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Abstract: Circulating tumor cells (CTCs) have significant potential to become an important tool for monitoring the ef-
fects of treatment in solid tumors. The present study reports the occurance of CTCs in cervical cancer (CC) patients 
during radical chemoradiotherapy (CRT), including brachytherapy (BRT), and during the follow-up period. Patients 
diagnosed with CC treated with radical CRT were included in the study (n=30). A total of 167 CTC-tests (MetaCell®) 
were provided at predefined testing time points during the study follow-up (e.g., before CRT, after CRT, every three 
months of follow-up). In parallel with CTC-testing, SCC-Ag were measured to compare their predictive values during 
treatment. CTCs were present in 96% (25/26) of patients at the time of diagnosis and in 61% (14/23) after treat-
ment. Patients who relapsed during the 36-month follow-up (n=10) showed an elevation in pre-treatment CTC- num-
bers, similarly there was a significant increase in pre-treatment SCC-Ag. As next, an increased number of CTCs was 
observed approximately 12 weeks before relapse was diagnosed by standard imaging modalities (MRI, US, PET-CT) 
in 3 of 4 patients. In addition to standardized vital cytomorphology of enriched CTCs, quantitative PCR (qPCR) was 
used to inform the nature of CTCs before treatment. Analysis revealed increased SOX2 and POUSF expression in 
CTCs in the group of patients with recurrence (P < 0.02). Disease aggressiveness may be related to increased ex-
pression of stem cell markers, as found in samples from relapsed patients. CTCs may be an aid to assess tumor 
burden and disease aggressiveness. An increase in CTCs precedes an increase in SCC-Ag and confirmation of re-
lapse by imaging, as shown in our study. 
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Introduction

Cervical cancer (CC) is a global public health 
problem, with a particularly high burden in 
many low-income and middle-income countries 
[1]. However, CC is becoming a preventable  
disease with the development of vaccination 
against HPV viruses, but the prognosis of 
advanced stages remains poor [2]. It is essen-
tial to introduce innovative and more targeted 
therapies, precise diagnostics [3] and monitor-

ing of response to treatment into the manage-
ment of CC. In 2018 cervical cancer was the 
fourth cause of death worldwide after breast, 
colorectal, and lung cancer in women. Appro- 
ximately 570,000 new cases were diagnosed  
in 2018, and 311,000 cases died [3]. In the 
aetiology of the disease, the most critical risk 
factor is HPV infection, especially HPV with a 
high oncogenic risk [4, 5]. CC is diagnosed pri-
marily on symptomatic women (irregular bleed-
ing, postcoital bleeding, discharge, pelvic pain, 
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dysuria or obstipation, etc.) or during regular 
gynaecological examination using colposcopy/
specula examination, oncological cytology, bi- 
manual palpation and imaging methods (vagi-
nal ultrasound, MRI, and CT or PET/CT).

In addition to histological examination of the 
tumor and modern imaging methods (USG, 
MRI), only a few laboratory methods are used to 
help determine the extent of the tumor in the 
course of the disease. Histologically squamous 
cell carcinoma (SCC) accounts for 70-80%, and 
adenocarcinomas account for 20-25% of CC. 
SCC tumors are more chemo and radiosensi-
tive than adenocarcinomas [6]. The initial stage 
of the disease is the most decisive prognostic 
factor. Other negative histopathological prog-
nostic factors are tumor grade (for adenocar- 
cinomas), spreading to lymphatic vessels and 
lymph nodes, depth of invasion, and primary 
tumor diameter [7, 8]. In squamous CC, squa-
mous cell carcinoma antigen (SCC-Ag) is used 
as a golden standard marker during concurrent 
chemoradiotherapy (CRT) [9]. SCC-Ag levels re- 
flect the speed of tumor growth and correlate 
with regression, progression, or recurrence of 
the disease [10]. The value of 2.0 ng/ml is the 
upper limit of the standard setting. The test’s 
sensitivity is low (53.3%), but the specificity is 
relatively high (94.3%), which defines SSC-Ag 
being unsuitable for a diagnostic/screening 
method [6, 10]. Nevertheless, SCC-Ag testing is 
a non-invasive tool for monitoring the effect of 
individual treatment in a patient with SCC. 
Rising levels of SCC-Ag precede the clinical 
detection of the relapsing disease on average 
by five months [10].

So far, there is no suitable marker that is readily 
available to monitor the therapeutic effect in a 
CC patient. Circulating tumor cells (CTCs) could 
be used for this purpose according to studies 
that have confirmed the correlation between 
CTCs and clinical outcome, for example, in 
breast cancer [11], ovarian cancer [12] and 
colorectal cancer [13]. CTCs originate from the 
tumor and circulate in the bloodstream to set 
up metastases, possibly. These cells have 
characteristic properties of the tumor tissue 
originating (primary tumor, metastases). They 
can be used in diagnostic periods and in the 
process of monitoring disease progression. 
They are relatively rare; one CTC can be de- 

tected in approximately 107 blood elements. 
Increasing CTCs numbers in the blood and ele-
vated tumor markers usually indicate a worse 
prognosis of the disease [14-18]. CTCs are 
essential for the development of distant metas-
tases, and their detection has been a long time 
considered a manifestation of tumor aggres-
siveness and its ability to metastasize to dis-
tant organs. Current evidence suggests that 
metastatic spread may be an early manifesta-
tion of tumor progression and not merely a 
manifestation of advanced cancer [19].

At present, the selection of a suitable therapy 
regimen considers the clinical condition of the 
patient, the assessment of the progression of 
the disease, and the individual characteristics 
of the patient tumor. The final therapy is se- 
lected according to the specification of the pri-
mary tumor [20-22]. Elevated CTC numbers 
during treatment, regardless of radiographic 
evaluation (PET, CT), ultimately indicate treat-
ment insufficiency [23]. Similarly, low CTC num-
bers, especially during treatment, are a favour-
able indicator of survival time and response to 
effective therapy [19]. CTCs also reflect tumor 
biology and aspects in the host environment, 
as patients with increased CTCs rates are at 
increased risk of developing thromboembolic 
disease. Despite significant progress in under-
standing tumor biology, a more detailed expla-
nation of the mechanisms of tumor spread still 
needs to be provided [19]. CTCs play a crucial 
role in tumor spread due to several biologi- 
cal processes, notably epithelial-mesenchymal 
transformation (EMT), a process in which epi-
thelial cells lose cell-to-cell adhesion mediat- 
ed by down-regulation of epithelial-associated 
genes [19, 24, 25]. 

The presented study aimed to characterize  
the relationship between CTCs and squamous 
cell carcinoma antigen (SCC-Ag) marker in 
patients with CC. Could CTCs be used during 
concurrent chemoradiotherapy (cCRT) includ-
ing brachytherapy (BRT), and subsequent fol-
low-up periods as reliable indicators of disease 
relapse? Utilizing CTC testing alongside stan-
dard imaging and SCC-Ag measurements  
could provide valuable information for clini-
cians to make more informed treatment deci-
sions and enable earlier detection of disease 
progression.
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Figure 1. The protocol outline defines the standard biomarker tests timing (SCC-Ag shown in red: SCC-0, SCC-3, SCC-
6, SCC-9, SCC-12) and CTC-tests timing (CTC shown in black: CTC 0 - after diagnosing the disease, CT-AC, CTC-AB in 
the period of the chemoradiotherapy and brachytherapy, following CTC 3, CTC 6, CTC 9, CTC 12 are sampled during 
the regular follow up visits).

Patients and methods

Study design

In total, 30 CC patients undergoing chemo- 
radiotherapy (CRT), including brachytherapy 
(BRT), were enrolled in the study in accordance 
with the Declaration of Helsinki. Ethical com-
mittee approval was granted, and informed 
consent was obtained from each patient. The 
analysis was comprised of 167 blood samples 
obtained during regular medical examinations 
between 2018 and 2021. CTC assessment 
was performed prior to CRT, during CRT, and/or 
after CRT and every other three months. The 
average follow-up period was 36 months. A 
detailed study protocol is shown in Figure 1. 
Patient (n=30) characteristics is reported in 
Table 1. Table S1 reports clinicopathological 
details of patients and results of regular pal- 
pation examination (macrometastasis evalua-
tion), metastasis assessment (imaging), and 
SCC-Ag values during follow up. Patients under-
went CRT and follow-up according to NCCN and 
ESTRO guidelines [22]. Before the CRT start, 
every patient underwent histological verifica-
tion, gynaecological and physical examination, 
blood count, basic biochemistry, tumor mark-
ers CEA, SCC-Ag for squamous cell carcinoma, 

and Ca19-9 for adenocarcinoma were moni-
tored. Furthermore, a CT or PET/CT examina-
tion was performed to complete the staging. 

All patients underwent irradiation to the pelvic 
area, depending on the extent of the nodal 
involvement, 8 patients also had irradiation of 
the paraaortic lymph nodes up to the level of 
aortic bifurcation, and 5 patients to the upper 
edge of the L4, and 2 patients also had irradia-
tion of the inguinal lymph nodes. Chemotherapy 
was administered concomitantly, consisting of 
40 mg/m2 of cisplatin once a week in 5 applica-
tions. Chemotherapy was combined with exter-
nal radiotherapy (RT) 45 Gy in 25 fractions (5 
weeks in total). The 5 weeks were followed by 
additional uterovaginal brachytherapy (BRT) in 
2 weeks (4 applications, twice a week, 6.5 Gy  
in one application). The CRT period has taken 
almost 7 weeks in total. Five patients had no 
concomitant chemotherapy due to age, comor-
bidities, and less advanced initial findings. To 
achieve the highest possible dose in the prima-
ry tumor area, uterovaginal BRT was applied 
from the 5th week or immediately after the end 
of external irradiation, always twice a week, a 
total of 4 applications of 6.5 Gy each. 

All patients were checked before and during  
the treatment and quarterly follow-ups. Every 
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Table 1. Patient characteristics reflecting the CTC-status before and after CRT-therapy

CC study Number of patients n=30 %
CTC positivity 

- before 
therapy

%
CTC positivity 

after 
CRT therapy

%

Average age 63 (30-87)
Tumor stage T1b2* 2 6% 0/2 0 2/2 100%

T2b 21 70% 16/16 100% 11/16 68%
T3a 1 23% 6/6 100% 5/6 83%
T3b 6

Nodal stage N0 19 63% 12/13 92% 9/13 69%
N1 11 36% 9/9 100% 7/9 77%

Metastasis M0 30 100% 24/25 96% 20/26 76%*
M1 0 0% x x x x

Histology Squamous cell carcinoma 25 83% 24/25 96% 16/22 72%*
Adenocarcinoma 4 16% 4/4 100% 4/5 80%

Adenosquamous carcinoma 1
LVSI Negative 2 28% 2/2 100% 1/2 50%

Positive 5 71% 4/4 100% 4/4 100%
Non-tested 23 x x x x x

Tumor grade Gx 7 x x x x x
G1 1 47% 9/9 100% 4/10 40%*
G2 10
G3 10 52% 11/11 100% 11/12 91%
G4 2

*Asterisk signifies a significant decrease in CTCs positivity after completing CRT.

health check consists of physical and gynae- 
cological examination, SCC-Ag and CTCs tests, 
and medical imaging (ultrasound, computed 
tomography (CT), MRI/PET-CT). The gynaeco-
logical (macroscopic) examination was rated as 
complete response (CR), partial response (PR/
stable disease SD), and progressive disease 
(PD) according to the RECIST criteria. SSC-Ag 
values were defining risk for 3 patient groups - 
increasing, decreasing, and stable values. CTC 
numbers were reported as CTC-positive/nega-
tive patients. During the follow-up, the CTC-
count dynamics were evaluated (increasing, 
decreasing, stable CTC-numbers). Finally, the 
metastasis presence/new occurrence was not- 
ed as a part of the follow-up check. 

CTC examination 

CTCs were enriched from peripheral blood 
(EDTA/6-8 ml) by a size-based filtration me- 
thod (MetaCell®, Czech Republic). The enriched 
cells were incubated for 3-5 days in vitro (37°C, 
5% CO2) and evaluated in a two-step manner 
[23]. A cytomorphologic evaluation of the via- 
ble cells by vital fluorescence microscopy 

(NucBlue®, Celltracker®, Mitotracker®, Thermo 
Fisher Scientific, USA) was followed by qPCR 
analysis of RNA isolated from CTC fraction. 
qPCR analysis included tumor-associated (TA) 
and chemoresistance-associated (CA) genes. 
More details on CTC-methodology are described 
in Supplementary File, including CTCs presen-
tation on Figures S1, S2, S3.

Patient blood samples were classified as CTC-
positive by combined microscopic evaluation 
and molecular analysis. In the cytomorphologi-
cal analysis, fluorescently stained viable cells 
were scored according to the following criteria: 
nucleus size, nuclear membrane irregularity, 
prominent nucleoli, nucleoli count, cell size, 
and the presence of 2D and 3D cell sheets, 
mitochondria network morphology and activity. 
CTCs were counted after 3 days (the first read-
ing) and 5 days (the second reading) of in vitro 
culture.

Gene expression profiling

The enriched size-enriched fractions of cells 
captured on the membrane were lysed in RLT+ 
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β-mercaptoethanol buffer and stored at -20°C 
for subsequent RNA analysis [26, 27]. The 
qPCR analysed differences between the whole 
blood leukocyte fraction (white blood cell; WBC) 
and enriched CTC fractions (after in vitro incu-
bation) obtained before therapy started. The 
TaqManTM Gene Expression Assays (Thermo 
Fisher Scientific, USA) were used for gene 
expression profiling in all samples: Tumor-
associated (TA) genes, including ACTB (control), 
CD68, CD45, CD68, KRT18, KRT19, EpCAM, 
VIM, HIF1A, POUSF, VEFA, PDL1, SOX2 as well 
as chemotherapy associated (CA) genes, inclu- 
ding MRP1, MRP2, MRP5, MRP7, and ERCC1 
were tested. Specifications of qPCR and are 
shown in Supplementary File. Based on the 
gene expression analysis, CTC-enriched sam-
ples with elevated relative expression levels in 
two or more TA genes were considered CTC-
positive compared to their matched WBC 
samples. 

Statistical analysis

The data were compared by standard tests 
using GraphPad Prism software vs. 9.1.0 (Gra- 
phPad Prism, USA). The evaluation of qPCR 
data was based on the standard ddCT method 
(Livak et al. l, 2001). qPCR results were anal-
ysed using GenEx Professional software (Mul- 
tiD, SE), which enabled multifactorial compari-
sons between the involved groups. Relative 
RNA levels are shown graphically in clusters 
(Supplementary File, Figure S8). The differenc-
es between the samples were compared by  
the U Mann-Whitney test (significance level at P 
< 0.05 if not set automatically by GenEx).

Results 

Patient characteristics and therapy outcomes: 
tumor volume reduction during CRT

Patient (n=30) characteristics is reported in 
Table 1 and clinicopathological details of regu-
lar examinations are shown in Table S1. The 
median age of the group was 63 years. In the 
study, 23 patients were postmenopausal (aged 
67.2 at diagnosis on average). Of CRT-indicated 
patients, 14 subjects were treated with lymph 
node involvement (46.6%), and negative lymph 
nodes (N0) were reported in 16 of 30 patients 
(53.3%). 

Based on the histological evaluation, CC was 
classified as squamous invasive carcinoma 
(SCC) in 25 patients, adenocarcinoma in 4 
patients, and adenosquamous carcinoma in  
1 patient. Histological examinations reported 
52% of tumors as poorly differentiated (grade 
3/4; 10+2/23), 43% of the carcinomas were 
graded as G2, and one carcinoma was well  
differentiated (G1). All tumors presented very 
aggressive character based on tumor cells’ pro-
liferation parameters (Ki67). All patients in our 
cohort completed CRT treatment. The treat-
ment effect was evaluated three months after 
the CRT was completed. We provided gynaeco-
logical examinations for every patient and CT 
for the majority of the patients. 

During follow-up, 10 patients relapsed (30%, 
n=10/30). One patient moved away after com-
pleting CRT. Progression was defined as local 
relapse of tumor and/or distant metastases. In 
our group of patients, the most relapsed cases 
were diagnosed with distant metastases or 
both. CT or PET/CT proved the relapse of the 
disease. There were lymph node metastases, 
liver or lung metastases. The patients who re- 
lapsed received additional cisplatin 50 mg/m2 
i.v. D1, paclitaxel 135 mg/m2 i.v. D1 and beva-
cizumab 15 mg/kg i.v. D1 every 21 days until 
progression or intolerability. They usually had  
6 cycles of the combined therapy; then, the 
treatment was continued with bevacizumab  
in monotherapy. Two relapsing patients were 
enrolled into the clinical study testing immuno-
therapy - atezolizumab, based on their HPV16 
positivity.

The effects of CRT were evaluated clinically by 
bimanual palpation (gynaecological examina-
tion). In parallel, blood collection for SCC-Ag, 
and CTC tests was provided during the CRT and 
subsequent BRT. The analysis of tumor volume 
reduction was evaluated immediately following 
the administration of CRT. Reduction of the 
tumor mass was assessed as significant if the 
tumor volume was reduced by more than 50% 
(assigned as stable disease (SD)/complete re- 
sponse (CR) - responders) and as minimal if  
the degree of reduction was less than 50% 
(progressive disease (PD) - non-responders). 

The analysis showed that therapy was assess- 
ed as responsive in 90% (27/30) of tumors. The 
effect of BRT evaluated by tumor volume reduc-
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Figure 2. Average CTC numbers in different patients’ groups evaluated at 
two time points. CTC 0 (after diagnosing the disease) and CTC 3 (3 months 
after completing the CRT therapy).

tion was significant in 46.6% of patients in the 
tested cohort (14/30). The response rate was 
slightly higher in squamous cell (SCC) tumors 
when compared to adenocarcinoma tumors 
(96% vs. 80%; ns.). Therapy responsiveness  
for SCC tumors was reported as reaching 75% 
tumor volume reduction as counted from MRI/
US scans. Tumor volume reduction index was 
significantly indicative of later progressive dis-
ease (P=0.0224). 

The results of regular follow-up checks are 
reported as macroscopy (palpation) evaluation 
(MACRO), resulting in PD, CR/SD listed in Table 
S1. Ten patients relapsed during the follow up 
in total. 

CTC presence during the follow up

CTCs were detected in 96.5% of patients 
(25/26) prior to CRT start (CTC 0 time point). 
During the therapy period, CTCs were tested 
after CRT (assigned as CTC AC) and after BRT 
(assigned as CTC AB) (please see Figure 1 for 
details), too. As next, CTCs were evaluated 
every 3 months after completing therapy (14 
months-follow-up on average includes CTC 
tests assigned as CTC 3, CTC 6, CTC 9, CTC 12). 
CTCs were detected in 75% of patients after 
CRT+BRT therapy (18/24), in 65% of patients 3 
months after CRT therapy (13/20), and in 61% 
of patients after 6 months (14/23). 

There was no significant diff- 
erence comparing CTCs occur-
rence between the non-res- 
ponders (n=3) and responders 
(n=27) group immediately af- 
ter completing therapy. How- 
ever, 3 months after complet-
ing CRT+BRT, a significant de- 
crease in CTCs-number was 
observed in 84% (16/19) pa- 
tients. After CRT/BRT, CTCs 
were still present in 75% 
(18/24) of patients (relaps- 
ing vs. non-relapsing, 72% vs. 
65%; ns.). If patients divided 
into progressive and non-pro-
gressive patients, the CTC-
numbers were significantly dif-
ferent comparing these two 
groups after 3 months of com-
pleting therapy (Figure 2).

During the follow-up period (~36 months), 
10/30 patients progressed (30%). The blood 
samples of progressing patients were tested 
for CTCs and evaluated as positive before and 
after therapy and then later during the follow-
up (15 months). The number of CTCs was in- 
creasing during CRT therapy (please see CTC 
AC, CTC AB data, Figure 3), but decreasing  
significantly during the post-therapy period (see 
Figure S4). 

Colitis episodes might be observed in patients’ 
post-radiotherapeutically. There were some 
colitis episodes reported for 26% patients 
(8/30). Circulating epithelial cells typical for 
colitis/bowel inflammation were detected in 
peripheral blood by size-based separation in 
colitis patients’ samples withdrawn for CTCs 
analysis. Some of the captured circulating epi-
thelial cells of non-blood origin shared morpho-
logical features typical for the intestinal lining. 
Numbers of circulating epithelial cells in colitis 
patients are reported in Figures S5, S6. 

SCC-Ag concerning CTCs during follow up 

The mean baseline value for the tumor mar- 
ker SCC-Ag at the start of the treatment was 
19.33 U/mL (the norm range ≤ 2.5 U/mL). The 
average number of CTCs at the baseline was 
270.23 cells. A significant tumor regression vo- 
lume during the gynecological examination was 
confirmed. The regression correlated with the 
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Figure 3. Average CTC-number in the cohort of CC patients is presented 
for different time points (CTC 0-CTC 12) in relapsing and non-relapsing pa-
tients. Significant elevation of CTCs is observed in the period CTC3-CTC6 
(3-6 months after completing CRT). In this period, SCC-Ag is elevated only 
very mild in some of the relapsing patients (see Figure 4). 

Figure 4. SCC-Ag levels during the follow-up in patients with progressive 
or non-progressive disease. The graph reports that there is still elevated 
SCC-Ag in patients with later progression (shown in blue) and that signifi-
cant increase in SCC-Ag has been documented between SCC6-SCC9 (6 to 
9 months) after completing the CRT. This finding is in concordance with ob-
served elevation in CTC-numbers in the period of 6-9 months after the CRT.

decreasing level of SCC-Ag and CTCs in all 
patients (later defined as a progressive and 
non-progressive group). For detailed CTC dy- 
namics, please see Figure 3. 

Three months after the end of the treatment, 
the average value of SCC-Ag (SCC3) was 4.74, 
and CTC-cells (CTC3) were present in numbers 
45.56 (the second reading 52.88). Six months 
after the end of treatment, the mean SCC 

(SCC6) value in patients was 
1.94, and CTC cells (CTC 6) 
counted for 69.21 (second 
reading 51.27).

We saw a decrease in both 
tumor markers SCC-Ag and 
CTCs in time manner, which 
copied the clinical picture of 
tumor regression in patients. 
The situation is also consis-
tent with the recommendati- 
on that a follow-up examina-
tion should be performed ~6 
months after the end of treat-
ment, as long as the abscopal 
effect of radiotherapy is work-
ing. At that time, all respond-
ers/non-progressing patients 
had low SCC-Ag tumor marker 
levels and CTC-numbers (Fi- 
gure 4). Surprisingly, respond-
ers showed higher CTCs num-
bers at the time of diagnosis 
compared to non-responders. 

Lymphatic nodes involvement 
in correlation with SCC-Ag and 
CTCs 

During the study, patients 
without (N0) and with nodal 
involvement (N1) were com-
pared. At the start of treat-
ment, the SCC-Ag in N0 - pa- 
tients was significantly lower 
(8.16 U/mL) than in N1 - group 
(31.17 U/mL), similarly for CTC 
numbers in N0 - group (255 
CTCs, the second microscopy 
reading 84.37 CTCs) and CTCs 
in N1 group (279.61 CTCs-
second microscopy reading 
449 CTCs). Three months af- 
ter the CRT, the mean value of 

SCC-Ag in N0-patients was 1.38 U/mL, with 
CTC-number reaching 52.38 (the second mi- 
croscopy reading 44.16), and in N1-patients, 
the mean SCC-Ag was 10.99 U/mL, CTC cells 
were counted as 39.44 (the second microscopy 
reading 72.27). Six months post-treatment, the 
mean SCC-Ag in N0-patients was 3.36 U/mL, 
CTC numbers were reaching 108 (from second 
microscopy reading 45), and in N1-patients, the 
mean SCC was 1.94 U/mL, CTC cells 69.21 (the 
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Figure 5. Gene expression profiling in CTC of CC patients. Patients were 
divided into two groups based on disease free survival (DFS). The gene ex-
pression data indicate, that patients with short DFS are expressing signifi-
cantly more SOX2 and POUSF (stemness markers) (P < 0.02). For this group 
also reduced expression of VEGF and FLT1 is present.

Figure 6. Gene expression profiling in CTC of CC patients, comparison based 
on SOX2. Patients were divided into two groups based on SOX2 expression 
(high and low levels in comparison to the counted average SOX2 expres-
sion) and next after divided based on disease free survival (DFS) period. 
Gene expression data suggest that patients with high SOX2 expression and 
long DFS express significantly more VEGF and FLT1 in CTCs (P 0.01). VEFG, 
FLT1 could be markers of good prognosis despite SOX2 expression.

second reading 51.72). We report a correlation 
between the level of SCC-Ag, the clinical stage, 
and the level of CTC cells. Patients with locally 
advanced disease have higher levels of SCC-Ag 
initially. In a subset of patients who relapsed, 
an elevation of CTCs 3 months before SCC-Ag 
elevation was detected. 

Gene expression analysis of 
chemoresistance-associated 
genes and stem-cell like mar- 
kers in CTCs

The proportion of CTCs expre- 
ssing elevated levels of che- 
moresistance-related genes in 
the CTC fraction was associat-
ed with worse treatment out-
comes. In patients with relap- 
se, significant increases in 
stem cell-related genes (SOX2, 
POUSF) were found in CTCs 
enriched prior to CRT therapy. 
There was a significant differ-
ence (P ≤ 0.02) in the compari-
son of DFS rates between the 
group with increased and de- 
creased expression of SOX2 
and POUSF genes. 

As an additional, the CTC sam-
ples with increased SOX2 ex- 
pression were divided into sub-
groups according to the period 
of DFS (less/more than 12 
months). Analysis revealed 
that enriched CTCs with high 
SOX2 expression, POUSF and 
short DFS expressed signifi-
cantly less VEGF and FLT1 
compared to the group with 
high SOX2 expression and lon-
ger DFS (Figures 5, 6). Based 
on the above, it can be as- 
sumed that enriched cells are 
generally less differentiated in 
these patient samples. The 
group with relatively low SOX2 
expression showed increased 
VEGF and FLT1 expression, 
which could indeed indicate 
effective anti-VEGF treatment 
(Figures S7, S8).

Discussion

Clinically, we should define at-risk patients with 
CC at the time of diagnosis and/or after primary 
treatment, but recently there are no suitable 
markers for these patients.

The results of the present study clearly show 
that in the group of patients with progressive 
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disease, the elevation of CTCs was detected 
between months 3 and 6, which preceded the 
elevation of SCC-Ag, which increased signifi-
cantly between months 6 and 9 post-treatment. 
Based on the results of our study, a follow-up 
examination 3-6 months after treatment could 
be defined as another important checkpoint. 
An increase in CTC could be an indicator to per-
form follow-up investigations, including imag-
ing, earlier than the standard recommenda- 
tions. 

Although FIGO stage is the most important clini-
cal prognostic marker for CC patients, patients 
with the same FIGO stage may have different 
treatment outcomes due to tumor heterogene-
ity [21-23], suggesting that the FIGO staging 
system needs to be refined with additional 
prognostic factors, such as tumor biomarkers 
of recurrence and metastasis. The goal is to 
personalize CC treatment as much as po- 
ssible.  

The first study investigating the role of CTCs 
alone or in combination with SCC-Ag as inde-
pendent prognostic factors for disease pro-
gression in locally advanced CC patients treat-
ed with RT was presented. The results de- 
monstrated that CTC and SCC-Ag tests, indi-
vidually or in combination, were associated 
with DFS of locally advanced CC patients. In 
addition, the predictive efficiency was signifi-
cantly improved when CTCs and SCC-Ag were 
combined [21].

SCC-Ag is a significant independent prognostic 
factor during definitive CRT. Persistently elevat-
ed values of SCC-Ag predict worse prognosis, 
as described in BJC in 2018 by Markovina et al. 
[28].

In a group of 140 patients diagnosed with CC 
and treated with CRT, a relationship between 
SCC-Ag and prognosis was demonstrated. Pa- 
tients were mainly diagnosed with squamous 
cell CC. Pelvic lymph node positivity was de- 
tected in 58.6% during pre/treatment using  
CT/PET-CT. All patients received concomitant 
CRT with cisplatin. In patients with elevated 
pre-treatment SCC-Ag, normalization of these 
levels on the 27th day after CRT indicates a  
better prognosis. Post-treatment evaluation of 
SCC-Ag may allow earlier detection of recur-
rence, more than a year before clinical symp-
toms of relapse [28]. 

SCC-Ag was recently defined as a mediator of 
radiotherapy resistance. There are two SCC  
isoforms - SCC1 (SERPINB3) and SCC2 (SER- 
PINB4). SCC1 may protect tumors from the 
toxic effects of lysosomal cysteine proteases 
released upon exposure to noxious stimuli. 
Additionally, SCC1 is directly involved in radia-
tion resistance. Knocking out of SCC1 sensi-
tized cells more than a cisplatin [29].

Therefore, the question arises whether CTCs 
are a suitable tool for earlier detection of dis-
ease relapse than SCC-Ag alone. In a subgroup 
of patients, we observed an increasing number 
of CTCs prior to SCC-Ag elevation before relapse 
became evident in the clinical picture. In addi-
tion, patients with nodal involvement had high-
er baseline CTC values, correlating with tumor 
burden of disease. 

The predictive role of CTCs was shown recently 
in clinical trial phase III with bevacizumab for 
recurrent/metastatic disease. There were 452 
patients enrolled, diagnosed with advanced 
CC. Among patients treated with anti-VEGF 
therapy, higher pre-treatment CTC-numbers 
were associated with a lower risk of death (HR 
0.90; 95% CI, 0.81-0.99) [30]. It can be con-
cluded that a significant reduction in the num-
ber of CTCs during treatment may indicate a 
lower risk of progression (risk of death).

In another retrospective study of Cafforio P. et 
al., evaluating CTCs in patients after completed 
RT or CRT for CC, CTC numbers were an inde-
pendent adverse prognostic factor. Patients 
with CTCs had a significantly shorter PFS than 
CTC-negative patients. All stages of the disease 
were included in this study [31].

Kunpeng et al. expected further value of CTCs 
in CC in identifying specific molecular targets 
and discovering resistance mechanisms. The 
number of CTCs is strongly associated with clin-
ical stage, ongoing treatment, and CTCs isola-
tion methods. The count of CTCs may help to 
guide treatment selection [32]. In a small pro-
spective study with localized CC receiving defin-
itive CRT, the presence of CTCs correlates with 
worsened survival [33]. CTCs can indicate the 
presence of aggressive disease and can be 
used as a possible tool to prevent overdiagno-
sis and overtreatment [34].

Further clinical studies should be evaluated to 
confirm CTCs as significant predictive markers. 
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Interestingly, in our study, a side effect of radio-
therapy, post-radiation colitis, was related to 
the huge presence of circulating epithelial cells 
(CECs) in the peripheral blood. Detailed micro-
scopic cytopathological examinations revealed 
a size-enriched mixture of CTCs and CECs on 
the separation membrane. 

CTCs morphology changed during treatment 
and follow-up. After RT, CTCs were small, with  
a “hairy” cytoplasm with protrusions. We could 
also see a change in cell metabolism - a change 
in mitochondrial activity, identifying less and 
more active cells.

CTCs might be an auxiliary guide to the tumor 
burden and the aggressiveness of the disease 
in the initial diagnosis of the disease. Monitor- 
ing of CTCs could help to detect the progression 
of the disease earlier. Earlier detection of dis-
ease relapse may help to improve patients’ 
prognosis. 

Vital CTC cells’ morphology and changes during 
treatment and monitoring are even more prom-
ising because of changed cell metabolic prop-
erties and behaviour. In addition to the changes 
in CTCs, gene expression profiling was provided 
for the first pre-treatment blood samples test-
ed for CTCs. Significant elevation of stem-cell 
markers (POUSF, SOX2) has been confirmed for 
a group of progressing patients. 

Based on the recently published data, cancer 
stem cells (CSCs) may play an essential role in 
CC, influencing the molecular pathogenesis of 
CC tumors, their relapse, and their metastatic 
potential. 

A considerable effort is paid to identify signal-
ling pathways involved in the stemness of CC 
cells. Novel markers for cervical CSCs are being 
identified and further investigated to obtain 
diverse therapeutic options to cure CC. There  
is a need to identify predictive biomarkers of 
response to newly introduced anticancer drugs. 
Serial imaging modalities are cost-prohibitive, 
and no validated serum tumor markers for CC 
exist. 

Another big obstacle is that tumor biopsies are 
often not readily available to guide second-line 
therapy for disease progression after treat-
ment (CRT) or targeted therapy (anti-VEGF, anti 
PD-L1). Overall, the study highlights the poten-

tial of CTCs as a tool for monitoring treatment 
response and predicting disease progression 
in patients with CC. Further research is needed 
to validate these finding and optimize the use 
of CTC monitoring in clinical practice for CC 
patients.

Conclusion

Monitoring the presence of CTCs concurrently 
with SCC-Ag during CRT, including gene ex- 
pression analysis of tumor-associated genes 
and stemness genes in CTCs, could identify 
patients at sustained risk of relapse. The com-
bination of imaging methods (e.g., ultrasound, 
MRI, CT) and CTC-test with SCC-Ag monitoring 
is beneficial and allows earlier detection of dis-
ease relapse. In cases of unresponsive tumors, 
defined by the volume of the tumor mass and 
the presence of CTCs with stem cell character-
istics, it might be effective to reconsider the 
initiation of further additional treatment.

However, there are no data on the prolongation 
of CRT beyond the standard duration. The ques-
tion remains, if the additionally administered 
targeted therapy (anti-PDL1, anti-VEGF) would 
be effective. The clinical utility of CTCs and 
CTC-related information is limited to palliative 
indications until the prospective trials focused 
on the predictive value of CTCs are completed. 
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Supplementary File

Methods

Combined chemoradiotherapy

Combined chemoradiotherapy (CTR) was iniciated within 3 weeks after cervical cancer (CC) diagnosis, 
in general. Chemotherapy included 5 applications (once a week, 40 mg/m2 of cisplatin per application), 
radiotherapy dosage of 45 Gy was divided into 5 applications (one application per week, 5 weeks in 
total). If radiotherapy treatment included para-ortal lymph node radiation, the therapy lasted 6 weeks. 
Brachytherapy consisted from 4 applications, given twice a week, 26-28 Gy in total was applied during 
2 weeks.

Circulating tumor cells (CTCs)

Sampling of peripheral blood samples and enrichment of CTCs: CTCs are enriched during the study at 
several time-points according to the protocol. For CTCs enrichment out of the peripheral blood, a size-
based separation protocol and MetaCell® tube (MetaCell s.r.o., Prague, Czech Republic) were used. 
(Kolostova, 2014) CTCs presence is evaluated by single-cell cytomorphology, which could be followed if 
needed by molecular testing (e.g., qPCR analysis, mutational analysis) or standard immunohistochem-
istry. For every patient, approximately 2 × 8 mL of venous blood was drawn from the cubital veins and 
placed into Vacuette EDTA tubes (Greiner Bio-One®, Kremsmuenster, Austria). The samples were pro-
cessed at room temperature using an isolation procedure completed within 24 hours after the blood 
draw.

In short, peripheral blood is filtered using MetaCell® tube, the separation membrane with enriched cells 
is transferred directly after blood is filtered into a 6-well culture plate. Total of 4 mL RPMI media is added 
to the filter top and enriched cells are cultured on the membrane in vitro under standard cell culture 
conditions (37°C, 5% CO2 atmosphere) and observed using an inverted microscope. CTCs are grown in 
FBS-enriched RPMI medium (10%) for a period of minimum 3-5 days. A microscopic slide might be 
placed under the separation membrane and CTCs may naturally grow invasively and set up new cell 
colonies on the microscopic slide. A microscopic slide culture is preferred if immunohistochemistry/
immunofluorescence analysis is planned. Cells enriched on the separation membranes might be also 
fixed by paraphormaldehyde and stained to visualize actin filaments (ActiGreen®, ThermofisherScientific, 
Waltham, MA, USA), even retrospectively, if the separation membrane is stored. Please see Figures S1, 
S2.

Cytomorphological analysis of CTCs: The enriched viable cells are stained by vital fluorescence stains 
(Celltracker®, NucBlue®, Mitotracker®, ThermofisherScientific, Waltham, MA, USA) directly on the sepa-
ration membrane.

Cells are evaluated using fluorescence microscopy in three steps: (i) Screening at ×20 magnification to 
locate the cells. (ii) Observation at ×40/×60 magnification for detailed cytomorphological analysis. 
Isolated cells and/or clusters of cells of interest are selected, digitized, and examined by an experienced 
researcher and/or pathologist. (iii) CTCs number assessment. CTCs-number CTCs were defined as cells 
presenting the following characteristics: (a) Nuclear size equal to or larger than 15 μm; (b) Irregularity of 
the nuclear contour; (c) Presence of a visible cytoplasm and the size of the cell; (d) Presence of promi-
nent nucleoli and their number; (e) High nuclear-cytoplasmatic ratio. The nuclear-cytoplasmatic (N/C) 
ratio is evaluated with respect to the different morphology of growing cells compared to the N/C ratio in 
tissue samples. Please see the examples shown in Figures S1, S2 and S3.

Gene expression profiling

Whole peripheral blood processing to obtain white blood cell (WBC) fraction: 200 μl of peripheral blood 
and 800 μl of Buffer EL (Qiagen, Germany) were mixed and incubated on ice for 10-15 min. Suspension 
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was centrifuged at 400×g for 10 min at 4°C. Supernatant was removed entirely and discarded. 400 μl 
of Buffer EL was added to the cell pellet and resuspended by pipetting. Suspension was centrifuged at 
400×g for 10 min at 4°C and the supernatant was completely removed and discarded. 600 μl of Buffer 
RLT supplemented by β-mercaptoethanol (VWR, USA) was added to the white blood cell pellet; suspen-
sion was mixed by pipetting and stored at -20°C.

Enrichment of CTCs for RNA isolation: 8 mL of peripheral blood was filtered through the separation 
membrane (8 μm pores) of the Metacell® tube (Metacell s.r.o., Czech Republic) device. Separated frac-
tion of the cells captured on the membrane was disrupted by 600 μl of Buffer RLT+ β-mercaptoethanol 
and suspension was stored at -20°C.

RNA isolation and cDNA preparation: RNeasy Mini Kit (Qiagen, Germany) was used for RNA isolation in 
stored samples. Fractions of peripheral blood processing (1. white blood cells (WBC), 2. enriched cells 
(CTCs-enriched), 3. cultured cells on the membrane and 4. cultured cells under the membrane) mixed 
with Buffer RLT supplemented by β-mercaptoethanol were thawed. 600 μl of 70% ethanol (Fagron a.s., 
Czech Republic) were added and mixed by pipetting. Concentration of RNA was measured by NanoDrop™ 
2000 Spectrophotometer (Thermo Fisher Scientific, USA). High-Capacity RNA-to-cDNA™ Kit (Thermo 
Fisher Scientific, USA) was used for cDNA synthesis. Reaction components were added according to 
manufacturing instructions. Tubes with reaction mix were centrifuged and placed into the thermal cycler 
(Biometra, Biomed CZ). Conditions in thermal cycler were set according to manufacturing instructions.

Gene expression analysis: Differences between WBC, CTCs enriched fraction were detected by qPCR 
analysis of tumor- and/or chemoresistance-associated genes. TaqMan™ Gene Expression Assays 
(Thermo Fisher Scientific, USA) were used for gene expression testing in the samples: Following 20 
genes were tested: ACTB, CD45, CD68, KRT18, KRT19, EPCAM, VIM, HIF1A, MRP1, MRP2, MRP5, 
MRP7, ERCC1, POU5F, VEGFA, PDL1, FLT1, SOX2, NANOG, INFG.

Gene expression analysis was measured by COBAS®480 (Roche s.r.o., Czech Republic). Temperature 
conditions were set according to manufacturing instructions of TaqMan® Fast Advanced Master Mix 
(Thermo Fisher Scientific, USA).

The data was analyzed and compared using GENex v.s 6 software (MultiD, Sweden).
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Figure S1. Circulating tumor cell enriched out of the peripheral blood in CC patients, fixed and stained with NucBlue® 
and ActiGreen® (Bar represents 8 µm). Two nuclei are visualized in total. One of the nuclei (on the left) is reaching 
the pore in the separation membrane.

Figure S2. Circulating tumor cell enriched out of the peripheral blood in CC patients, fixed and stained with NucBlue 
and ActiGreen (Bar represents 8 µm).
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Figure S3. Circulating rare cells enriched out of the peripheral blood in CC patients with diagnosed post-radiative 
colitis (Bar represents 10 μm): Epithelial cells are smaller in comparison to CTCs and exhibit smoot nucleus without 
visible nucleoli regions.

Figure S4. The CTC numbers in a group of patients with stable disease are shown during the follow-up period. It is 
reported in red, that the numbers of CTCs are decreasing during the period after brachytherapy (from CTC AB until 
the CTC 9 (nine months after completing CRT-shown in red)).

Figure S5. Circulating rare cells number are defined as a group of cells including circulating tumor cells and circulat-
ing epithelial cells. Circulating rare cells were counted in patients without and with post-radiation colitis. Patients 
with colitis present higher numbers of circulating rare cells in blood sample all over the follow up (red).
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Figure S6. Ratio of CTC-positive samples (%) is presented based on the different definition of CTC count. Positivity of 
CTC may be calculated as more than 1 CTC present or more 10 CTCs present. CTC number (≥ 1 CTC, ≥ 10 CTCs). 
The figure is documenting the relativity of the CTC positivity if counted as more than 1 cell per 8 mL of blood (in blue). 
In comparison, if the positivity is set as more than 10 CTCs per 8 mL, we see a significant decrease in CTC numbers 
faster after completing CRT (in orange).

Figure S7. Relative RNA expression in tested CTC samples, is presented. The samples were divided according the 
CTC presence (more or less 200 CTCs). The presented comparison shows, that the elevated SOX2 and POUSF ex-
pression presented in result section is independent from the CTC-numbers in the tested samples. Even in the pa-
tients with less than 200 CTCs, the SOX2 and POUSF were elevated.
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Figure S8. According to the presented gene expression data, high gene expression of SOX2 and POUSF4 indicates, 
that the enriched CTC-samples are less differentiated (low ERCC1, VEGF, FLT1 expression) (shown in yellow circle). 
In short, the enriched cells with high SOX2, POUSF expression express significantly less VEGF and FLT1. Based on 
that it could be expected, that the cells are less differentiated in these patient samples. The group with the relatively 
low SOX2 expression exhibited elevated VEGF and FLT1 expression, which could be an indication to the effective 
anti-VEGF therapy, indeed.


