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Gene expression profiling of circulating tumor cells captured by
MicroCavity Array is superior to enumeration in demonstrating
therapy response in patients with newly diagnosed advanced and
locally advanced non-small cell lung cancer
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Background: Circulating tumor cells (CTCs) are a promising non-invasive tool for monitoring therapy
response. The only Food and Drug Administration (FDA)-approved test is limited to enumeration of
epithelial CTC without further characterization and is not approved for the management of non-small
cell lung cancer (NSCLC). Here we use a MicroCavity Array (MCA) system to capture CTC agnostic of
epithelial markers for further molecular testing in NSCLC.

Methods: CTCs were enumerated by fluorescent microscopy as longitudinal sampling throughout
disease management from 213 NSCLC patients. CT'C-enriched samples from a subset of 127 patients were
interrogated for gene expression by reverse transcription polymerase chain reaction (RT-PCR) using a
customized pre-selected panel of 20 genes.

Results: At least 1 CTC was detected by enumeration in 53.8% of samples. Most patients had fewer
than 5 CTCs (91%) and the highest observed count was 35 CTCs. Enumeration of single CTCs was not
prognostic, although detection of CTC clusters at any time point was associated with increased risk of
progression [hazard ratio (HR) 3.00, 95% confidence interval (CI): 1.1-8.2, P=0.0318]. In contrast, 124
(97.6%) patients with samples interrogated for gene expression had at least 1 gene detectable in at least 1
sample, and 101 (79.5%) had at least one elevated epithelial gene in at least one timepoint. High expression
of BCL2, CD274 [programmed death-ligand 1 (PD-L1)], CDHI1, EPCAM, FGFR1, FN1, KRT18, MET
and MUCI were associated with poor prognosis. Patients with CTCs positive for at least 3 epithelial genes
at baseline all progressed within 10 months (HR 8.2, P<0.001, 95% CI: 3.2-21.1). BCL2, CD274 (PD-L1),
EPCAM and MUCI remained significant independent prognostic factors in multivariate, time-dependent
analyses of progression and death.

Conclusions: The sclective profile of CTC genes and identification of CTC clusters better correlated with
prognosis than enumeration of enriched CTC in NSCLC patients in this study.
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Introduction

Lung cancer is the second most common cancer in
both males and females, with non-small cell lung cancer
(NSCLC) being the most common (87% of cases) (1). It is
by far the leading cause of cancer deaths among both men
and women, making up almost 25% of all cancer deaths.
Each year, more people die of lung cancer than of colon,
breast, and prostate cancers combined (Cancer.org). The
high mortality rate is often attributed to disease dissemination
for which circulating tumor cells (CTCs) are the main
precursors. CTCs are one of the mainstays of liquid biopsy (2)
which also includes circulating tumor DNA (ctDNA), cell-
free RINA, extracellular vesicles and tumor educated platelets.
Liquid biopsy has more recently entered clinical practice
through ctDNA as a companion diagnostic for targeted
therapy of NSCLC (Guardant 360 CDx, Redwood City, CA,
USA) and breast cancer, metastatic castrate resistant prostate
cancer, ovarian cancer and NSCLC (FoundationOne Liquid
CDx, Cambridge, MA, USA).

CTCs afford several advantages in providing greater
insights into the disease state, especially considering the
fact that they offer a broad sampling of both primary and
metastatic sites. This is accomplished in a non-invasive
blood collection during standard of care (SOC) throughout
active treatment and monitoring period. Intratumor
heterogeneity and tumor evolution results in resistance to
therapy leading to poor outcomes, and tumor diversity is
more truly reflected by diversity in CTCs. CTCs therefore
could be much more effective clinical tools for prognostic
stratification of patients. Since CTCs are live cells, they
can be used in drug screens and functional assays. More
importantly, they may predict relapse after primary
treatment (3) even in early stage NSCLC (4).

CELLSEARCH (Menarini Silicon Biosystems,
Bologna, Italy) is the only Food and Drug Administration
(FDA) approved CTC technology to be implemented in
clinical settings for breast, prostate and colorectal cancers.
Unfortunately, CTC enumeration has demonstrated
little value in clinical utility compared with SOC imaging
technologies. The Southwest Oncology Group (SWOG)
S0500 trial in metastatic breast cancer patients failed to
demonstrate that an early change in chemotherapy based
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on the persistence of >5 CTCs per 7.5 mL of blood after
one cycle of initial chemotherapy can improve overall
survival (OS), as compared with a treatment change
based on radiological detection of disease progression (5).
While SWOG S0500 confirmed that CTC enumeration
is an effective prognostic tool in determining progression
free survival (PFS) and OS, it also suggested that CTC
enumeration is ineffective as a solitary tool for treatment
decisions. We and others have found that gene expression
is a viable alternative to visual enumeration for detection of
CTC (6-11). These studies highlight the need to incorporate
molecular signatures of CTCs to complement enumeration
from liquid biopsy. More recent studies also suggest that
the heterogeneity of tumor cells traversing the blood stream
may include cells that are not captured by the commonly
used epithelial-targeted immunoaffinity enrichment of
CTC. Hence, there is a need to enrich cells agnostic of cell
surface proteins for an unbiased characterization for CTCs
and the underlying disease state. In this study, we used the
MicroCavity Array (MCA) (12-15), platform that captures
CTCs from blood based on size without any preference for
specific markers such as epithelial cell adhesion molecule
(EPCAM) in NSCLC patients undergoing chemoradiation.

In this study, CTC enumeration had minimal prognostic
value for patients with NSCLC undergoing chemoradiation.
However, analysis of gene expression by enriched CTCs
offered superior prognostic value prior to therapy and for
monitoring disease. Also, we demonstrate that CT'C gene
expression patterns could make significant strides in non-
invasive NSCLC management in the clinic. We present the
following article in accordance with the Materials Design
Analysis Reporting (MDAR) reporting checklist (available
at https://tler.amegroups.com/article/view/10.21037/tlcr-
22-314/rc).

Methods
Patients and bealthy volunteers

Patients with locally advanced or advanced NSCLC were
recruited prior to initiation of radiation/chemo-radiation
from the Thoracic Center at the University of Texas MD
Anderson Cancer Center (7able 1). Patients were recruited
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Table 1 Patient characteristics

Characteristics Subtypes CTC enumeration (N=213) CTC gene expression (N=127)
Age, years Mean 67.0 (range, 37-88) Mean 66.0 (range, 37-83)
Gender Female 89 (41.8) 56 (44.1)
Male 124 (58.2) 71 (55.9)
ECOG 0 59 (27.7) 36 (28.3)
1 130 (61.0) 78 (61.4)
2 24 (11.3) 13 (10.2)
Smoker No 39 (18.3) 24 (18.9)
Yes 174 (81.7) 103 (81.1)
Histology Unknown 1(0.5) 0(0.0)
NSCLC 211 (99.1) 126 (99.2)
Neuro 1(0.5) 1(0.8)
T Unknown 25 (11.7) 14 (11.0)
T 38(17.8) 20 (15.7)
T2 57 (26.8) 28 (22.0)
T3 46 (21.6) 34 (26.8)
T4 37 (17.4) 24 (18.9)
Tx 10 (4.7) 7 (5.5)
N Unknown 24 (11.3) 13 (10.2)
NO 35 (16.4) 22 (17.3)
N1 27 (12.7) 17 (13.4)
N2 86 (40.4) 51 (40.2)
N3 33 (15.5) 19 (15.0)
Nx 8(3.8) 5(3.9)
Stage Unknown 4(1.9) 4(3.1)
| 3(1.4) 1(0.8)
Il 26 (12.2) 13 (10.2)
11l 121 (56.8) 70 (55.1)
\% 59 (27.7) 39 (30.7)
Induction chemo No 178 (83.6) 104 (81.9)
Yes 35 (16.4) 23 (18.1)
Radiation therapy modality Photon 164 (77.0) 103 (81.1)
Proton 49 (23.0) 24 (18.9)

CTC, circulating tumor cell; ECOG Eastern Cooperative Oncology Group Performance Status Scale; T, tumor size; N, nodal status; M,
metastatic status; NSCLC, non-small cell lung cancer; Neuro, neuroendocrine carcinoma.
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under protocol Lab09-0307; healthy donor (HD) volunteers
older than 18 years of age were recruited under protocol
PA14-0063. All patients received chemoradiation as SOC
treatment and all patients are not resected. Blood samples
from NSCLC patients were collected prior to initiation
of radiation (baseline), midway through radiation, at or
soon after the conclusion of radiation, at the first follow-
up after radiation and at 3-month intervals thereafter and
as available through 24 months after enrollment. Patients
enrolled with metastatic disease were typically treated
with radiation in consolidation with shorter treatments
of about 2 weeks. For these patients, samples collected
before the end of radiation were coded as “midway through
radiation” and samples collected at or after the completion
of radiation, but before the 6-month follow-up were coded
as “end of radiation therapy”. Radiation doses of 1,250 to
7,260 cGy were delivered via photons or protons. Self-
reported cancer-free HD were used as controls (82 samples
from 52 donors). A total of 213 patients were enrolled in
the study between May 2016 and Dec 2020 contributing a
total of 916 samples. All research blood samples were drawn
along with routine clinical blood samples as per treatment
schedule. Four patients missed baseline samples. Study
outcomes did not affect the clinical management of the
enrolled patients. The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013) and its
subsequent amendments. The study was approved by the
Institutional Review Board of The University of Texas MD
Anderson Cancer Center (protocols Lab09-0307 and PA14-
0063) and informed consent was taken from all individual
participants.

Sample processing

Peripheral blood samples were collected from patients and
HDs into 10 mL ethylenediamine tetraacetic acid (EDTA)
blood collection tubes at each time point. CTC enrichment
was performed using an MCA designed and manufactured
by Showa Denko Materials Co., Ltd. (formerly Hitachi
Chemical, Tokyo, Japan) as described previously (16).
Enrichment procedures for enumeration and molecular
characterization were performed in parallel on separate
aliquots of the same blood sample of about 9.5 mL each.
The MCA closed chip was used for iz situ staining and
enumeration while the MCA open chip was used to enrich
cells for subsequent gene expression analysis. For gene
expression, whole blood was depleted of leukocytes with
anti-CD45 beads (Miltenyi Biotech, Bergisch Gladbach,
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Germany) prior to enrichment of CTCs by MCA. In
contrast to the prior report (16), cells enriched for gene
expression analysis were not subjected to red blood cell
(RBC) lysis for removal of contaminating RBCs as further
optimization showed improved polymerase chain reaction
(PCR) performance without RBC lysis. The resulting
enriched cells were lysed in QIAzol and the lysates
were archived at -80 °C. The first 86 patients enrolled
through 11/2017 and 260 follow-up samples enrolled
through 12/2020 were evaluated for CTC enumeration.
The following 127 patients enrolled 11/2017 through
12/2020 were processed for both enumeration and gene
expression from CTC-enriched lysates including 320
follow-up samples. Similar to the patient samples, each HD
sample of 9.5 mL of blood was depleted of leukocytes and
subsequently processed by MCA system.

Sample processing for enumeration of captured CTC
CTC-enriched fractions were stained i situ with a cocktail
of antibodies to epithelial cytokeratins (CK) and leukocytes
(CD45) and subjected to image analysis (16). CTCs in
patient samples were counted in “real-time” at the time
of imaging. Identification of CTCs was made based on
guidelines published by Zeune and his co-workers (17).
Generally, closed chips were imaged within 2 days of blood
draw (mean turn-around-time was 1.6x1.8 days) using
an Olympus IX81-DSU system (Olympus, Tokyo, Japan;
The Flow Cytometry and Cellular Imaging Core Facility
at MD Anderson NCI Cancer Center Support Grant
P30CA16672). Captured 10x images, along with bright-
field morphology, were used to identify CTCs, defined as
nucleated cells (stained with 4’,6-diamidino-2-phenylindole,
DAPI+) that were CK+ and CD45-.

Sample processing for gene expression of enriched CTC
Following white blood cell (WBC) depletion and automated
enrichment of CTCs by the MCA open chip, samples were
lysed with a phenol/guanidine thiocyanate solution (QIAzol,
Qiagen, Venlo, Netherlands) and the lysate archived at
-80 °C. Towards the conclusion of the study, HD and patient
samples were processed for gene expression analysis in
batch. Only samples of patients from the first 4 clinical visits
were analyzed by quantitative real-time PCR (qRT-PCR).
HD samples were randomized with the patient samples
and tested concurrently to minimize inter-class variability.
For RNA extraction, samples were processed in batches of
12 with HD samples randomized with the patient samples.
RNA was isolated using phenol/chloroform extraction

Transl Lung Cancer Res 2023;12(1):109-126 | https://dx.doi.org/10.21037/tler-22-314



Translational Lung Cancer Research, Vol 12, No 1 January 2023

followed by Qiagen RNeasy Plus Micro kit automated on
a QIAcube liquid handler for consistency. The cDNA was
prepared by reverse-transcriptase and frozen at -20 °C. gRT-
PCR was performed on 6 samples at a time using custom-
designed BioRad PrimePCR plates that included internal
controls for RNA quality, efficiency of reverse transcription,
genomic DNA contamination, and a positive PCR control
in every plate. The panel also housed controls for intra-
plate variability and well-to-well liquid carry-over. Primers
were designed following the principles established by the
Minimum Information for Publication of Quantitative Real-
Time PCR Experiments (MIQE) guidelines (18) and wet
lab-validated by the manufacturer. Each gene was measured
as a technical triplicate. PCR setup was performed using a
QIAgility liquid handler (Qiagen).

Twenty target genes including 15 CTC-associated genes,
3 housekeeping control genes, and 2 hematopoietic control
genes were evaluated by qRT-PCR to characterize cells of
epithelial, mesenchymal, and cancer stem cell lineage. The
panel included genes related to epithelial characteristics
(CDHI1, EGFR, EPCAM, KRT7, KRT18, MUC1),
epithelial to mesenchymal transition (EMT) characteristics
(AXL, FN1, SNAI2), cancer stem-like lineage (ALDH1ALI),
and signaling pathways commonly perturbed in NSCLC
[BCL2, CD274/programmed death-ligand 1 (PD-L1),
ERBB2, FGFR1, and MET]. Control genes included
PTPRC (CD45) as a WBC control, GYPA as a nucleated
RBC control, and housekeeping genes B2M, GAPDH and
HPRT as positive controls (Table S1).

Statistical analysis

Blood samples were collected from patients with NSCLC
prior to initiation of radiation/chemoradiation therapy
(baseline), midway through radiation therapy, at the
conclusion of radiation therapy, at the first follow-up after
radiation therapy and at 3-month intervals thereafter, as
available through 24 months after enrollment. Wilcoxon
signed-rank test was used to evaluate the measurement
changes at different time points. Mixed model was applied
to assess the association between the repeated measurements
(e.g., CTC) and clinical outcome after considering the
within-patient correlation. OS is defined as the time from
the start of radiation treatment till death or last follow-up.
PFS is defined as the start of radiation treatment till relapse/
death or last follow-up. It should be noted that there is
no established gold-standard for CTC counts in NSCLC,
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although others have reported the presence of any CTCs, 3
CTGCs, 5 CTC or 7 CTCs resulted in inferior PFS and OS
(16,19-22). Rarefaction curve analysis was used to determine
the optimal CTC count to be used as a cut off, but we were
unable to find a satisfactory threshold and hence used a cut
off of 5 CTC as established in metastatic breast and prostate
cancers for further analysis. CTC count was evaluated
as a continuous variable and dichotomized into <5 or >5
enumerated CTCs per sample (9.5 mL of blood). Gene
expression using qRT-PCR was evaluated as a continuous
variable of 40-Ct (cycle threshold), such that each 1-unit
change represented a two-fold increase in expression and
was not normalized. A similar analysis was performed for
samples collected at the first follow-up visit following
completion of radiation therapy. Kaplan-Meier curves were
used to estimate the survival function for OS and PFS. Log
rank tests were used to compare each time-to-event variable
between groups. The analysis focuses primarily on the
impact of the baseline (prior to initiation of chemoradiation
therapy) CTC counts and CTC gene expression on survival.
The Cox proportional hazards regression model was used
to evaluate the corresponding effect on OS or PFS. For
genes with baseline expression that strongly associated with
survival, the time-dependent Cox regression for repeated
measurement (e.g., gene expression) was applied to evaluate
how the longitudinal measurements impact OS and PFS
after adjusting other important clinical factors. The
statistical analyses were carried out in SAS version 9.4 with
figures and additional analyses generated in R version 3.6 (R
Foundation for Statistical Computing, Vienna, Austria).

Results

A total of 213 NSCLC patients were enrolled contributing
a total of 916 blood samples and 52 HD contributed a total
of 82 blood samples. Patients presented with a range of
disease stages as depicted in Table 1, including 154 patients
with non-metastatic disease (stages I, II and III) and 59
with metastatic disease (stage IV) who received radiation as
consolidation or stereotactic body radiation therapy (SBRT)
with systemic therapy. During the follow-up through
December 2020, 78 patients had died, and 105 patients
had disease progression. A subset of samples from patients
enrolled after November 2017 were interrogated for gene
expression of the CTC-enriched cells including 127 patients
and 320 longitudinal samples.

NSCLC patients primarily with stage II, III (non-

Transl Lung Cancer Res 2023;12(1):109-126 | https://dx.doi.org/10.21037/tler-22-314


https://cdn.amegroups.cn/static/public/TLCR-22-314-Supplementary.pdf

114

Radiation (~6 weeks Stage II, 111)

Radiation (~2 weeks Stage IV)

Mid-Tx
Visit 2

End-Tx
Visit 3

Baseline
Visit 4

15t Follow-up

Cohen et al. Gene expression profile of CTC in NSCLC

End of Year 2

Visit 5 Visit 6 Visit 7 Visit 8 Visit 9

_________

Evaluable Samples: CcTC CTC CTC
Enumeration 209 152 153 137
Gene Expression 124

CTC

CTC CTC CTC
50 25 8
5 2 1

SOC Imagin

Monitoring
B | 52 HD " 213 NSCLC Patients I
| Enumeration |
Non-Metastatic Metastatic
4 3 26 121 59
Stage NA Stage | Stage Il Stage lll Stage IV
Gene Expression by gPCR (n=127) |
52 4 1 13 70 39
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Figure 1 Study design. (A) Schematic of CTC sample collection in NSCLC (treatment naive or recurrent) patients. Samples were collected

up to 9 times including at the start of radiation (baseline), at the midpoint of radiation, at the completion of radiation and at the first clinical

follow-up. Additional samples were collected at routine visits for up to 2 years. The number of samples collected for CT'C enumeration and

CTC gene expression are shown for each timepoint. (B) Flow diagram depicting schematic of samples processed for the study. Tx, therapy;
CTC, circulating tumor cell; SOC, standard-of-care; HD, healthy donor; NSCLC, non-small cell lung cancer; NA, not available; qPCR,

quantitative polymerase chain reaction.

metastatic) or stage IV (metastatic) disease were recruited
prior to radiation/chemo-radiation treatment. Patients
typically donated blood samples at baseline, immediately
prior to initiation of radiation therapy, midway through
radiation therapy, at the end of radiation therapy, at the
first clinical follow-up, and at 3-month intervals as available
thereafter (Figure 14). For gene expression analysis, the
samples at baseline through first follow-up were the
primary focus (Figure 1B). Of the 154 patients with non-
metastatic disease, 100 provided a first follow-up, post
radiation (Visit 4) sample; of the 59 patients with metastatic
disease, 39 provided a first follow-up, post radiation (Visit 4)
sample. Patients recruited for this study included those that
responded to induction chemotherapy and those that did
not. Therefore, at study baseline, survival was independent
of stage (Figure SI).

© Translational Lung Cancer Research. All rights reserved.

Primary endpoint of the clinical trial: CTC enumeration

Distribution of CTC counts

Identification of CTCs was made based on guidelines
published by Zeune and his co-workers (17) as CK+ CD45-
nucleated cells. As seen in Figure 24,2B, CTC counts
from image analyses suggest that at baseline, about 45%
of blood samples from NSCLC patients have 0 CTCs
and about 67% of all NSCLC samples have 0 or 1 CTC.
Most patients have fewer than 5 CTCs (91%). There is a
high level of patient attrition at later timepoints such that
the statistical weight of each surviving individual increases
at later timepoints and survivorship bias likely influences
the distribution presented. There was no difference in
CTC counts between patients with metastatic and non-
metastatic disease. The percent of samples with observable
CTGCs is lowest in the samples collected at least 1 year after
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Figure 2 Distribution of CTC counts. (A) CTC counts ranged from 0 to 35 CTC per sample. The distribution for the full study is shown
with scaled histograms for each visit as inset. (B) CTC count distribution at each timepoint as the percentage of samples with 0, 1, 2-4, 5-10
or more than 10 CTCs. CTC, circulating tumor cell.
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Table 2 Longitudinal mixed model

Cohen et al. Gene expression profile of CTC in NSCLC

CTC count change over time based on mixed model

Variables P value
Estimate Standard error

Progression: progressed vs. non-progression 0.259 0.201 0.1987
Radiation treatment: Proton vs. Photon 0.272 0.236 0.2489
Time (months) -0.045 0.012 0.0003
CTC, circulating tumor cell.
Table 3 Univariate Cox model for progression and death and baseline and first follow-up visit
Timepoint Qutcome CTC threshold HR (95% ClI) P value
Baseline PFS 1-unit change 0.99 (0.95, 1.05) 0.984

>0 1.21(0.81,1.8) 0.343

>5 0.86 (0.41, 1.78) 0.688

oS 1-unit change 1.01 (0.95, 1.06) 0.811

>0 1.49 (0.92, 2.40) 0.102

>5 1.02 (0.47, 2.23) 0.951
Visit 4 PFS 1-unit change 1.06 (0.95, 1.17) 0.255

>0 1.06 (0.64, 1.74) 0.821

>5 1.01 (0.40, 2.53) 0.981

PFS 1-unit change 1.11 (1.00, 1.24) 0.043*
>0 1.60 (0.86, 3.02) 0.139
>5 1.60 (0.49, 5.18) 0.436

*, P<0.05. PFS, progression-free survival; OS, overall survival; CTC, circulating tumor cell; HR, hazard ratio; Cl, confidence interval.

enrollment (Visit 7 and later) as the patients available for
follow-up are likely the ones with good responses. The
highest CTC count observed was 35 CTCs in ~9.5 mL
of blood from a baseline sample. Compared to similarly
enriched CTCs from patients with metastatic breast cancer,
CTCs from NSLC patients exhibit less uniformity in CK
staining and are relatively smaller and more challenging
to identify (data not shown). As the data demonstrate,
enumeration of CTCs from patients with NSCLC proved
to be challenging as the morphology was poorly conducive
to optical/visual recognition.

Survival by CTC enumeration

Comparison of patients who experienced disease
progression with patients who did not have progression
during the study showed minimal differences in CTC
counts (e.g., baseline Student’s #-test P=0.85), although
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there was a marginally lower proportion of patients with
0 CTGCs in patients with progression (Figure S2). Mixed
model analysis employed to assess the association between
longitudinal CTC enumeration and clinical outcome after
considering the within-patient correlation showed that
patients who experienced disease progression did not have
significantly different CTC counts (7zble 2). This analysis
showed there was a slight decrease in counts over time
irrespective of response to treatment.

Rarefaction curve analysis observing PFS and OS at
different CTC cutoffs showed no clear trend (not shown).
Opverall, CTC counts as a continuous or as dichotomized
variable mostly failed to reflect clinical prognosis at baseline
(Table 3 and Figure 3A4). Although CTC enumeration
showed minimal prognostic value prior to treatment, at the
first follow-up following completion of therapy (Visit 4), the
risk of death increased with increasing CTC counts (7able 3).
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Figure 3 CTC counts lacked prognostic potential. (A) Kaplan-Meier analysis at each timepoint for PFS and OS using a threshold of 5

CTCs. (B) Patients displaying CTC clusters at any timepoint had a higher risk of progression. PFS, progression-free survival; OS, overall

survival; CTC, circulating tumor cell.

The HR for each additional CTC observed at this time
point was 1.11 [95% confidence interval (CI): 1.00-1.24,
P=0.043]. This suggests that detection of minimal residual
disease by CTC enumeration may be useful to evaluate
response to chemoradiation therapy but may not predict
response prior to therapy.

In our study, although imaging individual CTC in
NSCLC vyielded marginal, if any, clinical utility, detection
of CTC clusters at any timepoint by imaging (Figure 3B)
was highly correlated with poor prognosis, highlighting
the benefit of enriching CTCs in NSCLC patients by
size. We found CTC clusters in samples from 4 patients:
2 were found in baseline samples, one at the end of
radiation treatment and one at the first follow-up following
therapy. Detection of clusters at any of these timepoints
was associated with an increased risk of progression (Cox

© Translational Lung Cancer Research. All rights reserved.

proportional HR =3.00, 95% CI: 1.1-8.2, P=0.0318).
Furthermore, as explained below, the 4 samples with
clusters in our study were negative for EPCAM expression
by qRT-PCR. Hence, the need to employ agnostic CTC
enrichment for NSCLC is important for CTCs to be a
prognostic tool.

In conclusion, although CTC enumeration did not
provide meaningful clinical utility in this cohort of NSCLC
patients at baseline, higher CTC counts after radiation
therapy were associated with increased mortality.

Secondary endpoint of the clinical trial: gene expression of
enriched CTCs

As a complementary/alternative measure of CTC burden,
samples from a subset of patients enrolled in the study
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were subjected to targeted gene expression analysis. In this
portion of the study, 124 NSCLC patients had baseline
samples available for analysis and 84 at the first follow-up
visit following completion of radiation (Visit 4).

Description of distribution

Gene expression overview is shown in Figure 44. There was
no significant difference in any gene expression between
patients with metastatic disease and those with localized
disease at baseline. Gene expression by CTC-enriched cells
did not correlate with CTC enumeration (sum of gene
expression Spearman rho =0.013, P=0.787) suggesting that
gene expression may be an alternative, orthogonal measure
to enumeration. Interestingly, the mesenchymal gene
SNAI2 had a very weak but significant negative correlation
with CTC count (Spearman rho =-0.106, P=0.0361). This
was the only significant correlation of gene expression with
enumerated count, suggesting that enriching CTC by size
is able to pick up mesenchymal cells.

Gene expression was compared at each timepoint.
During radiotherapy treatment (Visits 2 and/or 3) there was
a slight but significant decrease in the mean expression of
AXL, BCL2, ERBB2, KRT18 and MET compared to mean
baseline expression (Figure 4B). For AXL, BCL2, and MET
these drops are only in the patients who did not progress.
Conversely, the decreases in ERBB2 were primarily in
patients who progressed (Figure 4C).

For the full cohort at the first follow-up, none of the
genes showed significantly lower mean expression compared
to baseline (not shown), however there was a significant
increase in mean CDHI expression (not shown). We also
looked at baseline-standardized expression which similarly
lacked statistically significant variation in gene expression.
However, patients who later progressed had significantly
higher expression of EPCAM, ERBB2, KRT7, KRT'18, and
MUCI1 (Wilcoxon signed-rank P<0.05) at both baseline and
midway through radiation (Figure 4D). At the first follow-
up after completion of radiation therapy, EPCAM, KRT7
and KRT18 remained elevated in patients who progressed
(Figure 4D). These observations suggest that detection of
CTC by gene expression is a viable alternative to visual
enumeration.

To establish cut-offs for positive expression, HD blood
processed through the MCA platform was used to define
positive gene expression in the enriched samples. A cutoff
for positive expression was established at 1.0 standard
deviation above the mean expression for each gene in HD

blood.
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Univariate survival analysis

In contrast to CTC enumeration, detection of CTCs by
gene expression was a strong and significant prognostic
indicator of survival in this study. As a first pass, to select the
most clinically interesting genes from the panel of 20 genes,
all timepoints were combined in univariate Cox analysis
for each gene without multiple comparison correction.
In this analysis, expression of BCL2, CDHI1, CD274,
EPCAM, FGFR1, KRT18 and MUCI was associated with
an increased risk of progression and death with a trend in
MET and FN1 (Figure S3). The associations of these nine
genes with outcomes at individual timepoints are shown in
Figure 5.

At baseline, high levels of CDHI1, CD274 (PD-L1),
EPCAM, FN1, and MUCI1 were associated with an
increased risk of progression (Figure 54,5C) and BCL2,
CD274, MUCI, were associated with an increased risk of
death (Figure 5B,5D).

At the first clinical follow-up visit after completion of
radiation therapy (Visit 4), when NSCLC patients could be
evaluated for response to radiation therapy, expression of
EPCAM, KRT18 and CD274 (PD-L.1) were each associated
with an increased risk of progression (Figure SE,5G) and
expression of BCL2, CD274 and KRT18 was associated
with increased risk of death (Figure SE5H). Kaplan Meier
curves at each timepoint are shown in Figure S4.

Alternatively, the number of positive genes can
be considered as an attempt to capture the multiple
heterogenous populations epithelial and mesenchymal CTC
in a single number. Among the 9 genes with significant
prognostic value, the greatest hazard of both progression
and death was with the highest number of expressed genes
in the CTC-enriched cells. This is summarized as the blue
line in Figure 6A4. Considering expressions of the 9 genes
that were individually significant predictors of survival,
increasing numbers of positive genes (x-axis) is associated
with a decrease in PFS (red line in Figure 64). With more
than 4 positive genes, the hazard ratio (HR) climbs steeply
(Figure 6A4) although the number of patient samples with
more than 4 positive genes drops significantly, thereby
decreasing statistical power. Combined, this suggests gene
expression is a more stable measure than CTC enumeration
in these patients.

Looking at only the 4 primary epithelial genes (CDHI,
EPCAM, KRT18, MUCI) there is a greater risk of
progression with increasing number of positive genes
detected in the CTC-enriched cells (Figure 6B). Patients
with CTCs positive for at least 3 epithelial genes at baseline
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Figure 5 Univariate survival analysis by gene expression of enriched CTC. Univariate gene expression for baseline (left) and first follow-up
following completion of radiation therapy (right). Top shows Univariate Cox proportional hazard ratio models for each gene as a continuous
variable showing the hazard ratio for each doubling (1-Ct change) in gene expression for PFS (AJE) and OS (B,F); the bottom shows Kaplan-
Meier analysis of gene expression stratified using HD blood to define positive expression for PFS (C,G) and OS (D,H). CTC, circulating

tumor cell; PFS, progression-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; HD, healthily donor.

all progressed within 10 months (HR 8.2, P<0.001, 95% CI:
3.2-21.1); whereas those with 0 or 1 positive epithelial gene
did not reach median survival. However, after initiation
of therapy, there is minimal difference in survival among
patients with varying numbers of positive genes (Figure 6B).
In assessing response to therapy, if there is any positive
epithelial gene in the CTC, the hazard of progression is
much greater than if none are detected, and it does not
matter if there are multiple genes detected (Figure 6C).

The number of positive epithelial genes detected is
less impactful on OS and stratification by number is not
significant at any of the first four timepoints (Figure 6D,6E).
Nonetheless, using the higher sensitivity threshold of

© Translational Lung Cancer Research. All rights reserved.

detection of any epithelial gene is useful in evaluating
response to therapy. There is also an increased risk of death
if any epithelial gene is detected midway through radiation
(HR 2.2, P=0.0342), at the end of radiation (HR 3.7,
P=0.00109) or at the first follow-up visit (HR 2.7, P=0.0323)
(Figure 6F).

We have previously shown that PD-L1 can be tracked in
CTC (23). Adding PD-L1 to the 4 epithelial genes, if any
of the 5 are positive, the baseline measure has a significant
negative prognosis (for risk of progression and death,
Figure S5) whereas the 4 epithelial genes do not (Figure 6D,6F).
However, after initiation of therapy, using the 5 genes (4
epithelial genes with PD-L1, Figure S5) is less prognostic
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Figure 6 Univariate survival analysis by number of CTC genes expressed. Left: from the 9 genes that had significant effects in Cox analysis
(BCL2, CD274, CDHI1, EPCAM, FGFRI, FN1, KRT18, MET and MUCI), as the number of positive genes goes up, survival times decrease

(red line) for PFS (A) and OS (D). Note that median survival is not reached for the low expression group at several thresholds which shows

as missing points for the green line. Red line: median survival for patients with baseline sample > threshold; green line: median survival for

patients with baseline sample < threshold; blue line hazard ratio for the positive group relative to the negative group; horizontal dashed blue
line shows HR =1. Right: 4 epithelial genes: Kaplan-Meier analysis of epithelial genes CDHI, EPCAM, KRT18 and MUCI at each timepoint
for PFS (B,C) and OS (E,F) by number of positive genes (B,E) and any positive expression (C,F). PES, progression-free survival; OS, overall

survival; CTC, circulating tumor cell; HR, hazard ratio; Epi, epithelial.

than epithelial genes alone (Figure 6). Figure S5 shows
the stratified risk of progression (Figure S5A) and death
(Figure S5B) for the 5 genes and the risk if any of the 5
genes are positive (Figure S5C,S5D).

Whereas baseline detection of any epithelial gene
offers minimal prognostic value (PFS HR 1.5, P=0.173,
OS HR 1.3, P=0.387), effectively increasing the specificity
by requiring at least two positive epithelial genes greatly
increases the baseline HR (PFS HR for at least two
genes at baseline 3.685, P<0.001, OS HR 2.4, P=0.0175).
However, this increased specificity at baseline results in
lower sensitivity that negates the prognostic value once on-
treatment (Figure S6).

Multivariate survival analysis

BCL2, CD274 (PD-L1), EPCAM and MUCI remained
significant independent prognostic factors in multivariate,
time-dependent analyses of OS (Table S2) and PFS
(Table S3) that included Eastern Cooperative Oncology
Group (ECOG) status, smoking status and stage where each

© Translational Lung Cancer Research. All rights reserved.

gene was included in a separate model. Stage was removed
from each of the final models as a non-significant factor.

Overall, this suggests that expression of CTC-related
genes by enriched CTC is highly associated with clinical
outcome.

Discussion

We demonstrated that CTC agnostically enriched by the
MCA platform are prognostic in longitudinal analysis.
However, unbiased gene-expression was better able to
characterize the cells than enumeration by microscopy.
Enumeration of CTCs from peripheral blood by image
analysis following enrichment has been an accepted
clinical practice for the past 15 years. Using the FDA-
approved CELLSEARCH platform (developed by Veridex
and currently marketed by Menarini Silicon Biosystems,
Bologna, Italy), patients with metastatic breast cancer or
metastatic prostate cancer with >5 CTCs per 7.5 mL of
blood or patients with metastatic colorectal cancer with >3
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CTCs per 7.5 mL of blood have been shown to have an
unfavorable prognosis. To date, no cutoff for CTC count
of prognostic or predictive value has been definitively
established for NSCLC, although others have reported
the presence of any CTCs, 3 CTCs, 5 CTC or 7 CTCs
resulted in inferior PFS and OS (16,19-22). We were
also unable to identify an optimal cutoff for this study
and used a cutoff of 5 CTC for survival analysis. Overall,
CTC counts as a continuous or as dichotomized variable
mostly failed to reflect clinical prognosis at baseline. Other
studies have found a lack of prognostic utility of CTCs in
NSCLC (24-27).

Although single CTC had minimal clinical utility,
detection of clusters at any timepoint was associated with
an increased risk of progression. Similarly, the literature
shows CTC cluster was significantly correlated with disease
control rate of NSCLC (28). Also, Zeinali et a/. showed that
the majority of recovered CTCs/clusters from NSCLC
patients were EPCAM-negative, suggesting that these
CTCs would have been missed using traditional antibody-
based capture methods (29). Hanssen ez /. showed that
EPCAM expression is low and less frequently detected in
CTCs of NSCLC patients compared to other epithelial
tumors (30,31). The 4 samples with clusters in our study
were negative for EPCAM expression by qPCR. This
highlights the need to employ agnostic enrichment for
CTCs in NSCLC. As CTC clusters have been strongly
attributed for the increased metastatic potential leading to
poor prognosis in lung cancer (32) and other cancers (33-35)
further study is warranted.

The widely used CELLSEARCH system enriches CTCs
that express an EPCAM. However, EPCAM is frequently
lost during metastatic progression in a process known as
EMT. Therefore, many of the cells most responsible for
the initiation of metastasis may be missed. In contrast,
the MCA platform used in this study enriches CTCs
based on size and deformability without a bias towards
epithelial characteristics, potentially increasing the yield of
clinically relevant CTCs. Indeed, gene expression by gPCR
showed that the system enriched cells with mesenchymal
characteristics.

Enumeration of CTCs by image analysis has been the
gold standard liquid biopsy tool for monitoring patients
with solid tumors of epithelial origin. However, counts are
highly dependent on the operator’s analysis of the enriched
cells. Moreover, since 2004 there has been an unmet
clinical need for further molecular characterization beyond
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enumeration. As proof of concept that the MCA platform
can enrich CTCs for molecular characterization, gene
expression was included in a subset of patients in this study.

We found that gene expression by enriched CTC was
a better prognostic tool than CTC enumeration. We
noted that expression of epithelial genes was correlated
with response to therapy. SNAI2 was the only gene with
significant correlation of gene expression with enumerated
count, suggesting that enriching CTC by size is able
to pick up mesenchymal cells. Others have shown that
this is important as CTCs with a “circulatory transition
phenotype” are better able to survive the stress of circulation
leading to increased metastatic spread and decreased
survival (36). The expression of several genes such as BCL2,
AXL, and MET decreased only in the patients who did
not progress suggesting these signaling pathways were
effectively targeted during therapy. The BCL2 correlation
matches our previous observation of CTC in NSCLC (16).
Others have seen that BCL2 (37), EPCAM (38) MUCI (38)
and PD-L1 (39) in CTCs are significant prognostic markers
in NSCLC. As this study showed that molecular analysis
of CTC is feasible, further development of DNA mutation
analysis is on-going.

This study included a heterogeneous population of
patients including patients with stage II, III and IV disease.
The heterogeneity across patients helps us understand
the relationship of CTC and prognosis or the molecular
characteristics of CTC on prognosis across stages in
patients who receive chemoradiation. All patients are not
resected. In patients who received consolidation radiation,
these patients have had prior chemotherapy exposure, so
the CTCs are representative of a postinduction disease
state. Although others have seen an association of CTC
gene signatures with presence of metastasis (40) we did not
observe any association with stage. This may be attributed
to the patient cohort specific to this study, wherein patients
with metastatic disease were recruited for radio therapy (and
inclusion in this protocol) only after sufficient response to
systemic therapy. Therefore, patients enrolled with higher
stage disease may have had a better prognosis at study
baseline.

SOC for NSCLC changed during the course of this
study as immunotherapy was approved as an integral part
of the treatment portfolio (41,42). Indeed, many patients
included in this study received immunotherapy independent
of radiotherapy. We showed that PD-L1 gene expression by
CTC can be used to stratify patient risk prior to radiation.
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However, this study was not powered to interrogate the
utility of CD274 expression during immunotherapy as PD-
L1/PD-1 targeting agents were not initiated at baseline
in 97% of these patients. Other studies have shown that
PD-L1+ CTCs are associated with poor prognosis in
NSCLC (39,43-45) and that PD-L1 expression increased
at progression (46). However, in patients receiving
immunotherapy, PD-L1 expression by CTC predicted
better response to therapy (47,48). Furthermore, we have
previously seen that CTCs are associated with abnormalities
in peripheral blood immune cells (49,50) suggesting that
further study is warranted.

Conclusions

We have been able to successfully detect CTCs at any
timepoint in 83.6% of NSCLC patients enrolled in this
study. Although we could not demonstrate the prognostic
element of individual CTC enumeration in these patients,
CTC clusters had significant prognostic potential. We
could detect elevated CTC-associated genes in the baseline
samples of 105 patients (84.7%) and could detect at least
1 elevated epithelial gene in 46.7% of baseline samples
tested. Following patients across timepoints, 124 (97.6%)
of them had at least 1 gene detectable in at least 1 sample,
and 101 (79.5%) had at least one elevated epithelial gene
in at least one timepoint. High expression of the following
genes were markers of poor prognosis: BCL2, CD274
(PD-L1), CDH1, EPCAM, FGFR1, FN1, KRT18, MET
and MUCI. Although enumeration of CTC by imaging
is not an ideal clinical tool due to their morphology, data
shows that CTC clusters and gene expression are powerful
prognostic tools.
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