) and bead-attached SK-BR-3 cells (bottom). b) Correla-
tion of fluorescence intensities with bead coverage. c) Comparison of fluorescence intensity
between control and bead-attached cells. d) Photocleavage efficiency and cell viability after

different levels of light exposure.
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Scheme 1. lllustration of CTC isolation and subsequent in situ protein-
expression analysis using RIA. 1) Detachable beads bind to CTCs by
conjugated antibodies. 2) Bead-attached cells are filtered through

a membrane filter chip. 3) Exposure to i-line irradiation induces
photocleavage of the linker between the bead surface and the
conjugated antibody, resulting in bead detachment from CTCs. 4) Iso-
lated CTCs are immunostained and their in situ protein-expression
levels are assessed.

filter chips are then exposed to i-line light irradiation, which
cleaves the linker between the bead and the antibody, causing
beads to detach from cells and be removed through the filter.
After detachment, filtered cells are immunostained directly at
the chip surface and visualized by fluorescence microscopy.
Isolated CTCs were enumerated by counting cells that stained
positively for nucleus (DAPI) and cytokeratin (CK) but not
CD45. Concurrently, in situ protein-expression levels were
quantified by co-staining with biomarkers of interest, facili-
tating cell-by-cell image cytometry. All steps of RIA, from
isolation to imaging, can be completed within two hours.
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90 40 80 in BPCL. To determine the optimal
energy input required to cleave BPCL,
fluorescein isothiocyanate (FITC)-la-
beled protein G was conjugated to
BPCL-linked beads (the step prior to
antibody conjugation) and irradiation
was delivered from an LED light source
(A=365nm) at a constant rate. The
cleavage ratio increased with more exposure time, and the
amount of irradiation energy required to effectively cleave
attached beads was calculated to be 20Jcm™? (98.4%
cleavage efficiency; delivered in total of 100s). To ensure
that this level of light exposure does not affect cell viability,
SK-BR-3 breast cancer cells were exposed to various levels of
i-line irradiation, and cell viability was assessed for each level.
At input energy of 20 Jem™, about 97 % of cells remained
viable, suggesting that negative impact on cell viability is
negligible (Figure 1d). All subsequent photocleavage reac-
tions mentioned herein were performed by delivering this
amount of energy to the filter chip.

To confirm whether RIA improves the isolation efficiency
of CTCs, we used four different human cancer cell lines
(MDA-MB-453, SK-BR-3, and BT-474 breast cancer cells and
HCT-116 colorectal cancer cells), which are known to have
high EpCAM expression.'?! Visual inspection by optical
microscopy revealed a significant increase in diameter from
the original cell size after bead attachment, enabling
enhanced discrimination of tumor cells from leukocytes by
size filtration. Blood samples from healthy volunteers spiked
with tumor cells were used to compare the isolation efficiency
of the RIA platform to conventional size-based exclusion
methods, mimicked by filtering cell-spiked blood samples
directly without bead incubation. RIA showed significantly
better isolation efficiency, especially for smaller cells, such as
HCT-116 and MDA-MB-453 cells (Figure 2b). Combining
data from these four cell lines, the average isolation efficiency
of cells increased from 59.2 % using conventional size-based
exclusion to 89.1% with RIA. Similarly, cells that do not
express EpDCAM were also isolated with good efficiency by
RIA. MDA-MB-231 breast cancer cells, which do not express
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Figure 2. a) Distribution of cell diameters for four different cell types.
b) Comparison of isolation efficiencies between conventional size-
based exclusion and RIA. c) SEM image of a CTC isolated by the RIA
platform. d) Comparison of fluorescence signal intensities in control
and RIA-processed cells for cancer cells with different levels of HER2
expression.

EpCAM but are generally larger in diameter than leukocytes,
were isolated at about 98 % with RIA, showing the distinct
advantage of RIA over affinity-based enrichment methods.
Moreover, the RIA platform with its high-pore-density filter
chip demonstrated high purity (< 100 leukocytes/mL), com-
pared to size-based exclusion method using a track-etched
membrane. Overall, the isolation efficiency and purity of the
RIA platform were on par or better than other well-known
CTC isolation methods (see the Supporting Information).

To verify that bead detachment does not affect in situ
expression analysis, HER2 was used to compare tumor cells
isolated by the RIA platform to a control group (no bead
incubation). Expression levels were calculated by taking the
average fluorescence intensity within the region of interest
(ROI) for a single cell and dividing this value by the average
intensity in all non-ROI regions to yield a numerical value,
termed RIA HER?2 score. As shown in Figure 2d, RIA HER2
scores of cells isolated by RIA were nearly identical to cells in
the control group for all cell lines tested. These results
confirm that post-isolation cleavage of beads does not affect
image-based quantification.

To quantitatively analyze isolated CTCs, we created
a scoring standard for cellular HER2 expression using six
different breast cancer cell lines with well-known HER2
expression levels (Figure 3a).") RIA HER2 scores for each
cell type was first measured, and based on this distribution, we
determined appropriate thresholds to categorize individual
cellular HER2 expression into three groups (low, moderate,
or high). The validity of using RIA HER?2 scores to classify
HER?2 expression levels was confirmed by immunohisto-
chemistry (Figure 3b) and western blotting.

We then applied the RIA platform along with its HER2
scoring standard to clinical samples. Peripheral blood samples
were obtained from 12 metastatic breast cancer patients.
CTCs were identified in all samples, with numbers ranging
from 1 to 31 CTCs per mL (Figure 4 a). In half of the patients,

Angew. Chem. Int. Ed. 2013, 52, 83378340

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

a)
20
[ JHER20
@ [ IHER2 1+
8 1o C_JHER22+ [
o | [ JHER2 3+
o 8
-}
o 6
g | T
S 4l 42 [
N
1
w
€I
< 2 J
@ 1.9 J
1]l== = a
MDA- BT-20 MDA- MDA- BT-474 SK-
MB-231 MB-453 MB-361 BR-3
b)
£ @ XX E N
MDA MDA - MDA -
MB-231 BT-20 MB-453 MB-361 BT-474 SK-BR-3

L e@e

Figure 3. a) HER2 scoring standard generated from various breast
cancer cells to categorize HER2 expression of isolated CTCs into three
different levels: low, moderate, and high. b) Comparison of HER2
expression by immunofluorescence (IF) using RIA methods and
independently-performed immunohistochemistry (IHC).

we found CTC clusters, herein defined as complexes with two
or more adjoined CTCs (Figure 4b). Using RIA HER2
scoring standard, HER2 expression of isolated CTCs were
evaluated and compared to the corresponding HER?2 status of
the primary breast cancer tissues. 67 % overall concordance
was observed between HER2 scores of CTCs and primary
tissues. For patients with low levels of HER2 expression in
primary tissues, 5 of 6 samples also exhibited low HER2
expression in isolated CTCs. HER2 expression in isolated
CTCs was quite heterogeneous, with 10 of 12 samples
containing CTCs with different HER2 expression levels.
These results suggest that CTCs are heterogeneous and may
exhibit different characteristics from their originating primary
tissues. Interestingly however, in all patient samples with
identified CTC clusters, cells comprising a single cluster had
identical HER?2 expression levels, suggesting that cells form-
ing the cluster may originate from a single source. Further
studies are necessary to better understand the clinical
significance of our findings.

In conclusion, we have demonstrated that the RIA
platform is capable of not only isolating CTCs from meta-
static cancer patients but also characterizing them based on
their in situ protein-expression levels. RIA includes a novel
method for isolating CTCs by combining affinity-based
reversible bead attachment and size-based exclusion assay,
especially improving the isolation efficiency of small-sized
CTCs. At the same time, protein-expression levels of isolated
cells were accurately assessed, without optical distortion,
using detachable beads. Thus, RIA can be extended to
visualize and quantify in situ expression of CTCs for a wide
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Figure 4. a) Enumeration and HER2 expression analysis of CTCs
isolated from metastatic breast cancer patients using the RIA platform,
along with HER2 expression levels in primary tissues. b) Visualization
of CTC clusters on the filter chip surface. (DAPI: blue; CK: green;
HER2: red; CD45: pink) c) Different levels of HER2 expression in
CTCs isolated from patients.

range of biomarkers. These could be applicable for better
understanding of cancer progression, metastasis monitoring,
appropriate selection (or combination) of anticancer drugs,
and other cancer therapy techniques to improve clinical
outcomes. With further development, we expect that the RIA
platform can play a critical role in the early diagnosis of
cancer, personalized anticancer therapy, and regular monitor-
ing of cancer recurrence.
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