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Fig. 2. RASSF3 knockdown enhances cell motility in the wound healing assay (A and B) and transwell migration assay (C). (A) Forty-eight hours after the transfection,
A549 cells were re-plated in 3.5 cm dishes. After the cells had grown to confluence, cultures were damaged using 1-200 p.l beveled orifice tip and then allowed to migrate.
Photographs were taken at the indicated time points. (B) Migration rate is designated as a — b/a (a and b represent the widths of the fissures at time 0 and each time point,
respectively). RASSF3-knockdown cells increased migration rate compared to the control. (C) Transwell migration assay. Cell lines transfected with siRNA were re-plated
into a transwell chamber 48 h after the transfection and cells were counted after 24 h incubation. RASSF3-knockdown statistically significantly enhanced migration ability
of 3 cell lines (A549, BEAS-2B, and NCI-H23). Although HCC193 also showed enhancement by RASSF3-knockdown, it was not statistically significant. The migration ability of
VMRC-LCD was exceptionally low, and hardly affected by RASSF3-knockdown. si RF3: siRNA against RASSF3; si Cont: negative control siRNA.

3.4. DNA hypermethylation not a main cause of RASSF3
downregulation

In order to determine whether or not low RASSE3 expression was
induced by DNA hypermethylation, we studied the DNA methyla-
tion status at the CpG island of the RASSF3 gene promoter region
using lung cancer cell lines. Fourteen lung cancer cell lines showed
various RASSF3 expression levels compared with an immortalized
normal bronchial epithelial cell line BEAS-2B, the majority of which
showed lower expression than in BEAS-2B (Supplemental Fig. 3A).
However, we detected no CpG island methylation in the promoter
region of the RASSF3 gene in 14 lung cancer cell lines (Supplemen-
tal Fig. 3B). We also examined 8 NSCLC clinical samples from the
low RASSF3 expression group. However, we could not find DNA
methylation in any specimens. These results suggested that DNA
hypermethylation was not a major cause of RASSF3 downregulation
(Supplemental Fig. 3C).
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3.5. Silence of RASSF3 increases migration rate in NSCLC cells

The above results suggested that RASSF3 downregulation was
associated with more malignant phenotypes including lymph node
metastasis. To determine whether RASSF3 suppression promotes
lung cancer cell migration ability in vitro, we transfected either
RASSF3 targeted or control siRNA into four lung cancer cell lines
(A549, HCC193, NCI-H23, and VMRC-LCD) and one immortalized
bronchial epithelial cell line (BEAS-2B), and conducted wound heal-
ing and transwell migration assays. In the wound healing assay,
migration ability was increased in RASSF3-knockdown A549 cells
compared to the control cells (Fig. 2A and B). Similar results were
obtained with three other cell lines including BEAS-2B, NCI-H23,
and HCC193 (Supplemental Fig. S4). Similarly, in the transwell
migration assay, RASSF3-knockdown enhanced migration ability of
those 4 cell lines (A549, HCC193, NCI-H23, and BEAS-2B), although
the enhancement in HCC193 was not statistically significant (Fig. 2C
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and Supplemental Fig. S5). Because the migration ability of VMRC-
LCD was exceptionally low, the effect of RASSF3-knockdown can be
hardly evaluated in this cell line (Fig. 2C, Supplemental Figs. S4D,
S4H, and S5).

4. Discussion

In the present study, we demonstrated that RASSF3 expression
was frequently downregulated in NSCLCs. Decrease of its expres-
sion was significantly associated with the progressive phenotypes
of lung cancer including lymph node metastasis and pleural inva-
sion. The strong correlation of lower RASSF3 expression with such
malignant phenotypes may imply that RASSF3 downregulation
plays an important role in cancer cell migration or invasion. This
ideais supported by our in vitro studies which showed that RASSF3
knockdown promoted cell migration abilities of lung cancer cell
lines. In this regard, we previously reported that RASSF3 stabilized
p53 [16], and p53 was also shown to negatively regulate epithe-
lial to mesenchymal transition (EMT) induced by TGF-f {20]. One
possible mechanism of the tumor suppressive activity of RASSF3
might be a negative control of EMT through p53 stabilization. In this
regard, EMT induction has been indicated to account for increased
cancer cell migration/invasion [21]. However, although our prelim-
inary in vitro experiments were suggestive, they failed to provide
sufficient evidence to confirm EMT induction in the lung cancer
cells by RASSF3-knockdown (data not shown).

The low RASSF3 expression group also showed a correlation with
wild-type EGFR status in univariate analysis. Multivariate analysis
also revealed this correlation between RASSF3 and EGFR, indicat-
ing that this relationship was independent from other parameters.
These data might suggest that the signaling pathways were reg-
ulated by RASSF3 and EGFR crosstalk in-between, and thus the
alteration or mutation of each gene is mutually exclusive. On this
point, Cui et al. reported that desmocollin 3, the target gene of p53,
inhibits the EGFR/ERK pathway in human lung cancer [22]. Since
RASSF3 stabilizes p53 [16], RASSF3 silencing might downregulate
desmocollin 3 expression through p53 destabilization, resulting in
activation of the EGFR/ERK pathway. However, further studies are
needed to clarify whether or not such an interaction between the
EGFR and RASSF3 signaling exists.

We found no significant correlation between RASSF3 expression
and patients’ survival. This seemed to contradict the significant cor-
relation of RASSF3 with lymph node metastasis or pleural invasion
in this study, where both were strong predictors of poor prognosis
[23-25]. In this regard, previous studies reported that postopera-
tive therapy has a strong influence on patients’ survival, which
we had earlier suspected to explain this inconsistency [26,27].
However, we found no remarkable difference in postoperative
treatment between the two expression groups. Although we con-
ducted further subset analyses of various kinds to explain this
discrepancy, no significant factors were identified.

Finally, to determine the underlying mechanisms of RASSF3
downregulation, we examined 14 lung cancer cell lines and 8 lung
tumor specimens from the low expression group. However, we
found no methylation of CpGs in the RASSF3 promoter region. Previ-
ous studies also reported no methylation of RASSF3 in 8 colorectal
cancer cell lines, 8 thyroid cancer cell lines or 6 glioma cell lines
[28-30]. Thus, simple hypermethylation of the promoter region
may not be the primary mechanism to suppress RASSF3 transcrip-
tion.

In conclusion, the present study showed that RASSF3 is fre-
quently downregulated in NSCLCs, leading to an increase in lymph
node metastasis or pleural invasion. These results indicate that
RASSF3 is a tumor suppressor of lung cancer. Furthermore, the pos-
sible interaction between the RASSF3 and EGFR signaling might

give new clues to dissect the complicated pathogenesis of lung
cancer, which has long been virtually insurmountable riddle.
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Abstract ,

Purpose Nimotuzumab is a humanized IgG; monoclonal
antibody to the epidermal growth factor receptor (EGFR)
and has demonstrated the absence of severe dermatological
toxicity commonly caused by other EGFR-targeting anti-
bodies. We conducted a phase I study to assess toxicities,
pharmacokinetics, pharmacodynamics, and predictive bio-
markers of nimotuzumab administered in Japanese patients
with advanced solid tumors.

Methods Three dose levels, 100, 200, and 400 mg, of
weekly 1.v. nimotuzumab were given until disease progres-
sion or drug intolerability. Four patients with solid tumors
were enrolled in each dose level. The expression and
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gene copy number of EGFR or its downstream transduc-
ers were investigated using skin biopsy samples and tumor
specimens.

Results Planned dose escalation was completed without
dose-limiting toxicity, and maximum tolerated dose was
not reached. No allergic reaction and hypomagnesaemia
were observed, and grade 3 or 4 toxicity did not occur.
The common toxicity was skin rash (58 %); however, all
of them were grade 1 or 2. In skin biopsies, no correla-
tion was shown between doses and the phosphorylation of
EGFR or its downstream signal transducers. Of 11 evalu-
able patients, no objective response was obtained, while 8
patients had stable disease (73 %). Patients with a higher-
EGFR gene copy number level measured by FISH showed
a longer time to progression.

Conclusions Nimotuzumab administered weekly was
feasible and well tolerated up to 400 mg in Japanese
patients. A low dermatological toxicity could be a notable
advantage as anti-EGFR mAb, and further evaluation is
warranted.

Keywords Nimotuzumab - EGFR - Phase 1 -
Pharmacokinetics - Solid tumor

Introduction

Epidermal growth factor receptor (EGFR) has become one
of the most widely explored targets for anticancer therapy,
because EGFR overexpression is implicated in tumor cell
proliferation, invasion, angiogenesis, and metastasis [1, 2].
Several EGFR antagonists including monoclonal anti-
bodies and small tyrosine kinase inhibitors have been
investigated in colorectal cancer, head and neck cancer,
and non-small cell lung cancer. However, these agents also

@ Springer
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act on normal human epithelial cells with a comparatively
higher appearance of EGFR. As a result, dermatological
toxicity including acneiform skin rash could compromise
patient’s quality of life (QOL) and worsen the compliance
of treatment [3-5].

Nimotuzumab is a recombinant humanized monoclo-
nal antibody against human EGFR, which is a human
IgG,. It has demonstrated blocking ability against the
binding of EGF and TGF-alpha to EGFR, and also cyto-
toxic activity through antibody-dependent cellular cyto-
toxicity (ADCC) and complement-dependent cytotoxic-
ity (CDC). In non-clinical studies, inhibition activity on
tumor cell growth, angiogenesis, and apoptosis has been
observed [6-8]. Nimotuzumab has shown clinical effi-
cacy in head and neck cancer or glioma as combination
therapy with radiotherapy [9-13]. In these clinical stud-
ies, nimotuzumab has demonstrated low frequency or
absence of severe dermatological toxicity. This unique
safety profile could be expected to contribute to the better
QOL for patients.

The reason for low frequency of dermatological toxicity
has been investigated in several recent researches [14, 15].
According to the findings, the possible explanation of low
frequency of dermatological toxicity is regarded as (1) its
intermediate affinity (Kd = 1078 M), which is at least one
order lower magnitude than cetuximab or panitumumab,
and (2) the difference in binding profile, where nimotu-
zumab requires bivalent binding for stable attachment to
the cellular surface in contrast to cetuximab requiring only
monovalent binding. Due to these properties, nimotuzumab
could attach to EGFR only when the EGFR surface density
is high enough to allow bivalent binding. EGFR is com-
monly overexpressed on tumor cells compared with the
expression levels on normal cells; consequently, nimotu-
zumab could selectively attach to tumor cells without bind-
ing to normal cells. ‘

In a previous phase I study in Canada, the tolerabil-
ity of nimotuzumab was investigated up to 800 mg dose
per week and did not reach MTD though one DLT was
observed in the 100 mg group [16]. Subsequently, several
trials demonstrated the efficacy of nimotuzumab admin-
istered 200 mg weekly to the patients with head and neck
squamous cell cancer, glioma, and non-small cell lung
cancer. The dose in clinical use has been set as 200 mg
per week in combination with radiotherapy in several
countries. According to the clinical dose in other coun-
tries, we evaluated the safety and pharmacokinetics pro-
file of nimotuzumab at the dose levels of 100, 200, and
400 mg weekly in Japanese patients with advanced solid
tumors. The secondary objectives were to assess tumor
response, pharmacodynamic (PD) effects using skin tis-
sue, and biomarkers to predict the clinical efficacy of
nimotuzumab.

@ Springer
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Methods
Patient eligibility

Patients with histologically or cytologically confirmed
advanced solid tumors either refractory to standard therapy
or for which no effective standard treatment existed were
eligible if they fulfilled all of the following criteria: age
between 20 and 75 years; ECOG performance status (PS)
of 0-1; life expectancy of >3 months; adequate bone mar-
row, liver, and renal functions; and arterial oxygen pressure
(PaO,) =70 mmHg. Exclusion criteria included previous
exposure to EGFR-targeted antibodies; brain metastases
that required systemic medication; obvious pneumonitis
or pulmonary fibrosis confirmed by chest CT (computed
tomography). :

The protocol was approved by the independent ethical
committee at each center and carried out according to the
principles of the Declaration of Helsinki and Good Clini-
cal Practice guidelines. All patients gave written informed
consent before study entry.

Written informed consent for the pharmacodynamics
and biomarker analysis was additionally obtained from
those who submitted their tumor and skin biopsy samples.

Screening and study assessments

Physical examination, radiographic tumor assessment,
ECG, and chest CT investigation were performed within
28 days prior to the first dose of nimotuzumab. A pregnancy
test was checked from women with childbearing potential.

Nimotuzumab was administered intravenously every week
over 30 min without pre-medication for preventing allergic
reaction. Each cycle was defined as 4 weeks, and treatment
was continued until disease progression, occurrence of intol-
erable toxicity, or patient’s withdrawal of consent.

Before each cycle, physical examination including vital
signs, ECOG PS, blood tests including complete blood cell
count and biochemistry including KL-6 were conducted.
Toxicities were assessed according to the National Cancer
Institute Common Terminology Criteria for Adverse Events
(CTCAE) version 3.0. Tumor response was assessed after
4 weeks, thereafter at least every 8 weeks using Response
Evaluation Criteria in Solid Tumors (RECIST) criteria ver-
sion 1.0.

Treatment administration and dose escalation procedure

The initial dose of nimotuzumab was 100 mg, and the dose
was escalated to 200 and 400 mg.

DLTs were initially evaluated in at least 3 patients for
each dose level, and the escalation to the next dose level
was implemented if less than 1/3 of the patients experienced
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DLT. When one patient experienced a DLT, additional three
patients were enrolled and the incidence of DLTs was evalu-
ated in a total of six evaluable patients at each level. DLTs
were defined as the following toxicities related to nimotu-
zumab: (1) CTCAE grade 4 fatigue, hematotoxicity, nausea,
vomiting, diarrhea, or electrolyte abnormality; (2) grade 3
nausea, vomiting, or diarrhea persisting despite adminis-
tration of maximum supportive care; (3) grade 3 or higher
fatigue persisting for 7 days or longer; (4) any toxicity caus-
ing postponement of treatment continuously twice. DLTs
were assessed during the first cycle at each dose level. The
MTD was defined as the lowest dose at which 33 % or more
of patients experienced DLT in the first cycle.

Pharmacokinetic analysis

Blood samples (3 mL) were collected prior to the first dos-
ing and at 5 min, 1, 3, 8, 24, 48, and 72 h after dosing on
day 1, and prior to and 5 min after dosing on days &, 15, 22,
29, 36, and 50. Serum concentration of nimotuzumab was
analyzed using the ELISA method as shown in the Online
Resource 1. The lower detection limit for the serum con-
centration of nimotuzumab was 2 pg/mL. The pharmacoki-
netic (PK) parameters in the first cycle were calculated by
a non-compartment analysis using the computer software
SAS version 8.2 (SAS Institute, Japan) with the same ana-
Iytical approach as the bolus model generated by WinNon-
lin Professional (5.2.1, Pharsight, Mountain View, Califor-
nia). The maximum concentration (C,,) and time to C_,,
(tnax) Were obtained by measured values. The apparent
elimination half-life (¢,,) was obtained by linear regres-
sion of 3 or more log-transformed data points in the termi-
nal phase. The area under the concentration versus the time
curve up to the time of the last measurable concentration
data (AUC,_;4g,) Was obtained by the trapezoidal method
(linear up/log down). The AUC values were extrapolated to
infinity (AUC,_;,p) using the equation AUC_;4en + Cisan/?
where C4gy, is the last measurable concentration, and A is
the terminal elimination rate. The total body clearances
(CL,) were calculated by the equation Dose/AUC_ .

Immunogenicity (human anti-humanized antibody)

Serum samples for the analysis on human anti-humanized
antibody (HAHA) were collected prior to the first adminis-
tration and at the end of the first cycle and repeated at least
once every 2 cycles. HAHA was measured by the ELISA
method as shown in the Online Resource 2.

Pharmacodynamic analysis using skin tissue samples

Skin biopsy was performed prior to the first administra-
tion and after fifth administration on patients who provided
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consent for participating in the PD analysis. Expres-
sion status of EGFR, phosphorylated EGFR (p-EGFR),
AKT, phosphorylated AKT (p-AKT), MAPK, phospho-
rylated MAPK (p-MAPK), and Ki-67 in the skin sam-
ples were analyzed by the immunohistochemical staining.
EGFR PharmDx kit (Dako, Glostrup, Denmark) was used
for detection of EGFR. p-EGFR, AKT, p-AKT, MAPK,
p-MAPK, and Ki-67 were detected by the primary anti-
bodies of phospho-EGFR (Y1068) Rabbit mAb (EP774Y)
(abcam), AKT1 rabbit mAb #4685 (Cell signaling, Beverly,
MA, USA), phospho-AKT (Ser 473) rabbit mAb #3787
(Cell signaling), p44/42 MAP Kinase Ab #9102, phospho-
p44/42 MAP Kinase (Thr202/Tyr204) Rabbit mAb #4376
(Cell signaling), and Ki-67 Ab #M7240 (Dako, Glostrup,
Denmark), respectively. Protein expression levels were
evaluated as positive cell rates (%) calculated by the num-
ber of positive cells per 100 cells under microscope.

Biomarker research using tumor tissue samples

Immunohistochemical staining for EGFR and its down-
stream signal transducers was performed with paraffin-
embedded sections of tumor samples. The antibodies used
for tumor tissue samples were the same as those in the PD
analysis using skin biopsies. The positive cell rate (%) was
calculated based on the number of positive cells per 100
tumor cells under microscope.

EGFR gene status was investigated by FISH, Paraffin pre-
treatment kit, LSI EGFR SpectrumOrange/CEP7 Spectrum-
Green probe, DAPI I (Vysis, USA), and IGEPAL CA-630
(Sigma, USA). The numbers of EGFR gene and chromosome
7 centromeres were counted in 20 tumor cells and assessed
for amplification or aneuploidy. Patients were classified into
six FISH strata: (1) disomy (<2 copies in >90 % of cells);
(2) low trisomy (3 copies in 10-39 % of the cells); (3) high
trisomy (3 copies in >40 % of cells); (4) low polysomy (>4
copies in 10-39 % of cells); (5) high polysomy (>4 copies in
>40 % of cells); and (6) gene amplification (defined by pres-
ence of tight EGFR gene clusters and a ratio of EGFR gene to
chromosome 7 centromere of >2 or >15 copies of EGFR per
cell in >10 % of analyzed cells) [18, 19].

Results
Patient characteristics

From May 22, 2007, to August 1, 2008, 13 patients were
enrolled in this study; however, one patient with colorectal
cancer registered to the 100 mg dose level withdrew from
the study before administration of nimotuzumab in order to
receive radiation therapy for bone metastasis. Four patients
were administered nimotuzumab at each level and included
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in the safety analysis population and the MTD analysis
population. Their characteristics are shown in Table 1. Of
these 12 patients, the tumor types were 5 colorectal can-
cer, 3 non-small cell lung cancer, 2 gastric cancer, 1 renal
cancer, and 1 leiomyosarcoma. All patients had received
previous chemotherapy regimens, and 8 of 12 patients had
received more than 4 prior regimens. Of these 12 patients,
1 patient at the 100 mg level was judged as ineligible since
there had been pleural effusion requiring drainage before
enrollment. Therefore, that patient was excluded from the
PK analysis population and efficacy analysis population.

Safety

Twelve patients had received a total of 52 cycles. The mean
number of cycles was 4.3 (5.3, 2.8, and 5.0 at the dose levels
of 100, 200, and 400 mg, respectively). The mean treatment
period (& standard deviation) was 121.9 (& 77.5) days {147.5
(£ 98.7), 79.0 (£ 16.7), and 139.3 (£ 90.8) days at the dose
levels of 100, 200, and 400 mg, respectively}. All 12 patients
discontinued nimotuzumab due to disease progression.

Table 2 presents the nimotuzumab-related adverse event
during all cycles. No DLT was observed at any dose lev-
els; therefore, the MTD was not reached up to 400 mg dose
level. The most common adverse drug reaction observed in
>15 % of patients were rash (50.0 %), anorexia (16.7 %),
nausea (16.7 %), fatigue (16.7 %), aspartate aminotransferase
increased (16.7 %), and blood alkaline phosphatase increased
(16.7 %). As to dermatological toxicity, known as a class
effect of anti-EGFR mAbs, one patient developed a grade 2
rash, whereas the other five patients of rash and one patient
of dermatitis acneiform were of grade 1. No grade 3 or higher
adverse drug reaction and no infusion reaction were observed
at any dose levels, and there was no adverse drug reaction that
led to a delay in treatment or dose reduction.

Efficacy

Eleven patients were evaluable for anti-tumor response.
While complete response and partial response were not
achieved in any dose levels, stable disease was observed in
8 patients (72.7 %). Median time to progression (TTP) was
97 days in eleven patients.

Pharmacokinetic analysis

Serum samples were evaluated for 11 patients. The mean
serum concentration—time profile of nimotuzumab after
" the first administration in the first cycle is described in
Fig. 1, and the PK profile of nimotuzumab is summarized
in Table 3 and Fig. 2.

The serum nimotuzumab concentration after the first
treatment on the first cycle reached maximum immediately
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Table 1 Patient characteristics in safety analysis population

Dose 100 mg 200 mg 400mg  All dose
(%)
No. of treated 4 4 4 12
patients
Age (years)
Mean + SD 53.0+£34 618+94 568454 572470
Sex
Female 1 2 4 7 (58.3 %)
Male 3 2, 0 5(41.7 %)
PS (ECOQG)
0 2 2 2 6 (50.0 %)
1 2 2 2 6 (50.0 %)
No. of prior regimen
1 1 0 1 2(16.7 %)
2 0 0 1 183 %)
3 1 0 0 1(8.3 %)
>4 2 4 2 8 (66.7 %)
Primary tumor :
Colorectal cancer 2 2 1 5(41.7 %)
NSCLC 1 1 1 3(25.0 %)
Gastric cancer 0 1 1 2(16.7 %)
Renal cancer 0 0 1 1(8.3 %)
Leiomyosarcoma 1 0 0 1(8.3 %)

after the infusion at all doses and decreased subsequently.
The mean 1, was 34, 47, and 75 h at a dose of 100, 200,
and 400 mg, respectively.

Ciuax and AUCg;; of nimotuzumab increased in an
exponential manner in the range of 100400 mg. The
mean total body clearances (CL,) were 78.753, 47.358, and
28.960 mL/h at a dose of 100, 200 and 400 mg, respectively.
The CL, showed exponential decrease from 100 to 400 mg,
and the slope of CL, was gradual especially between 200
and 400 mg, similar to the previous PK study [17].

The serum concentration—time profile of nimotuzumab
following the first administration in cycle 1 up to the fourth
administration in cycle 2 is shown in Fig. 3.

Serum concentrations of nimotuzumab at each dose
level increased along with the first and fourth administra-
tion and then reached plateau concentration by the fourth
administration in cycle 2.

HAHA response

The serum samples were collected from 12 patients at
pre-treatment, cycle 1, 3, 5, 7, and 9 as possible. Totally
43 serum samples including 12 pre-treatment and 31 on-
treatment samples were measured for HAHA. However,
no HAHA was detected during the treatment cycles of all
patients.
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::E:l‘;zal lf’gzleéze drug reaction  pyen 100mg (n=4) 200mg(n=4) 400mg(n=4)  All doses
) Grade Grade Grade n=12)
1 2 3 1 2 3 1 2 3 n (%)
Non-hematologic toxicity
Rash 1 1 2 2 6 50.0
Nausea 1 1 2 16.7
Fatigue 1 1 2 16.7
Anorexia 1 1 2 16.7
Bradycardia 1 1 83
Constipation 1 1 83
Diarrhea 1 1 8.3
Dyspepsia 1 1 8.3
Dermatitis acneiform 1 1 8.3
Hypothermia 1 1 8.3
Hematologic toxicity
Adverse drug reaction was AST increased ! 1 2 167
defined as those toxicities with ALP increased 1 ! 2 16.7
‘definite’, ‘probable’, ‘possible’ ALT increased 1 1 8.3
relativity to nimotuzumab, or y-GTP increased 1 1 23
‘unknown’ .
Albumin increased 1 1 8.3
ALT: 1-alanine T
aminotransferase, AST: Creatinine increased 1 1 8.3
L-aspartate aminotransferase, Potassium increased 1 1 8.3
ALP: alkaline phosphatase, y- WBC count decreased 1 1 83
GTP: y-glutamyl transpeptidase, Neutrophil count decreased 1 1 8.3

‘WBC: White blood cell

180
160
140
120
100
80
60
40
20

—O—100mg (n=3)
—A—200mg (n=4)
—~400mg (n=4)

o

Serum concentration (pg/mL)

0 12 24 36 48 60 72 84 96 108120 132 144 156 168
Time (h)

Fig.1 Serum concentration—time profile of nimotuzumab after the
first administration in cycle 1. The arithmetic mean = arithmetic SD
of each time point for each group is shown

Pharmacodynamic analysis using skin tissue

Skin samples at pre- and on-treatment were evaluated
for 11 patients. The expression level of EGFR, p-EGFR,
AKT, p-AKT, MAPK, p-MAPK, and Ki-67 was ana-
lyzed by immunohistochemical staining, and its posi-
tive cell rate was counted. However, these expression
levels showed no certain tendency through pre- and
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on-treatment as shown in the table (Online Resource
3). Furthermore, no correlation was shown between the
nimotuzumab doses and phosphorylation of EGFR, AKT,
and MAPK. -

Correlation between the markers in tumor tissue
and efficacy

In order to investigate the correlation between the biomark-
ers and nimotuzumab efficacy, tumor tissue was obtained
from 8 patients, 2, 2, and 4 patients in 100, 200, and
400 mg dose level, respectively.

The gene copy number was determined by FISH and
classified into 3 categories (—; disomy, low trisomy, and
high trisomy, +; low polysomy, +-; high polysomy and
gene amplification). The time to progression by EGFR
gene copy number level was shown in Fig. 4. A tendency
of longer TTP was observed in patients with higher-EGFR
gene copy number level, though the sample size was lim-
ited and the tumor type was disparate in this study.

The levels of EGFR, AKT, p-AKT, MAPK, and
p-MAPK detected by immunohistochemistry IHC)
showed no relationship with clinical efficacy as shown in
the table (Online Resource 4).
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Table 3 Pharmacokinetic

200 mg 400 mg

n=4 n=4

26.767 £ 1.026
0.687 £ 0.535
1,271.923 & 63.245
78.753 £ 3.993
34.347 £ 3.332

68.550 £ 10.345
0.050 £ 0.029
4,521.940 4 1,181.627
47.358 £ 16.074
47.498 4 9.376

157.250 £ 15.064
0.540 £ 0.526
14,107.898 42,342,115
28.960 + 4.924
75.805 £ 6.986

Pharmacokinetic Dose
pa.rap'xfaters vaftc.r the first parameter
administration in cycle 1 100 mg
n=3
Coax (ng/mL)
Iax (1)
AUC ¢ (jug h/mL)
CL, (mL/h)
Arithmetic mean =+ arithmetic
1y ()
SD
200 -
7 ¢
E
=
= 100 A
s
£ ¢
O 4
[ ]
O T T T T
0 100 200 300 400
Dose (mg)
16000 -
:'é“ p
= 12000 +
o 4
3
o 8000 -
£ J
3 4000 A f
2 ,
< ]
0 T T T T
0 100 200 300 400
Dose (mg)
90 -
é
= 60 -
3
E
o 30 ¢
O T T T T
0 100 200 300 400
Dose (mg)

Fig. 2 Dose relationship of C_,,, AUCg s, and CL; of nimotu-
- zumab during the first administration in cycle 1. The arithmetic
mean = arithmetic SD 100 mg, n = 3; 200 mg, n = 4; 400 mg, n = 4

Discussion

This is the first study on Japanese patients with solid
tumors to investigate the safety and pharmacokinetics of

@_ Springer

100, 200, and 400 mg nimotuzumab administered weekly.
All 12 patients tolerated well the treatment of nimotu-
zumab at a dose of 100, 200, and 400 mg, without grade 3
or higher adverse events that led to treatment delay or dose
reduction. No DLT was observed in the planned dose range
of 100-400 mg nimotuzumab, and MTD was not reached.
Furthermore, frequencies of adverse events did not increase
with higher doses of nimotuzumab as the previous phase
I study conducted in Canada [16]. These results suggest
the absence of a dose-dependent toxicity relationship for
nimotuzumab.

In this study, there is no grade 3 or 4 dermatological tox-
icity, and most of the dermatological toxicity was grade 1.
The incidence of rash of all grades was 50 % in each dose
level, however, localized to the limited body surface, and
all of them were resolved during study treatment within
approximately 1 week. Consistent with our study, nimo-
tuzumab was previously reported to cause rarely severe
skin toxicity [17, 26]; however, such toxicity is commonly
observed in the clinical use of other anti-EGFR mAbs,
leading to increase in patient risk for infections and early
termination of the treatment [4, 5]. Furthermore, we dem-
onstrated that no hypomagnesaemia was observed, similar
to other nimotuzumab phase I studies [16]. Hypomagnesae-
mia is known as a common adverse event with other anti-
EGFR mAbs as well as platinum-based chemotherapy and
considered to be related to nephrotoxicity or cardiovascular
toxicity [21-23]. Taken together, the safety profile of nimo-
tuzumab could be expected to maintain good QOL as well
as compliance and shows a potential to combine nimotu-
zumab with other drugs which cause dermatological toxic-
ity or hypomagnesaemia.

In PK analysis, the trough concentration of nimotu-
zumab reached a steady state after the fourth cycle. The

“trough level was approximately 15 and 55 wg/mL in 200
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and 400 mg, respectively, which reached the concentration
to show the cell-growth inhibitory activity in the previous
in vitro study [24]. The mean t;,, was approximately 34,
47, and 75 h at a dose of 100, 200, and 400 mg, respec-
tively. Nimotuzumab is a humanized mAb; however, the 1),
was similar to cetuximab which is a chimeric antibody to
EGEFR, rather than the other humanized antibody such as
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Cycle 1

Fig. 3 Serum concentration—
time profile of nimotuzumab
following the first administra-
tion in cycle 1 up to the fourth
administration in cycle 2. The
lower detection limit for the

1000

Cycle2
~O— 100mg (n = 3)

—— 200 mg (n = 4)
~O— 400mg (n =4)

------- L ower detection limit

360 480 600 720 840 960 1200

Time (h)
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serum concentration was 2.00 = 100
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Fig. 4 Time to progression by EGFR gene copy number level

bevacizumab or trastuzumab. The relatively short #,,, may
suggest weekly dosing is necessary for nimotuzumab. If
nimotuzumab is used in combination with other chemo-
therapy which has long #,;,, the dosing schedule should be
set with careful consideration.

PD analysis on EGFR and downstream signaling path-
way components was conducted using skin tissue at pre-
and on-treatment in order to investigate a biological effec-
tive dose. There was no correlation between the changes of
molecules and nimotuzumab doses. These findings were
similar to the previous phase I studies [10, 16]. Considering
the thesis of biding property of nimotuzumab [14, 15], skin
tissue may not be appropriate for PD analysis. It might be
preferable to use tumor tissue for the future PD study.

150 200 250 300

TTR ( day)

The EGFR gene copy number status was measured by
FISH method with 8 patient’s tumor tissues. It was consid-
ered that TTP correlated with the FISH score positively.
Consistent with our results, previous study has shown that
an increased EGFR gene copy number detected by FISH
was associated with better outcomes in non-small cell lung
cancer patients receiving chemotherapy with cetuximab
[25]. In addition, the recent clinical study of nimotuzumab
with Japanese and Korean gastric cancer patients reported
the positive correlation between efficacy, and both EGFR
protein expression level and gene copy number status [20].
Based on the theory that bivalent binding is required to
establish stable attachment of nimotuzumab to the cellar
surface, high EGFR surface density may be desirable for

@ Springer
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pharmacological action of nimotuzumab. However, no cor-
relation between efficacy and EGFR expression level was
found in this study. EGFR gene copy number is reported to
correlate with EGFR protein expression on the cell surface
[27]; however, our study exhibited that the FISH score was
not correlated with EGFR expression level determined by
THC as shown in Online Resource 3. The possible reasons
for the discrepancy of results between FISH and THC seem
to be the variety of the tumor types, fixation method, and
condition of tumor samples. Further investigation into the
predictive biomarker of nimotuzumab is warranted in the
future study.

In conclusion, nimotuzumab administered weekly is
well tolerated up to 400 mg in Japanese patients. These

results support that 400 mg weekly administration might -

be recommended for further clinical studies, especially for
nimotuzumab monotherapy. The property of low derma-
tological toxicity could be a preferable profile as an anti-
EGFR mAbs. Our results support the further evaluation of
nimotuzumab including biomarker exploration in the fol-
lowing phase II studies. )
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Introduction

Crizotinib (Xalkori; Pfizer, New York, NY), a small molecule
tyrosine kinase inhibitor, was approved by the US Food and Drug
Administration and the Japansese Ministry of Health, Labor, and
Welfare for the treatment of patients with advanced non-small-cell
lung cancer (NSCLC) harboring a rearrangement in the anaplastic
lymphoma kinase (ALK) gene. Marked response to crizotinib was
demonstrated in patients with ALK fusion—bearing lung cancer, and
the most common adverse events associated with crizotinib treatment
were nausea, diarrhea, and visual disturbances, most of which were
mild."? In a phase II study, eight (< 1%) patients discontinued the
treatment due to the development of pneumonitis.” Here we present,
to our knowledge, the first case report of an acute life-threatening lung
injury associated with crizotinib therapy.

Case Report ’

A 63-year-old male former smoker had undergone a left lower lobec-
tomy with systematic lymph node dissection for pulmonary adeno-
carcinoma (papillary adenocarcinoma, moderately differentiated
with a micropapillary component, pT1aN2MO0 stage IITA) in October
2004. Four years later, tumor recurrence occurred in a subcarinal
lymph node (#7). For two years, the lymph node grew gradually in
size, and a new lesion was detected in the right lower lobe (5§10). The
histologic and molecular profiles of the resected tumor were reviewed
and fluorescent in situ hybridization analysis demonstrated an echi-
noderm microtubule-associated protein-like 4 (EML 4) —ALK rear-
rangement. He was administered systemic chemotherapy as follows:
four cycles of cisplatin and pemetrexed as first-line chemotherapy
(between May 17 and August 12, 2010), and two cycles of docetaxel as
second-line chemotherapy (between July 21 and August 10, 2011).
Docetaxel treatment was discontinued due to hematologic toxicity.
Thereafter, the disease progressed with the growth of #7 and S10
lesions. Crizotinib treatment (250 mg orally BID.) was initiated on
December 13, 2011. Concomitant medications while on crizitinib
were lansoprazole (15 mg, QD), warfarin potassium (1.5 mg, QD),
thiamazole (5 mg, QD, alternate-day administration), and magne-
sium oxide (330 mg, TID). After 7 weeks of treatment, on January 31,
2012, the patient developed pyrexia (38°C), progressive dyspnea, and a
cough with hemoptysis, and he was admitted to the emergency room.
Examination of his vital signs revealed a temperature of 38.1°C, blood
pressure of 115/55 mmHg, pulse of 86 beats/min, and respiratory rate
of 24 breaths/min. Inspiratory crackles were audible in the right lung
fields. With the patient breathing via a mask with oxygen supplemen-
tation at a flow rate of 10 1/min, arterial blood gas analysis revealed an
arterial oxygen pressure of 50.5 torr, a carbon dioxide arterial pressure
of 61.7 torr, and pH of 7.42. Chest x-ray revealed extensive bilateral
diffuse pulmonary infiltration (Fig 1A). Chest computed tomography
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(CT) revealed bilateral, predominantly dependent and diffuse
ground-grass attenuation (Fig 1B), reverse butterfly shadow (Fig 1C).

A CBC showed a WBC count of 10,590/uL (85% segmented neu-
trophils, 0.2% eosinophils, and 8% lymphocytes), serum hemoglobin of
13.1 g/dL, and an international normalized ratio of prothrombin time of
1.9, with no evidence of coagulation abnormalities. The serum level of
C-reactive protein (15.2 mg/dL), creatinine (1.68 mg/dL), AST (70 IU/L),
ALT (77 IU/L), lactate dehydrogenase (480 TU/L), creatine kinase (269
U/L), surfactant protein-D (179 ng/mL), and KL-6 (934 U/mL) were all
elevated. Electrocardiography showed no abnormal findings and echo-
cardiography revealed normal systolic function. Serologic data revealed
no abnormal findings suggestive of collagen vascular diseases, sputum
and blood cultures were negative. The patient was intubated and started
on mechanical ventilatory support. Under the diagnosis of drug-induced
acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) and
diffuse alveolar hemorrhage (DAH), we started the patient on treat-
ment with high-dose intravenous methylprednisolone (1 g per day),
broad-spectrum antibiotics, and sivelestat 0.20 mg/kg/hr. Fiberoptic
bronchoscopy was performed, which revealed no evidence of Pneu-
mocystis carini pneumonia, acid-fast bacilli, fangi or malignancy, and
no abnormalities other than bronchial hemorrhage from right bron-
chus intermedius (*) in fiberoptic bronchoscopy (Fig 2).

By day 8 after admission, the respiratory status improved, with
increase of the arterial oxygen pressure to 125 torr under a fraction of
inspiratory oxygen 30%, and we decided to extubate the patient.
However after day 8 (hospital day 11) of administration of pred-
nisolone at 60 mg per day (intravenous), the respiratory status and
radiographic findings began to worsen. The patient was reintubated
and started again on mechanical ventilatory support. Despite the
higher-dose prednisolone treatment for the ALI/ARDS, the patient’s
respiratory status and radiographic findings continued to worsen.
Respiratory acidosis began to become more severe as a result of the
high fraction of inspiratory oxygen. On hospital day 40, the patient
died of multiple organ failure under a do-not-resuscitate order. An
autopsy was performed with the consent of the next of kin.

Autopsy results. The right lung was increased in weight (925 g),
while the left lung was atrophic with severe pleural adhesions. Histo-
logical examination of the lung tissue confirmed the presence of met-
astatic adenocarcinoma in the right hilar lymph nodes. High-sensitive
immunohistochemical analysis revealed positive staining for ALK. No
malignant cells were found in other organs, such as the liver or kidney.
Diffuse fibroproliferative-phase alveolar damage (DAD), with organiza-
tion in the alveolar spaces, and thickened alveolar septa with fibroblastic
proliferation were observed in the areas corresponding to the bilateral,
predominantly dependent and diffuse ground-grass attenuation on CT
(Fig 3). No evidence of infection or of other specific etiologies was found.

Discussion

Numerous cytotoxic chemotherapeutic agents have been reported to
exert pulmonary toxicity.” The diagnosis of drug-associated intersti-
tial lung disease (ILD) involves three elements: clinical suspicion,
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Fig 1.
combined with methodical exclusion of other potential etiologies,
differentiation from other parenchymal lung diseases on CT, and a
compatible histological pattern. There are no specific radiological
patterns of parenchymal changes associated with drug-induced ILD.
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Fig 2.

The lung reactions can be divided into five main types: DAD, hyper-
sensitivity reaction, nonspecific interstitial pneumonia, organizing
pneumonia, and eosinophilic pneumonia.® Diffuse forms of drug-
induced ILD include processes that mimic ARDS and DAT. These
patterns of drug-induced ILD are especially common in patients re-
ceiving cytotoxic chemotherapeutic agents.® Among the biologics,
gefitinib has been reported to cause severe drug-induced ILD.”*° The
prevalence of gefitinib-induced ILD has been reported as 3.5%, with
mortality of 1.6%.'° DAD usually develops a few weeks or months
after the initiation of therapy. It can progress to a fibroproliferative
phase over a relatively short period of time.* The mechanisms of
damage include direct pulmonary toxicity and indirect effects via
stimulation of inflammatory reactions."* The mechanism underlying
the induction of alveolar damage by crizotinib remains unclear.

DAH is mainly caused by damage of the alveolar microcircula-
tion. In most cases, DAH is associated with pulmonary capillaritis.'>
DAH without capillaritis can be caused by various disorders'?, and the
majority of patients with DAH presenting with the features of ALI/
ARDS have no underlying connective tissue diseases.'* Some drugs
may cause DAD manifesting features of ARDS, and of DAH in severe
cases.'” In this case, there were no evidence for pulmonary capillaritis,
or connective tissue disease. :

Starting with pyrexia, he developed rapidly progressive dyspnea
with severe hypoxia and diffuse interstitial infiltrates on radiographic
studies 49 days after beginning treatment with crizotinib. The course
of clinical and radiographical finding consisted with autopsy finding
in fibroproliferative-phase DAD. There were no infectious and lymp-
hangitic spread findings. His history of clinical examination did not pro-
vide any evidence of toxic origin, prior radiotherapy, or collagen vascular
disease. He has no pre-existing liver dysfunction. The clinical course,
pathological findings, and exclusion of these other causes indicated that
the ALI with DAD was probably attributable to crizotinib.

Crizotinib is an oral, potent, and selective small-molecule com-
petitive inhibitor of ALK, with additional anti-MET'® and ROS"
activity. On the basis of its demnonstrated efficacy and safety in phase I
and phase II studies, crizotinib was granted accelerated approval by
the US Food and Drug Administration for use in the treatment of
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Fig 3.

advanced, ALK-positive NSCLC. Common adverse events of crizo-
tinib include mild transient visual disorders, mild GI toxicities, fatigue,
with elevation of the serum ALT levels occurring rarely, and pneumo-
nitis occurring even more rarely (1.6%).'®

Ttwill beimportant to determine if there might be any risk factors for
the induction of pneurnonitis by crizotinib, such as gender, ethnicity,
comorbidities, smoking history, prior radiation, or other factors. The
clinical history, histological evidence of lung injury, and exclusion of other
potential factors suggested that the lung injury was caused by crizotinib.

This is the first case of pathologically proven lung injury caused
by crizotinib. Thus, the potential of crizotinib to cause life-threatening
pulmonary toxicity must be recognized, and careful monitoring of the
patients’ clinical course for any relevant symptoms is important dur-
ing treatment with crizotinib.
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introduction prevention and treatment, NSCLG 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 (NSCLQC), 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 CTGs 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 CTGCs, 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 CTCs 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
SCLC 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 Shizucka 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, 1015 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 1-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 cavities arranged in
each 100 x100 array was fabricated to have a diameter of 8-9 pm
at the top surface and to be 60 pm 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 1a). 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
(c) 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.0067466.9001

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 CTCs 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 UL of PBS, the cells were treated with
300 pL of 0.2% Triton X-100 in PBS at a flow rate of 20 pL/min
for 15 min. After permeabilization, cells were treated with 3%
BSA in PBS at a flow rate of 20 gL/min for 30 min. To identify
CTGCs and leukocytes, 600 UL of cell-staining solution containing
I 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 WL/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
satisfled 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 CTGs. 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 CTCs/
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 lb—{ 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 CTCs.

Next, in order to evaluate the specificity and sensitivity of CTCs
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 CTGCs 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-iim pore membrane
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Table 1. CTC recovery efficiency and average cell diameter.

Average cell diameter Recovery efficiency

Cell line Origin  (um) (%)

A
HCes27

NCI-H441

NSCLC 20.6 988

DMS79° SCLC 14.1 76x1

NCI-H82 SCLC 135 804

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, | was identified as CTC positive by the
CellSearch system only, and 9 were identified as CTG 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
CTC 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=10.0015, 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 CTC 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 CTC enumeration
showed a trend toward being greater than that of the CellSearch
system (p =0.2888, Wilcoxon test; Table 3). For each outcome,
agreement hetween 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.

NSCLC

SCLC

Gender

Smoker

Smoking

ECOG-PS 0-1 16 13

No. of organs with metastasis Median 2 2

Metastasis Brain 9 10

Squamous 3 -

SCLC - 21

doi:10.1371/journal.pone.0067466.t002
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Table 3. Comparison of CTC enumeration by the CellSearch
system and the MCA system.

CellSearch CTC (cells/ MCA CTC (cells/
7.5 mL) 7.5 mL)

Sample ID

doi:10.1371/journal.pone.0067466.1003

metastasis and the CTC count of lung cancer patients using either
system (data not shown).
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