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Abstract

Background: The study was conducted to evaluate the feasibility of using malig-
nant pleural effusion (MPE) as a substitute specimen for genetic testing and to
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determine the significance of genetic profiling of MPE tumor cells to monitor
non-small cell lung cancer (NSCLC) progression and therapeutic response.
Methods: We selected 168 NSCLC patients with MPE. We extracted MPE and
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enriched tumor cells using a custom-designed device. EGFR mutations and ALK/
ROSI fusions were then detected by quantitative real-time PCR, and the results
were used to guide targeted therapy. We investigated drug responses through
imaging.

Results: MPE tumor cells were detected in all patients. EGFR mutations and
ALK/ROSI rearrangements were detected in biopsy samples, treated MPE, and
untreated MPE. We found that treated MPE had higher sensitivity and specificity
than biopsy or untreated MPE. Among the 26 EGFR inhibitor patients,
13 showed a partial response, 7 had progressive disease, and 6 showed stable dis-
ease. Among the 16 patients that received ALK/ROS1 inhibitors, 8 had a partial
response, 4 had progressive disease, and 4 showed stable disease.

Conclusion: Our study provides a new, less invasive, and highly repeatable
method of analyzing MPE tumor cells in NSCLC that facilitates precision medi-
cine and genetic testing.
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Introduction Moreover, it is difficult to analyze tumor cells within MPE
because they coexist with numerous background inflamma-
tory and mesothelial cells. Recently, various technologies
have become available that allow mutational analysis of
MPE, such as direct PCR sequencing, mutant-enriched
PCR, pyrosequencing, and real-time PCR, each with
advantages and limitations. However, the reported overall
sensitivity varies widely, with the lowest being 10-20%,
according to the various technologies. Test sensitivity is
closely related to the purity of the tumor sample. The exist-
ing enrichment technologies that can achieve high tumor
cell purity for analysis include macro-dissection, manual
micro-dissection, and laser-capture micro-dissection of
smears or cell blocks.> However, these methods are highly
dependent on advanced equipment. Previously, we

Malignant pleural effusion (MPE) is defined as an abnor-
mal amount of fluid between the thin layers of tissue
(pleura) that line the outside of the lung and the chest cav-
ity wall in cancer.! MPE is frequently observed in multiple
malignancies, including lung cancer, breast cancer, and
lymphoma, but it is most commonly reported in lung can-
cer.” The routine diagnostic tests for MPE are chest X-ray,
ultrasonic examination, computed tomography (CT), mag-
netic resonance imaging (MRI), and pathological diagnoses
(such as pleural fluid cytology [PFC]). PFC examinations
are commonly used for qualitative diagnoses, but they can
also be used for subsequent biological analyses. However,
the utility of PFC in patients with MPE is controversial.
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Figure 1 Schematic workflow diagram of tumor cell capture from malignant pleural effusion (MPE) and subsequent mutational analysis in non-small

cell lung cancer (NSCLC) patients. WBC, white blood cells.

captured and released circulating tumor cells (CTCs) from
the peripheral blood of cancer patients using our custom-
designed device.* Herein, we tested whether we could
capture and release tumor cells from MPE using this previ-
ously established platform to recover high-purity tumor
cells for subsequent molecular analyses.

Worldwide, lung cancer has long been the leading cause
of cancer-related death in both men and women, and non-
small-cell lung cancer (NSCLC) accounts for approxi-
mately 85% of all lung cancer diagnoses.>* MPE is one of
the most common and sometimes fatal complications,
affecting NSCLC patient outcomes and quality of life, espe-
cially adenocarcinoma cases, with an incidence rate as high
as 60%.” For many NSCLC patients, MPE can be safely
and repeatedly obtained and can serve as an alternative
specimen for molecular analysis, especially in advanced
and unresectable NSCLC patients.®* Thus, MPE can act as a
substitute sample for the real-time monitoring of disease
progression and therapeutic response.

Precision medicine emphasizes using exact molecular
diagnosis to guide the appropriate therapeutic regimen, as
targeted treatments in oncology rely on inhibiting the vali-
dated targets from preclinical research.”'® The detection

and targeting of driver mutations has brought numerous
benefits to cancer therapy. NSCLC is a common tumor

with readily

targetable genetic alterations."" These

Table 1 Baseline characteristics of the NSCLC patients

Variables N =168
Age
<60 years 92 (54.8)
>60 years 76 (45.2)
Gender
Male 111 (66.1)
Female 57 (33.9)
Smoking status
Never 74 (44.0)
Occasionally 9 (5.4)
Frequently 85 (50.6)
Histological type
AC 109 (64.9)
SCC 45 (26.8)
LCC 14 (8.3)
Clinical stage
1l 91 (54.2)
v 77 (45.8)

AC, adenocarcinoma; LCC, large cell carcinoma; NSCLC, non-small cell
lung cancer; SCC, squamous cell carcinoma.
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Figure 2 (a) Hematoxylin and
eosin and (b) immunohistochemical
staining of biopsied tumor tissue
obtained by fiberoptic bronchos-
copy. (€) A Wright's-stained single
tumor cell and (d) tumor cell clus-
ter in malignant pleural effusion
(MPE). (e) Fluorescent micrographs
of tumor cells captured from trea-
ted MPE samples. WBC, white
blood cells.

Tumor cell

targetable driver mutations in NSCLC include activating
EGFR mutations and concurrent ALK/ROSI gene rearran-
gements.'” Several clinical trials have demonstrated the
remarkable efficacy of crizotinib for metastatic NSCLC
patients with ALK/ROSI rearrangements."” Therefore, we
hypothesized that we could analyze EGFR mutations and
ALK/ROSI rearrangements in tumor cells recovered from
the MPE of NSCLC patients to monitor relapse/refractory
or targeted therapy-responsive disease in real time.

The aim of this study was to provide a less invasive and
repeatable method for analyzing MPE tumor cells, and to
develop complementary methods for precision cancer med-
icine based on genetic testing.

Methods

Patient selection and sample collection

This study was approved by the review board of Renmin
Hospital of Wuhan University and was conducted according

Thoracic Cancer 10 (2019) 193-202

to the principles expressed in the Declaration of Helsinki.
Written informed consent was obtained from all partici-
pants. We enrolled 168 NSCLC patients who were treated at
the Cancer Center, Renmin Hospital of Wuhan University
(Wuhan, PR China) between March 2014 and March 2016.
The inclusion criteria were as follows: (i) NSCLC cases diag-
nosed by pathological and/or histological examination;
(ii) patients aged between 18 and 80 years old;
(iii) estimated survival time > 4 months; (iv) patients ineligi-
ble or unwilling to undergo surgery and/or radiotherapy;
(v) good compliance; (vi) no major organ dysfunction
and/or diseases; (vii) Eastern Cooperative Oncology Group
performance status score < 3; (viii) clear, objective examina-
tion and evaluation with complete disease and physical con-
dition; and (ix) patients who volunteered to join the study
and signed informed consent. The exclusion criteria were:
(i) patients aged < 18 or > 80 years old; (ii) patients with
severe renal dysfunction, cardiovascular or cerebrovascular
diseases, hematological or endocrine system diseases, or
metabolic diseases; (iii) psychotic patients, pregnant women,
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Table 2 Clinical characteristics and therapeutic efficacy in the 26 patients with concurrent EGFR and ALK/ROST genetic alterations
Smoking Histological Clinical EGFR-TKI Crizotinib
Patient Gender Age (y) history (y) type stage EGFR type response ALK/ROST type response
P1 M 46 18 AC 1l 19del PR EML4-ALK PR
P2 F 53 0 AC \Y 19del SD EML4-ALK —
P3 M 38 10 SCC 1l L858R PD EML4-ALK —
P4 M 41 0 LCC \Y 19del PR EML4-ALK SD
P5 F 64 0 AC 1l 19del PR EML4-ALK —
P6 F 58 0 AC 1l L858R SD CD74-ROS1 PD
P7 F 71 0 AC 1l 19del PD EML4-ALK —
P8 M 45 23 SCC \Y L858R PR EML4-ALK SD
P9 F 52 0 AC \% 19del SD EML4-ALK —
P10 F 66 0 AC 1l G719X PD EZR-ROS1 —
P11 M 48 30 SCC 1l L858R PR EML4-ALK PR
P12 M 53 17 AC Il 19del SD EML4-ALK —
P13 F 42 6 AC Il L858R PR CD74-ROS1 SD
P14 F 58 0 AC \Y 19del PR EML4-ALK PR
P15 M 56 0 AC 1l 19del PD EML4-ALK PD
P16 M 68 32 AC Il L858R PR EML4-ALK PR
P17 F 43 0 AC Il 19del SD CD74-ROS1 SD
P18 M 49 24 AC I\ 19del PR EML4-ALK PR
P19 F 57 0 AC 1l G719X SD EML4-ALK —
P20 M 69 0 SCC \% 19del PD EML4-ALK PR
P21 F 63 0 AC \Y L858R PR CD74-ROS1 PR
P22 F 72 0 AC 1l 19del PD EML4-ALK —
P23 M 45 0 LCC 1l 19del PR EML4-ALK PD
P24 M 61 36 SCC \% L858R PD EZR-ROS1 —
P25 F 53 0 AC 1l 19del PR EML4-ALK PD
P26 M 67 0 AC 1l 19del PR EML4-ALK PR

AC, adenocarcinoma; F, female; LCC, large cell carcinoma; M, male; PD, progressive disease; PR, partial response; SCC, squamous cell carcinoma;

SD, stable disease; TKI, tyrosine kinase inhibitor.

or lactating women; (iv) poor compliance; (v) severe infec-
tion; and (vi) other inappropriate conditions, as considered
by the researchers.

Routine diagnostic MPE examinations, including Color
Doppler Ultrasound and CT scans, were conducted on all
patients. Patients who were surgery candidates underwent
curative resection with pathologically confirmed negative
margins and regional lymph node dissection. The NSCLC
patients who were contraindicated for surgery underwent
fiberoptic bronchoscopy to obtain biopsy samples. We
obtained approximately 200 mL of MPE by ultrasound-
guided thoracentesis, which was stored in clean 500 mL
glass bottles for subsequent analysis. Patients that failed
platinum-based chemotherapy were then sequentially trea-
ted with EGFR-tyrosine kinase inhibitors (TKIs) or
ALK/ROS1-TKIs based on the genetic analysis.

Patient identification and cell morphology
observations

First, we confirmed every biopsy sample by routine hematox-
ylin and eosin (H&E) staining and immunohistochemistry

196 Thoracic Cancer 10 (2019) 193-202

(IHC). Two investigators who were blinded to all clinical data
independently scored the staining."* To confirm that the MPE
contained tumor cells, 10 mL of MPE was used to observe
tumor cells. Cell morphologies were observed using an optical
microscope (Olympus IX70 Inverted Microscope; Olympus,
Tokyo, Japan) following Wright’s staining (Sangon Biotech
Co., Ltd., Shanghai, PR China)."”

Tumor cell capture and release

Malignant pleural effusion tumor cell capture and release
analyses were performed using our previously described
well-established method (Aptamer-polymer functionalized
silicon nanosubstrates for enhanced recovered CTC viabil-
ity and in vitro chemosensitivity testing).* Briefly, MPE
samples were treated with aptamer-thermoresponsive poly-
mers modified by nanosubstrates to capture and release
epithelial cell adhesion molecule-positive tumor cells. Two
100 mL MPE aliquots were separately centrifuged at
6000 rpm for 10 minutes, and the supernatants were
removed. One of the cell pellets was collected, resuspended
in 2 mL phosphate buffered saline, and stored at —80°C,
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Figure 3 Representative results of patients with co-alterations. Amplification plots demonstrate the typical results of a patient (a) without an EGFR
mutation, (b) with an EGFR mutation, (c) no ALK fusion, (d) with ALK fusion, (e) no ROS1 fusion, and (f) with ROS1 fusion in malignant pleural effu-

sion (MPE) tumor cells from non-small cell lung cancer (NSCLC) patients.

while the other 2 mL cell suspension was put into the
device for tumor cell capture and release. High-purity
tumor cells were obtained after the heating/cooling cycle
and enzyme treatment. Tumor cells were identified with a
commonly used three-color immunofluorescence method,
as stated in our previous study.* The isolated MPE tumors
were stored at —80°C until use.

Analyzing EGFR mutations and ALK/IROS1
rearrangements

Fiberoptic bronchoscopy biopsy samples, tumor cells from
MPE treated by our platform, and untreated MPE were ana-
lyzed in parallel (Fig 1). Genomic DNA was extracted using
a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). To
obtain paired samples from each patient, DNA was also
extracted using a QIAamp DNA FFPE tissue Kit (Qiagen).
DNA concentration was tested using a Quant-iT PicoGreen

Thoracic Cancer 10 (2019) 193-202

dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Total
RNA was extracted from each sample using an RNeasy Mini
Kit (Qiagen) and RNA concentration was measured using a
spectrophotometer (NanoDrop 2000C; Thermo Fisher Sci-
entific, Waltham, MA, USA). We analyzed EGFR mutations
and ALK/ROSI rearrangement by capillary electrophoresis
and quantitative real-time PCR, respectively.

Monitoring EGFR-TKI and ALK/ROS1-TKI
treatment responses in real-time

The NSCLC patients received targeted therapy (EGFR-TKIs or
ALK/ROS1-TKIs) based on genetic detection after failing stan-
dard platinum-based doublet chemotherapy. Patients that
received oral erlotinib treatment (150 mg daily) were evaluated
at 12 weeks for treatment responses and further confirmed
four weeks later. The patients were then assessed by imaging
every 12 weeks in accordance with Response Evaluation

© 2018 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd 197
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Figure 4 Receiver operating character-
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Criteria in Solid Tumors (RECIST) version 1.1.'° Response
measures were defined as follows: complete response
(CR) indicates tumor disappearance; partial response
(PR) indicates a > 50% reduction in the tumor cross product
(the maximum tumor diameter in the axial plane multiplied
by the largest diameter in the perpendicular dimension on the
same image); and stable disease (SD) indicates a 50% reduction
through 25% increase in the tumor cross product. Acquired
resistance was defined as an in situ recurrence or new lesion
that developed after approximately six months of tumor
response. Patients sequentially received oral crizotinib treat-
ment (250 mg twice daily) after being verified for acquired
erlotinib resistance according to RECIST. Meanwhile, multiple
CT and Color Doppler Ultrasound scans were performed
according to requirements for disease evaluation. These scans
were monitored for improvements in clinical symptoms, indi-
cating successful erlotinib or crizotinib treatment.

Statistical analysis

Baseline data are presented as frequencies and percentages
for categorical variables. The area under the curve (AUC)
of a receiver operating characteristic (ROC) curve was

198  Thoracic Cancer 10 (2019) 193-202
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calculated to assess the sensitivity and specificity of the
three sample types. All analyses were performed using
SPSS version 19.0 (IBM Corp., Armonk, NY, USA).

Results

Patient characteristics and tumor
classifications

Our study cohort included 168 NSCLC patients; patient
characteristics are presented in Table 1. There were
111 men and 57 women, with a median age of 56 years
(range: 38-72 years). Thus, 66.1% of the patients were male,
45.2% were aged > 60 years, 50.6% were frequent smokers,
44.0% were never smokers, and 5.4% were occasional
smokers. Adenocarcinoma accounted for 64.9% of the cases,
and 54.2% were at World Health Organization stage III.

Isolation and identification of tumor cells
from malignant pleural effusion

Malignant pleural effusion samples were obtained from the
NSCLC patients and paired samples from all patients were

© 2018 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd
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analyzed. The biopsies obtained by fiberoptic bronchos-
copy were estimated by an experienced pathologist blinded
to clinical data (Fig 2a,b). Single tumor cells and tumor cell
clusters in MPE were identified by Wright stain (Fig 2¢,d).

Combined three-color immunofluorescence with cell
morphology was used to discriminate tumor cells from
white blood cells. Morphologically intact tumor cells that
were Cy5+/ fluorescein isothiocyanate-/DAP+ were identi-
fied as CTCs, while cells that exhibited high fluorescein
isothiocyanate and low Cy5 emission were identified as
white blood cells (Fig 2e).

Analyzing EGFR mutations and ALK/IROS1
rearrangements

Parallel analysis showed that the rates of detecting EGFR
mutations were similar in tumor biopsies (39.9%) and cells
from treated MPE (41.1%) and both were higher than in
cells from untreated MPE (35.1%). Similarly, the rates of
ALK rearrangements in tumor biopsies (6.5%) were similar
to the rates from treated MPE (7.1%), which were both
higher than in cells from untreated MPE (5.4%). The ROSI

Thoracic Cancer 10 (2019) 193-202
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rearrangement rates in tumor biopsies (1.8%) and cells
from treated MPE (1.8%) were the same, and both were
higher than in cells from untreated MPE (1.2%) (Table 2).
Representative results from EGFR mutant and ALK/ROSI
rearrangement cases are shown in Figure 3.

Finally, we compared EGFR mutations and ALK/ROSI
rearrangements in the three sample types. These results
showed that treated MPE had a higher sensitivity and spec-
ificity than biopsy and untreated MPE, as shown in
Figures 4-6.

Evaluating clinical responses to EGFR and
ALK/ROS1 tyrosine kinase inhibitors

Among the 168 patients, 26 received targeted therapy
based on detected EGFR mutations or ALK/ROSI rearran-
gements in captured MPE tumor cells. The clinical
responses (according to RECIST version 1.1) to TKI treat-
ment are summarized in Table 2. There were 13 PR cases,
7 PD cases, and 6 SD cases after EGFR-TKI therapy. There
were 8 PR cases, 4 PD cases, and 4 SD cases after
ALK/ROS1-TKI therapy. CT images showed that the
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primary NSCLC tumors changed at multiple time points
during the course of targeted therapy. The red dots on
the graph on the right of Figure 7 indicate these five
time-points.

Discussion

A vital goal of precision medicine is to apply molecular
profiling data to derive accurate diagnoses and individual-
ized therapeutic strategies for cancer patients.'”'® We
expect to see better patient outcomes from this type of pre-
cision medicine based on genomic testing.'” Technological
advancements have greatly promoted the development of
precision medicine, especially molecular diagnostics and
targeted therapy. However, it can be difficult to obtain ade-
quate tissue from advanced lung cancer patients for molec-
ular profiling. Only 20% of NSCLC cases have adequate
tissue accrual to meet the needs of pivotal studies.*® MPE
is a potential candidate as cancer cells can be obtained less
invasively and repeatedly.'' However, the rarity of tumor
cells in MPE among the mixed impurities limits its clinical
application. To address this issue, we used our well-
established tumor cell isolation platform, and our results

200  Thoracic Cancer 10 (2019) 193-202
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verified that we could extract high-purity tumor cells
from MPE.

Many previous studies have considered MPE an alterna-
tive tumor cell source for molecular analysis.””*'"*"*>> These
reports suggested that the clinical value of MPE was deter-
mined by the rate of diagnostic concordance between MPE
and biopsy samples. Our results showed that the rates of
detecting EGFR mutations or ALK/ROSI rearrangements
were slightly higher in treated MPE than in biopsy samples,
and significantly higher than in untreated MPE. Thus, our
data suggest that genetic testing using tumor cells isolated
from MPE is superior to biopsy and untreated MPE sam-
ples. One potential reason for the superiority to biopsy sam-
ples may be that the capture and release process improves
tumor cell purity, which allows more accurate detection.
This conclusion is shared by previous reports.'* Conse-
quently, if adequate MPE is available, oncologists can
attempt genetic analysis, even with negative biopsy samples.

According to the updated 2016 National Comprehensive
Cancer Network guidelines, EGFR, ALK, and ROSI status
should be detected in NSCLC patients before treatment is
administered. Additionally, the “China Graded Lymphoma
Kinase (ALK) positive NSCLC diagnosis and treatment

© 2018 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd



Y. Yao et al.

Responseto crizotinib

Resistanceto crizotinib

EGFR and ALK/ROST in pleural effusion

Tumor size (mm?)
B -]
8 8

™TrTr—

0 6 12 18 24 30 36
Months of therapy

Figure 7 Clinical pattern of acquired resistance to EGFR-tyrosine kinase inhibitor (TKI) and ALK/ROS1-TKI therapy in non-small cell lung cancer (NSCLC)
patients. Computed tomography images show an NSCLC primary tumor at baseline, at the time of response to erlotinib, at the time of resistance to erloti-
nib, at the time of response to crizotinib, and at the time of resistance to crizotinib. Red dots on the right of the graph indicate the five time points.

guidelines” also recommend that NSCLC patients be
simultaneously detected for EGFR, ALK and ROS! with
patient permission. Clinical diagnosis and treatment for
NSCLC has entered a new era given the ability to detect
EGFR mutations and ALK/ROSI fusions.** Moreover, a
monitoring strategy for resistance or re-sensitization to tar-
geted therapies has already been attempted in lung cancer
based on the genetic analysis of serial biopsy and imaging
data at multiple time points.'® MPE, which can be safely
obtained repeatedly, has obvious advantages over biopsy
tissue. The strategy outlined in this study will increase the
significance of clinical MPE samples and facilitate observa-
tions and molecular profiling during the course of treat-
ment. Our results are consistent with a study that
monitored treatment outcomes by observing CTCs.” Fur-
thermore, these molecular/genetic changes may provide
evidence when choosing subsequent therapeutic regimens.

There are several limitations to this study. First, ALK
and ROSI rearrangements are rare, therefore the concor-
dance rates of the small samples are inconclusive. Second,
obtaining clean biopsies and high-purity CTCs from MPE
are technically challenging procedures that can be highly
influenced by the experience of the investigator; deviations
may strongly influence the results.

In summary, we applied our well-established platform to
isolate tumor cells from MPE and recovered high-purity
tumor cells that were suitable for subsequent molecular
analysis. Furthermore, we verified the feasibility of MPE as

Thoracic Cancer 10 (2019) 193-202

a less invasive and repeatable substitute specimen for test-
ing for EGFR mutations and ALK/ROSI rearrangements in
NSCLC patients by quantitative real-time PCR. Our study
provides a novel method for monitoring treatment that is
feasible for guiding targeted therapy based on molecular/
genetic testing using tumor cells from MPE.

Acknowledgments

This work was funded by the National Natural Science
Foundation of China (Grant number: 81472748). We
thank James P. Mahaffey, PhD, from Edanz Editing China,
for editing the English text of a draft of this manuscript.

Disclosure

No authors report any conflict of interest.

References

1 Antony VB, Loddenkemper R, Astoul P et al. Management
of malignant pleural effusions. Eur Respir ] 2001; 18:
402-19.

2 Wu YB, Xu LL, Wang X] et al. Diagnostic value of medical
thoracoscopy in malignant pleural effusion. BMC Pulm Med
2017; 17: 109.

3 Shamblin CJ, Tanner NT, Sanchez R, Hirschhorn JW,
Silvestri GA. EGFR mutations in malignant pleural effusions
from lung cancer. Curr Respir Care Rep 2013; 2: 79-87.

© 2018 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd 201



EGFR and ALK/ROST in pleural effusion

10

11

12

13

202

Shen Q, Peng C, Zhan Y et al. Aptamer-polymer
functionalized silicon nanosubstrates for enhanced recovered
circulating tumor cell viability and in vitro chemosensitivity
testing. Int ] Nanomedicine 2016; 11: 2133-46.

NSCLC Meta-Analyses Collaborative Group. Chemotherapy
in addition to supportive care improves survival in advanced
non-small-cell lung cancer: A systematic review and meta-
analysis of individual patient data from 16 randomized
controlled trials. J Clin Oncol 2008; 26: 4617-25.

Mitsudomi T, Kosaka T, Endoh H et al. Mutations of the
epidermal growth factor receptor gene predict prolonged
survival after gefitinib treatment in patients with non-small-
cell lung cancer with postoperative recurrence. J Clin Oncol
2005; 23: 2513-20.

Tamiya M, Tamiya A, Yasue T et al. Vascular endothelial
growth factor in plasma and pleural effusion is a
biomarker for outcome after bevacizumab plus
carboplatin-paclitaxel treatment for non-small cell lung
cancer with malignant pleural effusion. Anticancer Res
2016; 36: 2939-44.

Chen YL, Lee CT, Lu CC et al. Epidermal growth factor
receptor mutation and anaplastic lymphoma kinase gene
fusion: Detection in malignant pleural effusion by RNA or
PNA analysis. PLoS ONE 2016; 11: e0158125.

Ganesan S, Rodriguez-Rodriguez L, DiPaola RS. Precision
medicine: Implications for science and practice. ] Am Coll
Surg 2016; 223: 433-439.el.

Schilsky RL. Personalized medicine in oncology: The future
is now. Nat Rev Drug Discov 2010; 9: 363-6.

Akamatsu H, Koh Y, Kenmotsu H et al. Multiplexed
molecular profiling of lung cancer using pleural effusion.

] Thorac Oncol 2014; 9: 1048-52.

Kris MG, Johnson BE, Berry LD et al. Using multiplexed
assays of oncogenic drivers in lung cancers to select targeted
drugs. JAMA 2014; 311: 1998-2006.

Xiao D, Lu C, Zhu W et al. Comparison of small biopsy
specimens and surgical specimens for the detection of EGFR
mutations and EML4-ALK in non-small-cell lung cancer.
Oncotarget 2016; 7: 59049-57.

Thoracic Cancer 10 (2019) 193-202

14

15

16

17

18

19

20

21

22

23

24

25

Y. Yao et al.

Yang B, Gao J, Rao Z, Shen Q. Clinicopathological
significance and prognostic value of MMP-13 expression in
colorectal cancer. Scand J Clin Lab Invest 2012; 72: 501-5.
Meng XQ, Zhang W, Zhang F et al. Solanine-induced reactive
oxygen species inhibit the growth of human hepatocellular
carcinoma HepG2 cells. Oncol Lett 2016; 11: 2145-51.

Shaw AT, Friboulet L, Leshchiner I ef al. Resensitization to
Crizotinib by the Lorlatinib ALK resistance mutation
L1198F. N Engl ] Med 2016; 374: 54-61.

Letai A. Functional precision cancer medicine-moving
beyond pure genomics. Nat Med 2017; 23: 1028-35.

Zhu Z, Thle NT, Rejto PA, Zarrinkar PP. Outlier analysis of
functional genomic profiles enriches for oncology targets and
enables precision medicine. BMC Genomics 2016; 17: 455.
Genome variation in precision medicine. Nat Genet 2016;
48: 701.

Pao W, Chmielecki J. Rational, biologically based treatment
of EGFR-mutant non-small-cell lung cancer. Nat Rev Cancer
2010; 10: 760-74.

Zhong ], Li X, Bai H et al. Malignant pleural effusion cell
blocks are substitutes for tissue in EML4-ALK
rearrangement detection in patients with advanced non-
small-cell lung cancer. Cytopathology 2016; 27: 433-43.
Yang ], Lee OJ, Son SM et al. EGFR mutation status in lung
adenocarcinoma-associated malignant pleural effusion and
efficacy of EGFR tyrosine kinase inhibitors. Cancer Res Treat
2018; 50: 908-16.

Wang Y, Liu Z, Yin H et al. Improved detection of EGFR
mutations in the tumor cells enriched from the malignant
pleural effusion of non-small cell lung cancer patient. Gene
2018; 644: 87-92.

Rangachari D, VanderLaan PA, Shea M et al. Correlation
between classic driver oncogene mutations in EGFR, ALK,
or ROS1 and 22C3-PD-L1 250% expression in lung
adenocarcinoma. J Thorac Oncol 2017; 12: 878-83.
Provencio M, Pérez-Callejo D, Torrente M et al. Concordance
between circulating tumor cells and clinical status during
follow-up in anaplastic lymphoma kinase (ALK) non-small-
cell lung cancer patients. Oncotarget. 2017; 8: 59408-16.

© 2018 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd



	 Detecting EGFR mutations and ALK/ROS1 rearrangements in non-small cell lung cancer using malignant pleural effusion samples
	Introduction
	Methods
	Patient selection and sample collection
	Patient identification and cell morphology observations
	Tumor cell capture and release
	Analyzing EGFR mutations and ALK/ROS1 rearrangements
	Monitoring EGFR-TKI and ALK/ROS1-TKI treatment responses in real-time
	Statistical analysis

	Results
	Patient characteristics and tumor classifications
	Isolation and identification of tumor cells from malignant pleural effusion
	Analyzing EGFR mutations and ALK/ROS1 rearrangements
	Evaluating clinical responses to EGFR and ALK/ROS1 tyrosine kinase inhibitors

	Discussion
	Acknowledgments
	Disclosure
	References




