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Erlotinib alone or with bevacizumab as first-line therapy in
patients with advanced non-squamous non-small-cell lung
cancer harbouring EGFR mutations (JO25567): an open-label,
randomised, multicentre, phase 2 study

Takashi Seto, Terufumi Kato, Makoto Nishio, Koichi Goto, Shinji Atagi, Yukio Hosomi, Noboru Yamamote, Toyoaki Hida, Makoto Maemondo,
Kazuhiko Nakagawa, Seisuke Nagase, Isamu Okamoto, Takeharu Yamanaka, Kosei Tajima, Ryosuke Harada, Masahiro Fukuoka, Nobuyuki Yamamoto

Summary

Background With use of EGFR tyrosine-kinase inhibitor monotherapy for patients with activating EGFR mutation-
positive non-small-cell lung cancer (NSCLC), median progression-free survival has been extended to about 12 months.
Nevertheless, new strategies are needed to further extend progression-free survival and overall survival with acceptable
toxicity and tolerability for this population. We aimed to compare the efficacy and safety of the combination of
erlotinib and bevacizumab compared with erlotinib alone in patients with non-squamous NSCLC with activating
EGFR mutation-positive disease.

Methods In this open-label, randomised, multicentre, phase 2 study, patients from 30 centres across Japan with stage
ITIIB/1IV or recurrent non-squamous NSCLC with activating EGFR mutations, Eastern Cooperative Oncology Group
performance status 0 or 1, and no previous chemotherapy for advanced disease received erlotinib 150 mg/day plus
bevacizumab 15 mg/kg every 3 weeks or erlotinib 150 mg/day monotherapy as a first-line therapy until disease
progression or unacceptable toxicity. The primary endpoint was progression-free survival, as determined by an
independent review committee. Randomisation was done with a dynamic allocation method, and the analysis used a
modified intention-to-treat approach, including all patients who received at least one dose of study treatment and had
tumour assessment at least once after randomisation. This study is registered with the Japan Pharmaceutical
Information Center, number JapicCTI-111390.

Findings Between Feb 21, 2011, and March 5, 2012, 154 patients were enrolled. 77 were randomly assigned to receive
erlotinib and bevacizumab and 77 to erlotinib alone, of whom 75 patients in the erlotinib plus bevacizumab group
and 77 in the erlotinib alone group were included in the efficacy analyses. Median progression-free survival was
16-0 months (95% CI 13-9-18-1) with erlotinib plus bevacizumab and 9-7 months (5-7-11-1) with erlotinib alone
(hazard ratio 0-54, 95% CI 0-36-0-79; log-rank test p=0-0015). The most common grade 3 or worse adverse events
were rash (19 [25%] patients in the erlotinib plus bevacizumab group vs 15 [19%)] patients in the erlotinib alone group),
hypertension (45 [60%)] vs eight [10%]), and proteinuria (six [8%] vs none). Serious adverse events occurred at a similar
frequency in both groups (18 [24%] patients in the erlotinib plus bevacizumab group and 19 [25%] patients in the
erlotinib alone group).

Interpretation Erlotinib plus bevacizumab combination could be a new first-line regimen in EGFR mutation-positive
NSCLC. Further investigation of the regimen is warranted.

Funding Chugai Pharmaceutical Co Ltd.

Introduction

Lung cancer is a leading cause of death worldwide; it is the
primary cause of cancer deaths in men and the secondary
cause in women.' Most patients with lung cancer have
non-small-cell lung cancer (NSCLC) and a clinically
significant proportion of patients have activating mutations
of EGFR? In this subgroup of patients, EGFR tyrosine-
kinase inhibitors have consistently led to better outcomes
than has standard chemotherapy.** Exlotinib and gefitinib
have been shown to prolong progression-free survival
compared with chemotherapy in several phase 3 trials.”*
Unfortunately, most patients with NSCLC with activating
EGFR mutations who are given EGFR tyrosine-kinase

inhibitors eventually develop resistance and relapse within
about 1 year of initiation of treatment’*" To improve
outcomes, the foundation treatment of EGFR tyrosine-
kinase inhibitors should be built on through investigation
of biologically synergistic combinations.

The anti-angiogenic monoclonal antibody bevacizumab
targets the VEGF signalling pathway and has been shown
to provide additional efficacy when used in combination
with firstline platinum-based chemotherapy in several
trials in non-squamous NSCLC.”" The combination of
erlotinib and bevacizumab has the potential to prolong
progression-free survival in unselected populations of
patients with NSCLC.** In a subgroup analysis of EGFR
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mutation-positive participants in the phase 3 BeTa study
of second-line treatment of NSCLC (12 patients treated
with erlotinib and bevacizumab and 18 with erlotinib
alone), median progression-free survival with erlotinib
plus bevacizumab in patients with EGFR mutation-
positive disease was substantially higher than with
erlotinib alone (17-1 months vs 9-7 months)."*” However,
this analysis was post-hoc and EGFR mutation status was
not a prespecified stratification factor in this trial. Because
of this limitation, we undertook this phase 2 trial to
examine the combination of erlotinib and bevacizumab
in patients with EGFR mutation-positive NSCLC.

Methods

Study design and patients

JO25567 was a randomised, open-label, multicentre,
phase 2 study in patients with stage IIIB/IV (according to
the 7th edition of the General Rule for Clinical and
Pathological Record of Lung Cancer®) or recurrent
NSCLC with activating EGFR mutations. Patients were
enrolled from 30 centres across Japan.

Eligible patients had histologically or cytologically
(excluding sputum cytology) confirmed stage I1IB/IV or
postoperative recurrent non-squamous NSCLC with
activating EGFR mutation (either exon 19 deletion or
Leu858Arg mutation). Tumour samples were screened
for EGFR mutation by PCR-based hypersensitive EGFR
mutation testing in local laboratories, according to
standard testing practices. Other criteria included age
20 years or older when giving informed consent; Eastern
Cooperative Oncology Group performance status 0 or 1;

[154 assessed for eligibility and randomised l
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77 randomly assigned to receive erlotinib alone

—P‘ 2 withdrew before treatment started

v

¥

75 received erlotinib plus bevaciz
55 discontinuted erlotinib
12 adverse events
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63 discontinued bevacizumab
31 adverse events
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77 received erlotinib alone
66 discontinued erlotininb
14 adverse events
50 insufficient efficacy
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1 other reasons
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8 insufficient efficacy
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13 discontinued post-study observation
9 insufficient efficacy
4 other reasons

Figure 1: Trial profile

adequate haematological, hepatic, and renal function;
and life expectancy 3 months or more at the time of
registration. No previous chemotherapy for advanced
disease was allowed, but postoperative adjuvant or
neoadjuvant therapy of 6 months or more previously was
allowed. Previous radiotherapy was also allowed, but only
for non-lung lesions. Patients had to have one or more
measurable lesion based on Response Evaluation Criteria
in Solid Tumors (RECIST 1.1).

Major exclusion criteria included confirmation of
Thr790Met mutation, presence of brain metastases,
history or presence of haemoptysis or bloody sputum,
any coagulation disorder, tumour invading or abutting
major blood vessels, coexistence or history of interstitial
lung disease, and previous receipt of EGFR inhibitors or
VEGF receptor inhibitors.

This study was done in accordance with the Declaration
of Helsinki and Good Clinical Practice guidelines. The
study protocol was reviewed and approved by the
institutional review boards of the participating institutions
(appendix p 10), and written informed consent was
obtained from all patients.

Randomisation and masking

Patients were randomly assigned (1:1) to receive either
erlotinib plus bevacizumab or erlotinib alone with a
dynamic allocation method. Central randomisation was
done by a clinical research organisation (EPS Corporation,
Tokyo, Japan). Patients were stratified according to sex
(men vs women), disease stage (stage IIIB vs stage IV vs
postoperative relapse), smoking history (never smokers
or former light smokers vs others), and type of EGFR
mutation (exon 19 deletion vs Leu858Arg mutation). All
patients and investigators were unmasked to treatment
allocation.

Procedures

Patients assigned to the erlotinib plus bevacizumab group
received bevacizumab 15 mg/kg by intravenous infusion
on day 1 of a 21-day cycle and erlotinib orally once daily at
150 mg/day, starting from day 1 of cycle 1. Patients in the
erlotinib alone group received erlotinib orally once a day
at 150 mg/day. Patients remained on treatment until
disease progression or unacceptable toxicity. Changes to
dose of erlotinib or bevacizumab because of adverse
events were allowed, as per the protocol. The dose of
bevacizumab was not to be reduced except when dose
adjustment was needed because of change in bodyweight.
Dose reduction of erlotinib was allowed for up to two
doses (100 mg/day and 50 mg/day) in a stepwise decrease.
After two steps of dose reduction, etlotinib was
discontinued. Patients who required suspension of
erlotinib for more than 3 weeks consecutively, or of
bevacizumab for more than 6 weeks from the date of
previous administration, were discontinued from study
treatment. In the erlotinib plus bevacizumab group, if
either drug was discontinued, the other could be
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continued. Tumour lesions were assessed radiologically
at baseline, week 4, week 7, every 6 weeks from week 7 to
18 months, and every 12 weeks thereafter until disease
progression according to RECIST 1.1.

Patient-reported outcomes were assessed with the
Functional Assessment of Cancer Therapy for patients
with Lung cancer (FACT-L) scale until disease
progression. An independent review committee of
clinicians and radiologists masked to treatment
assignment reviewed all tumour images and determined
tumour response and progression status. Laboratory
studies including blood and urine tests were done at
days 1, 8, and 15 in cycles 1and 2, and day 1in cycle 3 and
thereafter. Adverse events were monitored throughout
the study period and were graded according to the
National Cancer Institute Common Terminology Criteria
for Adverse Events (CTC-AE) version 4.03.

Outcomes

The primary endpoint was progression-free survival, as
determined by an independent review committee.
Secondary endpoints were overall survival, tumour
response (the proportion of patients with an objective
response and disease control, and duration of response)

 Age (years) v e e
" Median 670 (59-73) 670 (60-73)
. <75 63 (84%) 62 (81%)
275 12 (16%) 15 (19%)
Male 30 (40%) 26 (34%)
_ Female 45 (60%) 51 (66%)
i‘nyhﬁokingsfatus T :, i
Never smoker 42 (56%) 45 (58%)
~: Former light smoker 9 (12%) 6 (8%)
~ Other 24 (32%) 26 (34%)
| ECOG performancestatus: 0 o e
©0 43(57%) 41(53%)
1 32(43%) 36 (47%)
‘Histopathological classification =7 = s
“* Adenocarcinoma 74.(99%) 76 (99%)
© Large-cell carcinoma 0 1(1%)
Adenosquamous carcinoma 1(1%) 0
'Cii}\ic;al‘s:{age atscreening co L
B 1(1%) 0
i\ 60 (80%) 62 (81%)
Postoperative recurrence 14 (19%) 15 (19%)
i EGFer}‘t‘ati‘oﬁtype‘_W e s ST
Exon 19 deletion 40 (53%) 40 (52%)
Exon 21 Leu858Arg mutation 35 (47%) 37 (48%)
Dataare n (%) or median (IQR). ECOG=Eastern Cooperative Oncoldgy Group.
*Table 1: lﬁa‘sélihedeﬁogréphics and clinical characteristics

according to RECIST 1.1, quality of life, symptom improve-
ment measured by the FACT-L scale, and safety profile.

Statistical analysis

A median progression-free survival of 13 months was
estimated for the erlotinib alone group, and 89 events
were deemed necessary to detect a hazard ratio (HR) of
0-7 in favour of erlotinib plus bevacizumab, with a one-
sided significance level of 0-2 and a power of 0-8. The
target sample size was set at 150 patients (75 patients in
both groups), allowing for dropouts. Median progression-
free survival was estimated by the Kaplan-Meier method
and compared between groups with an unstratified log-
rank test. Greenwood’s formula was used to calculate
95% Cls. HRs were calculated by unstratified Cox
proportional hazard methodology.

In the safety analysis, adverse events were converted to
Medical Dictionary for Regulatory Activities (version 14.0)
preferred terms, and tabulated by grade. Changes in
laboratory test data with time were summarised in tables
and graphs.

All patients who received at least one dose of the study
treatment were included in the safety analysis population.
The modified intention-to-treat population for the
efficacy analysis included all patients who received at
least one dose of study treatment and had tumour
assessment at least once after randomisation. Statistical
analyses were done with SAS version 9.2.

The study is registered with the Japan Pharmaceutical
Information Center, number JapicCT1-111390.

Role of the funding source

The study was designed and funded by Chugai
Pharmaceutical Co Ltd and monitored by a clinical
research organisation (Niphix Corp, Tokyo, Japan) who

100~ HR 0-54 (95% C10-36-0-79)
80~
5 60~
g
&
2 401
@
&
e
o
20 = Erlotinib plus bevacizumab group L»—L
(median 16-0 months [95% C113-9-18-1]; 46 events)
— Erlotinib alone group
(median 9-7 months [95% CI 5-7-11-1}); 57 events)
0 T T T T T T T T T T T T T 1
o} 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time (months)
Number at risk
Eriotinibplus 75 72 69 64 60 53 49 38 30 20 13 8 4 4 0
bevacizumab group
Erlotinibalonegroup 77 66 57 44 39 29 24 21 18 12 10 5 2 1 0
Figure 2: Progression-free survival, as determined by independent review committee, in the modified
intention-to-treat population
HR=hazard ratio.
3
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n HR (95% Cl) Pinteraction
Sex 01048
Male P — 56 0-35 (019-0-67)
Female —e— 96 0-71(0-43-1-17)
Age (years) 01164
<75 —&— 125 0-60(0-39-0-92)
275 & 27 023 (0-07-0-81)
Smoking status 01971
Never smoker or former light smoker — @ 102 0-64 (0-40-1-03)
Other —ree 50 0-35(0:17-0-74)
ECOG performance status 07230
0 —— 84 0-54 (0-31-0-92)
1 —— 68 0-62 (035-1-12)
Histopathological classification 05223
Adenocarcinoma —8— 150 0-53(0-36-0-79)
Large cell or other 2 -
Stage 00718
HiB or IV —— 123 0-63 (0-41-0-96)
Recurrence — e 29 0-25(0-08-0-73)
EGFR mutation 0-2310
Exon 19 deletion —— G 80 0-41(0-24-072)
Exon 21 Leu858 Arg mutation — e 72 0-67 (0-38-1-18)
T T TTTTT T T TTTTT TTTTTUIT
01 10
<___. —.—_.’
Favours erlotinib plus bevacizumab Favours erlotinib alone

HR=hazard ratio.

: Partial response 49 (65%) 48 (62%)
Soblediesse  2@ow 190w
0 6 (8%)

. Progressive disease
- Non-evaluable

3(4%)

obtained all data and did all initial data analyses; further
analysis and interpretation was done by the funder, with
input from the authors and investigators. The initial
draft of the report was reviewed and commented on by all
authors and by employees of Chugai Pharmaceutical Co
Ltd. NobuY had full access to all data, and had final
responsibility for the decision to submit the results for
publication.

Results

Between Feb 21, 2011, and March 5, 2012, 154 patients
were enrolled, of whom 77 were randomly assigned to
receive erlotinib plus bevacizumab and 77 to erlotinib
alone. Two patients withdrew before treatment started
and were excluded (one had multiple thrombosis and the
other had increased pleural effusion). Thus, data from
152 patients (75 patients in the erlotinib plus bevacizumab

Figure 3: Forest plot of hazard ratios for progression-free survival by baseline characteristics

group and 77 in the erlotinib alone group) were included
in the analysis population (figure 1). The cutoff date for
the primary analysis was June 30, 2013, when
103 progression events had occurred; median follow-up
was 20-4 months (IQR 17-4-24-1).

The baseline characteristics of patients were well
balanced between the groups (table 1). Median age was
67 years (IQR 60-73), and 27 (18%) patients were aged
75 years or older. EGFR mutation subtypes were balanced
between the two groups.

Progression-free survival was significantly prolonged
with erlotinib plus bevacizumab compared with erlotinib
alone (log-rank test p=0-0015; figure 2). When subgroup
analyses were done by baseline clinical characteristics,
most patient subgroups seemed to have greater benefit
from erlotinib plus bevacizumab compared with erlotinib
alone. No significant difference was noted between any of
the subgroups (P, x>0 05 for all subgroups; figure 3).

Analysis of progression-free survival by mutation
subtype showed that in patients whose tumours had an
exon 19 deletion {40 [53%)] of 75 patients in the erlotinib
plus bevacizumab group and 40 [52%] of 77 patients in the
erlotinib alone group), median progression-free survival
was significantly longer with erlotinib plus bevacizumab
than with erlotinib alone (18-0 months [95% CI 14-1-20- 6]
vs 10-3 months [95% CI 8-0-13-1; HR 0-41
[95% CI 0-24-0-72]; p=0-0011; appendix p 1). In patients
whose tumours harboured the Leu858Arg mutation
(35 [47%) patients in the erlotinib plus bevacizumab group;
37 [48%] patients in the erlotinib alone group), median
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Figure 4: Waterfall plot of best percentage change from baseline in the sum of longest tumour diameters
Responders were confirmed by Response Evaluation Criteria in Solid Tumors. CR=complete response. PR=partial response. SD=stable disease. PD=progressive disease.

NE=non-evaluable. SLD=sum of longest diameters.

progression-free survival was numerically longer with
erlotinib plus bevacizumab than with erlotinib alone, but
the difference was not significant (13-9 months [95% CI
11-2-20-9] vs 7-1 months [95% CI 4-3-15- 2], respectively;
HR0-67[95% CI 0-38-1-18); p=0-1653; appendix p 2).

52 (69% [95% CI 58-80]) patients in the erlotinib plus
bevacizumab group had an objective response, as did
49 (64% [52-74)) patients in the erlotinib alone group
(p=0-4951), although median duration of response was
not significantly longer with erlotinib plus bevacizumab
than with erlotinib alone (13- 3 months [95% CI 11-6-16- 5]
vs9-3 months [6-9-13-8); p=0-1118). A greater proportion
of patients achieved disease control with erlotinib plus
bevacizumab (74 [99%] vs 68 [88%); p=0-0177). Best
responses to treatment are shown in table 2.

Figure 4 shows change in tumour size from baseline in
the two groups. All patients in the erlotinib plus
bevacizumab achieved tumour reduction, but three
patients in the erlotinib alone group did not. Of patients
who had a 30% or greater reduction in tumour size
during treatment, six (8%) patients in the erlotinib plus
bevacizumab group and 12 (16%) patients in the erlotinib
alone group did not meet the criteria for complete or
partial response according to RECIST.

100 +
80|
g
T 60
2
H
£ a0
>
)
20
— Erlotinib plus bevacizumab group (13 events)
—— Erlotinib alone (18 events}
0 I S e s S Sy I S B I S
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (months)
Number at risk
Erotinibplus 75 75 74 74 74 72 71 69 63 48 38 27 19 11 1
bevacizumab group
Erlotinibalonegroup 77 76 76 76 76 73 71 69 63 51 42 29 23 10 2

Figure 5: Overall survival, as determined by independent review committee, in the modified intention-to-treat

population

Overall survival data are immature at present and so
we cannot present any statistical analyses. At data cutoff,
only 13 events (17%) had occurred in the erlotinib plus
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56(75%)  54(72%)

54(72%)  52(69%) 2(3%)

2 (16%)  45(60%)

33(44%)

39 (52%)

2027%)  20(27%)

14 (19%

8 (11%)

g%

bevacizumab group and 18 events (23%) in the erlotinib
alone group (figure 5).

68 (91%) patients in the erlotinib plus bevacizumab
group and 41 (53%) patients in the erlotinib group had
grade 3 or 4 adverse events. The most common adverse
events of any grade in the erlotinib plus bevacizumab
group were rash, diarthoea, hypertension, and
paronychia, and in the erlotininb alone group were rash,
diarrhoea, and paronychia (table 3). The most common
grade 3 or worse adverse events in the erlotinib plus
bevacizumab group were hypertension, rash, proteinuria,
and liver function disorder or abnormal hepatic function,
and in the erlotinib group were rash, liver function
disorder or abnormal hepatic function, and hypertension
(table 3). Substantially higher (>40%) incidences of
hypertension, haemorrhagic events, and proteinuria
were noted in the erlotinib plus bevacizumab group
compared with the erlotinib alone group (table 3).
Serious adverse events were reported by 18 (24%) patients
in the erlotinib plus bevacizumab group and 19 (25%)
patients in the erlotinib group.

60(78%)  59(77%)

45(58%) 45 (58%)

22(29%)  22(29%)

, (3%), o

19 (25%)
15(19%

7(9%)

‘ 8 (10%)

12 (16%) patients in the etlotinib plus bevacizumab
group and 14 (18%) patients in the erlotinib group
discontinued erlotinib because of adverse events.
31 (41%) patients discontinued bevacizumab because of
adverse events (figure 1). Ten patients discontinued both
erlotinib and bevacizumab because of adverse events in
the erlotinib plus bevacizumab group. Of these patients,
sevenn discontinued erlotinib and Dbevacizumab
simultaneously because of adverse events (liver function
disorder or abnormal hepatic function in two patients,
and infection, pancreatic cancer, rash, interstitial lung
disease, and cerebral infarction in one patient each). In
the remaining three patients, bevacizumab was initially
discontinued, and patients continued on etlotinib
monotherapy, although this was also subsequently
discontinued. The dose of erlotinib was reduced to
100 mg for 34 (45%) of 75 patients in the erlotinib plus
bevacizumab group and 33 (43%) of 77 patients in the
erlotinib alone group; and to 50 mg for 17 (23%) of
patients in the erlotinib plus bevacizumab group and
eight (10%) patients in the erlotinib alone group.
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The major adverse events leading to discontinuation of
erlotinib in both groups were liver function disorder or
abnormal hepatic function (two [3%] patients in the
erlotinib plus bevacizumab group, eight [10%)] in the
erlotinib alone group), interstitial lung disease (two [3%],
three [4%]), and rash (two [3%], none). Major adverse
events leading to discontinuation of bevacizumab were
proteinuria (11 [15%] patients), haemorrhagic events (nine

Qlﬁ?l’(w'ith;no' 5
zumab”, “erlotinib?, -
d the efficacy of erlotinib

[12%]), and hypertension (two [3%]). Most haemorrhagic
events were low-grade epistaxis or haemorrhoidal bleeding.
All of the 11 patients who discontinued bevacizumab
because of proteinuria had grade 3 or lower events, and
five of these patients recovered during the study period. All
of the nine patients who discontinued because of
haemorrhagic events had grade 3 or lower events; eight
patients improved or recovered during the study period.

The median duration of erlotinib treatment was
431 days (range 21~837) in the erlotinib plus bevacizumab
group and 254 days (18-829) in the erlotinib group,
whereas median duration of bevacizumab was 325 days
(1-815). The median duration of bevacizumab in patients
who discontinued treatment because of proteinuria was
329 days (113-639) and because of haemorrhagic events
was 128 days (23-357).

The relative dose intensity of erlotinib (calculated as
[totally administered dose / total treatment
duration]/150x100) was similar in both groups (95-3%
[range 34-7-100-0] in the erlotinib plus bevacizumab
group and 98-7% [33-3-100-0] in the erlotinib alone
group), whereas that of bevacizumab (calculated as totally
administered dose/planned dosex100) was 93-9%
(72-4-99.7).

Haemoptysis was reported in six (8%) patients in the
erlotinib plus bevacizumab group (five [7%)] patients had
grade 1 events and one [1%] had a grade 2 event); one
patient (1%) had a grade 1 event in the erlotinib alone
group. Interstitial lung disease was reported for five (3%)
of all patients. One patient in the erlotinib alone group
had grade 3 interstitial lung disease, but all other cases
were grade 1 or 2, and all patients recovered. During the
study period, one patient in the erlotinib group died by
drowning, and a potential association with the study
drug was confirmed.

No significant difference was noted between the two
groups in terms of quality of life, including total FACT-L
score, trial outcome index score, and all other subscores,
since the standard deviations at each time point
overlapped (appendix pp 3-9).

Discussion

In this study, the addition of bevacizumab to erlotinib
significantly prolonged progression-free survival in
patients with NSCLC with activating EGFR mutation-
positive disease compared with etlotinib alone. To our
knowledge, this is the first randomised study to show a
clinically significant treatment effect of combining an
EGFR tyrosine-kinase inhibitor with another biological

drug in patients with activating EGFR mutation-positive
NSCLC (panel). We noted clear separation of the Kaplan-
Meier survival curves from the start of treatment, despite
the use of erlotinib in both groups.

Multivariate analysis according to baseline patient
characteristics showed a consistent treatment benefit,
with longer progression-free survival noted with erlotinib
plus bevacizumab across most subgroups of patients.
Previous studies have reported that erlotinib tends to be
more effective in tumours with EGFR exon 19 deletions
versus those with Leu858Arg mutations,® which is
consistent with our results.

No new safety signals were identified and the incidence
of adverse events (any grade) and serious adverse events
was similar between the two groups. There were more
grade 3 or worse adverse events in the erlotinib plus
bevacizumab group. Discontinuation of bevacizumab
because of adverse events was more common than that
reported in previous studies.*™ One possible reason for
this discrepancy could be the longer duration of
treatment than in previous studies: the median treatment
duration of bevacizumab was 325 days (16 cycles), which
is substantially longer than that in previous studies.
Furthermore, proteinuria was one of the major adverse
events that led to discontinuation of bevacizumab, and
the time to onset of bevacizumab discontinuation
because of proteinuria tended to be in the later treatment
phase (median 329 days [range 113-639]). Nevertheless,
despite the high incidence of bevacizumab dis-
continuation because of adverse events, most of these
events (mainly proteinuria and haemorrhagic events)
were deemed non-serious and reversible.

The incidence of grade 3 or greater hypertension and
proteinuria were higher than those in previous studies,
again possibly related to the prolonged duration of
treatment. Another potential factor that could explain the
difference in the incidence of hypertension is in the

www.thelancet.com/oncology Published online August 28, 2014  http://dx.doi.org/10.1016/51470-2045(14)70381-X
42

9) are
study.



Articles

definition of grading used; we used CTC-AE version 4.03,
whereas previous studies** used CTC-AE version 3.
Akhtar and colleagues® showed that the change in
CTC-AE version from 3 to 4 could lead to a significant
shift in the severity of adverse events in clinical trials.
Furthermore, despite the somewhat higher incidence of
hypertension observed in this study, only two (3%) of
75 patients discontinued bevacizumab administration
because of hypertension.

Although we noted no significant difference in the
proportion of patients achieving an objective response
between the erlotinib plus bevacizumab group and
erlotinib alone groups, all patients in the erlotinib plus
bevacizumab group had a reduction in tumour size. Of
those patients who had a greater than 30% reduction in
the sum of longest diameter of their target lesions from
baseline, more patients in the erlotinib alone group
failed to meet the criteria for complete or partial response.
These findings suggest that the addition of bevacizumab
to erlotinib might help to maintain the tumour
suppressing effect after reduction in tumour size, which
might explain the difference in progression-free survival
between the two groups.

One possible mechanism to explain this effect could be
improved drug delivery. Bevacizumab changes tumour
vessel physiology, resulting in increased intratumoral
uptake of drugs®* The results of a preclinical study
suggested that patients on lower doses of EGFR tyrosine-
kinase inhibitors tend to develop treatment resistance
earlier than those who receive higher doses.®* Therefore,
achieving a higher intratumoral concentration of etlotinib
could delay the appearance of resistant cells. Another
possible mechanism that could explain these findings is
the effective blocking of angiogenesis signalling via the
VEGF receptor and EGFR signalling pathways, which is
thought to promote tumour growth.”? In addition to
synergistic inhibition of tumour growth signalling, VEGF
signal inhibition is still effective for tumours harbouring
EGEFR tyrosine-kinase inhibitor resistance mutations. In
preclinical studies, blocking the VEGF receptor signalling
pathway overcame resistance for EGFR signalling blockage
by Thr790Met EGFR mutation in vivo.?*

Ancther treatment strategy that has been recently
investigated is the combination of an EGFR tyrosine-kinase
inhibitor with chemotherapy. Wu and colleagues™ reported
that platinum doublet chemotherapy with intercalated
erlotinib increased progression-free survival compared
with platinum doublet chemotherapy alone. In a subset
analysis of the EGFR mutation-positive population in this
study, progression-free survival was 16-8 months. In our
study, median progression-free survival with erlotinib and
bevacizumab was 16-0 months. The firstline use of
erlotinib and bevacizumab could allow chemotherapy to be
reserved for subsequent lines of treatment, which might
further improve survival outcomes in these patients.

Our study has several limitations. First, the analysis of
EGFR mutations was not done at a central laboratory and

various methods were used, including the peptide nucleic
acid, locked nudeic acid PCR clamp method, the PCR
invader method, and the cycleave method. However, on the
basis of previous evidence, these methods are generally
judged to provide consistent results.” Second, because
some patients are still receiving the first-line treatment and
overall survival data are still immature, assessment of
subsequent treatment effects after progression is not
possible. Data relating to post-study treatment will be
reported in due course with updated overall survival results.
Third, we did not use the EQ-5D questionnaire developed
by the EuroQol group for quality-oflife assessment.
Therefore, we could not formally estimate quality-adjusted
life-years for a cost-effectiveness analysis. The health
economics related to the combined use of erlotinib and
bevacizumab remains unclear and should be discussed in
future studies. Additionally, follow-up for overall survival is
still ongoing and these results are needed before the clinical
value of this combination can be determined.

In summary, our study provides, to the best of our
knowledge, the first evidence that the addition of
bevacizumab to erlotinib confers a significant
improvement in progression-free survival when used as
firstline treatment for patients with non-squamous
NSCLC with activating EGFR mutation-positive disease.
Some degree of increased toxicity, particularly
hypertension, proteinuria, and haemorrhagic events,
seems to be associated with the addition of bevacizumab.
Our findings suggest that the combination of erlotinib
and bevacizumab could be a new first-line regimen in
EGFR mutation-positive  NSCLC, and that further
investigation of the regimen is warranted. Two clinical
trials, BELIEF (NCT01562028) and ACCRU RC1126
(NCT01532089), are ongoing and the results are awaited
to confirm the efficacy and safety shown in our study.
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Introduction characteristics, such as cellular area and perimeter. These
morphological parameters, referred to as “imaging biomarkers”
hereafter, are other indexes to identify specific target cells. For
example, a large cellular size was indicated for some tumor cells
[14-17], and a larger nucleus than in healthy cells is known as one
common property of the morphometric phenotype of cancer cells
[18-24]; therefore, finding target cells using imaging biomarkers,
especially using both cell size and nucleus conformation, is useful
for the identification of tumor cells. In this study, a real-time cell
sorting system to achleve simultaneous processing of imaging
biomarkers for both optical image (i.e., total cell configuration) and
fluorescent image (i.e., nucleus configuration) was developed, and
it was applied to identify irregular cells, especially clustered cells, in
a blood sample. According to previous reports on C'TC detection,
the possibility of the CTCs forming clusters was suggested [7];
however, clear evidence had not been identified and there have
been no quantitative studies on the identfication of clustered cells
in the blood. Here, a quantitalive approach {or cluster detection
was suggested using imaging biomarkers as detection indexes.

Finding irregular cells in blood is fundamental to achieving non-
invasive health checks, such as cancer and immune diagnostics.
For example, circulating tumor cells (CTCs) are expected to form
additional seeds for subsequent growth of tumors [1-3], and
quantitative detection of GTCs in the blood [4-8] has the
potential to achieve minimally invasive cancer diagnosis in
comparison with conventional biopsies. One major approach to
finding irregular cells is the targeting of specific molecules,
molecular biomarkers, on the cell surface [1,3,6,9,10]; however,
its application has sometimes had the difficulty of false-negative
detection because of the variety of molecular expression properties
of targeted cells.

To overcome these difficulties, we developed another system for
the recognition of target cells [11-13]. In this system, cell samples
were applied to a microchannel fabricated on a small microchip,
cellular images were taken with a high-speed CCD camera, and
target cells were identified depending on their morphological

PLOS ONE | www.plosone.org 1 August 2014 | Volume 9 | Issue 8 | e104372

45

CrossMark

O
ek for uutases



Materials and Methods

Fabrication of microchip

The microchip was fabricated by the following procedure. A
mask blank, which was a glass substrate coated with both
chromium for light interception and positive  photo-resist
(AZP1350) for the fabrication of patterns (CBL4006Du-AZP,
Clean Surface Technology Co., Kanagawa, Japan), was set to a
laser lithography system (DDB-3TH, Neoark, Co., Tokyo, Japan)
and a laser (405 nm wavelength) was irradiated onto the mask
blank in the same pattern as the microchannel used in this study.
After the irradiation, the mask blank was immersed in a developer
of the resist (NMD-3, Tokyo Ohka Kogyo Co., Kanagawa, Japan)
to remove the resist on which the laser was irradiated; then, a
chromium layer was bared at this position. Next, the mask blank
was immersed in chromium etching solutdon (MPM-E350, DNP
Tine Chemicals, Co., Kanagawa, Japan), after which the bared
chromium layer was removed and a transparent pattern ol the
microchannel was formed on the substrate. Finally, the whole
resist on the mask blank was removed by light irradiation onto the
whole of the substrate and immersion of the substrate in the
developer; then, a photo mask of the microchannel was fabricated.

On the other hand, a light-curing resin (SU-8 3025, Nippon
Kayaku Co., Tokyo, Japan) was spin-coated using a spin coater
(1H-DX2, Mikasa, Co., Tokyo, Japan) of 25 pm thickness on a
clean Si substrate. The resin-coated substrate was pre-baked at
95°C for 15 min, set in a mask aligner with the fabricated photo
mask (MA-20, Mikasa), and the light (365 nm wavelength) was
irradiated through the mask to harden the resin with the pattern of
the microchannel. The substrate was heated at 65°C for 1 min
and 95°C for 5 min sequendally (o promote hardening of the
resin, and excess resin was removed by immersing the substrate in
SU-8 developer (Nippon Kayaku). A mold of the microchannel
was then fabricated using the resin on the Si substrate.

To fabricate the chip, poly(dimethylsiloxane) (PDMS; SYL-
GARD 184 silicon elastomer, Dow Corning Co., Midland, MI,
USA) was dropped onto the fabricated mold in sol state, and
heated at 90°C for 1 h to harden the PDMS. The PDMS on
which the pattern of the microchanncl was transferred was pecled
off from the mold and stuck with cleaned cover glass. Finally,
plastic columns for the application of solvents including sample
blood were pasted on the PDMS with cpoxy resin; then, the
microchip to be used in this study was fabricated.

Preparation of sample blood

This study was carried out in strict accordance with the Act on
Welfare and Management of Animals of the Ministry of the
Environment, Japan. The protocol was approved by the animal
experiment committee of the Kanagawa Cancer Center (permit
number 21-02). MAT-LyLu is a rat prostate cancer cell hne
established from the original Dunning R3327 tumor maintained
by in wvivo passage of a prostate cancer that spontaneously
occurred in a Copenhagen rat [25]. This cell ine was a generous
gift from the original founders through Hisao Ekimoto, Ph.D., at
the Oncology Section, Laboratory of Biology, Nippon Kayaku
Co., Ltd., and was maintained in our laboratory.

To obtain blood containing cancer cells, the MAT-LyLu was
adjusted to 5x10° cells in 200 pL of cell culture medium (RPMI
1640, Life Technologies Co., Grand Island, NY, USA), and
implanted into the dorsal subcutaneous tissue of a Copenhagen rat
(male, 6 weeks old). At 2 weeks after implantation, blood of the rat
was collected from the subclavian vein using a collection tube
containing heparin. The blood was hemolyzed using commercial
reagent (BD Pharm Lyse, without fixative, BD Biosciences, San
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Jose, CA, USA) for 10 min, washed along with 200x g
centrifugation for 5 min and re-suspended two times in phos-
phate-buffered saline (PBS) containing 1% bovine serum albumin,
suspended in PBS containing 100 ng/ml. Hoechst 33258, and
then incubated for 10 min o stain cellular nuclei. The sample was
washed again along with centrifugation 3 times, suspended in 5%
glucose solution, and applied to the sample inlet on the chip.

Flow cytometry

The prepared sample blood was applied to the sample inlet on a
fabricated microchip with a sample volume of 50 pl. in an assay.
The same buller with the sample cell suspension (i.e., 5% glucose)
was also used as a sheath bufler, and was applied to the sheath
bufler inlet. Air pressure was applied onto both sample and sheath
buffer inlets simultaneously using a syringe pump to introduce
these liquids into the microchannels. Before starting the experi-
ments, low velocity was calibrated by taking images ol calibration
beads using a CCD camera (Ditect Co., Tokyo, Japan) as the shilt
of bead position in the microchannel within a few frames of the
images, and typically, 1 kPa pressure achieved flow velocity of
about 3 mm/sec at the position after the meeting of sample and
sheath flows. Multi-imaging observations of sample blood were
then performed through the multi-view unit with 3 mm/sec flow
velocity and 200 fps acquisition rate.

Comparative genomic hybridization analysis

Rat genome comparative genomic hybridization (GGH) micro-
array 244A (Agilent Technologies, Santa Clara, CA, USA) was
used to perform array CGH on genomic DNA obtained from the
MAT-LyLu cell line according to the manufacturer’s instructions.
A DNA sample obtained from liver tissue of a healthy
Clopenhagen rat was used as a reference. Genomic DNAs were
extracted using a QIAamp DNA Mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The DNA
concentration was determined with PicoGreen dsDNA Quantita-
ton Reagent (Life Technologies). Agilent Genomic Workbench
(Agilent Technologies) was used (o analyze chromosomal patterns
using an ADM-2 algorithm setting a threshold of 5.0.

Copy number assay

The gene copy numbers for ¢srp2 and zdhhel7  were
determined using TagMan Copy Number Assays according to
the manufacturer’s instructions (Applied Biosystems, Foster City,
CA, USA). The gene-specific primers and TagMan probes were
used in the experiments had the following sequences. Rat ¢snp2
primers were: sense, 5'-GGACTAAATGGATTGATGCCAC-
TCT-3'; andsense, 5'-GTCCCTGCTTCAAAGAACTGTCT-
3", probe, 5'-FAM-AAGAGCAAGAAAGGAAACCG-MGB-
NFQ-3'. Rat zdhhcl7 primers were: sense, 5'-GCCCTACTG-
CATGCATGATACA-3"; antisense, 5'-GGGCTGTTTTGCA-
CATGAAATI'CAA-3'; probe, 5-FAM-CTGGACAGCATCT-
GCTAGTATAC-MGB-NFQ-3'. Rat rpp40 primers were: sense,
5'-GTATGACACTGGCATGGAAGTCT-3'; antsense, 5'-CT-
TGCAGGTCCTCTGTGGAT-3'; probe, 5-FAM-CCTGGC-
AATCAAAGTTAGGCTTAG-MGB-NFQ-3'. Genomic DNAs
obtained from collected samples using the cell sorting system were
extracted using a QIAamp DNA Micro kit (Qiagen) according to
the manufacturer’s instructions. The DNA concentrations were
determined with PicoGreen dsDNA Quantitation Reagent. Rat
rpp40 was used as an internal control. Genomic DNAs obtained
from MAT-LyLu cell line and healthy rat liver were used as
positive and negative controls, respectively.
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Figure 1. Instrumental set-up. (a) Summary of the on-chip multi-imaging flow cytometry system. The system was composed of seven major
modules: (i) microchip, (i) bright-field (BF) imaging, (iii) fluorescent (FL) detection, (iv) multi-view, (v) CCD camera, (vi) sorting, and (vii) controller, as
numbered in the figure. (b) Summary of the multi-view module. (c) A photograph of the system.

doi:10.1371/journal.pone.0104372.g001

Results

Development of on-chip multi-imaging flow cytometry
system

The on-chip multi-imaging flow cytometry system (Fig. 1) was
composed of seven major modules as an improvement of previous
systems [11-13,26]: (i) microchip, (ii) bright-field (BF) light source,
(it) fluorescent (FL) excitation and detection, (iv) multi-view, (v)
CCD camera, (vi) sorting, and (vii) controller, as numbered in
Tig. 1 (a). In the BF light source module, an LED (625 nm
wavelength) was used as a source for taking BF images and was
irradiated from the top of the chip. This allowed simultaneous
measurements of both BF and FL images, avoiding interference of
the wavelengths during the measurements. An objective lens
having 20 x magnification and a 0.75 numerical aperture was set
to the system, which allowed clear cell images to be taken within
the depth range of the microchannel (25 um) [27]. 'The FL
excitation and detection modules contained three excitation lasers
(375, 488, and 515 nm) and photomultipliers (PMTs), respectively,
to monitor three different FL signals, which allowed conventional
FL detection with labeling of target biomarkers. The controller
module consisted of two independent units: one calculated FL
signals and the other processed imaging biomarkers in multi-view
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images. Maximum frequencies of calculations were 10,000
frequencies per second (fps) for controller 1, which calculated FL
intensities, and 200 fps for controller 2, which processed imaging
biomarkers for the current system. According to the adjustment of
suitable thresholds for these parameters, feedback signals could be
sent to the sorting module. The sorting module was composed of a
direct current (DC) source and electrodes connected with a
microchip, and could apply DC voltages to cells flowing in a
microchannel of the chip to purify target cells under feedback
signals, if necessary. Figure 1 (b) shows the principle of the muli-
view module [27,28] used in this study. Firstly, optical paths
between BF (red) and FL (blue) lights were separated using
dichroic mirror A, as indicated in the figure. Next, angles of
mirrors A and B were adjusted; then, BF and FL images were
projected onto each half of a CCD component in the camera. An
overview of the total system is shown in Fig. 1 {c). The system has a
desktop size of 60 cmx60 cm.

Figure 2 shows the microchip designed to be suitable for this
study. The chip body was fabricated with poly(dimethylsiloxane)
(PDMS) attached to a cover glass to apply optical transparency in
the observation. Microchannels were placed between the PDMS
and the bottom cover glass in the chip with a 2 mme buffer
entrance penetrating the PDMS. The upper stream of the

August 2014 | Volume 9 | Issue 8 | e104372



On-Chip Multi-imaging Flow Cytometry for Imaging Biomarkers

(@) (b)

Sample channel ~ Microchannel  Discard channel

Sheath buffer Sample  Agarose gei electrode T
reservoir rE5ErVolr (reservoir)

Discard Sample/sheath |

reservelr buffer inlet _] | Coliection/discard
T~

- outlet

~Target collection

<
Ty

y resernvoir

"\ PDMS chip bod L
Botiomm Observation  Sorting chip body T 7 : >
cover glass @rea area Microchannel Sheath channel  Agarose Observation Sorting Collection channel
gel electrode area a réa

A o {inlet)

ir pressure ollection

(C) reservoir (d)

Microchannel
1

Discard
Sheath reservoir

buffer~

Sample ]
(including cells)

Bottormn —" > ¥
cover glass Sample  Opgervation Sorting  PDMS
sandwiched by 5rgq area  chip body

sheath buffer

Figure 2. Overview of the microchip. (a) Diagonal, (b) top, and (c) side views of the microchip used in this study. (d) A photograph of the chip.
Total chip size is 50 mm x40 mm.
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(a)

(b)

Figure 3. An example of cell sorting. Two photographs of the discarded reservoir (a) and the collection reservoir (b) indicated in the chip
photograph are shown. Clustered cells are indicated by white arrows. Bars, 100 um.

doi:10.1371/journal.pone.0104372.g003
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microchannel was branched into three channels: the center
connected with the sample inlet and the others were a sheath
buffer inlet. Both sample and sheath buffers were introduced into
the channel with application of air pressure onto both sample and
sheath buffer inlets, simultaneously (Fig. 2 (c)). After the meeting of
sample and sheath flows, the width of the sample flow was focused
in the central one-third, which allowed imaging of each single cell
upon the arrangement of all the cells in a straight line.

Images of the linearly arranged cells were obtained through the
multi-view module and processed by the system (see Fig. 1), and
when a target cell was found, DC voltage (typically 40 V with
100 usec length) was applied to the cell through the agarose gel
electrode (Fig. 2 (a) and (b)) to change its course in the collection
channel [11,13]. Figure 3 shows a typical example of the cell
sorting with a blood sample of a cancer-implanted rat. As shown in
this figure, target cells were set into cell clusters having a large BF
area, and once the value of the BF area of the observed cell
exceeded the pre-adjusted threshold value, 300 pm? in this model
case, a sorting voltage was applied to the cell and, finally, target
cells were collected into the target collection reservoir. Figures 3
(a) and (b) show pictures taken for discarding (a) and collection (b)
reservoirs, respectively. As shown in Fig. 3 (b), large cell clusters
(indicated by arrows in the figures) were collected into the
collection reservoir. On the other hand, single cells or small cell
clusters were collected into the discarding reservoir (Fig. 3 (a)),
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indicating the success of target collection using one imaging
biomarker, BF area, as a collection parameter. The sorting
capacity, which has been determined as the ratio between the
number of target cells automatically detected by the system and
the actual number of cells in the collection reservoir, was 24%.
The low capacity of target cell collection was caused by the higher
threshold setting in both recognition and collection processes to
prevent ‘false positive’ sample collection. When the commercially
available microbeads were used as a model target in this system,
sorting capacity increased to 91%.

As shown in TFig. 3, target cells can be recognized by
comparison of the imaging biomarkers with the threshold values
pre-adjusted in the system. Figure 4 shows the detail of image
processing in the system to obtain imaging biomarkers. Firsdy, a
background image, which was taken before the assay of flow
cytometry, was subtracted from the obtained image with
reductions of 8-bit grayscale values in each pixel. Next, the
subtracted image was transformed to a binary image using a
suitable threshold and pixel errors in the cell, which appeared by
almost the same contrast in the cell as in the background, were
filled (Fig. 4, asterisk); then, an extracted cell image was obtained.
Finally, imaging biomarkers were calculated from the extracted
cell image. In the current system, cell area (S) and actual perimeter
(P,) were obtained from the BY image, and nucleus area (S,) and
number of nuclei (N,) were obtained from the FL image.
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Additionally, the perimeter ratio, R, which was obtained as the
ratio between P, and the perimeter calculated from S (P,) [29],
was also obtained. These calculations were performed in real time
at 200 [ps using controller 2 in Fig. 1, and in this study, manual
calculations of the imaging biomarkers, including a few modifi-
cations for apparently failed auto-calculations caused by the failure
of continuous detection of the cell perimeter in the hole filling
procedure, were also performed as post-processing to confirm the
reliabilities of the obtained imaging biomarker values.

Detection of clustered cells in cancer-implanted rat
blood using imaging biomarkers

Alter the success of the system development, its performance for
the identfication of specific target cells using imaging biomarkers
was quantitatively evaluated. Blood of a rat in which a rat prostate
cancer cell ine (MAT-LyLu) had been implanted was chosen as a
model sample, and clustered cells in the blood were set as a target
for the detection using imaging biomarkers with the developed
system. One approach anticipated to achieve successful detection
of the clusters is the use of cell area; therefore, areas in BF images
(i.e., total cell area, S) and FL images (.., total nucleus area, §,,)
were measured using the system. Figures 5 and 6 are histograms of
S (Fig. 5) and S, (Fig. 6) for cells in the cancer-implanted blood
(N =4375), shown with healthy rat blood as its control (N = 1599).
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Detailed numbers including § and S, are also summarized in
Table 1. From the results, clustered cells were observed at a count
of 237 in cancer-implanted samples (5.4% of the total) and a count
of 56 in the control (3.5% of the total). In addition, two clear
threshold values were found in both S and §,; that is, (a) all cells
having S larger than 140 pm? (count of 61, 1.4% of the total, for
cancer-implanted samples and 13, 0.8% of the total, for the
control) and S, larger than 80 pm® (count of 34, 0.8% of the total,
for cancer-implanted samples and 1, 0.1% of the total, for the
control) were clustered cells, as indicated by the dotted lines in
Figs. 5 and 6, and (b) the clustered cells having S larger than
200 pm? (count of 27, 0.6% of the total) and S, larger than
90 wm? (count of 26, 0.6% of the total) were specifically observed
in cancer cell-implanted blood. These results indicate that some
cell clusters can be identified by using S and S, (61 0f 237, 26% of
all clusters, for § and 34 of 237, 14% of all clusters, for S,) as
parameters for detection.

Obtained pictures were manually analyzed one by one with
measured values of § and S,,. Figure 7 shows examples of single-
and double-cell images having one, two, or three nuclei obtained
from cancer-implanted and control blood, respectively. As shown
in Fig. 7, the following 3 results were obtained: (i) single cells
having multiple nuclei numbering more than two were specifically
included in the cancer cell-implanted blood (count of 133, 3.2% of
total single cells in cancer-implanted samples), (i) two-cell clusters
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doi:10.1371/journal.pone.0104372.9006

having only one nucleus seemed to be single cells to which a small
particle (possibly debris of a hemolyzed red cell) was attached
(count of 126, 72% of total two-cell clusters in cancer-implanted
samples and count of 41, 84% of total two-cell clusters in control),
and (iii) two-cell clusters having two nuclei were either true clusters
or two independent cells flowing alongside each other (count of 48,
including 2 clusters having 3 nuclei caused by the inclusion of a
cell with multiple nuclei, 28% of total two-cell clusters in cancer-
implanted samples and count of 8, 16% of total two-cell clusters in
control). The first of these results shows the potential for the
detection of implanted cancer cells having multiple nuclei, and the
second can be thought of as single cells in general. The third in
principle makes it difficult to distinguish two-cell clusters from two
single cells using pictures; therefore, such two-cell “clusters” were
also contained in control blood.

Figure 8 shows typical clustered cells composed of more than 3
cells. As shown in the figure and also in Table 1, a few clusters
composed of more than 3 cells were also detected in control blood
(count of 7 in total), with the maximum cell number of 6.
However, they seemed to be single or two independent cells to
which small particles were attached (i.e., the same as result (i) in
Fig. 7), which could also be confirmed by the number of nucle,
N, in the cluster, which had a maximum of 2. On the other hand,
clusters contained in cancer-implanted blood were composed of
more than 3 cells, with 15 cells at maximum, which was also
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confirmed by N,, in the cluster being more than 3. It is unlikely for
more than 3 cells (o be flowing alongside each other; therefore, we
concluded that clusters composed of more than 3 cells containing
more than 3 nuclei were truly clustered cells in the blood. Such
large clusters were contained in cancer cell-implanted blood at a
count of 33 (7 counts, 21% of 3-cell clusters, 12 counts, 75% of 4-
cell clusters, 14 counts, 100% of =5-cell clusters, and 0.8% of the
total). Measured values of N,, are summarized in Iig. 9 (a) (and
also in Table 1). As shown in this figure, more than 99% of images
in control blood had a single nucleus, and cell clusters having more
than 3 nuclei were not contained in the blood. Iigure 9 (b) also
shows N, summarized from the perspective of cluster size. As
shown in the figure, large clusters in cancer-implanted blood had
many nuclei, typically more than 3, indicating the possibility of the
cluster formation of CTCs in the blood.

As shown in the above results, N, is one useful imaging
biomarker to identify cell clusters in blood; however, only using
this marker for identification is insufficient because single cells
having multiple nuclei were also contained i cancer cell-
implanted blood, as shown in Tig. 7; therefore, we evaluated
another imaging biomarker, perimeter ratio (R), for the identifi-
cation of clustered cells. R is defined as the ratio between the
actual perimeter obtained from the cell image and the perimeter
calculated with a circle approximation of S. A low value of R
indicates distorted conformation of the cell away from a circular
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Table 1. Summary of total cell area, S, total nucleus area, S,, number of nuclei, N,, and perimeter ratio, R, for each cluster size.

Cancer-implanted (N=4375) Total cell area, S[um?] Total nucleus area, S, [um?]

1 4138 94.58 62 62 15 133 11 30 3 12 73 7

3 33 0.75 133 124 58 263 53 45 33 35 134 12

515 421 180 1163 179 149 3 85 342 37

Cancer-implanted (continued) Number of nuclei, A, Perimeter ratio, R

115 10 2 0.80 0.80 0.03 0.89 Q.79

Control (N=1599) Total cell area, §[um?] Total nucleus area, S, [um?]

1 1543 96.50 48 44 16 21 1 27 26 10 69 7

3 3 0.19 119 127 62 177 54 23 24 10 32 13

Control (continued) Number of nuclei, A, Perimeter ratio, R

1 1543 96.50 1.00 1.00 0.00 1 1 0.96 0.96 0.02 1.00 0.90

3 3 0.19 1.67 2.00 0.58 2 1 0.83 0.83 0.06 0.89 0.77

2 0.13 1.00 1.00 0.00 1 1

doi:10.1371/journal.pone.0104372.t001

siayiewolg Buibewl soy A3pwoiky mopd Bubew-pny diyd-up



On-Chip Multi-iImaging Flow Cytometry for Imaging Biomarkers

Cancer-implanted Control
Cluster Cluster
size BF FL S [um% S, [um?] size BF FL S [um?] S, [um?
(Ny) (N,)
1 1
(M 59 35 () 55 21
n = 4005 n= 1543
! 1
2) 57 41 @) N.A.
n=123
1 1
3 72 47 N.A.
n <= )10 (3)
2 2
(1) 67 26 (1) 40
n=126 n=41
2 2
2) 17 74 @ 61
n =48 n=8

Figure 7. Typical cell images for single and double cells in cancer cell-implanted and control blood. Each data count (n) indicates the

image number having the same cluster size and N,,. Bars, 20 um.
doi:10.1371/journal.pone.0104372.9007

shape, which was expected for cell clusters. Figure 10 shows the
relationship between the average value of R and cell cluster size for
a cancer-implanted sample (detailed numbers are also shown in
Table 1). As shown in the figure and table, all single cells had R
higher than 0.90, with an average of 0.96, indicating that all cells
having R smaller than 0.90 were clusters composed of more than 2
cells. On the other hand, R values for clusters composed of more
than 2 cells were lower than 0.90 on average, and in detail, 131
clusters in cancer-implanted samples (55% of all clusters) and 55
clusters in control (98% of all clusters) had R lower than 0.90.
Moreover, all large clusters composed of more than 3 cells having
more than 3 nuclei, specifically observed only in cancer-implanted
blood, had R lower than 0.90. These results indicate that more
than hall of the clusters, especially large clusters, could be
identified by using R as an imaging biomarker.

According to the above results, large cluster formation of cancer
cells in the blood was strongly expected. To confirm this, clusters
larger than 300 pm® were collected by performing cell sorting in
the chip, and their cell types were identified by measuring genome
errors in the cells. Firstly, target genes that were included in the
MAT-LyLu chromosome with abnormal copy numbers were
searched by comparative genomic hybridization (CGH) assay
using the cell line, with liver tissue of the rat as a reference. Two
particularly abundant genes, ¢srp2 and zdhhicl7 located on
chromosome 7q13, were found (Fig. 11 (a)) and set as target
genes for the identificadon of cancer cells in the blood. Next, the
TagMan copy number assay was performed for cells collected in
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both the collection reservoir and the discarded reservoir (see
Tig. 3). From the results, increases of copy numbers for both ¢srp2
and zdhhc17 were specifically observed for clustered cells collected
in the collection reservoir (Fig. 11 (b)). These results indicate that
large clusters, which were specifically observed in cancer cell-
implanted blood, were CTCs.

Discussion

In this study, four imaging biomarkers, cell area, nucleus area,
number of nuclei, and perimeter rado (S, S,, N,, and R),were
evaluated for the identification of cell clusters in the blood. From
the results, some threshold values were obtained for each imaging
biomarker, namely, (1) § larger than 200 pm? and (2) S, larger
than 90 um® were specific to cancer cell-implanted blood. In
addition, (3) N,, higher than 3 was also specific to cancer cell-
implanted blood. Finally, (4) all clustered cells composed of more
than 3 cells having N,, higher than 3, which was specific to cancer
cellimplanted blood, had R lower than 0.90. According to these
results, the use of R is one useful approach for the identification of
clustered cells having multiple nuclei numbering more than 3,
which are specific to cancer cell-implanted blood. S and S,, are
also useful parameters for the idendfication of extremely large
clusters, which are quite likely to be CTGCs. For small clusters
composed of two cells, it is in principle difficult to distinguish
whether the cluster is an actual cluster or two independent cells
flowing alongside each other by using image-based analysis. One
potential approach to distinguish these possibilities is the
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Figure 8. Typical cell images for clustered cells composed of more

than three cells in cancer cell-implanted and control blood. Each

data count (n) indicates the image number having the same cluster size and N,. Bars, 20 um.

doi:10.1371/journal.pone.0104372.g008

combination of the image-based analysis suggested in this study
with a molecular analytical approach, such as quantitative genc
copy number assays of the targeted cells. The system developed in
this study has been combined with a cell sorting unit and can
perform the combination measurement of multi-imaging analysis
with molecular analysis, as shown in Fig. 11, which indicates the
advantage of our developed system.
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CTCs. For this latter case, various physical parameters of GTCs clustered cells; however, the use of only one parameter is
such as cell diameter [4,16,17] and diclectrophoretic properties [3] msufficient for the exhaustive detection of CTCs. Our developed
have been used with a combination of microfabrication technol- system can use various parameters including both chemical and
ogies. According to the results in this study, cell size (S) is one physical properties to find target cells, which would also be useful
useful parameter to find irregular cells in blood samples such as for the detection of various CTGs.
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