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A B S T R A C T

Objectives: A malignant pleural effusion (MPE) is a common complication in non-small cell lung cancer (NSCLC)
with important staging and prognostic information. Patients with MPEs are often candidates for advanced
therapies, however, the current gold standard, cytological analysis of pleural fluid samples, has limited sensi-
tivity. We aimed to demonstrate the feasibility of non-invasive enumeration and immunophenotyping of
EpCAM-positive cells in pleural fluid samples for the diagnosis of a MPE in NSCLC patients.
Materials and methods: Pleural fluid specimens were prospectively collected from patients with NSCLC and the
CellSearch® technology was utilized for the enumeration of pleural EpCAM-positive cells (PECs) and determi-
nation of PD-L1 expression on PECs from pleural fluid samples. The diagnostic performance of the enumeration
of single PECs and PEC clusters was assessed using receiver operating characteristic (ROC) curves. The Kaplan-
Meier method and Cox proportional hazards model was used to assess the impact of PECs and PEC clusters on
overall survival (OS).
Results: 101 NSCLC patients were enrolled. The median number of PECs was significantly greater in the ma-
lignant (n=84) versus non-malignant group (n=17) (730 PECs/mL vs 1.0 PEC/mL, p < 0.001). The area
under the ROC curve was 0.91. A cutoff value of 105 PECs/mL had a sensitivity and specificity of 73% and 100%
for the diagnosis of a MPE, respectively. Among 69 patients with a pathology-confirmed MPE and tissue im-
munohistochemistry (IHC) results, 15 (22%) had greater than 50% PD-L1+ PECs. Overall concordance between
tissue and PEC PD-L1 expression was 76%. Higher numbers of pleural effusion single PECs were associated with
inferior overall survival (Cox adjusted HR 1.8, 95% CI: 1.02–3.05 p= 0.043).
Conclusion: Non-invasive measurement of PECs in NSCLC patients, using an automated, clinically available
approach, may improve the diagnostic accuracy of a MPE, allow for immunophenotyping of PECs, and provide
prognostic information.

1. Introduction

Despite significant advances in detection and therapy, lung cancer
remains the leading cause of cancer-related death in both men and
women worldwide. Non-small cell lung cancer (NSCLC) is the most
common histotype representing 85% of new diagnoses [1]. Malignant

pleural effusions (MPEs) occur as a frequent complication of advanced
stage lung cancer, occurring in approximately 30% of patients, and
denoting a poor overall prognosis [2,3]. NSCLC patients with a MPE
have a median overall survival of only 4.3 months and are often can-
didates for advanced therapies [4]. Sampling of a pleural effusion in a
lung cancer patient by thoracentesis is mandatory to provide accurate
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diagnostic and staging information. However, cytological analysis re-
mains the gold standard for the diagnosis of a MPE despite a mean
sensitivity of ∼60% (range 46–89%) [5–,1,2,3,4,5,6,7,8]. The detec-
tion of tumor cells in serous effusions by cytology is often limited by the
scarcity of tumor cells and difficulty in distinguishing tumor cells from
reactive mesothelial cells or inflammatory cells [9]. Several markers
have been evaluated to distinguish malignant from benign effusions
[10–,1,2,3,4,5,6,7,8,9,10,11,12], however, these have limited clinical
utility.

CellSearch® is a circulating tumor cell (CTC) enrichment platform
that isolates cells based on cell surface Epithelial Cell Adhesion
Molecule (EpCAM) expression using an EpCAM directed capture anti-
body. The CellSearch® platform is currently FDA-approved for the
identification and enumeration of CTCs from the peripheral blood in a
variety of malignancies [13–19]. The enumeration of CTCs and multi-
cellular aggregates of CTCs, termed CTC clusters, from blood has been
associated with a poor overall prognosis [16,19–22]. In addition, CTC
clusters have significantly increased metastatic potential when com-
pared to individual CTCs [23–26]. While CellSearch® has primarily
been employed as an assay to detect single CTCs in peripheral blood,
this approach has had very low sensitivity for NSCLC [13,27]. To ad-
dress this, we have previously demonstrated the ability to adapt this
technology to detect PECs from MPEs in patients with epithelial ma-
lignancies [28]. The ability to detect rare PECs from pleural effusions
(analogous to CTCs detected in blood) in patients with NSCLC could
improve the diagnostic accuracy of conventional cytological analysis
and provide improved prognostic information. In addition, the Cell-
Search® system allows one to further characterize tumor cells with user-
defined markers of interest, by adding a fluorochrome-conjugated an-
tibody to the open channel. This approach has previously been used to
study cell surface markers on CTCs isolated from the peripheral blood,
including IGF1R, HER2, EGFR, and PD-L1 [29–33]. To our knowledge,
this non-invasive approach for immunophenotyping has not previously
been demonstrated for PECs from MPEs. The assessment of pleural fluid
samples using CellSearch® could represent a novel approach to enrich
tumor cells often undetectable in the blood of NSCLC patients [13] and
further phenotype these cells for markers of interest that could not
otherwise be detected in circulating tumor DNA.

The expression of the programmed death-ligand 1 (PD-L1) on the
surface of tumor cells has emerged as a promising biomarker for the
selection of NSCLC patients to receive immune targeted agents. Several
studies have shown improved response rates to immunotherapy in
NSCLC patients with high levels of PD-L1 expression. [34,35] More-
over, additional immune checkpoints, including TIM-3 and LAG-3 have
been identified as being up-regulated in tumors at the time of pro-
gression on PD-1-targeted therapy [36]. Inhibitors targeting these
checkpoints are currently in clinical trial. To address this ongoing need
for development of non-invasive immunophenotyping approaches, we
aimed to demonstrate the feasibility of using the CellSearch® CTC en-
richment platform for the non-invasive enumeration and im-
munophenotyping of PECs in pleural fluid from NSCLC patients.

2. Materials and methods

2.1. Patients

This was a single-center, prospective, observational study conducted
at the Hospital of the University of Pennsylvania from February 2016 to
June 2017. Enrolled subjects had a history of NSCLC and underwent
sampling of a pleural effusion at our institution. Patients with less than
200mL of pleural fluid obtained from a diagnostic thoracentesis were
excluded from the study to ensure sufficient volume of fluid for routine
clinical tests. A total of 101 subjects were included in the study.
Baseline demographics and clinical variables, such as tissue mutation
status, pathology results, treatment regimens and outcome data were
obtained from periodic chart review of the electronic medical record

(patient characteristics in Table 1). Study data were collected and
managed using the REDCap electronic data capture tools hosted at the
University of Pennsylvania. [37] A malignant pleural effusion was de-
fined as having at least one of the following features 1) positive cyto-
logical analysis 2) positive pleural biopsy or 3) determined to be ma-
lignant by the treating physician based on clinical characteristics.
Clinical characteristics to determine a MPE in the absence of pathologic
confirmation included evidence of tumor involvement of the pleural
surface by cross-sectional imaging or patients with metastatic NSCLC
with no alterative explanation for a pleural effusion. An effusion that
had a definitive benign etiology or did not meet criteria for a MPE was
defined as a non-malignant effusion. Mutations in the EGFR gene that
confer sensitivity to an EGFR-targeted therapy were defined as targe-
table EGFR mutations. Specific EGFR mutations detected in our cohort
included: Exon 19 deletions, L858R, L861 K, G719S, and E709 A. This
study was approved by the University of Pennsylvania Institutional
Review Board.

2.2. Pleural effusion sample collection and preparation

10mL of unprocessed pleural fluid was collected in a CellSave
preservative tube (Menarini Silicon Biosystems) following thoracent-
esis. Samples were maintained at ambient temperature and 1mL of
pleural fluid was processed within 96 h of collection in accordance with
manufacturer guidelines.

2.3. Enumeration of PECs and PEC clusters from pleural effusions

CTC enumeration from blood using the CellSearch® technology has
been previously described [13]. We adapted the CellSearch® AutoPrep
(Menarini Silicon Biosystems) platform to isolate pleural EpCAM-

Table 1
Patient characteristics.

All Patients
(n=101)

Number %

Median age (range) 66 (37–91) –
Sex
Male 46 46
Female 55 54

Race
Asian 11 11
Black 14 14
White 73 72
Other 3 3

Smoking statusa

Never smoker 33 33
Former smoker 60 59
Current smoker 7 7

ECOG status
0-1 78 77
2 18 18
3 5 5

Stage
I 8 8
II 4 4
III 13 13
IV 76 75

Histology
Adenocarcinoma 82 81
Squamous cell carcinoma 11 11
Poorly differentiated carcinoma 8 8

Therapeutic regimen at time of effusion
Chemotherapy 23 23
Tyrosine Kinase Inhibitor 14 14
Immunotherapy 12 12
None 52 51

a Smoking status unknown for 1 patient.
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positive cells (PECs) present in the pleural fluid of NSCLC patients for
our study. Briefly, the CellSearch® CXC kit (Menarini Silicon Biosys-
tems) utilizes a ferromagnetic particle reagent solution incubated with
anti-EpCAM antibodies to capture and enrich EpCAM+ cells present in
the pleural fluid. Enriched cells were stained with the following fluor-
escent antibodies: anti-cytokeratin (CK) to identify epithelial cells, anti-
CD45-Allophycocyanin (APC) to identify white blood cells, and 4′,6-
diamidino-2-phenylindole (DAPI) to identify nucleated cells. Identifi-
cation, enumeration, and marker expression of PECs were performed
using the CellTracks Analyzer II (Menarini Silicon Biosystems), a semi-
automated fluorescent microscope system. EpCAM+/CK+/CD45−/
DAPI+ cells were enumerated and counted as individual PECs. Results
are expressed as the number of PECs/mL of pleural fluid. A PEC cluster
was defined as two or more EpCAM+/CK+/CD45−/DAPI+ cells with
surface membrane contact within a single image frame on the Cell-
Tracks Analyzer II (representative images shown in Supplemental
Fig. 1). PEC clusters were enumerated and results expressed as the
number of PEC Clusters/mL of pleural fluid.

2.4. PEC PD-L1 expression validation and evaluation

The anti-human CD274 (PD-L1) antibody (BioLegend) was added to
the open 4th channel of the CellSearch® AutoPrep allowing for marker
staining during sample processing. To validate PEC PD-L1 expression
using the anti-human CD274 (PD-L1) antibody, peripheral blood
spiking experiments with PD-L1 positive (PD-L1 transfected EM-Meso)
and PD-L1 negative (BT-474) control cell lines were conducted using
normal donor blood and analyzed using the CellSearch® platform with
results compared to flow cytometry analysis (Supplemental Fig. 2). The
percentage of PD-L1 positive PECs was determined by dividing the
number of PD-L1+ PECs by the total number of PECs detected in the
pleural effusion sample. Patients with a cytologically positive MPE had
the pleural effusion cellblock stained for PD-L1 expression using the
E1J2J PD-L1 antibody (Cell Signaling Technology). This was the stan-
dard antibody for PD-L1 testing of formalin-fixed paraffin-embedded
tissue during the study period and binds the same PD-L1 domain as the
anti-human CD274 (PD-L1) antibody (Biolegend). Human tonsillar
tissue was used as a positive staining control. Each slide was reviewed
by an independent cytopathologist and scored for membranous PD-L1
staining on the tumor cells present in less than or greater than 50% of
the cells. 50 of the 69 patients with a pathologically confirmed MPE had
sufficient cytological tissue for IHC analysis.

2.5. Statistical analysis

Descriptive statistics such as mean, median, and proportions were
used to summarize patient demographics and tumor characteristics.
Non-parametric Wilcoxon rank-sum test was utilized to compare the
number of PECs and PEC clusters between malignant and non-malig-
nant MPEs. The performance of the number of PECs and PEC clusters
for distinguishing malignant and non-malignant MPEs was assessed
using receiver operating characteristic (ROC) curves and the area under
the curve (AUC). Optimal cutoff points were selected as the point on the
ROC curve with the minimum distance from the upper-left corner of the
unit graph. Sensitivity and specificity and the associated 95% con-
fidence intervals (CI) were computed. Among 50 patients with a pa-
thologically confirmed MPE and sufficient cytological tissue for IHC
analysis, PD-L1 expression between tissue and PECs was considered
concordant if both PD-L1 expressions were above or below a threshold
value of 50%. To determine whether the number of PECs and PEC
Clusters were associated with overall survival (OS), Kaplan-Meier
curves were plotted according to high and low PECs and PEC Clusters
and compared by a log-rank test. High and low groups were defined by
whether the number of PECs and PEC clusters were above or below the
median values detected in the clinically confirmed MPEs. To control for
possible confounding effects, a multivariable Cox proportional hazards

model was fitted while adjusting for age, sex, smoking history (yes/no),
ECOG status (> 2), and EGFR mutation status (mutated/not-mutated).
Stata v. 14 (StataCorp) was used for all analyses, and a two-sided p-
value of< 0.05 was considered statistically significant.

3. Results

3.1. Patient characteristics

Pleural fluid specimens were collected from 101 NSCLC patients at
the Hospital of the University of Pennsylvania between February 2016
and June 2017 (see Table 1 for patient characteristics). The majority of
patients, 76 (75%), had stage IV disease at the time of enrollment. A
MPE was present at the initial diagnosis of NSCLC in 27 patients (27%),
and the confirmation of a MPE resulted in the diagnosis of stage IV
disease in an additional 10 patients previously diagnosed with stage I-
III NSCLC. Adenocarcinoma was the most common histology (81%),
with only 11% of subjects having squamous cell carcinoma (SqCC). The
lower incidence of SqCC in this study compared to the general popu-
lation (20–50%) [38] may be attributable to the fact that one-third of
the patients were never smokers. Approximately half of the patients
(49%) were receiving systemic therapy at the time of their pleural fluid
sampling. 86 patients had evaluable tissue sequencing results for
clinically relevant mutations in EGFR, EML4-ALK, and KRAS. A targe-
table EGFR mutation was found in 20 patients (20%), 5 patients (5%)
had an EML4-ALK fusion, and 17 patients (17%) were identified to have
a KRAS variant. The increased frequency of EGFR mutations in NSCLC
patients with a MPE compared to the general NSCLC population in the
US (∼10–14%) [39,40] is consistent with previous reports [41–44].

3.2. PEC enumeration in malignant vs. non-malignant MPE

A malignant or non-malignant etiology for the pleural effusion was
first established by cytology prior to or concurrently with pleural fluid
PEC enumeration. We used the CellSearch® CTC enumeration platform
to quantify the number of PECs present per mL of pleural fluid, and PEC
counts were compared between the malignant and non-malignant co-
horts. Initial cytological examination determined that 57 patients
(56%) had a MPE, while 44 patients (44%) were determined to have a
non-malignant effusion. The median number of PECs in the cytology
positive and cytology negative groups was 2121 PECs/mL (range:0-
114,920 PECs/mL) and 12.5 PECs/mL (range:0-11,007 PECs/ml)
(p < 0.001, Fig. 1A), respectively. In the cytology negative group, 36
(82%) patients underwent repeat pleural fluid sampling or pleural
biopsy to further evaluate the etiology of the effusion, and 12 of these
patients were ultimately diagnosed with a pathologically confirmed
MPE. The median number of PECs detected in subjects with a patho-
logically confirmed MPE was significantly higher than the pathology
negative group (1616 PECs/mL vs 6.5 PECs/mL, p < 0.001) (Fig. 1B).
An additional 15 patients were determined to have a MPE based on
clinical characteristics but were not pathologically confirmed. In total,
84 patients were determined by cytology, pathology, or clinical char-
acteristics to have a MPE, with 17 patients identified to have a benign
effusion after clinical review. The median number of PECs detected in
subjects with a MPE after clinical review was significantly higher than
the non-malignant group (730 PECs/mL vs 1.0 PEC/mL, p < 0.001)
(Fig. 1C). There was no significant difference in the number of PECs
detected in pleural effusions between the 49 patients receiving therapy
at the time of effusion sampling and the 52 not receiving therapy
(p= 0.442; data not shown). The performance of PEC enumeration for
the diagnosis of a MPE was assessed using ROC curves. The area under
the ROC curve was 0.91 (95% CI: 0.86-0.97) demonstrating excellent
discriminatory ability (Fig. 1D). The optimal cutoff point of 105 PECs/
mL was selected and had a sensitivity of 73% and specificity of 100%
for the diagnosis of a MPE in NSCLC (Supplemental Table 1). Using this
threshold value of 105 PECs/mL to diagnose a MPE would have
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Fig. 1. Pleural effusion PEC counts as determined by first cytological analysis, any pathological review, or clinical characteristics. (A) PEC counts per mL of fluid in
the cytology negative and cytology positive groups as determined by first cytological analysis (n= 101, p < 0.001). The median number of PECs/mL was sig-
nificantly higher in the cytology positive compared to the cytology negative groups (2121 vs 12.5, p < 0.001) (B) PEC counts per mL after any pathological review of
pleural effusion. The median number of PECs/mL was significantly higher in the pathologically confirmed MPEs compared to the pathology negative groups (1616 vs
6.5, p < 0.001). Data points marked in red denote the 12 cytology negative patients who were ultimately determined to have a malignant phenotype after
pathological review. (C) PEC counts per mL after any clinical review of pleural effusion. The median number of PECs/mL was significantly higher in the malignant
compared to the non-malignant groups (730 vs 1, p < 0.001). Data points marked in red denote 27 patients with an initial cytologically negative effusion who were
ultimately determined to have a malignant phenotype after pathology or clinical review (D) Receiver Operator Characteristics curve (ROC curve) for PECs in pleural
fluid does discriminate between benign and malignant effusions: cutoff 105 PECs/mL sensitivity 73%, specificity 100%, AUC 0.91(95% CI: 0.86-0.97). Solid hor-
izontal lines indicate median values in panels A–C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article).
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reclassified 11 (11%) patients with an initial cytologically negative
effusion that were ultimately identified as a MPE (Fig. 1C). Three of the
11 patients required a thoracoscopic pleural biopsy to diagnose a MPE.

3.3. Clinical Utility of PEC enumeration for the diagnosis of MPE in NSCLC

Among the 32 patients without pathologic evidence of a MPE
(Fig. 1B), patient 067 appeared to be an outlier with a PEC count of 853
PECs/mL, well above the median of 6.5 and the next highest patient
with 102 PECs/mL. This patient was a 73-year-old female found to have
a 5 cm right lower lobe mass with a moderately sized right pleural ef-
fusion (Fig. 2). A biopsy of the right lower lobe mass confirmed NSCLC,
squamous histology. Pleural fluid sampling at the time of diagnosis was
negative for malignancy by cytological analysis. PEC enumeration of
the initial pleural fluid sample revealed 853 PECs/mL. Based on cy-
tology, the patient was diagnosed with stage IIA NSCLC and treated
with definitive radiation therapy. Her pleural effusion persisted and she
underwent repeat pleural fluid sampling at 6 months and 11 months
after initial diagnosis. Both of these pleural fluid samples were negative
by cytological analysis, however, the second sample was “suspicious”
for malignancy. Neither was evaluated by CellSearch®. A CT chest
performed 12 months after the initial diagnosis showed new pleural
tumor implants and pleural nodularity consistent with stage IV disease.
This patient was ultimately diagnosed with a MPE based on clinical
characteristics.

3.4. PD-L1 Expression in Malignant PECs and clusters from pleural fluid

To assess the feasibility of immunophenotyping PECs present in
MPEs of NSCLC patients, the anti-human CD274 (PD-L1) antibody was
added to the open 4th channel of the CellSearch® platform. For the 69
patients with a pathologically confirmed MPE (see Fig. 1B), the per-
centage of PECs expressing PD-L1 was calculated and compared to
immunohistochemical PD-L1 staining from the corresponding pleural
effusion cellblock. Patients with a pathologically confirmed MPE were
evaluated so that a comparison between PEC PD-L1 expression and the
corresponding tissue cellblock could be made. Representative PEC
images demonstrating PD-L1 positive and negative PECs with asso-
ciated IHC results are shown in Fig. 3A and B. In the 69 patients with a
pathologically confirmed MPE, the median percent of PD-L1+ PECs
was 6.9% (range 0–100%) (Fig. 3C). 15 patients (22%) had greater than
50% PEC PD-L1 expression. 50 patients with a pathologically confirmed
MPE had sufficient cytological tissue from the pleural effusion cellbock
for IHC analysis. The concordance between the percent PD-L1 expres-
sion as determined by CellSearch® and tissue IHC was 76%.

3.5. Analysis of PEC clusters

We next sought to determine the feasibility of measuring PEC
clusters from pleural effusions. The number of PEC clusters was sig-
nificantly higher in the MPE group (median 86 PEC Clusters/mL,
range:0–63,935), when compared to the non-malignant group (median
0 PEC Clusters/mL, range:0–24) (p < 0.001) (Fig. 4A). The use of PEC

Fig. 2. Patient 067 diagnosed with stage IIA NSCLC based on negative cytology from thoracentesis. (A) Baseline PET/CT showing a PET avid right lower lobe mass
abutting the pleura and a moderate size pleural effusion. (B) Imaging 12 months after initial diagnosis showing metastatic pleural implants (*) and pleural nodularity.
(C) Timeline depicts patient history over 14 months. The initial effusion had 853 PECs/mL. Patient was treated with localized radiation with curative intent. Despite
treatment, patient had a progressive decline in her functional status and was ultimately transitioned to hospice 14 months after diagnosis. Results of PEC enumeration
suggest this patient likely had a malignant pleural effusion at diagnosis despite negative cytology results.
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clusters to discriminate a benign effusion from a MPE had an AUC of
0.88 (95% CI: 0.81-0.95) (Fig. 4B).

3.6. Survival analysis

Given that the diagnosis of a MPE in patients with NSCLC confers a
poor prognosis with a median survival of 4–6 months [4,45], we next
sought to determine the association of the presence of PECs and PEC
clusters with overall survival. For the 84 patients identified to have a
MPE, the median overall survival from the diagnosis of a MPE was 6.3
months (95% CI: 3.4–11.5). In the univariate analysis, there was no
significant difference in overall survival (OS) in the high PEC group
(range: 731-114,920 PECs/mL) vs the low PEC group (range: 0–728
PECs/mL) (Cox HR 1.4, 95% CI: 0.84–2.48, p= 0.19) (Fig. 5A). High
and low PECs were defined as those patients above or below the median
PEC count of 730 PECs/ml. The median OS in the high PEC group was
3.3 months (95% CI: 2.26–9.54) vs 10.3 months (95% CI: 4.92–14.98)
in the low PEC group. There was also no significant difference in OS in
the high PEC cluster group (range: 100–63,935 PEC Clusters/mL) vs the

low PEC cluster group (range: 0–71 PEC clusters/mL) (Cox HR 1.3, 95%
CI: 0.75–2.21, p=0.36) (Fig. 5B). We next performed a multivariate
analysis including age, sex, smoking status, ECOG performance status,
EGFR mutation status, high PECs, and high PEC clusters. Age, smoking
status, and ECOG performance status were not significantly associated
with OS and were removed from the final multivariate model (Sup-
plemental Table 2). In the multivariate analysis, a higher number of
PECs was associated with inferior OS (Cox adjusted HR 1.8, 95% CI:
1.02–3.05 p=0.043) (Fig. 5C). The high PEC cluster group was not
associated with inferior OS (Cox adjusted HR 1.7, 95% CI: 0.98–2.99
p=0.057) (Fig. 5D).

4. Discussion

Here we present evidence for the enumeration and characterization
of pleural EpCAM-positive cells (PECs) from pleural effusions for the
management of NSCLC patients. Malignant pleural effusions occur as a
common complication of advanced malignancies, with lung cancer
being the leading cause of a MPE. [46] The accurate evaluation of a

Fig. 3. Representative images of low and high PD-L1 expression as detected on PECs by CellSearch and IHC staining of pleural effusions. (A) Patient 022: CellSearch
detected 11,404 PECs/mL, 1.4% of which expressed PD-L1. IHC staining determined the PD-L1 expression to be 0%. (B) Patient 017: CellSearch detected 1762 PECs/
mL, 94% of which were PD-L1 positive. > 95% of cells stained PD-L1 positive by IHC. Concordance between CellSearch and IHC staining for PD-L1 expression was
76%. (C) PD-L1 expression in malignant effusions for the 69 patients confirmed malignant by pathology. The median value in the malignant group was 6.9%. Dotted
horizontal line indicates that 15 out of 69 patients (22%) had 50% or more PD-L1+ PECs. Solid horizontal line indicates median value in panel.

Fig. 4. Pleural effusion PEC cluster counts and Receiver Operator Characteristics Curve. (A) Total PEC cluster count/mL for malignant and non-malignant patients
after clinical review. The median number of PEC clusters/mL in the malignant group was significantly higher than in the non-malignant group: 86 PEC clusters/mL
(range: 0–63,935) and 0 PEC clusters/mL (range: 0–24) p < 0.001. (B) Receiver Operator Characteristics curve (ROC curve) for PEC clusters in pleural fluid does
discriminate between benign and malignant effusions: cutoff 28 PEC clusters/mL; sensitivity 62%, specificity 100%, AUC 0.88 (95% CI 0.81-0.95).
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pleural effusion in lung cancer is critical because the presence of a MPE
is diagnostic of stage IV disease, informs therapy selection, and denotes
a poor overall prognosis [47]. Cytological analysis of the pleural fluid
remains the gold standard to diagnose a MPE. However, the sensitivity
is often limited due to the scarcity of tumor cells, inherent difficulty in
distinguishing cancer cells from reactive mesothelial cells or in-
flammatory cells, and the experience of the cytopathologist [9]. Lung
cancer patients with a pleural effusion are often subjected to repeated
invasive procedures to ultimately diagnose a MPE. Several studies have
evaluated various molecular markers in pleural fluid to improve the
diagnostic accuracy of a MPE [10–1228], however, none of these
markers are currently routinely used in clinical practice.

We have previously reported on the ability of the CellSearch®
platform to detect PECs in pleural effusions. In this previous study, we
identified that the number of PECs recovered from pleural fluid in pa-
tients with epithelial malignancies was significantly greater than de-
tected in blood with 90% of NSCLC patients having greater than 100
PECs detected [28]. Here, we expand upon our previous work and
demonstrate the clinical utility of the CellSearch® platform for evalu-
ating pleural effusions of NSCLC patients. In this prospective study of
101 NSCLC patients, 84 patients were ultimately found to have a MPE.
The median number of PECs detected was significantly greater in the
malignant vs non-malignant group (730 PECs/mL vs 1 PEC/mL,
p < 0.001). The use of PECs to diagnose a MPE showed excellent
discriminatory ability with an AUC of 0.91. The low level of PECs de-
tected in the non-malignant group is likely secondary to the presence of
contaminating benign epithelial cells and reactive mesothelial cells that
may coexpress epithelial markers [48,49]. A cutoff value of 105 PECs/
mL had a sensitivity and specificity of 73% and 100%, respectively.
Thus, a high number of PECs detected in a pleural fluid sample could
alert the cytopathologist to perform further immunohistochemical

stains or suggest that the patient undergo further invasive testing to
ensure adequate staging of disease. A clinician may weigh the sensi-
tivity and specificity of different threshold values of PECs/ml to help
guide management decisions in NSCLC patients with a pleural effusion
(Supplemental Table 1). Given the AUC of 0.91, this technology could
be deployed in a clinical lab and utilized clinically in patients with a
high number of PECs/ml to make the diagnosis of a MPE more defini-
tive in the setting of diagnostic uncertainty. The potential clinical utility
of this technology is highlighted by our case example in which Patient
067 had 853 PECs/mL detected from their initial diagnostic thor-
acentesis. The high number of PECs detected in the pleural fluid would
suggest that this patient had a MPE and stage IV disease. In addition,
the high number of PECs detected in only 1mL of pleural fluid could be
particularly useful in patients with a limited volume of pleural fluid
available for analysis, both for the diagnosis of a MPE and for down-
stream genetic profiling to determine the presence of actionable genetic
alterations. The CellSearch® platform has been used to identify CTCs in
the cerebral spinal fluid of NSCLC patients with leptomeningeal disease
with next-generation sequencing of CTCs demonstrating high con-
cordance (89.5%) with the primary tumor [50].

An additional advantage of our approach is the ability to non-in-
vasively quantify biomarkers of interest such as checkpoint ligands and
receptors. In our cohort, 15 of 69 patients (22%) with a pathologically
confirmed MPE had greater than 50% PD-L1+ PECs. This rate of PD-L1
positivity is consistent with previous reports for NSCLC patients with
greater than 50% PD-L1 expression by tissue IHC [34,51]. The con-
cordance between tissue IHC and CellSearch® for PD-L1 expression was
76%. The open 4th channel on the CellSearch® platform could also be
utilized to detect other immune checkpoint receptors expressed on the
tumor cell surface such as Galectin 9 and TIGIT ligand [52]. The ability
to rapidly immunophenotype the tumor cells from a MPE could assess

Fig. 5. Overall survival in patients with a MPE (n=84) between (A) the high and low PEC groups and (B) high and low PEC cluster groups, univariate analysis. High
and low groups were defined by whether the number of PECs and PEC clusters were above or below the median values detected in the clinically confirmed MPEs.
Median values in each group were: PECs= 730 PECs/ml, PEC clusters= 86 PEC clusters/ml. Multivariate analysis of overall survival between (C) the high and low
PEC groups and (D) high and low PEC clusters.
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candidacy for an immune checkpoint inhibitor or newer combination
therapies or detect the emergence of resistance to an immune targeted
agent. This technology may also be applied to other epithelial malig-
nancies that frequently cause MPEs, such as breast cancer, to identify
ER and HER2 positivity. This application has already been validated in
peripheral blood samples of breast cancer patients [53].

Our analysis demonstrates that higher numbers of PECs were in-
dependently associated with inferior overall survival. Similar to pre-
vious reports, the presence of an activating EGFR mutation was asso-
ciated with improved overall survival [54–57]. Higher numbers of PECs
and PEC clusters detected in peripheral circulation have been asso-
ciated with worse overall survival in a variety of malignancies
[16,19–22]. However, to our knowledge, this is the first study de-
monstrating the prognostic significance of the enumeration of PECs in
MPEs. The impact on survival from higher numbers of PECs may be
related to increased burden of disease, however this would need to be
further validated. PEC clusters have been detected by CellSearch® and
other rare cell enrichment approaches and are associated with inferior
survival [21,25,58]. However, while there was a trend toward worse
survival for patients with high PEC clusters (Fig. 5D) in our study, this
relationship was not significant (p=0.057). This is perhaps due to
differences in PEC clusters detected within a site of metastasis such as a
pleural effusion compared to circulating in blood, along with the ad-
vanced level of disease exhibited by our patients and the low overall
survival.

Limitations to our study include it being a single-center study with
101 NSCLC patients; other prospective, multi-center studies would be
needed to validate our results. Given that CellSearch® is already FDA-
approved for enumeration of CTCs from blood, such a large-scale va-
lidation study could lead to rapid clinical deployment of a pleural ef-
fusion-based test. A second limitation is that 49% of patients were re-
ceiving systemic therapy at the time of pleural effusion sampling, and
this may impact levels of PD-L1 expression and PEC enumeration in our
study. A third inherent limitation is the use of EpCAM as the capture
antibody to detect PECs. EpCAM expression in NSCLC may range from
82 to 94% depending on the histologic subtype. [59] Low level EpCAM
expression may explain the 23 out of 84 patients with a MPE as de-
termined by clinical review who, nevertheless, had a PEC count below
the threshold of 105 PECs/ml (Fig. 1C) To address this, a future di-
rection would be to employ combinations of capture antibodies to
epithelial cell markers such as MUC1 in addition to EpCAM to improve
the yield of PEC detection. [60] In addition, although EpCAM has been
demonstrated to be similarly expressed in both adenocarcinoma and
squamous cell carcinoma of the lung [61,62], given the limited number
of patients with squamous cell lung cancer in our cohort, future studies
would need to be performed to further validate our results in patients
with this histology. Nevertheless, to our knowledge, this prospective
study is the first of its kind to demonstrate the feasibility of using the
CellSearch® CTC enrichment platform for the non-invasive enumeration
and immunophenotyping of PECs in pleural fluid from NSCLC patients.
The ability to identify rare tumor cells in a small volume of pleural fluid
using an automated technology has the potential to be utilized as an
adjunct to conventional cytological analysis to improve the diagnostic
yield of a MPE. We demonstrate the feasibility of using this approach to
determine PD-L1 expression on PECs from MPE, and a future applica-
tion would determine whether PEC PD-L1 expression from MPE pre-
dicts response to immunotherapy. The high number of PECs detected in
the MPE group with a median value of 730 PECs/mL of pleural fluid
could also be used for downstream genetic profiling to detect the pre-
sence of actionable mutations, suggesting a high-throughput, auto-
mated platform for enumeration, immunophenotyping, and eventual
molecular analysis of non-invasively obtained PECs.

5. Conclusion

In summary, we have utilized PEC enumeration to demonstrate the

ability to discriminate benign from MPEs in patients with NSCLC. We
demonstrate the feasibility to detect PD-L1 expression on PECs from
MPE. Such immunophenotyping could potentially be utilized to de-
termine candidacy for immunotherapy or assess markers of acquired
resistance. The enumeration of PECs was independently associated with
poor overall survival. Further studies are needed to validate the de-
tection of PECs in MPE and explore their use as a diagnostic and
prognostic marker.
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