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Simple Summary: The conventional methods that seek to predict clinical treatment response are
based on the number of circulating tumor cells (CTCs) present in liquid biopsies or genetic profiling
of extracted CTCs. This paper presents a novel process by which CTCs can be extracted from blood
samples taken from head and neck cancer patients and then expanded ex vivo to form organoids that
can be tested with a panel of anti-cancer treatments. The resulting drug sensitivity profiles derived
from cisplatin treatment of organoids were subsequently found to correlate with clinical treatment
response to cisplatin in patients. CTCs extracted from liquid biopsies for ex vivo expansion negates
the need for complicated and potentially risky biopsies of tumor material, thereby supporting the
application of this procedure for checkups and treatment monitoring.

Abstract: The advanced-stage head and neck cancer (HNC) patients respond poorly to platinum-
based treatments. Thus, a reliable pretreatment method for evaluating platinum treatment re-
sponse would improve therapeutic efficiency and outcomes. This study describes a novel strategy
to predict clinical drug responses in HNC patients by using eSelect, a lab-developed biomimetic
cell culture system, which enables us to perform ex vivo expansion and drug sensitivity profiling
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of circulating tumor cells (CTCs). Forty liquid biopsies were collected from HNC patients, and
the CTCs were expanded ex vivo using the eSelect system within four weeks. Immunofluores-
cence staining confirmed that the CTC-derived organoids were positive for EpCAM and negative
for CD45. Two illustrative cases present the potential of this strategy for evaluating treatment
response. The statistical analysis confirmed that drug sensitivity in CTC-derived organoids was
associated with a clinical response. The multivariant logistic regression model predicted that the
treatment accuracy of chemotherapy responses achieved 93.75%, and the area under the curves
(AUCs) of prediction models was 0.8841 in the whole dataset and 0.9167 in cisplatin specific
dataset. In summary, cisplatin sensitivity profiles of patient-derived CTCs expanded ex vivo cor-
relate with a clinical response to cisplatin treatment, and this can potentially underpin predictive
assays to guide HNC treatments.

Keywords: circulating tumor cells; drug sensitivity; ex vivo expansion; head and neck cancer;
response to therapy

1. Introduction

Head and neck cancer (HNC) is the seventh most common cancer globally, constituting
approximately 5.5% of newly diagnosed cancer cases [1]. In GLOBOCAN statistics, HNC
showed over 930,000 new cancer cases and more than 460,000 deaths worldwide in 2020,
with the highest incidence rates in Melanesia, South Asia, Australasia, Eastern Europe,
Western Europe, and North America [1,2]. Key risk factors for HNC include alcohol, tobacco
and betel nut use, ultraviolet radiation from sunlight exposure, and human papillomavirus
(HPV) infection; specifically, HPV is now the major driving factor of HNC among young
adult populations in North America and Europe [2,3]. Overall HNC incidence rates
and mortality are expected to continue rising until at least 2060 [2] and this trend has
crucial implications for public health, as the economic and healthcare burden of HNC is
considerable [4].

For the 30—40% of patients with HNC who present with early-stage (stage I or II)
disease at diagnosis, 70-90% of them can achieve disease control and long-term survival
from surgery or definitive radiotherapy alone [2,5]. However, over 60% of patients with
HNC present with locally-advanced (stage III or IV) disease at diagnosis, with a high risk of
local recurrence and distant metastasis [5]. In those advanced HNC patients, cisplatin plays
a crucial role in treatment. Surgery followed by adjuvant radiotherapy or concomitant
chemoradiotherapy with high-dose cisplatin (100 mg/m?) is the standard of care in locally
advanced HNC patients with resectable tumors [2,5]. By contrast, concomitant chemoradio-
therapy with high-dose cisplatin, administered intravenously once every three weeks for
three cycles, is the preferred treatment regimen for those with unresectable tumors [2,5,6].
In addition, TPF (docetaxel, cisplatin, and 5-fluorouracil (5-FU)) induction therapy before
concomitant chemoradiotherapy is also a key treatment option [2,5]. However, despite
these available treatments, the prognosis for locoregionally-advanced HNC patients re-
mains poor, with 5-year survival rates of less than 50% [5]. Furthermore, the toxicity of
chemotherapy and complications usually interrupt therapy—most patients with HNC,
especially those receiving radiation or chemoradiation therapy, report experiencing notable
symptoms, high pain scores, dysfunction, and poor quality of life [7]. Poor response and
resistance to cisplatin is also a vital issue; clinical studies suggest that about 50% of patients
do not respond to cisplatin treatment [8], and 65% of those that initially respond eventually
develop cisplatin resistance and tumor recurrence [9]. Although studies have sought to
identify genetic signatures [8,10] and other predictive factors [11] of cisplatin response,
none are clinically applicable as yet.

Circulating tumor cells (CTCs) have been detected in various kinds of epithelial can-
cer, and the presence of CTCs has been demonstrated to have a clinical impact in cancer
patients with metastatic disease [12]. The CTC count is a significant prognostic factor for
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overall survival in patients with metastatic breast, prostate, colorectal, head, and neck
cancer [12,13]. The FDA has approved a method for CTC enumeration used to predict
cancer patient outcomes by the CellSearch system [14-16]. A detection rate of CTCs rang-
ing from 12-40% has been reported in HNC by Cellsearch system [17,18], which were
reported correlated with tumor stage [19], tumor burden [19,20], progression [19,21],
lymph node and distant metastasis [20-22], recurrence-free survival [20], disease control
rate [19,23], progression-free survival [23] and overall survival [23]. However, accurate
detection of CTCs has remained a problem; for example, the limitation of the CellSearch
system may not capture those CTCs without or with lower epithelial cell adhesion
molecules (EpCAM) expression, and CTCs which undergo epithelial-mesenchymal
transition have poor capture efficiencies [17,24]. Therefore, different CTC enrichment
strategies are used in some studies to evaluate the clinical significance of CTCs in head
and neck cancer. For example, Chikamatsu et al. demonstrated the expression level of
epithelial marker (KRT19) and mesenchymal marker (vimentin) in CTCs associated with
tumor relapse in HNC. Vimentin-positive CTCs, a mesenchymal marker, were higher in
recurrent/metastasis patients [25]. Negative selection combined with flow cytometry
had been used for CTC isolation; the significant CTC count reduction was found in
chemoradiotherapy responders after treatment, which correlated with higher patient
survival and one-year recurrence-free rates [18]. In another negative depletion assay,
EPISPOT showed that the changes in CTC count correlate with the response to being
treated by chemotherapy plus cetuximab in relapsed or metastatic head and neck squa-
mous cell carcinoma [26]. Although CTC enumeration can predict cancer progression
and overall survival, other studies show the broad applications of CTCs. The clonal
expansion of CTCs could be used to develop an oncology drug screening platform that
provides an opportunity to monitor response to therapy noninvasively. Yu et al. showed
that CTC cell lines were successfully generated to test the drug sensitivity [27]. However,
CTCs are rare, so cell culture from CTCs has become the most challenging unmet need
of CTC usages over the past year.

Ex vivo cultures of tumor tissue, cancer stem cells (CSCs), or circulating tumor cells
(CTCs) derived from patients purportedly serve as crucial surrogate platforms for assess-
ment of different therapies, thereby enabling clinicians to predict responses for individual
patients reliably [12]. Most such studies conducted to HNC thus far have used histocultures
of tumor tissue [12-18] because these tissue sections retained the tumor extracellular matrix
and infiltrated host cells, and are reported to preserve the original microenvironment of the
tumor well [28]. Drug sensitivity of ex vivo cultures was determined by inhibition rates
of 30—-40% [29,30], 50% [29,31-33], or >50% [29,34], as based on cell survival compared
with controls. These studies have demonstrated a strong correlation between cisplatin
sensitivity of ex vivo cultures and clinical response to drug treatment [29-34], with overall
accuracy ranging from 74-78.9%, sensitivity ranging from 71-90.9%, and specificity rang-
ing from 50-78% [29,32-34]. However, histocultures are limited due to their very short
period of viability of 3-6 days, after which rapid tissue deterioration occurs [28]. A study
in 2019 pointed out a potential solution to this problem by extracting tumor cells from
patient-derived tumor biopsies or surgical resections to establish patient-derived organoids
(PDOs) that could remain viable for an extended period [35]. The study reported culture
success rates of 60%, and a correlation between radiosensitivity and clinical response to
radiotherapy was noted [35].

Nevertheless, the difficulty of obtaining regular tissue samples to track treatment
response or detect resistance limits the application of tumor tissue cultures in a clinical
setting. As for CSCs, significant challenges remain in correctly identifying and isolating
CSCs from tumor tissue or liquid biopsies. The spheroid cultured from CSCs differs
from those in the original tumor [12], limiting their use of surrogates for drug sensitivity
testing. In contrast, spheroids cultured from CTCs offer several key advantages. Firstly,
CTCs can be extracted from minimally invasive liquid biopsies obtained from the pe-
ripheral blood of patients [36], allowing regular sampling to support real-time clinical
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monitoring of treatment efficacy and resistance development. Secondly, CTCs originate
from the primary tumor and are thus histologically and genetically representative [37].
Moreover, studies have already reported ex vivo maintenance of CTCs derived from
patients with HNC [38], and organoid cultures expanded ex vivo from CTCs of patients
with small cell lung cancer [39]. Tumor organoid cultures are especially suitable for
personalized medicine approaches to HNC due to high take rate, fast growth rate, stable
morphology and gene expression, a behavior and heterogeneity profile similar to cancer
cells in the original tumor, resemblance to the hypoxic tumor microenvironment, and
relatively low cost, ease of use, and potential for high-throughput screening [35,40,41].
Therefore, organoid cultures derived from CTCs of patients with HNC can potentially
serve as central platforms for real-time assay and prediction of treatment response and
resistance in a clinical setting.

In the past, it was difficult to culture CTC in a clinically-relevant time frame re-
producibly. As a result, the successful rate of CTC expansion was between 20 and
30% [27,42-44]. This study describes a novel process; CTCs were extracted from liquid
biopsies of peripheral venous blood from patients with locally advanced HNC and then
expanded ex vivo to establish organoid cultures using a lab-developed biomimetic cell
culture system, known as eSelect. CTC-derived organoids were subsequently tested
with cisplatin, 5-FU, and docetaxel, the most common chemotherapies used to treat
locally advanced HNC. Drug sensitivity of CTC-derived organoids was found to corre-
late with clinical responses in patients with HNC at a 3-month follow-up. Thus, to our
knowledge, this is the first study to report the establishment of tumor organoid cultures
from CTCs of patients with HNC. It is also the first study to evaluate drug sensitivity
using CTC-derived organoids and to correlate the results with actual clinical responses
in patients with HNC.

2. Materials and Methods
2.1. Patient Enrollment

This study was approved by the institutional review board (IRB) of Taipei Medical
University Hospital (IRB Number: N201803020, 11 July 2018), and patient samples and data
were collected in accordance with the Declaration of Helsinki, Good Clinical Practice, local
regulations, and institutional ethical standards. All patients provided written informed
consent before study participation. A total of 40 patients with pathologically confirmed
and locoregionally advanced head and neck cancer (HNC) were enrolled in this study.
According to the American Joint Committee on Cancer (AJCC) Cancer Staging Manual,
Eighth Edition [34], the staging was undertaken. Age, sex, tumor staging, alcohol, tobacco,
betel nut use, medication information, and clinical response to treatment were evaluated.
Patients did not receive any anticancer drugs, radiotherapy, or surgery before liquid
biopsy collection. Patients were followed up at three months after liquid biopsy collection,
with clinical response to treatment evaluated using computer tomography imaging and
Response Evaluation Criteria in Solid Tumors, version 1.1.

2.2. CTC Isolation and Expansion

Liquid biopsies of peripheral venous blood (10 mL) were collected from each patient
using K2EDTA Vacutainers (BD Bioscience, BD Bioscience, San Jose, CA, USA). A total of
40 liquid biopsies were collected. Liquid biopsies were subjected to Ficoll-Paque centrifu-
gation to isolate the peripheral blood mononuclear cell (PBMC) fraction containing CTCs.
CTCs were enriched by RosetteSep™ CTC Enrichment Cocktail kit (Stem cell technologies,
Cambridge, MA, USA) as previously described [39]. Cells were seeded onto a binary
colloidal crystal (BCC) substrate containing silica and polymethyl methacrylate (PMMA)
particles on a culture plate and cultured in DMEM/F12 medium containing EGF, bFGEF,
B27 supplement and platelet lysate (Thermo Fisher Scientific, Inc., Waltham, MA, USA) for
4 weeks, with culture medium replaced every 4 days [39]. CTC-derived organoids were
visualized by microscopy.
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2.3. Immunofluorescence Staining

The presence of CTCs was confirmed by epithelial cell adhesion molecule (EpCAM)
and CD45 immunofluorescence staining, according to a previously-described method [39].
In brief, CTC-derived organoids were collected and resuspended in PBS. The cells were
fixed for 10 min using paraformaldehyde, then washed with PBS and followed by subse-
quently incubated in 0.1% Triton X-100 (in PBS) for permeabilization. Anti-EpCAM (clone
EpAb3-5, BioMab, Taipei, Taiwan) and anti-CD45 (clone HI30, Thermo Fisher Scientific,
Waltham, MA, USA) primary antibodies were used to confirm the presence of CTCs, and
cell nuclei were counterstained using Hoechst 33342. Stained cells were examined under a
fluorescence microscope.

2.4. Drug Sensitivity Assays

CTC-derived organoids were cultured for 4 weeks, then resuspended in a culture
medium and divided into aliquots to be transferred to 96-well culture plates for drug
sensitivity assays. A panel of drugs commonly used to treat locally advanced HNC was
assessed, including cisplatin, 5-FU, and docetaxel, with tests conducted in triplicate. The
clinical pharmacokinetics of each drug were reviewed to determine the appropriate con-
centration to be applied in drug sensitivity assays [45]. Cells were incubated in each testing
drug for 6 days, respectively. Then, viable cell counts for each well were measured using
the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI, USA) with
luminescence read on a GloMax Navigator Microplate Luminometer (Promega, Madison,
WI, USA). Relative cell viability was calculated as the percentage of viable cells in the
control wells divided by that of the drug-treated wells.

2.5. Predictive Model Construction and Selection

A point-biserial correlation test was utilized to evaluate the correlation of relative
viability in drug-treated CTC-derived organoids with clinical response in HNC patients.
The prognostic model was established by a training dataset that included 75% of overall
data, a validation dataset that included all selected samples (total dataset, n = 38) and a
testing dataset including all cisplatin-treated patients (cisplatin dataset, n = 20). Logistic
regression analysis was applied to identify the most significant clinical factors from the
training data set, remove factors with less significant parameters from univariable analysis,
and validate the predictive model with all covariables included in multivariate analysis.
A receiver operating characteristic (ROC) curve and Veall-Zimmermann’s Psudo R2 were
calculated to compare the optimized model, and the Youden index was used to access the
best cutoff value for relative cell viability after drug treatment.

2.6. Statistical Analysis

The statistical tests were performed with R package version 3.3.1 (R Core Team, 2018)
and GraphPad Prism 7 (San Diego, CA, USA). All analyses performed were two-sided, and
statistical significance was determined as two-tailed p-values < 0.05.

3. Results
3.1. Patient Demographics

A total of 40 patients with locally advanced HNC were enrolled in this study from
July 2018 to December 2020 (the patient demographics are detailed in Table 1, and an
overview of the study is presented in Figure 1). From these patients, 40 liquid biopsies
of peripheral venous blood were collected (the profiles of these liquid biopsies are
presented in Table 2). Prior to this, patients received no anticancer drugs, radiotherapy,
or surgery.
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Table 1. Patient demographics.

Enrolled Patients (N = 40)

Mean age, years 57.05
Male, 7 (%) 35 (87.50%)
Female, n (%) 5 (12.50%)

Cancer staging
Stage I-I1, n (%)

11 (27.50%)

Stage III-1V, n (%) 29 (72.5%)
Alcohol use, 1 (%) 14 (35.00%)
Betel nut use, 1 (%) 24 (60.00%)
Smoking, 1 (%) 26 (65.00%)
Treatment
Cisplatin, 1 (%) 20 (50.00%)
Carboplatin, 1 (%) 7 (17.50%)
5-FU, n (%) 7 (17.50%)
Docetaxel, n (%) 1 (2.50%)
UFUR, n (%) 4 (10.00%)
Other, 1 (%) 12 (30.00%)

UFUR, tegafur uracil.

Locally advanced HNC patients

!

Peripheral venous blood liquid biopsies

!

CTCisolation and expansion ex vivo

Drug sensitivity assay

!

Failed expansion

Correlation of cisplatin drug sensitivity profiles with
clinical response in patients treated with cisplatin

Figure 1. Overview of the study procedure.
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Table 2. Profiles of collected liquid biopsies.

Patient No. Sex Age AJCC Stage Alcohol Betelnut Smoking Exl(aj;l;l(;ion Viability/Cisplatin "lFr 2}::2::& R(ilsi;(ic:sle
01 M 72 IVA N N N Y 36.32 N N/A
02 M 53 IVB N Y 20.37 Y N/A
03 M 58 IVA N N N N 58.37 Y N/A
04 M 46 II N Y Y Y 107.19 N CR
05 F 50 IVB N N N Y 34.72 N CR
06 M 40 IVA N N Y Y 11.11 Y CR
07 F 34 I N N N N N Y PR
08 M 72 IVA N Y Y Y 72.85 N CR
09 M 35 I N Y N Y 527 Y CR
10 M 58 IVB N Y Y Y 67.72 Y N/A
11 M 46 IVB Y Y Y Y 10.86 N PD
12 F 81 I N N Y N N N N/A
13 M 63 I N Y Y Y 36.58 N CR
14 M 71 1B N N N N N N PD
15 M 53 IVB N N N Y 43.92 N PD
16 M 83 IVA N Y Y Y 9.51 N CR
17 F 61 IvC N N N Y 9.45 N PD
18 M 58 II Y Y Y Y 41 Y PD
19 M 55 I N N N Y 5.73 N CR
20 M 72 I Y Y Y Y 73.30 Y PR
21 M 56 IVC Y N N Y 103.27 N N/A
22 M 55 IVA Y Y Y Y 2.60 Y CR
23 M 56 I N N N Y 15.87 Y PR
24 M 46 IVA Y Y Y Y 12.10 Y CR
25 F 70 IVA N N N Y 8.50 N N/A
26 M 76 IvC Y Y Y Y 93.22 N N/A
27 M 52 IVB Y Y Y Y 13.00 Y CR
28 M 50 IVB N Y Y Y 17.60 Y CR
29 M 56 IVB N Y Y Y 13.31 N CR
30 M 63 I N Y Y Y 122.00 Y PD
31 M 52 I N Y Y Y 12.60 N CR
32 M 43 I Y Y Y Y 26.80 N CR
33 M 59 IVB Y N Y Y 16.90 N N/A
34 M 48 IVA Y Y Y Y 21.40 Y N/A
35 M 50 I Y Y Y Y 24.50 N N/A
36 M 80 I N Y Y Y 10.00 N N/A
37 M 63 IVA N N N Y 34.60 N N/A
38 M 52 I Y Y Y Y 17.50 Y CR
39 M 44 IVB Y Y Y Y 15.10 Y CR
40 M 49 IVA N Y Y Y 5.50 Y CR

N:no, Y: yes, N/A: non-available, CR: complete response, PR: partial response, PD: progressive disease.
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3.2. CTC Expansion and Immunofluorescence Results

Following the isolation of the PBMC fraction from liquid biopsies through Ficoll-
Paque centrifugation, fractions containing CTCs were seeded to homemade culture plates.
Figure 2A showed that cells proliferated and formed organoids from day 7 to day 28. After
4 weeks of expansion ex vivo, CTC organoids were examined using EpCAM and CD45
immunofluorescence staining, which were defined as being EpCAM-positive and CD45-
negative (Figure 2B). Then, CTCs were extracted from the liquid biopsies and expanded ex
vivo using the eSelect system. A total of 37 of 40 cultures became successfully established
and the ex vivo expansion success rate was 92.50%.

EpCAM Hoechst
CD45

Figure 2. Expansion of ex vivo of circulating tumor cells (CTCs) derived from patients with HNC.
(A) Representative bright-field images of organoids expanded ex vivo from CTCs derived from patients
with HNC. Scale bar: 100 um. (B) Epithelial cell adhesion molecule (EpCAM), or CD45 immunostaining,
and Hoechst staining results for organoids to ascertain the presence of CTCs. Scale bar: 100 um.
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3.3. Drug Sensitivity Profiling

The CTC-derived organoids were resuspended and transferred to 96-well culture
plates to conduct drug sensitivity assays. The cisplatin, 5-FU, and docetaxel were assayed
over six days. Relative viability was calculated as a percentage of surviving cells after
test treatment compared with untreated controls, defined as 100%, and lower relative cell
viability following application of test treatments indicated superior drug sensitivity and
anti-tumor effects. The relative cell viability was established for drug treatment, and the
CTC-derived organoids were considered sensitive to that treatment; it was assessed against
clinical response to cisplatin treatment. Most patients enrolled in this study had received
treatment with cisplatin. Two illustrative case reports that provide insight into the process
of drawing correlations and demonstrate the utility of this approach in a clinical setting are
presented as follows.

3.4. Case Report 1: Complete Response in Stage IV Oral Cancer following Surgery and
Cisplatin/Carboplatin Concurrent Chemoradiation Therapy

A 46-year-old male patient with a history of alcohol, cigarette and betel nut or quid use
was diagnosed with HNC in July 2019. Physical examination revealed a raised ulcerative
erythematous lesion of approximately 4.0 x 6.0 x 3.0 cm in the right buccal region, with
skin induration noted. Magnetic resonance imaging (MRI) confirmed the location of the
lesion (Figure 3A) and indicated that the fat plane was lost between the lesion and the
skin. The patient was therefore diagnosed with Stage IVa, mpT4aNOMO oral cancer (26).
CTCs were extracted from a peripheral blood liquid biopsy collected from the patient and
subsequently expanded ex vivo. Drug sensitivity assays conducted with the CTC-derived
organoids in the eSelect system revealed a relative CTC viability of 65.3 &= 9.9% with 5-FU
treatment, 24.3 & 8.9% with carboplatin treatment, and 11.0 £ 4.6% with cisplatin treatment
(Figure 3B). The patient received surgery followed by adjuvant concurrent chemoradiation
therapy (CCRT) of 6300 cGy in 35 fractions (fx) together with cisplatin in the 1st and 4th
weeks and carboplatin in the 7th week, following National Comprehensive Cancer Network
guidelines (5). Regular follow-up and MRI results at one-year post-CCRT indicated that
the patient had a complete response to treatment, with no residual tumor or lymph node
metastasis observed (Figure 3C).

3.5. Case Report 2: Complete Response in Stage IV Oral Cancer following Cisplatin Concurrent
Chemoradiation Therapy

A 52-year-old male patient with a history of alcohol use, betel nut or quid chew-
ing, and smoking was diagnosed with HNC in September 2019. Physical examination
revealed an indurative and ulcerative erythematous lesion of about 1.5 x 1.5 x 1.0 cm
in the left buccal region near tuberosity, with swelling on the left oropharynx also noted.
MRI results confirmed the tumor’s location in the left buccal region, extending to the
pterygomandibular space, lateral pharyngeal region, and infratemporal space (Figure 3D).
A diagnosis of Stage IVb, cT4AbNOMO oral cancer was therefore recorded (26). CTCs from a
peripheral blood liquid biopsy collected from the patient were expanded ex vivo, and the
CTC-derived organoids were subjected to drug sensitivity assays conducted using the eSe-
lect system. The results showed relative cell viability of 92.5 £ 12.7% with 5-FU treatment,
33.1 £ 6.3% with carboplatin treatment, and 13.0 £ 3.0% with cisplatin treatment
(Figure 3E). The patient subsequently received CCRT with 7000 cGy in 35 fx coupled
with cisplatin treatment at the 1st, 4th, and 7th weeks. Regular follow-up and MRI results
at 1-year post-CCRT revealed a complete response to treatment, with no residual tumor
or lymph node metastasis (Figure 3F). Notably, CTCs derived from these two case studies
displayed drug sensitivity results below the 20% relative cell viability threshold, indicating
cisplatin effectiveness. Both patients achieved a complete response with cisplatin CCRT
treatment despite being diagnosed with Stage IV HNC diagnoses. The results highlighted
the clinical predictive potential of drug sensitivity assays conducted on CTC-derived
organoids using the eSelect system.



Cancers 2021, 13, 6076 10 of 16

(A) (B)

Before treatment CTC sensitivity test
Case 1
120
g 100
> 80
3 60
)
>
o 40 I
: E
i )
Control SFU  carboplatin cisplatin
(D) (E) .
Before treatment CTC sensitivity test
Case 2
140
120
g 100
Z 80
3 60
®
> 40
E 2
o
0 =
Control SFU  carboplatin cisplatin

Figure 3. Magnetic resonance imaging (MRI) and eSelect relative cell viability of two illustrative case studies. (A) MRI
results at diagnosis for Case 1 indicating a raised lesion in the right buccal region with skin induration labelled as the red
circle. (B) Relative cell viability of CTC-derived organoids treated with 5-FU, carboplatin, or cisplatin by using the eSelect
system in Case 1, notably, cisplatin sensitivity was below 20%. (C) MRI results at 1 year after concurrent chemoradiation
therapy (CCRT) following surgery and adjuvant CCRT with cisplatin and carboplatin for Case 1, red circle represented
that complete response to treatment with no residual tumor or lymph node metastasis. (D) MRI results at diagnosis for
Case 2, the red circle indicated an indurative lesion in the left buccal region that extended to the pterygomandibular space,
lateral pharyngeal region, and infratemporal space. (E) Relative cell viability of CTC-derived organoids treated with 5-FU,
carboplatin, or cisplatin using the eSelect system in Case 2; notably, cells viability was below 20% when exposed to cisplatin.
(F) MRI results at 1 year after CCRT with cisplatin for Case 2, indicating complete response to treatment with no residual
tumor or lymph node metastasis (red circle).
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3.6. Prediction of Clinical Response Based on CTC-Based Drugs Sensitivity Test

Participants with complete treatment responses and eSelect drug testing profiles were
selected for our logistic regression models to evaluate the prediction accuracy of complete
response rates for each head and neck cancer patient. Univariate analysis revealed several
parameters associated with clinical response, including stage (p = 0.003) and eSelect relative
cell viability (p = 0.002), and p values reached statistical significance (Table 3). All stepwise-
selected factors were applied to multivariate analysis to evaluate the combined effect of
multiple variables on clinical responses; stage (odds ratio [OR] = 27.938, 95% confidence
interval (CI) = 1537-1642.172, p = 0.046) and eSelect relative cell Viability ([OR] = 0.951,
95% CI = 0.899-0.984, p = 0.019) were again found to be correlated with clinical response,
and the parameter, eSelect relative cell viability, maintains statistical significance (Table 3).
The predictive ability of the final multivariate model regarding clinical response was found
to show sufficient accuracy (accuracy = 93.75%, chi-square p value = 0.00003; Table 3). Area
under the curve (AUC) values were applied to compare predictive ability between different
parameter combinations, with the final version including eSelect relative cell viability and
drug treatment selection. We compared the predictive accuracy of the final logistic regression
model through our validation dataset (Model total) and testing dataset (Model Cisplatin). The
predictive model demonstrated high accuracy and reliability with an AUC above 0.9 with
both datasets (Model total AUC = 0.8841 and Model Cisplatin AUC = 0.9583; Figure 4).

Table 3. Univariate and multivariate analyses for prognostic variables of clinical outcomes in HNC patients using logistic regression.

Variables Univariable Analysis Multivariable Analysis
OR 95% CI p Value OR 95% CI p Value
Age (Years) 0.979 0.914-1.050 0.525
Stage (I + I vs. ITI + IV) 21 3.286-204.253 0.003 * 27398  1.537-1642.172  0.046 *
eSelect cell Viability 0.954 0.920-0.979 0.002 ** 0.951 0.899-0.984 0.019 *
(<73 vs. >73)

* p-value < 0.05, ** p-value < 0.01. Accuracy in multivariable model = 93.75%, chi-square p value = 0.00003. Multivariable mode:
Veall-Zimmermann’s Psudo R? = 0.731, Chi-square p value < 0.0001. CI, Confidence Interval; N/A, Not Available; OR, Odds Ratio.
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4. Discussion

Up to 50% of patients with locally advanced HNC do not respond to cisplatin [8],
and 65% of those patients eventually develop resistance to cisplatin [9]. Hence, effective
assays that can reliably predict treatment response or provide early detection of treatment
resistance, enabling clinicians to provide personalized treatment strategies that enhance
outcomes, are urgently required. This study presents an innovative process by which CTCs
can be extracted from peripheral blood liquid biopsies of patients with locally advanced
HNC and then expanded ex vivo over four weeks to form CTC-derived organoids in a
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biomimetic cell culture system known as eSelect. The CTC-derived organoids can then be
evaluated for their sensitivity to various HNC drug treatments, among which cisplatin,
5-FU, and docetaxel were used in this study. The results showed that the relative cell viability
derived from cisplatin sensitivity assays significantly correlated with clinical response to cisplatin
treatment in patients with HNC, suggesting that this process can potentially be used in a clinical
setting to monitor and guide treatments of patients with HNC.

To our knowledge, this is the first study to report the establishment of tumor organoids
by using CTCs derived from peripheral blood liquid biopsies of HNC patients, as well as the
first study to deploy CTC-derived organoids expanded ex vivo to assess drug sensitivity and
correlate the results with an actual clinical response in HNC patients. CTCs are considered
a key prognostic factor in HNC [46,47], and studies have shown that the detection of CTCs
in peripheral blood [21,26,48-53], high CTC counts in peripheral blood [26], or increasing
CTC counts over time [18,26,51,53] were associated with worse prognosis in patients with
HNC. Although the US Food and Drug Administration (FDA) has approved the CellSearch
system for use in clinical settings to detect and enumerate CTCs in peripheral blood [46,54],
merely identifying the presence or number of CTCs does not provide sufficient information to
guide treatment decisions. Other studies have sought to provide more detail by assessing the
epithelial-mesenchymal status [25,55,56], programmed death-ligand 1 (PD-L1) expression [57],
cyclooxygenase-2 expression (COX-2) [58], genetic expression [54], or genomic status [59,60]
of CTCs to predict prognosis. However, these studies have not correlated any molecular or
genetic characteristics with clinical responses to a specific treatment. This current study followed
a different approach, by which CTCs are isolated and expanded ex vivo to generate tumor
organoid cultures that can be directly assessed for their sensitivity to cisplatin or other drugs.
The paves the way for developing predictive CTC-based assays that can be routinely used
to evaluate and monitor treatment response, allowing clinicians to make informed treatment
decisions, attain early awareness of treatment resistance, and develop personalized treatment
strategies. Patients would also benefit from being treated in ways to which they are more
likely to respond, as well as timely notification of resistance and informed guidance about post
resistance therapy switching.

Several studies have described the potential of tumor organoid cultures in person-
alized medicine [40,41,50], and they offer distinct advantages in terms of fast growth,
relative stability, a genetic profile similar to that of the original tumor, and capacity for
high-throughput screening. The use of PDOs to assess drug sensitivity in HNC has been
reported in two studies [41,61], both of which involved cultivating PDOs from biopsied
or resected tumor tissue. Both studies indicated that the drug sensitivity of organoids
correlated with clinical response to drug treatment in patients [41,61], thereby endorsing
the approach presented in the current study. However, the process followed in this study
possesses many advantages over those used in previous research. Firstly, the organoid
cultures were expanded ex vivo from CTCs extracted from peripheral blood liquid biopsies,
which are much easier to obtain than tumor biopsies or resected tumor tissue, especially for
locally advanced HNC patients. Liquid biopsies allow real-time drug sensitivity assays to
be conducted in a routine clinical setting to predict treatment response, monitor treatment
efficacy and detect treatment resistance. These enable the development of a much more
flexible, responsive, and effective system of personalized treatment tracking in patients,
as opposed to a single one-off test after tumor biopsy or surgery. Secondly, using the eSe-
lect system could achieve CTC extraction and expansion ex vivo from the liquid biopsies
of HNC patients within a 4-week period, which is considerably faster than the process
described for tumor-tissue derived organoids [41,61] or even for a similar CTC ex vivo
expansion study [38]. The eSelect system is thus better positioned to meet the need for
quick turnover time and real-time information in actual clinical settings. Thirdly, our study
was able to achieve a 92.5% culture success rate using the eSelect system, which is much
higher than the 60% [35] and 30.2% [61] expansion rate reported for tumor-tissue derived
organoids, or the 28% reported for CTC ex vivo cultures [38]. A high culture success rate is
crucial to ensuring the workability of the process in a clinical setting, as low rates would



Cancers 2021, 13, 6076

13 of 16

only delay treatment decisions and waste precious time and resources. The utility of the
CTC-derived organoid model in this study has previously been assessed in small cell lung
cancer [39], and the flexibility, speed, and success rate of this approach are promising for
potential future clinical application in the treatment of HNC and other solid tumors.

This study also has some limitations. Firstly, the limited number of patients (1 = 40)
precludes reliable generalization of the results, and more extensive studies are required in the
future to validate this process in a larger patient population, specific subtypes of HNC, and
different types of treatment. Nevertheless, as indicated by the two case studies presented in
the results, this study provided a proof of concept for the eSelect system and the correlation
between drug sensitivity results and clinical response, bolstering confidence in this novel
approach to be further tested in more extensive future studies. Secondly, this study did not
evaluate CTC-derived organoids” molecular and genetic features reflected in the original tumor
in each patient. This was partly due to clinical constraints. As this study included only locally
advanced HNC patients, many of them had an unresectable or metastatic disease that prevented
further biopsies or surgery from being conducted. However, conducting additional molecular
and genetic analyses of CTC-derived organoids to identify biomarkers that could enhance
predictive capability accuracy may be beneficial in the future. Moreover, detailed analysis of the
molecular or genetic changes in CTC-derived organoids cultured at different stages of treatment
would facilitate the monitoring of tumor evolution and resistance development, with important
implications for oncology in the future.

5. Conclusions

In conclusion, this study developed an efficient and reliable method by which CTCs
from liquid biopsies of patients with locally advanced HNC patients can be isolated and
expanded ex vivo using the eSelect system. Drug sensitivity assays conducted on the
expanded CTC-derived organoids were subsequently correlated with clinical response in
patients with HNC. The results highlight the potential of this method to assist clinicians
in assessing and predicting treatment response in HNC, and more extensive prospective
controlled studies are warranted to validate these findings further and to improve this
process for future application in clinical settings.
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