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A B S T R A C T

Objectives: To establish a circulating tumor cell (CTC) enrichment system for non-small cell lung cancer (NSCLC)
patients who received first-line treatment with epidermal growth factor receptor (EGFR)-tyrosine kinase in-
hibitors (EGFR-TKI), using EGFR magnetic liposomes (EGFR-ML).
Materials and methods: An inverted evaporation method was used to develop antibody modified EGFR-ML.
Peripheral blood was collected from NSCLC patients who underwent first-line EGFR-TKI treatment for CTC
enumeration.
Results: Protein electrophoresis, magnetic saturation curve, and ultraviolet absorption spectrum showed suc-
cessful incorporation of the EGFR antibody on the surface of the magnetic microspheres, and the development of
EGFR-ML was ascertained based on cell morphology and particle size. Using EGFR-ML, CTC were successfully
enriched from blood samples and were identified in 77.3% (99/128) of the cohort. When compared to the
21L858R variant, EGFR-19del showed lower CTC counts by EGFR-ML (CTCEGFR). At one month after EGFR-TKI,
a lower CTCEGFR was associated with partial response (PR) during treatment (CTCEGFR< 6 vs.≥ 6/7.5 mL, 75%
vs. 49%, P=0.027). In addition, patients with a lower CTCEGFR at 3 months after EGFR-TKI achieved a longer
progression-free survival (PFS) [CTCEGFR< 6 vs.≥ 6/7.5 mL, 13 months vs. 10.4 months, HR=2.4, P=0.042].
CTCEGFR significantly increased at the time of RECIST-progressive disease (RECIST-PD). Representative cases
showed that CTCEGFR might increase before and beyond RECIST-PD until no clinical benefit could be acquired
from EGFR-TKI.
Conclusion: We showed that establishing a CTC enrichment system by antibody modified EGFR-ML in NSCLC is
feasible. CTC enumeration by EGFR-ML may have the potential to supplement RECIST in dynamically mon-
itoring the response of NSCLC patients’ to first-line EGFR-TKI.
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1. Introduction

Driver gene identification and targeted drug discovery have been
critical milestones in the diagnosis and treatment of patients with ad-
vanced non-small cell lung cancer (NSCLC). Epidermal growth factor
receptor (EGFR), which is mutated in∼20% of Caucasian and∼50% of
East Asian NSCLC patients [1,2], was the first driver gene identified in
NSCLC patients [3,4]. The National Comprehensive Cancer Network
(NCCN) Clinical Practice Guidelines for NSCLC recommends EGFR-
tyrosine kinase inhibitors (EGFR-TKI) as first-line therapies for ad-
vanced NSCLC patients harboring EGFR sensitive mutations [5]. Dy-
namic monitoring of EGFR mutations during EGFR-TKI treatment is
critical for predicting drug resistance [6]. However, due to invasive
nature, serial biopsies are impractical in clinical practice [7,8].

Circulating tumor cells (CTC) are tumor cells that have detached
from the primary tumor, and shed into the circulation. CTC may loca-
lize to distant organs, and therefore aid in metastasis [9,10]. Im-
portantly, the genomic profiles of CTC can reflect the molecular land-
scape of the overall tumor cell population at the peripheral blood level
[11,12], thereby indicating their potential as a “liquid biopsy” bio-
marker for continuous clinical monitoring of mutations. In previous
studies, it has been indicated that the CTC count can be a prognostic
and predictive biomarker for cancer patients [13–16]. The isolation and
detection of CTC is based on certain distinct physical and biological
properties of CTC compared to normal cells. Prospective studies have
led to the approval of the CellSearch Platform as a prognostic assay in
various cancer types, including breast, prostate and colorectal cancer
[17–19]. In the context of NSCLC, baseline CTC counts by CellSearch
Platform were associated with the radiographic response to treatment
with erlotinib and pertuzumab [16].

However, the CellSearch system relies on the expression of the
epithelial cell adhesion molecule (EpCAM) for capturing CTC, and
thereby overlooks the CTC with downregulated EpCAM expression due
to epithelial-mesenchymal transition (EMT). Therefore, CellSearch may
not be an appropriate method for CTC enrichment in highly metastatic
cancers, including NSCLC. We have previously established robust
techniques for developing monodispersed and functional magnetic
polymeric liposomes [20,21]. In this study, we first developed a CTC
enrichment system based on EGFR magnetic liposomes (EGFR-ML).
Subsequently, we studied the correlation between CTC counts and
EGFR-TKI efficacy over the course of treatment by EGFR-ML, in com-
parison to EpCAM magnetic liposomes (EpCAM-ML) and folic acid
magnetic liposomes (FA-ML).

2. Materials and methods

2.1. Study design

Firstly, we constructed a functional EGFR-ML with EGFR antibodies,
as outlined in Fig. 1A. Briefly, after preparing the antibody-glycidyl
hexa didecyldimethylammonium chloride (GHDC) precursors, an in-
verted evaporation method embedding Fe3O4 magnetic nano-particles
into the double-layer membrane structure of liposomes was adopted to
establish an antibody modified magnetic liposome system. Subse-
quently, the CTC-capturing ability of EGFR-ML in phosphate buffer
solution (PBS) and simulated whole blood was evaluated in vitro, by
calculating the recovery rate of CTC modeled by NSCLC cell lines.
Peripheral blood samples were collected from NSCLC patients to de-
termine levels of CTC at baseline, 1 month and/or 3 months after EGFR-
TKI treatment, as well as at the time of progressive disease (PD). CTC
were enriched by the EGFR-ML, EpCAM-ML, and FA-ML, and were
enumerated for comparison. Furthermore, patients were also imaged to
evaluate the response to EGFR-TKI after one month and subsequently
every two months after EGFR-TKI administration (Fig. 1B). Hereafter,
CTCEGFR, CTCEpCAM, CTCFA, and CTCTotal were used to represent CTC
counts by three different ML (EGFR-ML, EpCAM-ML, and FA-ML), and

the total CTC numbers, respectively.

2.2. Cell lines and reagents

NSCLC cell lines A549 and LTEP-a-2 were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal calf serum (FCS),
and trypsin were purchased from Gibco. Antibodies directed against
EpCAM (catalog # ab71916), EGFR (catalog # ab52894), cytokeratin
(CK) 8, 18, and 19-FITC (catalog # ab41825) were purchased from
Abcam, and anti-CD45-PE (catalog # MHCD4504) was from
eBioscience. DAPI staining solution (catalog # C1002), FA (catalog #
F7876), and DSAPC-APCG (,catalog # 880133) were purchased from
Beyotime Biotechnology, Sigma-Aldrich, and Avanti, respectively.
EpCAM antibody derivative (catalog # JKAD0001) and magnetic na-
noparticles (catalog # JKMN0001) were purchased from Jukang
Biotechnology (Shanghai, China). An OLYMPUS B×61 fluorescence
microscope was used to observe CTC.

2.3. Construction of EGFR-ML

EGFR-targeted magnetic immune liposomes were prepared using
the thin layer evaporation method for which the detailed process and
use of reagents were described previously [21,22]. Briefly, DOPC,
phosphatidyl ethanolamine-polyethylene glycol 2000, cholesterol,
hexadecyl quaternised chitosan, and magnetic nanoparticles were dis-
solved in chloroform. After incubation, the mixture was vaporized using
a rotary evaporator to form a thin film at the bottom of the flask. Then,
0.1 mol/L PBS (pH=7.0) was added to dissolve the thin film, mixed,
and then placed on a magnetic separation rack to separate the ML. The
washing and separation steps were repeated for totally three times.
Coupling agents 1-(3-dimethyaminopropyl)-3-ethylcarbodimide hy-
drochloride [1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, EDC],
and N-hydroxy succinimide (NHS), and EGFR antibody (7 μL) were
added, and the mixture was incubated for 24 h. After magnetic se-
paration, EGFR-modified ML were obtained and were named EGFR-ML.

2.4. Identification of EGFR-ML characteristics

To validate the EGFR antibodies incorporated on the surface of
EGFR-ML, polyacrylamide gel electrophoresis (PAGE) was performed.
Atomic force microscope (AFM) was used for the microstructural ob-
servation of the ML, and Zetasizer Nano-ZS 90 (Malvern Instruments
Ltd., UK) was used to determine particle size and electric potential of
the ML. PPMS-9 (QUANTUM DESIGN, USA) was used to detect the
hysteresis loop of magnetic particles. Next, an ultraviolet (UV) spec-
trophotometer was used to scan the UV absorption peak of the EGFR-
ML solution to further confirm the presence of the surface antibodies,
which were quantified using a BCA protein assay kit.

2.5. Patient selection criteria

In this study, 128 NSCLC patients with EGFR-activating mutations
who were admitted to the Department of Respiratory Medicine,
Shanghai Chest Hospital, Shanghai Jiao Tong University between
December 2015 and August 2017 were included. All patients were
histologically diagnosed with advanced NSCLC (stage IIIB/IV according
to the tumor-nodule-metastasis system of The International Association
For The Study of Lung Cancer, (IASLC)). All patients’ tumor samples
were confirmed to harbor EGFR-activating mutations identified by the
amplification refractory mutation system (ARMS) method. All patients
received first-line EGFR-TKI treatment. All patients had baseline CTC
enumeration, and CTC counts at one month and/or three months after
EGFR-TKI treatment. Patients who lacked clinical information at base-
line, response evaluation data of the first 6 months of EGFR-TKI
treatment (except for those occurred PD), and had chemotherapy as a
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simultaneous treatment were excluded from the study.
This study was approved by the Ethics Committee of Shanghai Chest

Hospital, Shanghai Jiao Tong University (Ethical approval number:
KS15-21). All eligible patients provided written informed consent be-
fore baseline evaluation.

2.6. CTC capture and identification

Established EGFR-ML were used to sort CTC in PBS or blood sam-
ples. For in vitro capture evaluation, a single cell suspension of A549
and LTEP-a-2 cells was prepared in 7.5 mL PBS or blood (200 cells per
sample). For CTC capture using patient blood samples, a total of 7.5 mL
peripheral blood was taken from each patient at each follow-up time
point into ethylene diamine tetra-acetic acid (EDTA)-coated tubes. Each
anti-coagulated blood sample was divided into three 2.5mL aliquots,
and centrifuged at 1500 rpm for 10min at room temperature. The
middle- and upper-layers were carefully aspirated and mixed with
isopycnic PBS (pH=7.5). Thereafter, 30 μL of EGFR-ML, EpCAM-ML,
and FA-ML each were, respectively, added per aliquot of each sample,
and incubated for 30min at room temperature with regular mixing
every 5min. The tubes were then inserted into a magnetic separation
rack, and placed for 15min to remove the supernatant. Captured cells
were washed with 1mL PBS, and incubated with DAPI (30 μL),
CK8,18,19-FITC (20 μL) and CD45-PE (20 μL) in the dark for 15min.
Magnetic nanoparticles were removed by a 10min with PBS, and an-
other 10min wash with double distilled water. Finally, 30 μL deionized
water was added, splattered on slides and air dried, and observed under
a fluorescence microscope. Cells with diameters between 8–30 μm, and
with strong blue and green fluorescence signals were identified as CTC.

2.7. EGFR-TKI administration and follow-up

All patients received one of the three first-generation EGFR-TKI in
one-month cycles. Gefitinib or erlotinib was administered, respectively,
at 250mg and 150mg once daily, and icotinib at 125mg three times
daily. Prior to initiation of therapy, the baseline of all patients was
evaluated. Tumor response to EGFR-TKI was assessed after the first
cycle and subsequently after every 2 treatment cycles according to the
Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. To
assess the response to EGFR-TKIs, chest CT scans, abdominal ultrasound
and standard laboratory tests were routinely performed during EGFR-
TKI treatment. Enhanced MRI of the brain and bone scans were per-
formed when necessary. The cut-off date for this study was January
10th, 2018.

2.8. Statistical analysis

Four analyses were conducted using all CTC counts (CTCEGFR,
CTCEpCAM, CTCFA, and CTCTotal) and clinical characteristics: (1) the
correlation between clinical parameters and baseline CTC counts (128
patients), (2) correlation between EGFR-TKI efficacy (including one
month response and best response according to RECIST) and CTC
counts (84 patients), (3) correlation between PFS and CTC (55 pa-
tients), and (4) CTC trend analysis for patients with PD (22 patients).
Finally, 3 representative patients were chosen for case presentation. All
cohorts are delineated in Figure S1. Based on the median CTC counts
detected by each ML, the patients were divided into the CTC low (<6/
7.5 mL peripheral blood) and high (≥ 6/7.5 mL) groups. The cutoff for
the CTC low/high groups based on total CTC counts was 5 per 7.5mL

Fig. 1. Schematic overview of study design.
(A) Schematics of EGFR-ML preparation and
CTC detection.
(B) Time line of clinical sample collection and
patient follow-up. CTC counts using three dif-
ferent ML were measured at baseline, and at 1
month and/or 3 months after EGFR-TKI treat-
ment, and at the time of PD.
CTC, circulating tumor cells; EGFR-TKI, epi-
dermal growth factor receptor tyrosine kinase
inhibitors; GHDC, glycidyl hexa didecyldi-
methylammonium chloride; ML, magnetic li-
posomes; PD, progressive disease.
CTCEGFR, CTCEpCAM, CTCFA, CTCTotal are used
to represent CTC counts by different ML and
total CTC numbers, respectively.
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blood. Both groups were compared regarding treatment efficacy and
PFS at baseline, 1 month or 3 months after treatment, as well as CTC
change during treatment. The latter was defined as the change in CTC
numbers after treatment (1 month, or 3 months data if the former was
unavailable), and patients were divided into the “decreased/un-
changed” and “increased” groups accordingly. For the 22 cases with PD,
the change in CTC numbers between the 3 months (or 1 month if the
former was unavailable) treatment milestone and onset of PD was
calculated.

Pearson χ2 and Fisher’s exact tests were used for comparison of the
clinical characteristics and treatment responses between the CTC low
and high groups. Changes in CTC number between two different time
points were compared using non-parametric tests. PFS was defined as
the time from the date EGFR-TKI were first administered to the date of
objective PD according to RECIST, or until the death of the patient.
Kaplan-Meier survival analysis and log-rank tests were used to compare
PFS between two groups. Cox regression analysis was employed for
multivariate survival analysis, and the hazard ratio (HR) calculation.
All confidence intervals reported were 2-sided, and P values< 0.05
were considered statistically significant. Statistical analyses were

performed using IBM SPSS® version 22 software (IBM, Armonk, NY,
USA).

3. Results

3.1. Characterization of functional EGFR-ML

The presence of EGFR antibodies on EGFR-ML and EGFR-GHDC
were confirmed by PAGE (Fig. 2A), and the magnetic saturation curve
showed that EGFR-ML had a high magnetic saturation (Fig. 2B). Neither
Fe3O4-HMN nor EGFR-ML curves showed magnetic hysteresis but in-
stead showed closed hysteresis. In addition, within the permissible
range of instrument precision, the remanence and coercive force of both
were nearly zero, demonstrating considerable superparamagnetism.
The maximum saturation magnetization of Fe3O4 magneto fluid and
EGFR-ML were 27.9 emu/g and 61.3 emu/g, respectively, indicating
46% purity of the magneto fluid. The UV absorption spectrum of the
anti-EGFR antibodies, EGFR-GHDC, and EGFR-ML each showed an
absorption peak at 280 nm (Fig. 2C). However, due to denaturation of
the antibodies and the impact of nanospheres on UV absorption, the

Fig. 2. Material characterizations of functional EGFR-ML.
(A) PAGE analysis of the anti-EGFR antibody and its derivatives. EGFR antibody (lane #1), EGFR-GHDC (lane #2), and EGFR-ML (lane #3);
(B) Magnetic saturation curves of the Fe3O4 ferrofluid, magnetic lipid nano-vesicles, and EGFR-ML.
(C) Ultraviolet absorption spectrum of the EGFR antibody, EGFR-GHDC, and EGFR-ML.
(D) Morphology of EGFR-ML by atomic force microscopy.
(E) Size distribution of EGFR-ML magnetic particles based on nanosize and nanosight.
EGFR-ML, epidermal growth factor receptor magnetic liposomes; PAGE, polyacrylamide gel electrophoresis.
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absorption peaks of the antibody derivatives and the ML were weaker
and wider, which further confirmed successful incorporation of the
antibodies on the magnetic microspheres. The antibody level on mag-
netic microspheres was quantified using the BCA method and was found
to be 0.1mg/mg per microsphere. Microscopic examination showed
that the immuno-magnetic microspheres had irregular spherical struc-
tures with a maximum diameter of 200 nm and the vesicular features of
liposomes with a differential distribution (Fig. 2D). The particle size
analyzer indicated an average particle size of 185.2 nm of the nano-ML,
which increased to 200.8 nm following EGFR-antibody incorporation
(Fig. 2E).

3.2. CTC enrichment by EGFR-ML

EGFR-ML, EpCAM-ML, and FA-ML were able to capture 90.1%,
90.8%, and 87.2%, respectively, of A549 cells from PBS. The recovery
rates of LTEP-a-2 cells were 98.7%, 77.9%, and 71.2% by EGFR-ML,
EpCAM-ML, and FA-ML, respectively (Fig. 3A). In the simulated whole
blood model, the recovery rates of A549 cells were 81.1%, 82.6%, and
79.9%. The recovery rates of and LTEP-a-2 cells were 98.1%, 78.6%,
and 69.1% by EGFR-ML, EpCAM-ML, and FA-ML, respectively (Fig. 3B).
CTC were also successfully enriched from blood samples derived from
EGFR-positive NSCLC patients. Representative images of CTC stained
with fluorescent antibodies are shown in Fig. 3C. Under white field,
both cell-bound and free EGFR-ML were observed. In addition, the
captured CTCs were strongly positive for CK8, CK18, and CK19, but
negative for CD45.

3.3. Clinical characteristics and CTC counts

The characteristics of the 128 patients included in this study are
shown in Table S1. The correlation between CTC counts and clinical
parameters is shown in Table S2. CTC were identified in 99 (77.3%), 93
(72.7%) and 93 (72.7%) of the 128 patients, respectively, by EGFR-ML,

EpCAM-ML and FA-ML. Patients with the EGFR-19del mutation were
more likely to have a lower CTCEGFR than patients with the 21L858R
mutation. The CTCEGFR low group included 58% of the 19del and 40%
of the 21L858R group (P= 0.049; Fig. 4A). However, no significant
correlation was observed between EGFR mutations and CTCEpCAM,
CTCFA and CTCTotal (Table S2, Fig. 4A).

3.4. EGFR-TKI response and CTC counts

The characteristics of 84 patients are shown in Table S3. Twenty-
nine (34%) of 84 patients achieved PR while 55 (66%) of 84 patients
achieved SD one month after EGFR-TKI treatment. During the course of
EGFR-TKI treatment, 51 patients (61%) achieved PR and 33 patients
(39%) achieved SD, resulting in an overall response rate of 61% and
disease control rate of 100%. Information regarding baseline CTC
counts, and that after 1 month and 3 months of EGFR-TKI treatment are
shown in Table S4. No significant changes were observed between 1
month vs. baseline, 3 months vs. baseline, or 3 months vs. 1 month CTC
by all the ML (data not shown).

The correlation between CTC counts and the response to first-line
EGFR-TKI is shown in Table S5. CTCEGFR at 1 month correlated with
patients’ best response (low vs. high, 75% PR vs. 49% PR, P=0.027;
Fig. 4B, upper panel). Patients with decreased/unchanged CTCEGFR

were more likely to achieve PR after 1 month compared to those with
increased CTCEGFR (42% vs. 22%, P=0.056; Fig. 4B, middle panel). In
addition, patients with a decreased/unchanged CTCEGFR (67% vs. 50%,
P=0.115; Fig. 4B, middle panel) or CTCTotal (44% vs. 26%, P=0.078;
Fig. 4B, lower panel) at 1 month or 3 months were more likely to
achieve PR during EGFR-TKI treatment when compared to patients with
increased CTCEGFR. However, no correlation was observed between
EGFR-TKI response and CTCEpCAM and CTCFA.

Fig. 3. CTC enrichment by MLs in PBS and
peripheral blood samples.
(A) Efficiency of EGFR-ML, EpCAM-ML and FA-
ML in capturing A549 and LTEP-a-2 cells in
PBS.
(B) Efficiency of EGFR-ML, EpCAM-ML and FA-
ML in capturing A549 and LTEP-a-2 cells in
simulated whole blood.
(C) Immunofluorescence observation of CTC in
clinical blood samples captured by EGFR-ML at
400X magnification.
CTC, circulating tumor cells; EGFR, epidermal
growth factor receptor; EpCAM, epithelial cell
adhesion molecule; FA, folic acid; ML, mag-
netic lipososomes; PBS, phosphate buffer solu-
tion.
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3.5. PFS and CTC counts

The characteristics of the 55 patients used for PFS analysis are
shown in Table S6. In 34 patients (62%), PD occurred at the study cut-
off date. The median PFS for 55 patients was 12.8 months (95% CI
10.6–15 months). The correlation between PFS and CTC counts is
shown in Table S7. Patients with lower CTCEGFR at 3 months after
EGFR-TKI achieved a longer PFS than patients with higher CTCEGFR [13
months (95% CI 10.6–15.3 months) vs. 10.4 months (95% CI 5.9–14.8
months), HR=2.4, P= 0.042; Fig. 4C]. Multivariate survival analysis
after adjusting for gender, CTCEGFR at 3 months, clinical stage, and
EGFR mutant sites also confirmed the above results [HR=2.53 (95%
CI 1.02–6.25), P=0.046; Table S8]. No correlation was observed be-
tween PFS and CTC counts measured by other ML.

3.6. CTC change in PD patients

The characteristics of 22 patients used for PD analysis are shown in
Table S9. Regardless of the ML type, the median CTC counts increased
significantly at the onset of PD when compared to the counts at 3
months or 1 month (CTCEGFR: 9 vs. 3, P=0.052; CTCEpCAM: 9 vs. 3, P=

0.002; CTCFA: 9 vs. 3, P <0.001; CTCTotal: 9 vs. 3, P <0.001; Fig. 4D
and Table S10). Although most patients at PD exhibited higher CTC
counts (CTCEGFR: 12/22, 55%; CTCEpCAM: 15/22, 68%; CTCFA: 17/22,
77%; CTCTotal: 18/22, 82%; Fig. 5A-D left panels; Table S11), the re-
maining showed unchanged or even decreased CTC counts (CTCEGFR:
45%; CTCEpCAM: 32%; CTCFA: 23%; CTCTotal: 18%; Fig. 5A-D right pa-
nels; Table S11). The reasons for RECIST-PD of the 22 patients are
outlined in Table S12. Thirteen patients (59%) were diagnosed with PD
due to new metastatic lesions in the lung, bone, and brain, among
which 9 patients (69%) of them had increased CTCEGFR at RECIST-PD,
while 8 (62%), 10 (77%), and 11 patients (85%) had high CTCEpCAM,
CTCFA, and CTCTotal, respectively. In addition, after excluding 6 patients
with lung lesions, 7 (100%), 5 (71%), 7 (100%), and 7 (100%) patients
had increased CTCEGFR, CTCEpCAM, CTCFA, and CTCTotal, respectively.

3.7. Case studies

Baseline information of the 3 representative cases are provided in
Table S13.

CTC counts started to increase before RECIST-PD: For case #155,
we observed that CTCEGFR correlated with tumor size, as it decreased

Fig. 4. Correlations between clinical information and CTC.
(A) Correlation between EGFR mutations and baseline CTC counts.
(B) Proportions of patients with PR or SD in the different CTC groups.
(C) Survival curves of PFS according to CTCEGFR at 3 months after EGFR-TKI treatment.
(D) Comparison of CTC counts between PD and previous time points.
CTCEGFR, CTCEpCAM, CTCFA and CTCTotal are used to represent CTC counts by different ML and total CTC numbers, respectively.
CI, confidence interval; CTC, circulating tumor cells; EGFR, epidermal growth factor receptor; EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitors;
EpCAM, epithelial cell adhesion molecule; FA, folic acid; PD, progressive disease; PR, partial response; SD, stable disease; 19del, EGFR exon 19 deletions; 21L858R,
EGFR exon 21 leucine-to-arginine substitutions at position 858.
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with the diminishing tumor after icotinib treatment. The tumor size was
the smallest after three months of treatment, at which point CTCEGFR

was undetectable. With the gradual enlargement of the metastatic lung
lesion, the CTCEGFR started to increase until PD occurred due to the
progression of the primary lung lesion and new brain metastases at 10
months after treatment. The CTCTotal showed the same trend, whereas
this trend was not observed for CTCEpCAM and CTCFA (Fig. 6A).

CTC counts continued to increase after RECIST-PD: Case #11
was treated with icotinib and achieved PR as the best response at 7
months after treatment, at this time, CTCEGFR had decreased to zero.
Due to the enlargement of lung lesions, RECIST-PD was determined
after 13 months of treatment. We continued to administer icotinib up to
16 months when we observed no clinical benefit due to further pro-
gression of lung lesions and the emergence of new bone lesions (clin-
ical-PD). The CTCEGFR increased from 6 at RECIST-PD to 12 at clinical-
PD. The CTCTotal also showed a similar trend, and the CTCFA also in-
creased after RECIST-PD but could not be detected prior to PD (Fig. 6B).
Case #48 achieved SD as the best response, and CTCEGFR was positively
correlated with lung tumor size. PD occurred after 10 months of
treatment, and gefitinib treatment was continued due to the gradual
progression. The CTCEGFR, however, continued to increase up to month
17, and clinical-PD was observed at month 21. CTCEpCAM and CTCTotal

also increased after RECIST-PD (Fig. 6C).

4. Discussion

In this study, we established a robust CTC enrichment method using
EGFR immuno-magnetic beads. Using this detection system, we found
that EGFR-activating NSCLC patients with a lower CTCEGFR at 3 months

after first-line EGFR-TKI treatment had a PFS that was 2.5 months
longer compared to patients with a higher CTCEGFR. In addition, pa-
tients with non-increased CTCEGFR were more likely to achieve PR, and
the CTC counts were significantly increased at RECIST-PD. To the best
of our knowledge, this is the first study to evaluate the predictive value
of CTC enumeration based on an EGFR immuno-magnetic beads cap-
ture method in first-line EGFR-TKI efficacy in patients with advanced
NSCLC.

Non-invasive CTC, which are disseminated from primary tumor
cells, have the potential to obviate the limitations that are associated
with solid tumor tissues for monitoring cancer treatment [23]. Cur-
rently, mature CTC detection methods include immuno-magnetic lipo-
somal fluorescence identification, CTC biopsy, and CanPatrol of the
CellSearch system. The prognostic value of CTC enumeration has been
studied in several types of metastatic cancer [17–19,24–26]. However,
these studies mainly used the CellSearch system, which may fail to
detect the CTC with downregulated EpCAM levels due to EMT. In ad-
dition, the predictive value of CTC enumeration in NSCLC regarding
EGFR-TKI efficacy has not yet been studied. Therefore, we established a
CTC enrichment system using liposomal EGFR immuno-magnetic
beads, and assessed its performance in predicting first-line EGFR-TKI
response in patients with advanced NSCLC compared to the EpCAM-
and FA-based CTC enrichment system. Our study showed that the li-
posomal encasing had two significant advantages: 1) it prevented oxi-
dation of the magnetic nanoparticles and optimized the magnetic se-
paration, and 2) increased the concentration of antibodies that
enhanced the CTC recovery rate.

The utility of CTCEGFR in predicting EGFR-TKI efficacy was in-
vestigated using RECIST criteria. Patients with non-increased CTCEGFR

Fig. 5. Dynamic changing curves of CTC counts in the process of EGFR-TKI treatment for patients occurred PD.
(A) CTC numbers identified by EGFR-ML; (B) CTC numbers identified by EpCAM-ML; (C) CTC numbers identified by EpCAM-ML; (D) Total CTC numbers.
Each line represents the change of CTC number from an individual. For each ML, CTC counts of most patients increased (left panel of each bead) while CTC counts of
other patients remained unchanged or even decreased (right panel of each bead).
CTC, circulating tumor cells; EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitors; EpCAM, epithelial cell adhesion molecule; FA, folic acid; ML,
magnetic liposome; PD, progressive disease.

S. Cui, et al. Lung Cancer 132 (2019) 45–53

51



were more likely to achieve PR after 1 month of EGFR-TKI treatment
when compared to patients with increased CTCEGFR. These findings
indicated that a decreased or unchanged CTC count after EGFR-TKI
treatment may predict a better response. In addition, patients with
lower CTCEGFR at 3 months after first-line EGFR-TKI treatment may
achieve a PFS that is increased with more than 2 months compared to

those with a higher CTCEGFR. Several studies have shown that con-
tinuous use of EGFR-TKIs beyond RECIST-PD may render patients to
acquire additional survival benefits from targeted drugs [27,28]. This
indicated that a RECIST-defined PD can be used to decide che-
motherapy discontinuation. However, it may not be a suitable standard
for targeted therapies. In this study, CTC counts measured by all three

Fig. 6. Relationship between CTC number change and EGFR-TKI efficacy in representative cases.
After 3 months’ EGFR-TKI treatment, lung lesion size gradually increased and CTCEGFR increased up to RECIST-PD because of the enlargement of primary lung lesion
and occurrence of new brain metastases lesions at 10 months (A); CTCEGFR increased from 6 at RECIST-PD to 12 at clinical-PD (B); Seven months after RECIST-PD,
CTCEGFR continued to increase and clinical-PD was achieved after another 4 months (C).
CTCEGFR, CTCEpCAM, CTCFA, CTCTotal are used to represent CTC counts by different ML and total CTC numbers, respectively.
CTC, circulating tumor cells; EpCAM, epithelial cell adhesion molecule; EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitors; FA, folic acid; PD,
progressive disease.
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ML increased at RECIST-PD, thereby suggesting the potential predictive
value of CTC changes in EGFR-TKI response at the PD time point. In-
terestingly, we noticed that in some cases, CTCEGFR increased prior to
RECIST-PD, and continued to increase up to discontinuation of the
drug. These findings were significant since in some patients an in-
creased CTCEGFR may appear earlier than the RECIST-defined PD.
However, whether CTCEGFR can be used as an indicator for EGFR-TKI
discontinuation needs to be evaluated in future studies.

In addition to counting CTC numbers, the EGFR immuno-magnetic
beads we designed have the potential to detect EGFR mutations in
blood (data not shown). Our preliminary data showed that the initial
mutation cannot be detected in two of the 3 PD samples.

Our study has some limitations. First, since this was a single-center
study with a relatively small sample size, our findings should be in-
terpreted with caution. Second, due to the study design and relatively
shorter follow-up time, the overall survival could not be analyzed.
Therefore, the independent predictive value of CTC enumeration in the
survival of EGFR-TKI receiving patients could not be assessed. In ad-
dition, it is important to test whether some of the CTC captured by
EGFR-ML cannot be captured by EpCAM-ML because of the EMT pro-
cess in the future.

Taken together, our findings showed that it is feasible to establish a
CTC enrichment system using antibody modified EGFR-ML. In addition,
CTC enumeration by EGFR-ML has the potential to predict the response
of NSCLC patients to first-line EGFR-TKI and may supplement RECIST
in dynamically monitoring of patients.
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