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Abstract
Background

Pancreatic ductal adenocarcinoma (PDAC) is highly aggressive and has poor prognosis. There are few
biomarkers to inform treatment decisions, and collecting tumor samples for genomic or drug sensitivity
testing is challenging.

Methods

Circulating tumor cells (CTCs) were prepared from the liquid biopsies of PDAC patients. These cells were
subsequently expanded ex vivo to form CTC-derived organoid cultures, using a laboratory-developed
biomimetic cell culture system. The CTC-derived organoids were tested for sensitivity to a PDAC panel of
nine drugs, with tests conducted in triplicate, and a weighted cytotoxicity score (CTS) was calculated
from the results. Clinical response to treatment in patients was evaluated using Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1 criteria at the time of blood sampling and 3 months later.
CTS was then correlated with clinical response, and analyzed using 2 × 2 contingency tables.

Results

A total of 41 liquid biopsies were collected from 31 patients, with 87.8% of liquid biopsies from patients
with Stage 4 disease. CTC-derived organoid expansion was achieved in 3 weeks, with 87.8% culture
e�ciency. CTC-derived organoid cultures were positive for EpCAM staining and negative for CD45
staining in surface marker analysis. All patients had received a median of two lines of treatment prior to
enrollment, and prospective utility analysis indicated signi�cant correlation of CTS with clinical treatment
response. Two representative case studies are also presented to illustrate the relevant clinical contexts.

Conclusions

In this study, CTCs were expanded from the liquid biopsies of PDAC patients with a high success rate.
Drug sensitivity pro�les from CTC-derived organoid cultures correlated meaningfully with treatment
response. Further studies are warranted to validate the predictive potential for this approach.

Trial Registration

Taipei Medical University Hospital Protocol Record N201803020, registered on July 10, 2018;
ClinicalTrials.gov Identi�er: NCT04972461, retrospectively registered on July 22, 2021.

Background
Pancreatic ductal adenocarcinoma (PDAC) accounts for more than 85% of all pancreatic cancers, and is
one of the most aggressive forms of solid malignancy currently known, with 5-year survival rates of
around 10% [1]. At initial diagnosis, approximately 80% of patients have unresectable disease, and more
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than 50% have metastatic disease [2]. In such cases, systemic chemotherapy represents the standard of
care, and progression-free survival (PFS) is usually limited to 3–6 months [3]. Unsurprisingly, the
GLOBOCAN 2020 statistics rank PDAC as the seventh leading cause of cancer mortality worldwide [4],
and considering such poor outcomes, there is an urgent need to improve the current approach to PDAC
systemic treatment.

A promising approach that has seen success in the management of lung cancer [5] and breast cancer [6]
is the use of surrogate biomarkers to assess and predict clinical response to treatment, thereby allowing
patients to be treated with therapies that have the best chance of being effective. This approach is also
applicable to PDAC, and a recent study found that somatic BRCA1 mutations and genetic defects in the
homologous recombination pathway were predictive of better PFS in PDAC patients receiving
maintenance therapy [7–9]. However, this approach has a key caveat in that tumor tissue is needed to
assess biomarker status, but tumor biopsies or resection specimens are di�cult to obtain from PDAC
patients.

Liquid biopsies containing circulating tumor cells (CTCs) can serve as a source of tumor tissue that is
relatively easy to obtain and is minimally invasive. Most studies in PDAC have focused on CTC
enumeration, and higher CTC levels have been found to correlate with disease progression and poor
treatment response [10, 11]. However, recent studies in colorectal cancer [12, 13] have sought to isolate
and expand CTCs ex vivo, in order to generate CTC-derived cultures that can be directly tested for
sensitivity to a range of different anti-cancer treatments. The results of these studies are promising, but
key obstacles remain, such as low culture e�ciencies of less than 20% and high costs [14–16].
Discrepancies have also been reported between different methods of CTC detection and extraction [14–
16]. Despite these obstacles, a consistent, reliable, and cost-effective method of isolating and expanding
CTCs from PDAC patients would be very useful for developing personalized treatment strategies, and can
be expected to bene�t patient outcomes.

In this study, we collected 41 liquid biopsies from 31 PDAC patients, and then proceeded to isolate and
expand CTCs ex vivo in a laboratory-developed biomimetic cell culture system known as eSelect. The
eSelect system does not use size elimination or epithelial marker capture methods, thereby preserving the
heterogeneity of CTCs to ensure that CTC-derived organoid cultures are more representative of actual
tumor conditions. These CTC-derived organoid cultures were assessed for sensitivity to a panel of nine
anti-cancer drugs, and the results were correlated with clinical response in patients over a 3-month follow-
up period. A previous study using the eSelect system showed good correlation between the drug
sensitivity pro�les of CTC-derived organoid cultures and clinical response to treatment in small cell lung
cancer patients [17], and demonstrated the potential to reduce costs and time involved with culturing and
testing. Here we showed that drug sensitivity results derived from CTC-derived organoids, calculated as a
cytotoxicity score (CTS), correlated signi�cantly with clinical outcomes in prospective utility analysis.
Moreover, drug sensitivity results predicted the presence of rare but actionable genotypes in PDAC
patients, and we present two illustrative case results to highlight the potential of this method in predicting
treatment response and facilitating personalized treatment choices. Taken together, these results suggest
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the eSelect system is an e�cient and reliable method of obtaining CTCs for anti-cancer drug sensitivity
testing, and to the best of our knowledge, this is the �rst study that correlates drug sensitivity test results
in ex vivo CTC cultures with clinical treatment outcomes in PDAC. Larger prospective trials are warranted
to validate and expand upon these �ndings.

Materials And Methods

Patients
This observational study was approved by the institutional review board (IRB) of Taipei Medical
University Hospital prior to initiation, and was conducted in accordance with institutional and local
regulations, Good Clinical Practice (GCP), and the Declaration of Helsinki. Written informed consent was
obtained from all patients prior to enrollment in the study. A total of 31 pathologically con�rmed PDAC
patients indicated for systemic treatment were enrolled from August 2018 to September 2020. Eligible
patients were ≥ 20 years old and were indicated for systemic treatment, with Karnofsky Performance
Score (KPS) ≥ 70, at least one measurable lesion, and life expectancy of more than 3 months. Age, sex,
tumor staging, treatments, and clinical response were collected for each patient. Tumor staging was
performed in accordance with the American Joint Committee on Cancer (AJCC) Cancer Staging Manual,
Eighth Edition [18], and clinical response was evaluated using Response Evaluation Criteria in Solid
Tumors (RECIST) version 1.1 [19] at the time of blood sampling and 3 months later.

CTC Extraction and Organoid Expansion
Liquid biopsies consisting of a 20-mL sample of peripheral venous blood were collected from each
patient, using K2EDTA Vacutainers® (BD Bioscience, Franklin Lakes NJ, USA). A total of 41 liquid
biopsies were collected, from which the peripheral blood mononuclear cell (PBMC) fraction containing
CTCs was extracted using Ficoll-Paque centrifugation as previously described [17, 20]. Cells were then
seeded onto a substrate of binary colloidal crystal (BCC) containing silica and polymethyl methacrylate
(PMMA), and cultured in the eSelect system for 3 weeks, with replacement of culture medium every 4
days. Organoid expansion was monitored by visual microcopy, and the presence of CTCs was con�rmed
by EpCAM and CD45 immuno�uorescence staining in a procedure described previously [17]. Patients for
whom CTC-derived organoid expansion was unsuccessful were denoted as “failed expansion.”

Drug Sensitivity Pro�ling
Expanded CTC-derived organoids were resuspended in culture medium, then divided into aliquots and
loaded to 96-well plates for drug sensitivity assays. A PDAC-speci�c drug panel of nine drugs, including
gemcitabine, 5-�uorouracil (5-FU), erlotinib, irinotecan, olaparib, oxaliplatin, paclitaxel, palbociclib, and
trametinib, was tested against CTC cultures at clinically relevant concentrations [21]. Drug treatments
were respectively added to each well, after which cultures were continued for 1 week. All tests were
conducted in triplicate for each drug. At the end of the assay period, viable cell counts were measured
using cytosolic adenosine triphosphate (ATP) abundance (CellTiter Glo, Promega, Madison WI, USA) via a
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luminometer (Promega). The results were normalized to untreated control groups to derive relative cell
viability. Relative cell viability percentages for each drug were reported to the attending oncologist for
each patient once available, usually around 6 weeks after liquid biopsies were obtained. The following
threshold percentages were established following analysis of a receiver operating characteristic (ROC)
curve using Youden's index: for relative cell viability ranging from 0.0-29.9%, a score of 4 was given; for
relative cell viability of 30.0-69.9%, a score of 1 was given; and for relative cell viability of 70.0-100.0%, a
score of 0 was given. The CTS score was de�ned as the sum of all scores for drugs received by patients
for a duration of more than 6 weeks in the 3 months before or after liquid biopsies were obtained. In
addition, a binary drug sensitivity variable (e) was also assessed for all patients, and de�ned as positive
(e+) if patients received treatment with any drug that had < 50% relative cell viability in drug sensitivity
tests, and negative (e-) if patient treatments all had ≥ 50% relative cell viability. A drug was de�ned as
being “unmatched” if the patient received the drug but there was no corresponding drug sensitivity test
result available. Radiotherapy to the target lesion was de�ned as an unmatched drug in patients that
received this treatment during the de�ned period. For patients with failed expansion or who only received
unmatched drugs during the 3 months before or after liquid biopsies were obtained, CTS and e status
were assigned as “N/A” (not applicable).

Clinical Response Assessment
RECIST 1.1 criteria [19] was applied to evaluate tumor response. Medical images from patients obtained
3 ± 1 months prior to, within 1 month, and 3 ± 1 months after liquid biopsies were obtained, and were
respectively de�ned as Image(-1), Image(0), and Image(1) (Fig. 1). Clinical response was reviewed
independently by 2 gastrointestinal radiologists, 2 radiation oncologists, and 1 gastrointestinal oncologist
blinded to patient medications and drug sensitivity test results, and scored as complete response (CR),
partial response (PR), stable disease (SD), or progressive disease (PD) [19].

Correlating Drug Sensitivity Pro�les with Clinical Response
Drugs received by patients for a duration of more than 6 weeks in the 3 months before or after liquid
biopsies were obtained were included for prospective utility analysis between CTC-derived organoid drug
sensitivity (CTS, e) and clinical treatment responses (CR, PR, SD, PD; Fig. 1). In the prospective utility
analysis, to ascertain the predictive capability of drug sensitivity pro�les, CTS (< 4 vs. ≥ 4) was compared
against clinical response (SD + PD vs. CR + PR) to later treatments after liquid biopsy, while e status (e + 
vs. e-) was compared against a binary clinical bene�t variable (c; c + vs. c-), with c + de�ned as CR, PR, or
SD, and c- de�ned as PD.

Statistical Analysis
A point-biserial correlation test was utilized, and all statistical tests were performed with R 3.3.1
(https://www.r-project.org/) and GraphPad Prism 7 (San Diego, CA, USA). Odds ratios were calculated for
2 × 2 contingency tables, using the Haldane-Anscombe correction of adding 0.5 to all cells if there was at
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least one zero cell. Two-tailed Fisher's exact test was separately used to calculate P value and assess
signi�cance, with statistical signi�cance de�ned as P < 0.05.

Results

Isolation and Expansion of CTCs
A total of 41 fresh liquid biopsies derived from 31 enrolled patients were processed between 2018 and
2020 (Fig. 1). At Day 0, PBMCs with enriched CTCs were seeded to three-dimensional 24-well plates, with
variable size and morphology. At Days 7 to 28, cells were observed to become circular in shape and larger
in size, with signature morphologies, eventually forming organoids (Fig. 2A). After 3 weeks of culturing,
CTCs in the organoids were identi�ed by EpCAM and CD45 immuno�uorescence staining (Fig. 2B), with
EpCAM-positive and CD45-negative cells considered to be CTCs in accordance with current laboratory
standards [11]. Following con�rmation with visual microscopy and immunostaining, it was ascertained
that CTC-derived organoids were successfully cultured from 87.8% (36/41) of biopsies, with su�cient
cells to conduct screening for 9 treatments in triplicate. Expanded CTC-derived organoids were re-
suspended in culture medium, and aliquots were placed into 96-well culture plates for drug sensitivity
pro�ling.

Patient Demographics
This study enrolled 31 PDAC patients with pathologically con�rmed disease between August 2018 to
September 2020, with patient demographics of the tested liquid biopsies presented in Table 1. Slightly
more than half (53.7%) of the patients were female. The mean age was 63.0 years, with 39.0% of patients
aged over 65 years. Most (87.8%) patients presented with Stage 4 disease. A total of 41 liquid biopsies
were collected from patients, and their pro�les are presented in Table 2. CTC expansion failed for 5 liquid
biopsies (failed expansion). Results from 36 liquid biopsies were included in the �nal prospective utility
analysis conducted with CTS or e status against clinical response or clinical bene�t (c)(Fig. 3).
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Table 1
Patient demographics of liquid biopsies tested

  41 liquid biopsies taken from 31 enrolled patients

Mean age, years 63.0

Age > 65 years, n (%) 16 (39.0%)

Female, n (%) 22 (53.7%)

Cancer staging at time of liquid biopsy

Stage 4, n (%) 36 (87.8%)

Stage 3, n (%) 4 (9.8%)

Stage 2, n (%) 1 (2.4%)

Treatments 3 months prior to

liquid biopsy

3 months after

liquid biopsy

5-�uorouracil, n (%) 18 (43.9%) 20 (48.9%)

Erlotinib, n (%) 6 (14.6%) 4 (9.76%)

Gemcitabine, n (%) 15 (36.6%) 14 (34.1%)

Olaparib, n (%) 1 (2.4%) 3 (7.3%)

Oxaliplatin, n (%) 6 (14.6%) 6 (14.6%)

Paclitaxel, n (%) 5 (12.2%) 11 (26.8%)

Palbociclib, n (%) 0 (0.0%) 0 (0.0%)

Trametinib, n (%) 0 (0.0%) 0 (0.0%)

Cisplatin, n (%) 1 (2.4%) 1 (2.4%)

CCRT, n (%) 3 (7.3%) 3 (7.3%)

Radiotherapy, n (%) 8 (19.5%) 7 (17.1%)

Others, n (%) 14 (34.1%) 10 (24.4%)

No treatment, n (%) 3 (7.3%) 2 (4.9%)

Clinical response 3 months prior to

liquid biopsy

3 months after

liquid biopsy

Complete response, n (%) 0 (0.0%) 0 (0.0%)

CCRT, concurrent chemoradiation therapy; N/A, not applicable.



Page 9/22

  41 liquid biopsies taken from 31 enrolled patients

Partial response, n (%) 3 (7.3%) 4 (9.76%)

Stable disease, n (%) 9 (22.0%) 16 (39.0%)

Progressive disease, n (%) 29 (70.7%) 20 (48.78%)

N/A, n (%) 0 (0.0%) 1 (2.4%)

CCRT, concurrent chemoradiation therapy; N/A, not applicable.
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Table 2
Pro�les of 41 liquid biopsies collected from 31 patients

Patient

No.

Sex Age AJCC
Stage

CTC
Expansion

3 months prior to liquid
biopsy

3 months after liquid
biopsy

CTS
(e)

Clinical
Response

CTS
(e)

Clinical
Response

01 F 61 4 N N/A Progressive
Disease

N/A Partial
Response

61 4 Y 0 (-) Progressive
Disease

1 (-) Progressive
Disease

61 4 Y 2 (+) Stable Disease N/A Progressive
Disease

02 F 64 4 Y 4 (+) Stable Disease 4 (+) Stable
Disease

64 4 Y 1 (-) Progressive
Disease

1 (-) Stable
Disease

64 4 Y N/A Progressive
Disease

5 (+) Progressive
Disease

03 F 50 4 Y N/A Progressive
Disease

0 (-) Progressive
Disease

04 M 77 4 Y N/A Progressive
Disease

0 (-) Stable
Disease

79 4 Y N/A Stable Disease N/A Progressive
Disease

05 M 51 4 N N/A Progressive
Disease

N/A Progressive
Disease

06 M 64 4 Y 0 (-) Stable Disease 0 (-) Stable
Disease

07 F 57 4 Y 1 (-) Progressive
Disease

2 (+) Stable
Disease

08 F 55 4 Y 1 (-) Progressive
Disease

N/A Progressive
Disease

09 M 67 4 N N/A Progressive
Disease

N/A N/A

10 M 56 4 Y N/A Progressive
Disease

0
(N/A)

Stable
Disease

11 M 60 4 Y 2 (+) Progressive
Disease

1 (+) Stable
Disease

CTS, cytotoxicity score of received treatments; N/A, not applicable.
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Patient

No.

Sex Age AJCC
Stage

CTC
Expansion

3 months prior to liquid
biopsy

3 months after liquid
biopsy

CTS
(e)

Clinical
Response

CTS
(e)

Clinical
Response

12 M 57 4 Y 3 (+) Stable Disease 3 (+) Progressive
Disease

58 4 Y 8 (+) Progressive
Disease

0
(N/A)

Progressive
Disease

13 F 67 4 Y 1 (-) Progressive
Disease

1 (-) Progressive
Disease

14 F 60 4 Y 1 (-) Partial
Response

1 (-) Stable
Disease

15 F 77 2 Y 1 (+) Stable Disease 1 (+) Stable
Disease

16 M 48 4 Y N/A Progressive
Disease

4 (+) Stable
Disease

17 M 70 4 N N/A Progressive
Disease

N/A Progressive
Disease

18 M 68 4 Y 1 (+) Progressive
Disease

1 (+) Progressive
Disease

19 F 49 4 Y 0 (-) Progressive
Disease

1 (-) Progressive
Disease

49 4 Y 1 (+) Progressive
Disease

N/A Progressive
Disease

20 F 83 3 Y N/A Progressive
Disease

1 (-) Progressive
Disease

21 F 63 4 Y 0 (-) Partial
Response

0 (-) Stable
Disease

22 M 84 3 Y N/A Progressive
Disease

N/A Progressive
Disease

23 F 61 4 N N/A Stable Disease N/A Stable
Disease

24 M 70 3 Y N/A Stable Disease 8 (+) Progressive
Disease

70 4 Y 8 (+) Progressive
Disease

8 (+) Stable
Disease

25 M 79 4 Y 1 (+) Progressive
Disease

5 (+) Progressive
Disease

CTS, cytotoxicity score of received treatments; N/A, not applicable.
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Patient

No.

Sex Age AJCC
Stage

CTC
Expansion

3 months prior to liquid
biopsy

3 months after liquid
biopsy

CTS
(e)

Clinical
Response

CTS
(e)

Clinical
Response

26 M 71 4 Y 1 (+) Progressive
Disease

1 (+) Progressive
Disease

71 4 Y 0 (-) Progressive
Disease

0 (-) Progressive
Disease

27 F 49 3 Y N/A Progressive
Disease

4 (+) Partial
Response

49 4 Y N/A Progressive
Disease

N/A Progressive
Disease

28 F 26 4 Y 4 (+) Progressive
Disease

5 (+) Stable
Disease

29 M 80 4 Y 4 (+) Stable Disease 4 (+) Stable
Disease

30 F 70 4 Y N/A Progressive
Disease

5 (+) Partial
Response

31 F 63 4 Y 5 (+) Stable Disease 5 (+) Partial
Response

CTS, cytotoxicity score of received treatments; N/A, not applicable.

Drug Sensitivity Testing and Comparison with Clinical
Response
After 3 weeks of culturing, CTC-derived organoids were resuspended in culture medium and then
aliquoted to 96-well plates, in order to assess sensitivity to a PDAC-speci�c panel of nine drugs, including
5-�uorouracil (5-FU), erlotinib, gemcitabine, irinotecan, olaparib, oxaliplatin, paclitaxel, palbociclib, and
trametinib. All drug sensitivity assays were conducted in triplicate. Drugs were respectively applied at
clinically relevant concentrations for a week, after which relative cell viability was assessed and CTS and
e status were calculated. Lower cell viability following application of test treatments was indicative of
greater drug sensitivity and better anti-tumor effect. Relative cell viability was used to calculate CTS and e
status for each patient both retrospectively and prospectively (Table 2). Prospective utility analysis was
conducted to compare drug sensitivity results with treatments received by patients for at least 6 weeks in
duration during the 3-month period after liquid biopsy, and the results showed signi�cant association
between CTS and clinical response (P = 0.0406; Odds Ratio (OR) = 16.0588, 95% con�dence interval (CI):
0.7449-346.2114; Table 3). However, e status did not correlate signi�cantly with c status in prospective
utility analysis (P = 0.4410; Table 4).
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Table 3
Prospective utility analysis of CTS and clinical response

CTS Progressive Disease Stable Disease Partial Response Complete
Response

N/A 8 1 1 0

0 3 4 0 0

1 6 4 0 0

2 0 1 0 0

3 1 0 0 0

4 0 3 1 0

5 2 1 2 0

6 0 0 0 0

7 0 0 0 0

8 1 1 0 0

9 0 0 0 0

Utility Stable or Progressive
Disease

Partial or Complete
Response

Two-tailed Fisher’s
exact test

P = 0.0406

CTS 
< 4

19 0 Odds Ratio 16.0588

95% CI: 0.7449-
346.2114

P = 0.0764
CTS 
≥ 4

8 3

CI, con�dence interval; CTS, cytotoxicity score of received treatments; N/A, not applicable.

Table 4
Prospective utility analysis of e status and clinical response

Utility

N/A = 12

c+ c- Two-tailed Fisher’s exact test P = 0.4410

e+ 11 6 Odds Ratio 2.2000

95% CI: 0.4676-10.3505

P = 0.3183
e- 5 6

CI, con�dence interval; N/A, not applicable.

Illustrative Case Study 1: Identifying Effective Treatments to
Address Relapse
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Here we describe two representative cases to illustrate the potential application of this system in different
clinical scenarios encountered in this study. A 61-year-old female patient presenting with locally
advanced pancreatic cancer experienced intraperitoneal disease progression after concurrent
chemoradiotherapy and maintenance weekly gemcitabine. She was enrolled in our study and CTC
samples were obtained in October 2018. During this period, her clinical performance continued to
deteriorate, and clinical images indicated progression of intraperitoneal diseases despite salvage
treatment with three courses of FOLFIRI. CTC sensitivity pro�ling showed resistance to 5-FU, oxaliplatin,
paclitaxel, and irinotecan, and the �ndings were consistent with the clinical disease course. However,
erlotinib was found to suppress CTC proliferation with viability value at 27.8%. She received erlotinib
combined with gemcitabine at the discretion of the treating physician from December 2018, and enjoyed
a clinical response for 4 months with improved performance status and decreased serum level of CA199.
Her primary tumor biopsy was retrospectively analyzed, and Sanger sequencing revealed an epidermal
growth factor receptor (EGFR) exon 20 mutation. It has been reported that erlotinib in combination with
gemcitabine is active in patients with EGFR-mutated pancreatic cancer, with disease control rates of 64%
[22]. A combination of cell sensitivity pro�ling and tumor sequencing can provide response biomarkers,
as has been observed in this case.

Illustrative Case Study 2: Phenotype Correlation with
Unexpected Genotype
A 57-year-old male patient was admitted for occult gastrointestinal bleeding on May 09, 2019, and was
subsequently diagnosed with metastatic pancreatic cancer. Computer tomography (CT) scanning
identi�ed a 4.7-cm pancreatic tail tumor and 15 liver metastases. The patient’s older sister was previously
diagnosed with ovarian cancer and passed away at the age of 65. Radiotherapy (44 Gy/20 Fx) was
initiated for the patient on May 16, 2019, and the patient also received 12 cycles of chemotherapy with
FOLFIRINOX beginning on May 28, 2019. In August 2019, an abdominal CT scan revealed SD for the
pancreatic mass and PR for the liver metastases. However, a follow-up CT scan in November 2019
indicated PD in the pancreatic tumor, together with liver, bone, and peritoneal seeding. A 20-mL liquid
biopsy was collected from the patient in October 2019 prior to the follow-up scan, and CTC-derived
organoid expansion was successfully achieved in the eSelect system. Drug sensitivity testing indicated
that relative cell viability following olaparib treatment was 16.7%. Genetic testing was subsequently
conducted on a biopsy taken from this patient in January 2020, and the results showed that the patient
carried mutations in both the ATM (ataxia telangiectasia mutated) and BRIP1 (BRCA1-interacting protein
1) genes. ATM and BRIP1 work with BRCA1 (breast cancer 1) to repair DNA damage through the
homologous recombination pathway, and tumor cells with defects in this pathway are dependent on the
polyadenosine 5’-diphosphoribose [poly-(ADP-ribose)] polymerization (PARP) pathway for DNA repair.
Olaparib is a PARP inhibitor that can block this pathway and disrupt DNA repair in tumor cells.
Considering that mutations in BRCA1 and the homologous recombination pathway are rarely seen in
PDAC, with a prevalence rate of < 3% [23], the potential effectiveness of olaparib as predicted by the drug
sensitivity test and subsequently corroborated in the genetic analysis report suggest that the eSelect
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system has the potential to reveal the presence of key mutations or other genetic features that would
increase the e�cacy of targeted treatments.

Discussion
In this study, we showed that eSelect, a biomimetic cell culture system for CTC isolation and ex vivo
expansion developed by our lab, achieved 87.8% CTC culture success rates from PDAC patient liquid
biopsies, and prospective utility analysis indicated that drug sensitivity assay results obtained from CTC-
derived organoid cultures correlated with clinical response to treatment in patients (Table 3 and Table 4).
To the best of our knowledge, this is the �rst study to describe an association between drug sensitivity
testing results on CTC-derived organoids and clinical treatment responses in PDAC patients. Moreover,
the culture e�ciency of 87.8% and the relatively short expansion time of 3–4 weeks compares favorably
with previous studies [14–16], which reported e�ciency rates of less than 20% and culturing times of 6
months or more. Furthermore, in contrast to patient-derived organoids (PDOs) derived from tumor
biopsies [24, 25], less invasive methods are needed to obtain CTC-derived organoids, and this has
particular relevance for PDAC, considering that approximately 80–90% of patients have unresectable
disease at initial diagnosis [2]. In addition, extraction of CTCs directly from blood samples prevents both
the loss of non-epithelial CTCs through antigen-based detection and the elimination of smaller and more
deformable CTCs when physical techniques are used. Importantly, the eSelect system can also conduct
high-throughput drug sensitivity screening for several different anti-cancer treatments at the same time,
and this has the potential to be used for early-stage cancer detection, optimal treatment selection,
treatment e�cacy monitoring, and effective treatment screening in case of relapse or treatment failure.
However, it is true that CTC-based systems also face a number of challenges. Previous studies have
shown that CTCs can be captured and enriched, using epithelial cell markers to trap speci�c sub-
populations of CTCs [26, 27]; but as epithelial-to mesenchymal transition often occurs in CTCs at a high
frequency, CTCs often present in epithelial, mesenchymal, and mixed stages [28]. A previous study has
indicated that both epithelial and mesenchymal markers were detected in breast cancer CTCs, with a
higher ratio of mesenchymal-positive cells corresponding to the triple-negative subtype, progressive
disease, and CTC clusters [29]. After enrichment, there is currently no method to eliminate any sub-
population of CTCs in order to maintain the heterogeneity of CTCs in the system, and whether this
heterogeneity is important for the correlation between drug sensitivity testing results and clinical
treatment responses remains to be determined.

Prospective utility analysis indicated signi�cant correlations with clinical response for CTS (Table 3),
suggesting that it is possible to predict treatment outcomes in advanced PDAC patients through prior
testing of anti-cancer drugs in CTC-derived organoid cultures expanded ex vivo. At the very least, these
�ndings show that the eSelect system can serve to eliminate ineffective treatments without having to go
through a costly and time-consuming process of trial-and-error in patients. In an aggressive cancer such
as advanced PDAC, the time and effort saved from this predictive information could bring about
signi�cant improvements in patient outcomes.
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This study has several limitations. Firstly, treatment heterogeneity and frequent ineligibility for planned
analyses are inherent features of observational study designs in biomarker research. Since only a small
number of patients were involved in this proof-of-concept biomarker study, a larger randomized controlled
trial will be needed to validate these �ndings. Secondly, the CTC-derived organoids in the eSelect system
cannot recapitulate the vascular and immune tumor microenvironment. This may be a relevant issue
when seeking to predict the treatment response of drugs that depend on these stromal components.
Thirdly, the effects of paclitaxel and irinotecan nanoparticle formulations were approximated using free
drugs. This may lead to false negative prediction and may underestimate the diagnostic accuracy of the
CTS. Lastly, it was not possible in this research protocol to compare the results of genetic and/or
phenotypic analysis of CTC-derived organoids with those from concurrent tumor biopsies. Such
information would be invaluable to disclose tumor evolution in the process of CTC formation, and provide
further insights into the biological nature of CTC-derived organoids.

Conclusions
In this study, we describe an e�cient and reliable method of expanding CTCs from liquid biopsies in
PDAC patients, as well as the results of ex vivo drug sensitivity testing performed on these CTC-derived
organoids. This proof-of-concept data reveals potential for the development of a non-invasive biomarker
system that can predict treatment response, and larger prospective controlled studies are warranted for
further validation.
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Figure 1

Flowchart of experimental procedures conducted for enrolled patients. A liquid biopsy was taken from
patients, from which CTCs were isolated and expanded ex vivo to form CTC-derived organoid cultures,
which were then tested for sensitivity to a panel of PDAC-speci�c drugs. Drug sensitivity test results were
compared with clinical response to treatment(s) received for a minimum of 6 weeks, in the 3-month
period after liquid biopsy (prospective utility analysis).
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Figure 2

CTC-derived organoids expanded ex vivo from PDAC patient CTCs in liquid biopsies. (A) Representative
bright �eld images of CTC-derived organoids. Scale bar: 100 μm. (B) Representative EpCam, CD45, and
Hoechst staining results from three patients to con�rm the presence of CTCs. Scale bar: 20 μm.



Page 22/22

Figure 3

Overview of patient enrollment and CTC extraction and expansion from liquid biopsies.


