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Figure 2. Morphological and immunohistochemical features of a biopsy specimen (Case 1). The low-powered view shows an irregular organoid nesting struc-
ture (a, H&E, x4). In the high-powered view, the tumor consists of two types of cells, cells with nuclei with a fine chromatin pattern and larger cells with
prominent nucleoli, and tumor cells show incomplete rosette and intercellular cleft formation (b, H&E, %40). Immunohistochemically, NCAM (c, x40) is

positive and the Ki-67 labeling index is high (d, x40).

Figure 3. The morphology of a surgically resected tumor of Case 1. Tumor cells form an organoid nesting structure with necrosis (a, H&E, x4) and show the
features of non-small cell lung cancer with large nuclei with prominent nucleoli (b, H&E, x40).

HNSCNECs. Among them, a fine nuclear chromatin pattern
was the most frequent finding. These six biopsy specimens
had a Ki-67/MIB1 labeling index from 56.6 to 98.7%
(median: 70.6%).

The comparisons between histological findings of the
biopsy specimen and the resected one in each case are
shown in Fig. 4 and Table 5. Fine chromatin in biopsy speci-
mens generally has changed to be rather course chromatin in
resected specimens, and peripheral palisading, rosette forma-
tion, trabecular arrangement and organoid pattern have
become clearly visible in four cases out of six.

DISCUSSION

Using our HNSCNEC criteria (9), we selected 38 cases from
all lung biopsy specimens obtained in our hospital from

2002 to 2009. As shown in Table 2, various clinical charac-
teristics of the 38 cases corresponded well with those
of LCNEC cases, which have been already reported by
many previous papers using surgically resected LCNEC
(1,11-18). For example, CT findings have already revealed
that LCNEC is peripherally located and has a solid mass
with a lobulated margin (19). In this study, the serum
pro-GRP level was elevated in 13 (35.1%) of 37 cases, but
no report about the frequency of elevated serum pro-GRP in
LCNEC has appeared in the literature. Previous investiga-
tions reported that the frequency of the elevated serum
pro-GRP level is 68% in SCLC and 4.2% in NSCLC (20).
The frequency of the elevated serum pro-GRP level might
be low compared with that of SCLC.

The majority of the 38 cases had pathologically Stage IV
disease and many patients died within 1 year after the lung
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Table 5. Comparison of histological findings between biopsy specimen and resected ones (biopsy/resection) in Cases 1—6 in Table 2

Finding Cytoplasm®  Nucleus* Structure®
Wide Fine chromatin ~ Nucleolar prominence  Peripheral palisading  Rosettes  Trabecular Organoid Discohesive  Necrosis

Case 1* 2/1 ?./_0b 272 2/1 22 0/0 3/3 173 0/2
Case 2 171 2/1 12 13 171 0/3 1/3 171 0/0
Case 3** 12 2/0 2/2 0/0 0/3 0/1 0/1 0/1 0/1
Case 4 2/2 2/1 12 0/0 172 0/0 13 1/0 2/1
Case 5**  2/3 31 02 02 01 0/1 0/2 31 22
Case 6 3/3 31 01 0/0 0/0 0/0 12 1/0 0/1

*Each numeral indicates: b0, not observed; 1, partially or focally observed; 2, easily and/or widely observed; 3, remarkably observed. Underline indicates that
a difference of 2 or 3 degrees exists between evaluation numerals of biopsy specimen and resected one.

*Findings shown in Figs 2 and 3.
**Findings shown in Fig. 4.

biopsy in this study. LCNEC is a highly malignant neoplasm
and previous comparative studies using surgically resected
high-grade neuroendocrine carcinoma cases revealed that the
prognosis of LCNEC is similar to that of SCLC (16,18,21).
Of the 38 cases in this study, 6 were clinical TNM Stage I,
IT or IIIA, which then underwent surgery after biopsy and
the diagnosis was pathologically confirmed as LCNEC using
surgically resected tumor specimens. These findings suggest
that our HNSCNEC criteria are applicable in practical use
for the diagnosis of LCNEC using biopsy specimens.

Among high-grade neuroendocrine carcinoma of the lung,
the overall clinicopathological features of LCNEC, including
unresectable cases, is still uncertain compared with those of
SCLC (22). As it is extremely difficult to make a final diag-
nosis of LCNEC using only biopsy and/or cytology speci-
mens, the true frequency of LCNEC is undetermined. As the
results of a study using surgically resected LCNEC cases,
the frequency has been reported to be 1.6—-3.1% (7,11,13). If
all 38 cases in our study were compatible with LCNEC, the
true frequency of LCNEC would be 3.7% (38 out of 1040
biopsies). In the Japanese lung cancer registry study using a
large number of surgical and non-surgical cases in 2002, the
proportions of adenocarcinoma, squamous cell carcinoma
and small cell carcinoma were 56.7, 25.7 and 9.2%, respect-
ively (23). In our biopsy series, these proportions were 49.8,
30.6 and 11.6%, which showed a similar tendency to those
of the Japanese lung cancer registry study, although the
number is small; therefore, the real frequency of LCNEC
might be over 3.7%.

In 1991, Travis et al. (1) proposed a category of LCNEC
that was adopted in the WHO classification of lung cancer in
1999 and 2004 (2,3); however, these criteria are applicable
only to surgically resected specimens, not to biopsy speci-
mens. Biopsy specimens are too small to have enough mor-
phological information and to count the number of mitoses;
therefore, we modified the WHO criteria of LCNEC and
proposed new criteria for diagnosing LCNEC using biopsy

specimens (9). In our criteria, the immunohistochemical
Ki-67/MIB1 labeling index was used instead of the mitotic
count. Our study clearly showed that it was very difficult or
impossible to count mitoses in small biopsy specimens, but
immunohistochemical Ki-67/MIB1 labeling indices could be
useful for evaluating the proliferation activity. Fortunately,
for 7 of 38 biopsy specimens the number of mitoses could
be counted and these specimens were elucidated to have
more proliferative activity than biopsy specimens with an
impossible mitosis count. In Stage I NSCLCs, the mean
Ki-67/MIB1 labeling index is 19.3% (24), and the prognosis
of NSCLC patients is reported to differ between the ‘20%
or higher’ group and the ‘lower than 20%’ group of the
Ki67/MIB1 labeling index (25). When compared with the
positivity of the Ki-67/MIB1 labeling index of NSCLC, the
labeling index of our biopsy specimens in this study was
quite high, which suggests that high proliferative activity is
one of the characteristic features of LCNEC (26).

In the WHO criteria, large cell morphology is one of the
most important criteria for LCNEC, such as large tumor cell
size with abundant cytoplasm as well as vesicular nuclei and
prominent nucleoli (2,3). Our criteria of HNSCNEC (9) also
followed the WHO criteria; however, the recognition of this
large cell morphology is problematic among pathologists. In
previously published papers discussing the interobserver
variability of SCLC and LCNEC, the cytologic features of a
nuclear/cytoplasmic ratio may be recognized arbitrarily or
not quantitatively among diagnostic pathologists (4,5,17,27).
It is also reported that there are borderline cases between
LCNEC and SCLC in high-grade neuroendocrine carcinoma
(17). In this study, about one-third of cases were diagnosed
as high-grade neuroendocrine carcinoma, but there was a
hesitation to diagnose them as LCNEC, because of the cyto-
logical similarity to SCLC. Previous studies using surgically
resected tumors revealed that LCNEC and SCLC have dis-
tinct characteristic morphological features; namely, a large
tumor cell size, peripheral palisading and prominent nucleoli
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Figure 4. Histological comparison between biopsy and resected specimens in two of the resected six cases. In Case 3 (a—d), the biopsy specimen shows fine
chromatin architecture with visible nucleoli and an obscure rosette pattern (a, H&E, x20; b, H&E, x40). However, in the resected specimen, a large number
of rosettes are observed (¢, H&E, x20; d, H&E, x40). The chromatin is coarse and the cytoplasm is abundant. In Case 5 (e—h), the biopsy specimen is
crushed and neither the neuroendocrine structure nor nucleoli can be recognized (e, H&E, x20; f, H&E, x40). However, in the resected specimen, peripheral
palisading, organoid nesting and nucleoli are clearly observed (g, H&E, x10; h, H&E, x40).

are characteristic of LCNEC, and a small cell size, high
nuclear/cytoplasmic ratio and fine chromatin pattern are
characteristic findings of SCLC (1-3,17,18); however, these
morphological features are known to overlap among LCNEC
and SCLC (1,17,18). As shown in Table 3, morphological
analysis of 38 biopsy specimens revealed that the incidence
of the specimen with a fine chromatin pattern was the

highest, and those with intracellular cleft and prominent nu-
cleoli followed in a decreasing order. Therefore, the morpho-
logical fine chromatin pattern is not only seen in surgically
resected SCLC, but is also a characteristic finding of
LCNEC in biopsy specimens as shown in Figs 2 and 4,
Tables 3 and 5. Even in surgically resected LCNEC, the ap-
pearance of tumor cells with fine nuclear chromatin has been
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Table 6. Comparison among diagnostic criteria of WHO (3), our former proposal (9) and the present study for LCNEC

Findings WHO 2004 (3) Igawa et al. (9) Present study
Applied specimen Resected Biopsy Biopsy
Differentiation

Histological differentiation without SCL.C morphology, EA, Ess EA, Ess EA, Ess

glandular and squamous differentiation
Cell size

Large cell size and low nuclear/cytoplasmic ratio EA, Ess EA, Ess EA, Ess
Neuroendocrine differentiation

Immunostain positive for at least one of neuroendocrine markers EA, Ess EA, Ess EA, Ess
Proliferating activity

Mitosis (11 or greater/mm?) EA, Ess DA DA, nd

Ki67/MiB-1 labeling index (>40%) nd EA, Ess EA, Ess
Nuclear findings

Nucleoli (frequent and prominent) EA, LS EA, LS EA, LS

Chromatin pattern (vesicular, coarse or fine)* EA, Ess (vesicular or coarse EA, Ess EA (fine chromatin

chromatin pattern is common) pattern is common)

Neuroendocrine morphology

Organoid nesting, palisading and rosettes, trabecular EA, Ess CA, SF CA, SF
Others

Necrosis EA, common CA, SF CA, SF

Cellular atypia nd Moderate to severe, Ess nd

Intercellular space (cleft) nd EA, SF EA, SF

LCNEC, large cell neuroendocrine carcinoma; SCLC, small cell lung carcinoma; EA, easily assessed; Ess, essential; DA, difficult to be assessed; nd, not
determined, LS, lacking sometimes; CA, can be assessed sometimes; SF, supportive findings.

*Ref. (2) and Table 1.08 in ref. (3).

noted (1,18). As our resected cases were found to show a
chromatin pattern changed from the fine pattern in the
biopsy specimen to a coarse or vesicular pattern (Fig. 4 and
Table 5), it is supposed that the different fixative conditions
might have some effects on the chromatin morphology of
tumor cells. The greatest difference might be due to a rapid
start and full immersion in formalin soon after taking a
biopsy specimen, in contrast to a delayed start and immer-
sion in a relatively small ratio of fixative amount/specimen
size for a resected specimen, resulting in fine chromatin
morphology and a coarse or vesicular one, respectively.
Furthermore, as another histological finding, intercellular
cleft might reflect poor intercellular connection and might be
one of the characteristics of LCNEC.

In LCNEC, the appearance of neuroendocrine morphology
such as organoid nesting, palisading, rosette and trabeculae
has been frequently observed and their frequencies are
reported to be 90.9, 59.1, 72.7 and 31.8%, respectively (18).
In contrast, Figs 2 and 4 revealed that the neuroendocrine
morphology was relatively difficult to recognize in biopsy
specimens. This may be attributed to the small size of speci-
mens. Therefore, immunohistochemical detection of a

neuroendocrine marker is a more reliable method to identify
the neuroendocrine features of biopsy specimens. In a previ-
ous report, synaptophysin was frequently positive at the rate
of 77% in LCNEC, and chromogranin A and CD56 followed
(17). In our study, NCAM was the most frequently immuno-
positive neuroendocrine marker and chromogranin A fol-
lowed after synaptophysin. This may be explained by the
difference of the pattern of immunostaining because NCAM
tends to stain tumor cells diffusely compared with chromo-
granin A or synaptophysin. For immunohistochemical evalu-
ation of neuroendocrine features in both surgically resected
or biopsy samples, immunohistochemistry using three neu-
roendocrine markers is necessary.

Although the cases in the early stage can be resected and
histologically confirmed, the cases in an advanced stage
should receive chemotherapy without histologically examin-
ing resected specimens. Then the criteria of HNSCNEC may
give the chance for lesions that have the possibility of being
LCNEC to be treated as inoperable advanced probable
LCNEC cases. For this reason some papers have reported
that the clinical efficacy of chemotherapy for LCNEC is
comparable with that for SCLC (7—10); the diagnosis of
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Table 7. Proposed diagnostic criteria for possible LCNEC using biopsy
specimens

Major points

1. Poorly differentiated NSCLC with neither acinar nor squamous
differentiation

(a) Tumor cell contains a nucleus larger than the size of three small resting
lymphocytes, and low nuclear/cytoplasmic ratio or abundant cytoplasm

(b) Tumor nucleus with a fine chromatin pattern and/or prominent nucleoli

2. Ki-67/MIBI labeling index >40%

3. Positive immunostaining for one or more neuroendocrine markers
(NCAM, chromogranin A and synaptophysin)

Minor points

1. Neuroendocrine morphology (organoid nesting, peripheral palisading”,
rosettes, trabecular architecture)

2. Frequent massive necrosis

3. Intercellular space (cleft) or discohesiveness

“Peripheral palisading is mentioned as ‘basal palisading’ in Table 1; both
stand for a similar finding.

HNSCNEC as a surrogate of LCNEC or as a probable
LCNEC would help these lesions to receive more appropriate
therapy. When the criteria of HNSCNEC work, the number
of patients who receive chemotherapy for LCNEC, compar-
able to that for SCLC, might increase by 0.6—2.1% of the
number of all lung carcinomas. This estimation is according
to the comparison between the reported frequency (1.6—
3.1%) of LCNEC (7,11,13) and the incidence (3.7%, 38 out
of 1040 lung biopsies positive for cancer) of HNSCNEC in
our hospital, which has already been discussed.

WHO criteria (3), our previous criteria (9) and our new
criteria have three common essential points as indicated in
the upper one-third of Table 6; and there is one more essen-
tial point on proliferating activity. In our new criteria, the
Ki67/MIB1 labeling index is adopted instead of mitotic
counting. Then our new criteria can be shown as in Table 7.
Summarizing the data obtained in this study using biopsy
specimens, we simplified our previous criteria for
HNSCNEC and proposed new diagnostic criteria suitable for
possible LCNEC (28). In the new criteria (Table 7), the
major points are essential for diagnosing LCNEC using
biopsy specimens. In addition to the major points, the find-
ings due to additional minor points would increase the possi-
bility of an LCNEC diagnosis. We expect these new criteria
to be used in routine surgical pathology and to facilitate the
clinicopathological study of high-grade neuroendocrine
carcinoma, especially LCNEC.
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ABSTRACT: In this study, we present a method for efficient
enrichment of small-sized circulating tumor cells (CTCs) such
as those found in the blood of small-cell lung cancer (SCLC)
patients using a microcavity array (MCA) system. To enrich
CTCs from whole blood, a microfabricated nickel filter with a
rectangular MCA (10* cavities/filter) was integrated with a
minjaturized device, allowing for the isolation of twmor cells
based on differences in size and deformability between tumor
and blood cells, The shape and porosity of the MCA. were
optimized to efficiently capture small tumor cells on the microcavities under low flow resistance conditions, while allowing other
blood cells to effectively pass through, Under optimized conditions, approximately 80% of SCLC (NCI-H69 and NCI-H82) cells
spiked in 1 mL of whole blood were successfully recovered, In clinical samples, CTCs were detectable in 16 of 16 SCLC patients,
In addition, the number of leukocytes captured on the rectangular MCA was significantly lower than that on the circular MCA (p
< 0.001), suggesting that the use of the rectangular MCA. diminishes a considerable number of carryover leukocytes. Therefore,
our system has potential as a tool for the detection of CTCs in small cell-type tumors and detailed molecular analyses of CTCs.

Filtration] 4=

Mlcrocavity srray (MCA)

C irculating tumor cells (CTCs) are defined as tumor cells
circulating in the peripheral blood of patients with
metastatic cancer. The number of CTCs in peripheral blood
has prognostic value in patients and can be used to evaluate
therapeutic effects.* Furthermore, molecular analysis of CTCs
provides valuable information for the characterization of CTCs
and understanding cancer metastasis.>* Detection of abnormal
genes in CT'Cs can also contribute to the planning of
personalized medicine using molecular-targeted drugs.>®
However, as CTCs are extremely rare (1 in 10° blood cells),
enrichment is required to increase detection sensitivity to an
acceptable level. The most often used CTC enrichment
technique is immunomagnetic separation, which uses magnetic
beads coated with monoclonal antibodies that target an
epithelial cell marker such as EpCAM to enrich CTCs.”®
However, several studies have shown that the presence of
EpCAM on tumor cells varies with tumor type™° The
expression of various epithelial cell markers such as BpCAM is
down-regulated to increase the invasiveness and metastatic
potential via the epithelial-to-mesenchymal transition.™ ™™ It
has been suggested that the lower detection of CTCs with the
CellSearch system (Veridex, Raritan, NJ), which is a semi-
automated immunomagnetic separation system, in patients with

%‘, ACS Publications 2013 American Cherical Society 5692

advanced nonsmall-cell lung cancer (NSCLC) may be due to
the loss of BpCAM expression,” Therefore, CT'C entichment
methods based on an antigen—antibody reaction cannot isolate
CTCs stably or reproducibly from all tumor types.

Other groups have reported CTC separation methods based
on differences in size and deformability between CTCs and
hematologic cells. Isolation by size of epithelial tumor cells
(ISET) can be achieved by filtration because tumor cells (>8
pm) are larger than leukocytes.'S™*° ISET using a polycar-
bonate filter is an inexpensive, user-riendly method for
enriching CTCs, as it enables the enrichment of BpCAM
negative CTCs on the basis of size. CTC detection sensitivity
with ISET in clinical tests of patients with metastatic Tung
cancer has been previously reported as higher than that with a
conventional EpCAM expression-based CellSearch Sys-
tem'20~—22

Recently, microfabricated devices for size-based separation of
tumor cells have been developed to enable efficient enrichment
of CTCs* ™ We have also developed a miniaturized
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Figure 1, MCA for size-based isolation of circulating tumor cells. (=) SEM image of the circular MCA. (b} SEM image of the rectangular MCA. {c)
SBM image of NCI-H69 cells trapped on the rectangular MCA. (d) Schematic image of the CTC entichment device.

microcavity array (MCA) system for highly efficient enrichment
of cells based on differences in cell size.*” ! In this system, use
of a miniaturized device allowed for the introduction of a series
of reagents through the microfluidic structure for the detection

- of tumor cells, The shapes and sizes of the circular microcavities”

were designed to trap tumor cells, while allowing blood cells to
flow through during whole blood filtration. Using a civcular
microcavity with an 8 gm diameter, the detection efficiency of
NSCLC cells in a 1 mL blood sample spiked with 10~100 cells
was approximately 96%, Our recent clinical study showed that
the circular MCA system might be superior to the CellSearch
System for detecting CTCs in patients with NSCLC and small-
cell lung cancer.”

Althongh some studies have described morphological
variations in tumor cells, little is known about the
morphological features of CTCs*® It was reported that a
portion of the CTCs detected in the blood of a patient with
colorectal cencer were the same size as or smaller than
leukocytes, whereas the majority of CTCs were larger than
benign leukocytes.* In addition, the size of the CTCs detected
by the CellSearch System and ISET differed significantly. In a
study of lung cancer patients, Krebs et al. reported that the size
range of cells estimated by CelflSearch was 4—18 pm and that
measured by ISET was 12~30 ym.** Moreover, CTC clusters,
defined as contignous clusters of cells containing 3 or more
nuclei, were observed by ISET in 38% of the patients examined,
whereas CellSearch detected no CTC clusters. These results
indicate that the immunomagnetic separation techniques
cannot isolate large clusters (20—130 pm), and ISET lost
small CTCs, which include cells with features suggestive of
apoptosis, such as irregular nuclear or cytoplasmic condensa-
tion or frank fragmentation into dense rounded structures.

Int this study, we further optimized the structure of MCA for
enrichment of small-sized tumor cells such as those found in
small-cell fung cancer (SCLC). We developed a rectangular
MCA by electroforming to improve the number and purity of
small tumor cells recovered from whole blood, Using this
MCA, we conducted a clinical test for the enrichment and
detection of CTCs from the blood of patients with metastatic
SCLC. Our results highlight the potential of our MCA system

5693

for the detection of CTCs in patients with solid tumors such as
lung cancer tumors and for further detailed molecular analyses
of CTCs.

B EXPERIMENTAL SECTION

Fabrication of CTC Enrichment Device, MCAs were
made of nickel by electroforming as follows: a stainless steel
plate was coated with SU-8 photoresists and exposed to UV
light through a photomask to form the MCA pattern, By
electroformation, nickel was built up in the bare areas of the
stainless steel plate between the photoresists. Finally, the
electroformed MCA was separated from the stainless steel
plate, Bach circular microcavity was fabricated with a diameter
of 89 pm, and the rectangular microcavity was fabricated with
a width of S~9 um and a length of 30 ym, The distance
between each microcavity was 60 pm, and 10 000 (100 X 100)
cavities were arranged in an 18 X 18 mm sheet (Figure 1a,b), &
poly(dimethylsiloxane) (PDMS) structure equipped with a
vacuum microchannel (i.d. 500 gzm) was fitted divectly beneath
the MCA to apply negative pressure for CTC isolation, while a
chamber for blood sample introduction was constructed on the
upper side (Figure 1d). Master mold substrates comprising
poly(methyl methacrylate) (PMMA) were prepared by a
computer-aided modeling machine (PNC-300; Roland DG
Corp., Shizucka, Japan). PDMS layers were then fabricated by
pouring a mixtore of Sylgard 184 silicone elastomer (Dow
Corning Asia Ltd,, Tokyo, Japan)} and curing agent (10:1} onto
ejther the master molds or a blank wafer, followed by curing for
at least 20 min at 85 °C. Upon cuting, the PDMS substrates
were carefully peeled off the molds. The CTC entichment
device was constructed by assembling the MCA and the PDMS
Tayers using spacer tape in the same manner as previously
described.® The sample inlet was connected to a reservoir,
while the vacuum microchannel was connected to a peristaltic

pump.

Cell Culture and Labeling. The SCLC cell lines NCI-H69
and NCEHS82 and the NSCLC cell lines NCI-H358 and NCI-
H441 were cultured in RPMI 1640 medium containing 2 mM
L-glutamine (Sigma-Aldrich, Irvine, UK), 10% (v/v) EBS
{(Invitrogen Corp, Carlsbad, CA), and 1% (v/v) penicillin/

dx.dolorg/10.1021/3c400167x ) Anal, Chem. 2013, 85, 56925698
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streptomycin solution (Invitrogen Corp.) for 3—4 days at 37
°C in a humidified atmosphere containing 5% CO,.
Immediately before each experiment, confluent cells were
trypsinized and resuspended in PBS.

To measure tumor cell size, the cell size distribution was
measured using a CASY cell counter and Analyzer System
(Model ‘T'TC; Schistfe System GmbH, Reutlingen, Germany).
In the performance test, the tumor cells were labeled with
CellTracker Red CMTPX (Molecular Probes, Bugene, OR),
and labeling was achieved by incubating the cells with a tracking
dye (§ uM) for 30 min. The cells were then pelleted by
centrifugation (200g for S min); the supernatant was decanted,
and the cells were washed twice with PBS to remove any excess
dye, Finally, the cells were resuspended jn PBS containing 2
mM EDTA and 0.5% BSA.

Blood Sample Preparation. Normal human blood
samples were collected from healthy donors at the Tokyo
University of Agriculture and Technology in accordance with
Institutional Review Board procedures, Samples were collected
in a collection tube with BDTA to prevent coagulation and
used within 24 h. The clinical study was conducted at Shizuoka
Cancer Center (UMIN clinical trial registry, number
UMIN0D0005189), and patients with pathologically proven
SCLC with radiological evident metastatic lesions were eligible
for the study. The institutional review board at Shizuoka
Cancer Center approved the study protocol, and all patients
provided written informed consent. Peripheral blood samples
were collected from 16 patients with histologically or
cytologically confirmed metastatic SCLC. For each patient,
10—15 mL of blood was collected in EDTA tubes for CTC
enumeration by the MCA system and processed within 2 h,

Tumor Cell Entrapment Operation. Blood samples or
cell suspensions (1~5 mL) were added to the reservoir.
Subsequently, negative pressure was applied to the cell
suspension with a peristaltic pump connected to the vacuum
line. The sample was passed through the microcavities at a flow
rate of 200 pl./min for 0.5-10 min, To remove blood cells that
remained on the array, PBS containing 2 mM EDTA and 0.5%
BSA (2 mL) was then added to the reservoir and passed
through the microcavities at a flow rate of 200 yL/moin for 10
min.

Staining of Trapped Cells for the Ildentification of
CTCs. Cell fixation solution and cell staining solution were
introduced into the reservoir and passed through the
microcavities with a peristaltic pump after washing. To stain
the CTCs with an anticytokeratin antibody, the trapped cells
were fixed by passing 400 gL of 1% PFA in PBS through the
MCA at a flow rate of 20 pL/min for 20 min. After washing
with 100 pL of PBS, the cells were subsequently treated with
200 pL of 0.2% Triton X-100 in PBS at a flow rate of 20 pL/
min for 10 min. After permeabilization, the cells were treated
with 3% BSA in PBS at a flow rate of 20 #L/min for 30 min. To
identify CTCs and leukocytes, 600 L of cell staining solution
containing 1 pg/mL Hoechst 33342 (Molecular Probes,
Invitrogen Corp.), 4 cocktail of antipan-cytokeratin antibodies
(Alexad88-AB1/AE3 [1:100 dilution; eBioscience, San Diego,
CA] and FITC-CK3-6HS [1:60 dilution; Miltenyi Biotec,
Auburn, CA]) and a PRJabeled anti-CD4S antibody [1:120
dilution; BD Biosciences, San Jose, CA}) was passed through
the microcavities at a flow rate of 20 uL/min for 30 min.
Finally, the array was washed with I mL of PBS containing 2
mM EDTA and 0.5% BSA to remove excess dye.

Identification and Enumeration of CTCs by Fluores-
cence Microscopy. After the tumor cells were recovered, an
image of the entire cell array area was obtained using a
fluorescence microscope (BX61; Olympus Corporation, Takyo,
Japan) integrated with a 10X objective lens and a computer-
operated motorized stage, WU, NIBA, and WIG filter sets, a
cooled digital camera (DP-70; Olympus Corporation}, and
Lumina Vision acquisition software (Mitani Corporation,
Tokyo, Japan). In clinical trials, an entire image of the cell
array area was obtained using a fluorescence microscope (Axio
Imager Z1; Carl Zeiss, Oberkochen, Germany) integrated with
a 10X or 20X objective lens and a computer-operated
motorized stage, WU, FITC, and Texas Red filter sets, a
digital camera (AxioCam HRe; Carl Zeiss), and AxioVision
acquisition software (Carl Zeiss). Image analysis was then
performed, and objects satisfying the predetermined criteria
were counted, Fluorescence intensities and morphometric
characteristics such as cell size, shape, and nuclear size were
considered when performing CTC identification and nontunor
cell exclusion; cells were characterized by a round to oval
morphology and a visible nuclens (ie, Hoechst-33342
positive), and those that were positive for cytokeratin and
negative for CD4S were identified as CTCs (Supporting
Information Figure S-1).

Measurement of Pressure Drop across the MCA, To
measure the pressure drop across the MCA, disposable blood
pressure transducers (ADInstruments, Colorado Springs, CO)
were connected to the upstream and downstream lines of the
CTC recovery device, A multichannel data-recording unit
(PowerLab System; ADInstruments) was used for continuous
pressure monitoring, and data was analyzed using LabChast
software {ADInstruments).

Statistical Analysls, For comparison of the recovery rate of
rectangular MCA (¢ 8 pm) with the circular MCA (8 X 30
jmy), 1000 cells of each of NCI-H69, NCI-H82, and NCI-H358
were spiked into 1 mL of whole blood of a healthy donor and
then processed by the MCA assay in friplicate, Comparison of
the average number of tumor cells and leukocytes recovered
were carrfed out using unpaired, two-tailed Student’s ftest. In
the clinical test, the same blood samples were processed
through the circular and rectangular MCAs side-by-side,
Comparison of the number of CTCs and leukocytes recovered
was catried out using a two-tailed Wilcoxon test. In addition,
we tested the correlations between variables by calculating the
Spearman’s rank correlation coefficients. All statistical analyses
were petformed using GraphPad Prism software (GraphPad
Software, San Diego, CA, USA). P values of less than 0.05 were
considered significant.

B RESULTS AND DISCUSSION

Pressure Drop via the MCA, In a previous study, we
optimized the size of the circulaxr MCA system to enable
efficient recovery of tumor cells from human whole blood
without clogging™ Our device successfully recovered more
than 80% of the tumor cells spiked in 1 mL of whole human
blood without pretreatment {e.g, density gradient centrifuga-
tion or erythrocyte lysis) when 8—9 pm diameter microcavities
were used. However, 1000~3000 leukocytes were trapped on
the MCA when 1 mL of whole blood was passed through the
MCA. Because the diameter of the circular microcavity was
smaller than the tumor cells and lenkocytes, a number of
microcavities were occupied by single cells after whole blood
filtration. Therefore, the pressure gradient across the circular
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MCA increased during blood filtration, and this increase might
have caused the oss of small tumor cells through the cavities
and damage to trapped cells.

In this study, a rectangular MCA was developed to improve
the recovery of small tumor cells. The width of this rectangular
microcavity was designed to be 5~9 um for effective capture of
CTCs based on typical tumer cell size. The length of the
rectangular microcavity was designed to be 30 yim to prevent
the occupation of microcavities by single cells and increase the
porosity of the substrate; the lengths of rectangular micro-
cavities were measured by microscopic observation. The widths
were measured to be 4.7 & 0.1, 6.0 + 02,72 + 0.1, 83 £ 0.1,
and 9.2 + 04 pm,

First, the pressure drop during filtration was compared
between the circular and rectangular MCAs. During PBS
fltration using either MCA, the pressure drop was similar
(0.3~0.4 kPa). In contrast, during filtration of an NCE-H441
cell suspension containing an excess number of cells compared
to the number of microcavities, the pressure drop across the
MCA increased as a function of cell number (Bigure 2}, The

4.8
- 35
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Bigure 2, Pressure drop across the MCA during filtration of NCI-
H441 cell suspensions,

pressure drop across the circular MCA was higher than that
across the rectangular MCA due to occupation of microcavities
by single cells. As shown in Higure lc, although multiple cells
were simultaneously trapped on single rectangular micro-
cavities, the microcavities were not completely clogged.

The change in the pressure duting filtration of a 3 mL whole
blood sample and subsequent washing was then monitored
(Pigure 3). The pressure immediately increased affer
introduction of the blood sample and then gradually increased
forther as a function of filtxation fime, After washing solution
was introduced, the pressure across the MCA immediately
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Figure 3. Monitoring the increase in pressure drop across the MCA
during filtration of whole blood. Three millifiters of blood were
introduced into the MCAs and then washed with PBS.

decreased, However, the maximum pressure drop across the
circular MCA (23 kPa) was higher than that across the
rectangular MCA (<15 kPa). In addition, with the rectangular
MCA, the pressure returned to the original value after
introduction of the washing buffer, whereas that of the circular
MCA was slightly higher than the original value, This result
suggests that some microcavities were occupied by blood cells
with the circular MCA; the pressure was maintained at a higher
level than the original value even after washing the MCA. These
results suggest that the rectangular MCA enabled a reduction in

- the flow resistance and pressure drop across the microcavities in

5685

agreement with Kuo et al**

Optimization of the Rectangular MCA. To optimize the
design of the rectangular MCA, microcavities of various sizes
were tested using tumor cell-spiked whole blood (Figure 4).
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Pigure 4. Relationship between the size of the rectangular micro-
cavities and the number of recovered cells. Whole blood samples were
spiked with CeliTracker Red-stained NCI-H69 cells at 1600 cells/ml.
and recovered using various MCAs. The average number of tumor
cells and Teukocytes recovered is given.

The widths of the rectangular microcavities fabricated in this
study were considerably smaller than the average diameter of
the SCLC cell lines NCI-H69 (12.5 ym) and NCI-H82 (13.5
pm). Although the number of NCI-H69 cells recovered
decreased slightly as the width of the rectangular microcavity
increased, the recovery rates of all rectangular MCAs were
higher than those of the circular MCAs, In addition, the
number of trapped leukocytes varied according to the width of
the rectangular microcavity. When the average width of the
rectangular microcavity was greater than 7 pm, a number of
leukocytes passed through the microcavities, resulting in a
decrease in the number of captured leukocytes, Our previous
study showed that the number of levkocytes captured
depended on the effects of size, i.e, the size difference between
leukocytes and microcavities, and retention, ie, ceflular
deformability and adhesiveness.®® Since leukocytes include
cells that differ in size, deformability, and adhesiveness, the
number of captured cells increased as the width of the MCA
decreased. Therefore, to obtain a high recovery rate and high
tumor cell purity, subsequent tumor cell-recovery experiments
were conducted using rectangular MCAs containing micro-
cavities with an average width of 8 pm,

To compare the recovery rates of the rectangular and circular
MCAs, an NSCLC cell line (NCI-H358) and 2 SCLC cell lines
(NCI-H69 and NCI-H82) were evaluated. When NCIL-H358
cells were used in the recovery test, no obvious difference was
observed between the 2 MCAs (Table 1). In contrast, when
NCI-H69 and NCI-HB82 cells were used, the recovery rates
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Table 1. Compatison of the Cell Recovery Rates between the
Circular and Rectangular MCAs”

number of xecovered cells

Jeukocytes

microcayity type  NCIH358  NCLH69  NCLHS2
circular 897 140 672275 646458 1515 4 334
rectangular 898 ::34  802::48  829.:49 251 %30

“Whole blood samples were spiked with 3 different fung cancer cell
lines, NCI-H358, NCI-H6Y, and NCL-H82, at 1000 cells/mL and were
recovered using the circular MCA (¢ 8 #m) and the rectangular MCA.
(8 X 30 pm). The average number of tumor cells and leukocytes
recovered is shown,

using the optimized rectangular MCA (80% - 5% and 83% -+
5%, respectively) were significantly higher than those using the
circular MCA. {67% &+ 7%; p = 0.01 by #test and 65 & 6%; p <
0.01 by t-test, respectively). In addition, the number of
leukocytes captured on the rectangular MCA was 7-fold
lower than that captured on the circular MCA. As a result,
tumor cells were enriched more than 7000-fold on the
rectangular MCA from whole blood. As described above, the
occupation of microcavities by blood cells increased the
pressure. We observed that, once cells occupied the circular
microcavities, other cells were preferentially driven toward the
unoccupied microcavities and passed through them at a higher
pressure. Therefore, we believe that the excessive flow
resistance and pressure increase caused cell deformation and
dlowed the cells to pass through the circular microcavities,
resulting in increased loss of small tumor cells such as SCLC
cells. The fluctuation in pressure during filtration using the
rectangular MCA was smaller than that using the circidar MCA.
The rectangular MCA. enabled recovery of small tumor cells
with high efficiency.

We previously reported that approximately 98% of cells
recovered with the circular MCA were viable! In this study,
the viability of the recovered tumor cells was further validated
by expanding the cells in culture. NCI-H358 cells recovered on
the MCA were retrieved with a micropipet and then reseeded
in a culture dish. Adherence and growth of the NCI-H358 cells

captured from whole blood was observed (Supporting
Information Figure $-2).

Study of Blood Sample Preparation. This study was
aimed at understanding the conditions that enable efficient
divect recovery of small tumor cells from whole blood, Small-
sized tumor cells and cellular aggregates can be lost as a result
of blood sample pretreatments before filtration, such as density
gradient centrifugation and erythrocyte lysis, because they
require a cycle of decantation and pipetting, resulting in the loss
of rare cells, In addition, due to either the migration of cells to
the plasma layer or the presence of aggregates, CT'Cs can be
easily lost during density gradient centrifugation.® In addition,
we avoided cell fixation before filtration to recover intact CTCs.
To evaluate the effect of anticoagulants on blood filtration,
heparin tubes were also used for blood collection and spiked
tumor cell recoverles were compared, During filtration of 1 mL
of whole blood collected in a heparin tube, the pressure across
the dreular and rectangular MCAs increased by 40 and 9.5 kPa,
respectively, suggesting that the microcavities were clogged by
blood cells, Indeed, fluorescent imaging of the array after
filtration of whole blood collected in a heparin tube showed
blood clotting (data not shown). Therefore, all experiments
were performed using blood collected in an EDTA tube, and
the effect of the time that elapsed before mixing the collected
blood with anticoagulant on the recovery of spiked tumor cells
was determined. Blood was collected without using an
anticoagulant and then dispensed into EDTA tubes after a
certain period; as a result, the recovery rates of spiked tumor
cells varied according to the time that elapsed before mixing the
collected blood with an anticoagulant (Supporting Information
Figure §-3). The cell recovery of a saniple prepared 1 min after
blood collection was approximately 10% lower than that of a
sample prepared immediately after blood collection. This was
confirmed by clogging of the array in the fluorescence images
after filtration of these samples. Purthermore, the number of
macroscopic blood clots on the array was increased as a
function of elapsed time. Therefore, we collected blood samples

Table 2. Numbers of CTCs and Leukocytes Recovered from SCLC Patients Using the Circular and the Rectangular MCAs

_ mumber of recovered CTCs

ells/mL). * mumber of recovered leukocytes (cells/ml.)

perceritage of C'_I‘C? HS total captured cells

patlent no. Cdrcaler MCA rectangular MCA.  circular MCA © rectangifer MCA ~ circular MCA. 'rectangular MCA
1 1.7 2.3 2677 456 006 0.5
2 1.3 113 3741 2569 0.03 044
3 53 513 4354 4652 0.12 1.0%
4 09 3.0 1556 545 0,06 .55
5 3D 2.0 1831 881 0.16 023
6 1.8 4.5 2843 1516 006 029
7 163 126 2095 1096 0.77 113
8 03 14.7 2613 3188 0,01 046
¢ L7 14 2781 457 0.06 031
.10 0.6 0.9 3611 660 002 014
11 53 2.1 2058 598 0.26 034
12 4.9 03 2197 855 022 0.03
13 147 06 2014 852 072 0.07
14 0.3 0.7 1460 630 0,02 0.11
15 3.0 04 1063 659 028 0.06
16 193 729 2341 2605 0.82 2,71
median 4 SEM 24 £ 15 234582 . 2269 & 220 854 + 306 .09 + 0.07 .33 & 017
5696 du.dolorg/10.1021/ac400167x] Anal. Chem., 2013, B5, 56925698
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using evacuated blood collection tubes to prevent blood
coagulation,

Clinical Test. Por the dlinical evaluation, 16 patients with
extensive SCLC were enrolled in the study. The same blood
samples were processed through the circular and rectangular
MCAs side-by-side, Joosse et al. reported that broadening the
spectrum of keratin detection increased CTC detection,
thereby reducing the number of false-negatives.*” Therefore,
in this study, to stain a broad range of keratins, an
anticytokeratin antibody cocktail of Alexa488-AE1/AE3 and
PITC-CK3-6HS was used for CTC detection. In addition, to
evaluate the detection sensitivity and capacity, 7.5 mL of
healthy donor blood, spiked with 1 tumor cell, was assessed
with the MCA used in the recent report™ Therefore, we
believe that the capacity of this method is limited to 7.5 mL of
whole blood. In this study, we performed the clinical tests with
2-4 mL of whole blood considering the heterogeneity of
patients’ blood samples, ,

With the rectangular MCA, CTCs were detectable in 16 of
16 SCLC patients (Table 2). The number of CTCs isolated
with the rectangular (range, 0.3—72.7 cells/mL; median, 2.2
cells/ml) and circular MCAs (range, 0.3—19.3 cells/ml;
median, 2.4 cells/mL) did not differ significantly (p = 0.60,
Wilcoxon test).’? There was no statistically significant
correlation between them (Spearman’s rho was 014, p =
0.60). We speculated that the reason for this was the tendency
of circulating CTCs in clinical samples to form aggregates,
including CTC clusters that are large enough to be captured on
single microcavities. In contrast, the number of levkocytes
captuved with the rectangular (range, 4564652 cells/ml;
median, 854 cells/mL) and circular MCAs (range, 1063—4354
cells/mL; median, 2269 cells/mL} differed significantly (p <
0.001, Wilcoxon test). There was no statistically significant
correlation between them (Spearman’s tho was 0.41, p = 0.12).
The percentage of CTCs in total captured cells on the
rectangular MCA (0.33% = 0.17%) was significantly higher that
on the circular MCA. (0.09% £ 0.07%) (p = 0.03, Wilcoxon
test), There was no statistically significant correlation between
them (Spearman’s rho was 0.09, p = 0.73). On average, the
number of leukocytes captured with the rectangular MCA was
approximately 2-fold lower than that with the circular MCA.
However, the number of leukocytes captured varied widely
among patients compared to the number of leukocytes from
normal blood samples. We attributed this to the differences
between cancer patients and normal volunteers in blood
properties, such as viscosity and aggregability, which depend on
plasma protein concentration or hematocrit, Although we have
improved the number and purity of small tumor cells recovered
from whole blood in this study (which might be lost with the
conventional size-based enrichment methods), further clinical
studies should be performed with larger cohorts of patients
with various types of cancers to improve the number and purity
of CTCs isolated from patient blood. In previous reports,>»*
we performed the CTC enumeration assays using negative
control samples (healthy donor blood). In these samples, no
CTCs (false-positive) were observed by fluorescent imaging,
However, leukocytes clogged the microcavities, increasing the
background fluorescent noise of the MCA substrate or trapped
cells. Therefore, we believe that the reduction in the number of
leukocytes captured on the MCA is a significant factor for the
prevention of false-positive CTCs and further gene analysis of
CTICs,

Recently, various microfluidic devices have been developed
to improve the enrichment of CTCs from whole
blood ***728:3538 e advantage of the size-based enrichment
techniques is that it enables simple and rapid processing of a
large volume of whale blood (1 mL) compared to other
techniques, In addition, our microcavity array was integrated
with a microfluidic device so that enrichment, staining, and
washing processes in the microfluidic assay could be performed
within one integrated device. We have also developed a
technique for single cell isolation by using microcapillaties and
subsequent gene analysis using MCA***? We could obtain
only CTCs from a patients’ blood by integrating these
techniques with the rectangular MCA. However, further clinical
studies should be performed with Jarger cohorts of patients
with various types of cancers to assess whether the MCA
system is 4 more appropriate tool for CT'C enumeration and
characterization of metastatic tumors in patients with cancers
other than lung cancer.

B CONCLUSION

In this study, we improved the stracture of the MCA to
efficiently recover small-sized tumor cells by size-based isolation
of tumor cells from whole blood, Using this system, CT'Cs were
successfully recovered from the whole blood of patients with
SCLC with higher purity than the previously developed system.
Therefore, the MCA system has potential as a tool for the
efficient recovery of CTCs with high purity in patients with
small cell-type tumors, while offering additional advantages in
cost, portability, and capacity for further detailed analyses of
CTCs.
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Abstract

Background: Epithelial cell adhesion molecule (EpCAM)-based enumeration of circulating tumor cells (CTC) has prognostic
value in patients with solid tumors, such as advanced breast, colon, and prostate cancer. However, poor sensitivity has been
reported for.non-small cell lung cancer (NSCLC). To address this problem, we developed a microcavity array (MCA) system
integrated with'a miniaturized device for CTC isolation without relying on EpCAM expression. Here, we report the results of
a clinical study on CTCs of advanced lung cancer patients in which we compared the MCA system with the CellSearch
system, which employs the conventional EpCAM-based method.

Methods: Paired peripheral blood samples were collected from 43 metastatic lung cancer patients to enumerate CTCs using
the CellSearch system according to the manufacturer’s protocol and the MCA system by immunolabeling and
cytomorphological analysis. The presence of CTCs was assessed blindly and independently by both systems.

Results: CTCs were detected in 17 of 22 NSCLC patients using the MCA system versus 7 of 22 patients using the CellSearch
system. On the other hand, CTCs were detected in 20 of 21 small cell lung cancer (SCLC) patients using the MCA system
versus 12 of 21 patients using the CellSearch system. Significantly more CTCs in NSCLC patients were detected by the MCA
system (median 13, range 0-291 cells/7.5 mL) than by the CellSearch system (median 0, range 0-37 cells/7.5 ml)
demonstrating statistical superiority (p =0.0015). Statistical significance was not reached in: SCLC though the trend favoring
the MCA system over the CellSearch system was observed (p=0.2888). The MCA system also isolated CTC clusters from
patients who had been identified ‘as CTC negative using the CellSearch system. :

Conclusions: The MCA system has a potential to isolate significantly more CTCs and CTC clusters in advanced lung cancer
patients compared to the CellSearch system.
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Introduction prevention and treatment, NSCLC patients are often diagnosed
at an advanced stage and have a poor prognosis due to the
disease’s tendency toward distant metastasis, the primary cause of
mortality among NSCLC patients. Characterized by aggressive
tumor growth and often presenting with metastases in the regional
nodes and distant organs, SCLC is initially highly sensitive to
chemotherapy but tends to acquire chemoresistance, leading to
inevitable relapse.

Circulating tumor cells (CTCs) are defined as tumor cells
circulating in the peripheral blood of patients with metastatic
cancer. When measured using the US Food and Drug Adminis-

Lung cancer is the leading cause of cancer-related death in most
industrialized countries. Small cell lung cancer (SCLC) accounts
for approximately 15% of lung cancer cases, and non-small cell
lung cancer (NSCLC), which includes adenocarcinoma (ADC) and
squamous cell carcinoma (SCC), accounts for 85% of lung cancer
cases. It has recently been shown that identification of NSCLC
patients by detection of genetic aberrations, specifically EGFR-
activating mutations and the EML4-ALK fusion gene, allows for
better prediction of response to EGFR tyrosine kinase inhibitors
and ALK inhibitors, respectively [1,2]. Despite advances in
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tration (FDA)-approved CellSearch system (Veridex, Raritan, NJ,
USA), the number of CTCs in peripheral blood can be used to
predict the prognosis of patients with metastatic breast cancer [3],
colorectal cancer [4], prostate cancer [5], NSCLC [6], and SCLC
[7]. The CellSearch system enriches CTCs using magnetic beads
coated with a monoclonal antibody-targeting epithelial cell
marker, such as the epithelial cell-adhesion molecule (EpCAM)
[8,9]. However, several studies have shown that the presence of
EpCAM on tumor cells varies with tumor type [10,11]. The
expression of epithelial cell markers, including EpCAM, is
downregulated to increase invasiveness and metastatic potential
by epithelial-to-mesenchymal transition (EMT) [12-16]. It has
been suggested that the low prevalence of CTCs detected in
patients with advanced NSCLC using the CellSearch system may
be due to the loss of EpCAM expression [17], indicating that
EpCAM-based CTC isolation methods cannot achieve stable and
reproducible CTC recovery from all tumor types.

Other CTC isolation methods are mainly based on differences
in the size and deformability between CTCs and hematologic cells.
As tumor cells (>8 um) are larger than leukocytes [18-21],
isolation by size of epithelial tumor cells ISET) can be achieved
using filtration to separate individual cells. ISET using a
polycarbonate filter, an inexpensive, user-friendly method of
enriching CTCs, enables the recovery and detection of epitheli-
al-marker-negative CTCs on the basis of size-dependent CTC
isolation. In clinical tests, use of an ISET-based system has been
found to achieve higher CTC detection sensitivity in patients with
metastatic lung cancer compared to use of the CellSearch system
[22-24].

Recently, microfabricated devices for size-based separation of
tumor cells have been widely developed to enable precise and
efficient enrichment of CTGCs from whole blood [25-28]. These
devices include a miniaturized microcavity array (MCA) system
that we developed for the highly efficient entrapment of single cells
by filtration based on differences in the sizes of cells [29,30]. In a
previous study, we examined the application of our MCA system
to the detection of spiked tumor cells from unprocessed human
whole blood based on differences in the size and deformability
between tumor cells and other blood cells [31]. Using our device,
we were able to entrap tumor cells onto size- and geometry-
controlled microcavity arrays composed of 10,000 apertures by
applying negative pressure, allowing the entrapped cells to be
easily enumerated and analyzed by microscopic imaging of
specified areas. Furthermore, we found that use of the miniatur-
ized device allowed for introduction of a series of reagents for
detection of tumor cells through the microfluidic structure. Our
results indicate that our system is a simple yet precise system for
the detection of tumor cells within whole blood. To confirm and
build on our previous findings, we compared the capacity and
efficiency of our novel MCA system and the current gold standard
CellSearch system in performing CTC detection and enumeration
in whole blood samples drawn from a cohort of NSCLC and
SCLGC patients.

Materials and Methods

Study Design and Ethics Statement

This prospective study was conducted to evaluate CTC
enumeration using the CellSearch system and the MCA system
in patients with metastatic lung cancer in a blinded experiment
(UMIN clinical trial registry, number UMIN000005189). The
presence of CTCs was assessed individually according to their
criteria before knowing any results from each other. The study
inclusion criteria were diagnosis of pathologically proven lung
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cancer with radiologically evident metastatic lesions, i.e., histolog-
ically or cytologically confirmed metastatic NSCLC or SCLC, and
enrollment at the Shizuoka Cancer Center. The institutional
review boards of the Shizuoka Cancer Center approved the study
protocol, and all patients provided written informed consent. From
each of the 43 patients who were enrolled, among whom 22 had
been diagnosed with NSCLC and 21 with SCLC, 10-15 mL of
blood was collected in EDTA tubes for CTC enumeration by the
MCA system in our laboratory (Shizuoka Cancer Center,
Shizuoka, Japan) and 20 mL was collected in CellSave collection
tubes for CTC enumeration by the CellSearch system in the
laboratory of SRL Inc. (Tokyo, Japan).

Cell Culture and Labeling

HCC827, NCI-H358, NCI-H441, DMS79, NCI-H69, and
NCI-H82 cell lines were purchased from the American Type
Culture Collection without further testing or authentication. A549
(Riken Bioresource Center, Tsukuba, Japan) and PC-14 [32] were
kindly provided by Dr. Fumiaki Koizumi (National Cancer
Center, Tokyo, Japan). The A549, HCC827, NCI-H358, NCI-
H441, PC-14, DMS79, NCI-H69, and NCI-H82 NSCLC and
SCLC cell lines were cultured in RPMI 1640 medium containing
2 mM of L-glutamine (Sigma-Aldrich, Irvine, UK), 10% (v/v) fetal
bovine serum (FBS; Invitrogen Corp., Carlsbad, CA, USA), and
1% (v/v) penicillin/streptomycin (Invitrogen Corp.) for 3—4 days
at 37°C with 5% CO, supplementation. Immediately prior to each
experiment, cells grown to confluence were trypsinized and
resuspended in phosphate-buffered saline (PBS). As a measure-
ment of tumor cell size, cell size distribution was determined using
the CASY® Cell Counter+Analyzer System Model TTC (Schirfe
System GmbH, Reutlingen, Germany). To evaluate device
performance, the tumor cell lines were labeled with CellTracker
Red CMTPX (Molecular Probes, Eugene, OR, USA), with
labeling achieved by incubating the cells with a tracking dye
(5 uM) for 30 min. After the cells had been pelleted by
centrifugation (200 g for 5 min), the supernatant was decanted.
The cells were then washed twice with PBS to remove any excess
dye before being resuspended in PBS containing 2 mM EDTA
and 0.5% bovine serum albumin (BSA).

Fabrication of the MCA System

The MCA system was fabricated in the same manner as
previously reported [29,31]. For CTC enumeration with fluores-
cence microscope observation, an MCA that had been manufac-
tured by electroforming of nickel was used. For CTC morpho-
logical analysis by Giemsa staining, a transparent MCA that had
been manufactured by laser irradiation of poly(ethylene tere-
phthalate) (PET) was used. Each of the 10,000 cavides arranged in
each 100x100 array was fabricated to have a diameter of 8-9 pum
at the top surface and to be 60 um distant from the adjacent
microcavity. Poly(dimethylsiloxane) (PDMS) structures were fab-
ricated and then integrated with the MCA such that the upper
substrate consisted of a microchamber, a sample inlet, and an
outlet, while the lower substrate beneath the MCA contained a
vacuum line to produce negative pressure, enabling cell entrap-
ment. The CTC isolation device was constructed by assembling
the MCA, while the upper and lower PDMS layers were
constructed using spacer tapes (Figure la). The sample inlet was
connected to a reservoir, while the vacuum microchannel was
connected to a peristaltic pump.

CTC Enumeration using the MCA System

Human blood samples were collected in a collection tube with
EDTA to prevent coagulation and used within 2 h. The average
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Figure 1. MCA system for size-based isolation of CTCs. (a) Schematic diagram of the structure of the MCA system. (b) Scanning electron
microscope image of a cultured tumor cell line trapped on the MCA system. (c-f) Cells isolated from SCLC patient blood stained with Hoechst 33342
(¢) and fluorescent-labeled antibodies that target cytokeratin (d) and CD45 (e). Merging of the images (f) allowed for identification of CTCs and

hematologic cells. Scale bar=60 um.
doi:10.1371/journal.pone.0067466.g001

volume of blood analyzed was 4.0 mL per sample (range, 3.0—
7.5 mL). All CTC enumeration using the MCA system was
performed without knowledge of patient clinical status in the
laboratory of the Shizuoka Cancer Center Research Institute.
After introduction of blood samples into the reservoir, negative
pressure was applied to a cell suspension using a peristaltic pump
connected to a vacuum line, allowing the sample to be passed
through the microcavities at a flow rate of 200 pL/min. To
remove any blood cells remaining on the array, PBS containing
2 mM EDTA and 0.5% BSA (1 mL) was introduced into the
reservoir and passed through the microcavities at a flow rate of
200 pL/min for 5 min.

To stain the GTCs with anti-pancytokeratin antibody, trapped
cells were fixed by flowing 400 UL of 1% paraformaldehyde (PFA)
in PBS through the MCA at a flow rate of 20 pL/min for 20 min.
After washing with 100 pL of PBS, the cells were treated with
300 pL of 0.2% Triton X-100 in PBS at a flow rate of 20 puL/min
for 15 min. After permeabilization, cells were treated with 3%
BSA in PBS at a flow rate of 20 pL/min for 30 min. To identify
CTGCs and leukocytes, 600 pL of cell-staining solution containing
1 pg/mL of Hoechst 33342 (Molecular Probes); a cocktail of anti-
pancytokeratin antibodies (Alexa488-AE1/AE3 (1:100 dilution;
eBioscience, San Diego, CA, USA) and FITC-CK3-6H5 (1:60
dilution; Miltenyi Biotec, Auburn, California CA USA); and PE-
labeled anti-CD45 antibody (1:120 dilution; BD Biosciences, San
Jose, CA, USA) was flowed through the microcavities at a flow rate
of 20 pL/min for 30 min. Finally, the array was washed with
400 pL of PBS containing 2 mM of EDTA and 0.5% BSA to
remove any excess dye. After recovery of tumor cells, an image of
the entire cell array area was obtained using a fluorescence
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microscope (BX61; Olympus Corporation, Tokyo, Japan) inte-
grated with a 10X objective lens and a computer-operated
motorized stage; WU, NIBA, and WIG filter sets; a cooled digital
camera (DP-70; Olympus Corporation); and Lumina Vision
acquisition software (Mitani Corporation, Tokyo, Japan).

In clinical trials, an entire image of the cell array area had been
obtained using a fluorescence microscope (Axio Imager Z1; Carl
Zeiss, Oberkochen, Germany) integrated with a 10x or 20x
objective lens and a computer-operated motorized stage; WU,
FITC, and Texas Red filter sets; a digital camera (AxioCam HRc;
Carl Zeiss); and AxioVision acquisition software (Carl Zeiss).
Subsequently, image analysis had been performed and objects that
satisfied predetermined criteria had been counted. Fluorescent
intensities and morphometric characteristics, such as cell size,
shape, and nuclear size, were considered when performing CTC
identification and non-tumor cell exclusion, with cells character-
ized by a round to oval morphology and a visible nucleus (i.e., as
Hoechst-33342 positive) that were positive for cytokeratin and
negative for CD45 identified as CTCs. Isolated CTCs on the
transparent MCA were also stained using a May-Griinwald—
Giemsa (MGG) staining method consisting of fixation with 4%
PFA, undiluted May-Griinwald stain for 2 min, May-Griinwald
stain diluted 50% in PBS for 1 min, and Giemsa stain for 18 min,
followed by rinsing with PBS for 1 min.

CTC Enumeration using the CellSearch System

Whole blood samples were maintained at room temperature,
mailed overnight to the laboratory of SRL Inc., and processed
within 96 h of collection. All CTC evaluations were performed
without knowledge of patient clinical status in the laboratory and
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the results were reported quantitatively as the number of GTCs/
7.5 mL of blood. CTCs were defined as EpCAM-isolated intact
cells showing positive staining for cytokeratin and negative staining
for CD45. In accordance with previous evaluations of the
CellSearch system [8], a patient was considered CTC positive if
=2 CTCs/7.5 mL of blood were detected in the patient’s sample.

Results

CTC Isolation and Image Analysis using the MCA System
Isolation and staining of the tumor cells from whole blood was
completed within 120-180 min, and image scanning of the MCA
was performed at 3 fluorescence wavelengths using a 10X or 20x
objective lens and a motorized stage. Figure 1b—f shows the
scanning electroscope microscopy (SEM) and fluorescence images
of the stained cells that were recovered on the MCA. As can be
observed, solitary cells and cell clusters were individually trapped
and retained on the microcavities that could be easily enumerated.
Recovered cells that had a round to oval morphology and a visible
nucleus (i.e., were Hoechst 33342 positive) and were positive for
pancytokeratin and negative for CD45 were identified as tumor
cells, while CD45-positive cells were identified as contaminating
normal hematologic cells. The images reveal the existence of a
distinct immunophenotype of epithelial cell marker-positive tumor
cells. Although a number of leukocytes were retained on the array,
tumor-cell enumeration was relatively facile because individual
cells had been trapped on the precisely aligned microcavities.

Sensitivity of the MCA System in CTC Detection of Lung
Cancer Cell Lines

In our previous study, varying numbers of cells of the lung
cancer cell line NCI-H358 were spiked into blood, and tumor cell
isolation was evaluated using our MCA system [31]. The
calculated detection efficiency was constant and over 90% when
10-100 tumor cells were present per milliliter of blood. In this
study, in order to evaluate the recovery efficiency of various lung
cancer cell lines using the MCA system, 100 cells of each of 8 lung
cancer cell lines (A549, HCC-827, NCI-H358, NCI-H441, PC-14,
DMS-72, NCI-H69, and NCI-H82) were spiked into healthy
donor blood samples and then processed by MCA assay. Table 1
shows the average recovery efficiency and typical diameter of the
cell lines. As can be observed, a high recovery rate was obtained,
regardless of tumor type, ranging from 68% to 100% in the cell
line spike-in experiments. Most of the recovered cells were viable
and able to proliferate even after undergoing the isolation process,
suggesting the potential for further biological and molecular
analysis of CTGCs.

Next, in order to evaluate the specificity and sensitivity of GTCs
detection, the sensitivity tests were performed on artificial samples
prepared by adding 1 and 3 cultured NCI-H358 cells to healthy
donor blood samples, as previously reported by Vona et al. [20].
One and 3 cultured NCI-H358 cells were spiked into separate
7.5 mL aliquots of blood. These 7.5 mL blood samples were
processed with the MCA system in 3 independent tests (Table S1).
The results demonstrated a sensitivity threshold for MCA system
close to 1 tumor cell per 7.5 mL of blood. In addition, CTCs were
not detectable from 6 healthy donor bloods using the MCA system
(Figure 2). Therefore, a patient was considered CTC positive if
=1 CTCs per 7.5 mL of blood was detected by the MCA system.

In addition, the tumor cell recovery efficiency of the MCA
system was compared with that of ISET system (Figure S1). In this
comparison, 100 cells of NSCLC cell line NCI-H358 was spiked
into healthy donor blood samples and then processed by the MCA
system and a track-etched polycarbonate 8-um pore membrane
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Table 1. CTC recovery efficiency and average cell diameter.

Average cell diameter Recovery efficiency

Cellline  Origin  (um) (%)
As49 . NsCLC 173 983
HCCB27  NSCLC 196 99+6
NCI-H358 NSCLC 181 5 100i6 . :
NC-H44T  NSCLC 206 98+8
PC14  NscLlC 195 g7Es
DMS79 scc 141 76t
NoHes sac 125 ess2
NCHE2  SCLC 135  80+4

Cells were spiked into 1 mL of normal blood and recovered using the MCA
system.
doi:10.1371/journal.pone.0067466.t001

(Nucleopore; Whatman Ltd., Kent, UK). The results revealed the
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Figure 2. CTC count using the MCA system. CTC count/7.5 mL
blood is shown for 6 healthy donors, 22 NSCLC patients and 20 SCLC
patients.

doi:10.1371/journal.pone.0067466.9002

recovery rate using the MCA system (100% =£5%) to be
significantly higher than that using the ISET system (91% *2%)
(p<<0.05, t-test), indicating that use of the MCA system enables
CTC isolation with an efficiency equivalent to or greater than that
of the ISET system.

CTC Enumeration using the CellSearch System and the
MCA System

To conduct blind comparison of the detection sensitivity of the
CellSearch and MCA systems, blood samples were collected from
22 metastatic NSCLC and 21 SCLC patients between April 2011
and February 2012 and analyzed for determination of the number
of patients identified as CTC positive by each system (Table 2). Of
these samples, 1 sample collected from 1 SCLC patient was not
evaluated by the MCA system because an insufficient volume of
blood had been collected for processing by both systems. As a
result, 17 of the 22 (77%) NSCLC patients were identified as CTC
positive using the MCA system but only 7 of the 22 (32%) NSCLC
patients using the CellSearch system (Table 3). Of these patients,
8 were identified as CTC positive by both the CellSearch system
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and the MCA system, 1 was identified as CTC positive by the
CellSearch system only, and 9 were identified as CTC positive by
the MCA system only. Considering the results obtained by both
systems together, 18 (82%) of the NSCLC patients were identified
as CTC positive. Analysis of these findings revealed that a
significantly greater number of NSCLC patients were identified as
CTG positive by the MCA system (median cell count 13, range 0—
291 cells/7.5 mL; Figure 2) than by the CellSearch system
(median cell count 0, range 0-37 cells/7.5 mL), demonstrating the
statistical superiority of the MCA system in CTGC enumeration
(p=0.0015, Wilcoxon test; Table 3).

In contrast, 20 of the 20 (100%) SCLC patients were identified
as CTC positive using the MCA system versus 12 of the 21 (57%)
patients using the CellSearch system. The median GTC count was
found to be 2 cells/7.5 mL (range 0-325) using the CellSearch
system and 23 cells/7.5 mL (range 2-2329) using the MCA system
(Figure 2). Although not reaching a level of statistical significance,
the detection sensitivity of the MCA system in CTG enumeration
showed a trend toward being greater than that of the CellSearch
system (p =0.2888, Wilcoxon test; Table 3). For each outcome,
agreement between the test results of the systems was assessed by
Bland-Altman plots [33]. In the analysis of agreement regarding
CTC enumeration in NSCLC patients, the mean difference was
50.1 (95% CI, range 11.1-89.1), with the limits of agreement
ranging from —125.8 to 226.0. The MCA system yielded
disproportionally higher CTC counts at higher mean values
compared to The CellSearch system (Figure S2a). In contrast, in
the analysis of agreement regarding CTC enumeration in SCLC
patients, the mean difference was 202.6 (95% CI, range —116.7—
521.9), with the limits of agreement ranging from —1162.0 to
1567.2. Unlike with the analysis of NSCLC blood samples, no bias
was observed between the systems in the analysis of SCLC samples
except for subjects with extremely high CTC titer (Figure S2b).
Statistical analysis also revealed no association between site of

Table 2. Patient characteristics.
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Table 3. Comparison of CTC enumeration by the CellSearch
system and the MCA system.
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metastasis and the CTC count of lung cancer patients using either
system (data not shown).
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Morphologic Features of CTCs Isolated using the MCA
System

CTCs were counted, identified as being cytokeratin positive and
CD45 negative, and as having a visible nucleus on the basis of
analysis of fluorescent images. As can be observed in Figure 3,
which shows a representative gallery of CTGCs identified by image
analysis, GTCs are larger than the surrounding leukocytes and
often appear in clusters, defined here as contiguous groupings of
cells containing 3 or more nuclei. Figure 4 shows a solitary CTC
and a CTC cluster detected in one SCLC patient using the MCA
system. Using the MCA system, CTC clusters were observed in 2
of the 22 NSCLC patients (Patient No. 13 and 21) and 4 of the
21 SCLC patients (Patient No. 31, 33, 34, and 43). May-
Griinwald-Giemsa staining of the CTCs isolated using the
MCA system revealed that they are characterized by a high N/
C ratio, nuclear molding, and morphological similarity to primary
tumor cells.

Discussion

ISET systems have been found to have higher CTC detection
sensitivity than the CellSearch system in several cancers, including
NSCLC [17,22] However, the pores of ISET filters, which are
made of polycarbonate by track etching, are randomly placed
within the systems at a nonuniform density. Unlike such track-
etched polycarbonate filters, the size, geometry, and density of the
microcavities in the MCA system assessed in the current study are
precisely controlled to achieve specific cell separation according to
differences in cellular size and deformability. Aligning cells on the
MCA not only eases cell imaging by allowing for the scanning of
specified areas with an automated fluorescence microscope but
also enables reduction in the labor required for CTC counting
[29,31]. As such, the MCA system provides a platform for the use
of high-throughput imaging technologies that provide more rapid
and less expensive data collection as well as CTC enumeration and
advanced analysis of molecular phenomena, including fluores-
cence in situ hybridization for detection of tumor-specific genomic
changes. Furthermore, the MCA is integrated with a miniaturized
device so that enrichment of GTCs from blood, as well as staining

Nucleus CD45

Cytokeratin

Leukocyte

C1C

CTC cluster
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and washing in the microfluidic assay, can be performed within
one integrated device.

In the present study, CTCs isolated on the MCA were
successfully stained with fluorescent-labeled antibodies that target
tumor cell markers, and staining and washing were found to have
little or no effect on the retention of tumor cells on the
microcavities. Due to its very small size, the MCA system is
portable, which, by enabling point-of-care CTC counting,
eliminates the need to ship blood for testing under unfavorable
shipment conditions and expedites clinical decision-making. These
features, in addition to our recently developed procedure for
isolating single cells from the MCA using microcapillaries, allow
tumor cells to be recovered from the MCA for subsequent
molecular analysis of CTCs [29].

In this blind comparison of use of the MCA system to that of the
conventional CellSearch System for CTC enumeration in lung

- cancer patients, the MCA system was found capable of isolating

various lung cancer cell lines spiked within whole blood at high
levels of efficiency. However, the MCA system performed isolation
of SCLG cell lines slightly less efficiently compared to that of
NSCLC cell lines, indicating that small (<8 pm in diameter) cells
of the SCLC cell lines might pass through the microcavities during
blood filtration. In a previous study [31], we found that breast
(MCF-7 and Hs578T), gastric (AGS and SNU-1), and colon
(SW620) tumor cells lines that include EpCAM-negative tumor
cells could be successfully recovered using the MCA system with
greater than 80% efficiency. However, we also found that the
efficiency of recovery of small cells (average diameter 11.6 {m) of
the tumor cell line SW620 to be slightly less than that of other cell
lines, as we did of the SCLC cell lines examined in this study.
The MCA system assessed in the present study was found to
possess a higher detection sensitivity than the CellSearch system in
NSCLC CTC enumeration, suggesting the superiority of size- and
deformability-based isolation techniques compared to immuno-
magnetic-based techniques. The poor sensitivity of CellSearch has
been attributed to the low EpCAM expression in advanced
NSCLC. However, one of the NSCLC patients assessed in the
present study was found to be CTC positive using the CellSearch
system but CTGC negative using the MCA system, indicating that

Merge

Figure 3. Gallery of cells captured on the MCA from blood of advanced lung cancer patients. Cells were stained with Hoechst 33342,

FITC-labeled anti-cytokeratin antibody, and PE-labeled anti-CD45 antibody.

doi:10.1371/journal.pone.0067466.g003
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Figure 4. Gallery of CTCs captured on a transparent MCA from SCLC patient blood. May-Griinwald-Giemsa-stained cells showed a high
nucleus—cytoplasm ratio and nuclear molding (x40). Black arrow indicates 9-um microcavity. Scale bar=60 pum.

doi:10.1371/journal.pone.0067466.g004

changes in EpCAM expression cannot solely account for the
differences found between the two systems in NSCLC enumera-
tion.

The CTC detection rate using the CellSearch system in
SCLC patients was 67%, considerably higher than that in
NSCLC patients and consistent with that found in previous
studies [7,34-36]. Although the MCA system does not rely on
EpCAM expression, which circulating SCLC cells have been
reported to show high levels [37], in performing CTC isolation,
its use was found to yield a high detection rate, indicating that
it could be utilized for CTC detection in not only NSCLC but
also SCLC patients. Nevertheless, the CTC counts of several
patients were higher when analyzed using the CellSearch
System compared to the MCA system, indicating that some
small tumor cells in patient blood might flow through the
microcavities, as described above. Previous research has
suggested that immunomagnetic separation techniques lack the
capacity to isolate large clusters, whereas use of size-based
separation techniques leads to loss of small CTCs [17]. To
address these problems, the shape of the microcavities in the
MCA was modified to improve their efficiency in isolating small
cells from tumor cells in whole blood in our recent study [38].

Observation of CTC clusters has been reported in various
cancers, including lung cancer [23,24,39-42]. It is hypothesized
that forming in clusters provides CTC cells with advantages over
remaining solitary in terms of survival, proliferative capacity, and
ability to form micrometastases. In this study, CTC clusters were

isolated from both NSCLC and SCLC patients using the MCA
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system. Interestingly, the CTC-positive clusters were identified as
having a small number of CTC cells by the CellSearch system but
a large number by the MCA system. One reason why several
SCLC patients were found to have a large CTC count when
assessed by the MCA system may be that this system enables
isolation of larger CTC clusters that cannot be isolated by
immunomagnetic separation. Examination of this hypothesis
requires further detailed analysis of the characteristics of CTC
clusters, such as expression of epithelial markers and the presence
of apoptotic cells within CTC clusters, which could be performed
using the MCA system.

In conclusion, our results suggest that the MCA system is
potentially superior to the CellSearch system in the CTC detection
of lung cancer patients, with the former found capable of isolating
significantly more CTCs and CTC clusters than the latter. The
major limitation of this study was its examination of a small sample
of patients with only one type of cancer. Further studies should
thus examine larger cohorts of patients with various types of
cancers to assess whether the MCA system is a more appropriate
tool for CTC enumeration and characterization of metastatic
tumors in patients with cancers other than lung cancer compared
to other systems. We are currently planning the development of an
automated MCA system that achieves robust, reliable, and
reproducible sample processing for validation study using large
cohorts of patients presenting at multiple institutes to assess the
prognostic utility of CTC count in cancer patients.
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