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Background: : There is an unmet need to identify biomarkers that directly reflect response to adjuvant radio- 

therapy (RT). Circulating epithelial tumor cells (CETCs) represent the liquid component of solid tumors and are 

responsible for metastatic relapse. CETC subsets with cancer stem cell characteristics, circulating cancer stem 

cells (cCSCs), play a pivotal role in the metastatic cascade. Monitoring the most aggressive subpopulation of 

CETCs could reflect the aggressiveness of the remaining tumor burden. There is limited data on the detection and 

monitoring changes in CETC and cCSC numbers during RT in early breast cancer. 

Methods: : CETC numbers were analyzed prior to, at midterm and at the end of RT in 52 primary non-metastatic 

breast cancer patients. Hormone receptor status was determined in CETCs prior to and at the end of RT. For 

the identification of cCSCs cell suspensions from the peripheral blood of patients were cultured in vitro under 

conditions favoring growth of tumorspheres. 

Results: : Hormone receptor status in CETCs before RT was comparable to that in primary tumor tissue. Prior to RT 

numbers of CETCs correlated with aggressiveness of primary tumors. cCSCs could be successfully identified and 

monitored during RT. Prior to RT patients treated with neoadjuvant chemotherapy had significantly higher num- 

bers of CETCs and tumorspheres compared to patients after adjuvant chemotherapy. During RT, the number of 

CETCs decreased continuously in patients after neoadjuvant chemotherapy but not after adjuvant chemotherapy. 

Conclusion: : Monitoring the number of CETCs and the CETC subset with cancer stem cell properties during RT 

may provide additional clinically useful prognostic information. 
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Breast cancer is the most commonly diagnosed malignancy in women

nd accounts for 30% of all cancers [1] . The management of breast can-

er has changed significantly in the last few decades. It is often diag-

osed at an early, potentially curable stage and treatment has become

ore effective [2] . Treatment of local disease includes surgery, often

ollowed by adjuvant radiotherapy. Neoadjuvant or adjuvant systemic

reatment options include chemotherapy, endocrine therapy, biologic

herapy or a combination of these. Multimodal treatment is guided by

NM classification and risk stratification including histology, hormone

eceptor status, human epidermal growth factor receptor 2 (HER2) sta-

us, histologic grade and proliferation index. Recently, in addition to

hese clinical and pathological features, molecular characterization and

n selected cases additional gene expression assays of the tumor are used
∗ Corresponding author. 

E-mail addresses: dschott@simfo.de (D.S. Schott), mpizon@simfo.de (M. Pizon), up

K. Pachmann), andrea.wittig@med.uni-jena.de (A. Wittig), matthias.maeurer@med.

ttps://doi.org/10.1016/j.tranon.2021.101009 

eceived 9 November 2020; Received in revised form 29 December 2020; Accepted 3

936-5233/© 2021 The Authors. Published by Elsevier Inc. This is an open access ar

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
o determine the potential benefit from systemic therapy [3] . Radiother-

py after breast conserving surgery (BCS) or mastectomy is an important

omponent of therapy as it significantly reduces local recurrence rates

nd breast cancer mortality [4–8] . In contrast to chemotherapy, indica-

ion for radiotherapy mostly relies on clinical and pathological features.

ince the implementation of radiotherapy only 2.5% of women with

rimary breast cancer experience locoregional, but 20% to 30% still

xperience distant relapse without previous local relapse whatever the

reatment undertaken and patients may die from their disease [ 1 , 9 , 10 ].

n women with early-stage breast cancer, surgery is supposed to com-

letely remove detectable macroscopic disease; however, microscopic

umor foci might still remain in the conserved breast or chest wall. Cur-

ent tumor staging procedures as well as high resolution imaging tech-

ologies are not sensitive enough to detect micro-metastases or early

umor cell dissemination. 
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Cells originating from primary tumors, locoregional recurrences, or

etastases, which circulate in the peripheral blood and possess anti-

enic and genetic tumor-specific characteristics are so called circulating

umor cells [11] . The mechanism of metastasis formation from solid tu-

ors is not fully understood, but recent evidence indicates that the key

vent in tumor progression is the dissemination of cells from the primary

umor at an early stage of the disease [11] . 

Circulating tumor cells represent the liquid component of solid tu-

ors and indicate the presence of residual disease. This minimal resid-

al disease could lead to locoregional recurrence or distant metas-

ases, or both [ 12 , 13 ]. In metastatic disease they have been proposed

o identify subpopulations of patients who are most likely to respond

o a given therapy and for development of improved individualized

herapies [ 14 , 15 ]. It was shown that the number of circulating tumor

ells in metastatic breast cancer patients is an independent predictor

or progression and overall survival [ 16 , 17 ]. Even in low-risk, non-

etastatic patients circulating tumor cells may become prognostic of

mminent metastasis and survival [ 18 , 19 ]. By means of maintrac®, a

on-dissipative method avoiding cell loss [20] , trajectories of circulating

pithelial tumor cell (CETC) counts can be used as a marker for therapy

esponse in the adjuvant situation allowing for continuous monitoring

uring treatment [21] . Monitoring the number of circulating tumor cells

s superior to conventional imaging as a method for evaluating the re-

ponse to different therapies, but has not yet been applied to assess the

utcome of radiotherapy, especially in early breast cancer [ 18 , 22–28 ]. 

Solid tumors consist mainly of differentiated cells which have limited

r no self-renewal abilities. Although cancer stem cells may be difficult

o define definitively, growing evidence suggests that a tumor consists of

 small subpopulation of undifferentiated cells within a tumor that have

he ability to grow clonally and self-renew [9] . They are responsible for

umor initiation, tumor progression, metastasis and most importantly for

ecurrence after treatment, caused by resistance to conventional thera-

ies [ 9 , 29 ]. Also circulating tumor cells seem to harbor a subpopulation

f cancer stem cells, the so called circulating cancer stem cells (cCSCs),

hich are essential for metastatic spread [ 30 , 31 ]. We have shown that

lso a subpopulation of cells in the peripheral blood is capable to expand

lonally and correlates strongly with the likelihood of the presence of

etastasis in breast cancer patients [ 31 , 32 ]. 

So far, there is only limited data [33] about monitoring the num-

er of CETCs and the number of cCSCs during radiotherapy, especially

n early-stage breast cancer. We have now investigated the number of

ETCs, and the number of cCSCs, prior to, midterm and at the end of

djuvant radiotherapy after breast conserving therapy. Hormone recep-

or and HER2 status of CETCs were also investigated and correlated to

hose of the primary tumor tissue. 

ethods 

The study is designed as a biology driven, translational research trial

o investigate the feasibility of identifying and characterizing circulating

pithelial tumor cells, as well as circulating cancer stem cells from whole

lood samples prior to radiotherapy, at midterm of the radiotherapy

eries and at the end of radiotherapy using the maintrac® method. 

nclusion criteria 

52 breast cancer patients treated at the University Hospital Jena were

nrolled between April 2016 and March 2019. This study was conducted

ccording to the Declaration of Helsinki and was approved by the lo-

al ethics committee (No. 0921-08/02) and registered in the German

linical Trials Register (DRKS00011840). Breast cancer patients were

nrolled after giving written informed consent if they met the follow-

ng eligibility criteria: female patients aged ≥ 18 years with histologi-

ally proven primary non-metastatic invasive breast carcinoma (stages

-IIIA). Breast conserving surgery had to be completed at the University
2 
ospital Jena with the curative-intended adjuvant radiotherapy of the

reast/chest wall + /- lymphatic drainage had to be foreseen. 

he allowed dose concepts were as follows: 

1 hypofractionated therapy (5 ×2.66 Gy/week) to a total absorbed

dose of max. 42.56 Gy or 

2 normofractionated therapy (5 ×1.8 Gy or 5 ×2.0 Gy/week) to a total

absorbed dose of 50.4 Gy or 50.0 Gy. 

f indicated, an additional boost to the tumor bed was given within

 ×2.0 Gy/week to total dose 16.0 Gy. 

xclusion criteria for the study were the presence of distant metastases,

rior malignancies within 10 years of the breast cancer diagnosis or

revious radiotherapy. 

tudy procedures 

For CETC analysis, peripheral blood samples were collected (2 ×7.5

l) into EDTA-tubes (ethylenediaminetetraacetic acid) as an anticoag-

lant and sent to the Laboratory in Bayreuth for analysis. Peripheral

lood samples were obtained from all patients at three time points: at

he same day of the first session of radiotherapy (pre RT), in the middle

f the radiotherapy series (mid RT) (after 8 sessions for hypofraction-

ted RT and after 14 sessions for normofractionated RT) and on the last

ay of the radiotherapy series (end RT). In addition to breast cancer

atients, blood samples were collected from 10 healthy female donors

ged 20-45 years for control. 

mmunoflourescence assay for identification of CETCs (maintrac® method)

Samples were maintained at room temperature and processed within

2 h after blood collection. For counting and further characterization of

ETCs, we used the maintrac® approach, as reported previously [34] .

n short, after red blood cell lysis, an immunocytochemistry approach

as used to identify CETCs. Cells in the remaining cell suspension

ere stained in a 1.5 ml reaction tube with a fluorescein-isothiocyanate

FITC)-conjugated anti-human epithelial cell adhesion molecule anti-

ody (EpCAM) (clone HEA-125, Miltenyi Biotec GmbH, Germany) at

 final concentration of up to 10 7 cells/100 μl. The corresponding iso-

ypic control for EpCAM (Mouse IgG1K FITC, Miltenyi Biotec GmbH,

ermany) was used at the same concentration to determine and sub-

ract background levels of staining. The samples were subsequently

ransferred to wells of ELISA plates (Greiner Bio-one, USA) and stained

dditionally with propidium iodide (PI) (Sigma-Aldrich, USA) for the

iscrimination between live and dead cells. Analysis of red and green

uorescence of the cells was performed using a Fluorescence Scanning

icroscope, ScanR, (Olympus, Hamburg, Germany), enabling detection

nd relocation of cells for visual examination of EpCAM positive cells.

or data analysis, we used the ScanR Analysis software (Olympus, Ham-

urg, Germany). Vital CETCs were defined as EpCAM-positive cells with

ntact morphology, but lacking nuclear PI staining. Exclusively these

ells were counted for the analysis ( Fig. 1 ). We used fluorospheres (Flow-

heck 770, Beckman Coulter) for daily verification of optical compo-

ents and detectors of the microscope, which are required to ensure the

onsistent analysis of samples. 

econdary antibody staining 

The secondary antibody stains of CETCs were performed as described

reviously in order to compare EpCAM positive cells with basal histo-

ogical characteristics of the primary tumor [ 34 , 35 ]. Cell suspensions

ere stained as described above. EpCAM positive cells were addition-

lly stained for estrogen (ER) and progesterone (PR) receptors. For ER

eceptor staining we used an anti-human ER PE-conjugated antibody

clone E115, abcam, Cambridge, USA) at a final cell concentration of

p to 10 7 cells/100μl cell suspension ( Fig. 2 a). For the PR staining we

sed an Alexa Fluor®594 conjugated PR antibody (clone YR85, abcam,
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Fig. 1. Exemplary cell galleries of (a) vital and (b) dead CETCs from one patient. (a) vital CETCs are positive for EpCAM (green) and negative for PI (red) and have 

an intact morphology. (b) Dead cells are either positive for EpCAM and PI or only positive for EpCAM and negative for PI because of the destroyed cell membrane. 

Scale bar: 10μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ambridge, USA) at a final concentration of 2μg/ml ( Fig. 2 b). Finally,

ells were visually inspected for green and red surface staining, and ad-

itionally well-preserved nucleus and the percentage of double positive

ETCs for the respective staining was determined. The isotype controls

or ER and PR (rabbit IgG PE, abcam, Cambridge, USA) were used at the

ame concentrations. 

luorescence-in-situ-hybridization (FISH) of human epidermal growth 

actor receptor 2 (HER2) 

For the investigation of HER2 gene amplification on chromosome 17

n 20 patients prior to RT, a fluorescence- in-situ-hybridization assay was

erformed with the PathVysion HER2 DNA Probe Kit. This kit includes

 control probe specifically against the alpha satellite DNA sequence

n the centromeric region of chromosome 17 ( chromosome enumeration

robe 17, 17q11.1-q11.1 CEP 17, green fluorescence). In addition, this

it includes the probe, which is specific for the HER2 gene locus ( locus

pecific identifier , 17q11.2-q12 LSI, orange fluorescence). Patient cells,

hich were previously labeled with the anti-EpCAM-FITC antibody (see

bove) were transferred onto Poly-L-Lysin coated slides. Slides were

xed with 4% paraformaldehyde before hybridization for 10 min and

reated for further 10 min with proteinase K at room temperature. After-

ards, the cells were denatured for 5 min at 72°C in 70% formamide/2x
3 
tandard saline citrate solution, air dried and dehydrated in 70%, 85%

nd 96% ethanol. Slides were hybridized overnight at 37°C in a humidi-

ed chamber, washed, air dried and counterstained with 0.2 μM DAPI in

n anti-fade solution. Twenty nuclei per sample were analyzed. CETCs

ere positive for HER2 amplification when more than 3 HER2 signals in

ne cell were counted ( Fig. 2 c). Finally, the results for HER2 amplifica-

ion were calculated as percentage of 20–30 visually inspected EpCAM

ositive cells. 

nalysis of stem cell properties of cCSCs 

For the cell culture of cCSCs, we used the stemtrac approach as de-

cribed previously [31] . For the identification of the population of cir-

ulating cancer stem cells capable to grow clonally into tumorspheres

n vitro , we cultured CETCs together with leukocytes at a density of

 ×10 5 cells/ml for up to 3 weeks in RPMI-1640 supplemented with L-

lutamine, HEPES, penicillin/streptomycin and growth factors such as

GF, insulin and hydrocortisone. Cells were maintained at 37°C and 5%

O 2 without movement of the culture flasks. Depending on the morphol-

gy of the tumorspheres observed in the culture flask under an inverted

ight microscope (Primo Vert, Zeiss, Germany) at 40x magnification,

umorspheres were collected and prepared for immunostaining anal-

gous to the maintrac® staining. Tumorspheres were stained with an
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Fig. 2. Typical CETC images of double antibody staining for (a) EpCAM (green) and ER (red) and (b) EpCAM (green) and PR (red) from one patient. (c) Typical cell 

gallery of HER2 amplified CETCs from one patient. Cells are positive for EpCAM (green), and DAPI (blue). Cells are HER2 amplified (red signals). Scale bar 10μm. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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nti-EpCAM antibody at the same concentration as for the CETCs and

fterwards measured with the same fluorescence microscope as used

or the CETCs. Tumorspheres cultured from cCSCs could easily be dis-

inguished from single or aggregated cells because they develop a solid

pherical formation. This assay can be used to estimate the percentage

f cancer stem cells present in a population of tumor cells. 

For the characterization of cultured tumorspheres from cCSCs we

sed the typical combination of markers for breast cancer stem cells.

pCAM positive tumorspheres were additionally stained for CD24

clone ML5, mouse anti-human, BD Bioscience, USA) and CD44 (clone

15, mouse anti-human, BD Bioscience, USA) PE-conjugated antibody

31] . 

Aldehyde dehydrogenase isoform 1 (ALDH1) activity is a universal

arker for the identification and isolation of cancer stem cells. To con-

rm tumor stem cell properties of isolated cells, we used an ALDH1

nzymatic assay [31] , which quantifies the ALDH1 activity of tumor-

pheres. We used an ALDEFLUOR assay kit (Stem Cell Technologies TM ,

anada) according to the manufacturer´s protocol. Tumorspheres ex-

ressing high levels of ALDH1 become brightly fluorescent. The number

f such tumorspheres was counted. 

tatistical methods 

Statistical analysis was performed using the software program

igmaPlot version 13.0 (Systat Software Inc., Chicago, USA) for win-
4 
ows. Based on the antidromic behavior of CETC numbers during RT pa-

ients were dichotomized into 2 groups: patients with increasing ( n = 25)

nd decreasing ( n = 27) CETC numbers during RT. Comparisons between

he variables were performed with the independent sample t test (di-

hotomous variables) or ANOVA (variables with more than two cate-

ories), taking into account the possibility of using nonparametric tests.

he screening criterion used was a p -value of < 0.05. 

esults 

ETCs and clinicopathological features 

Peripheral blood samples from healthy volunteers ( n = 20) were used

s a negative control and processed analogous to the samples from breast

ancer patients. In these samples no CETCs were found and no tumor-

phere formation in vitro was observed during cultivation. 

Patient characteristics of all patients with primary breast cancer are

hown in Table 1 . CETCs were compared with the primary tumor tissue

ith regard to the hormone receptor expression and HER2 status. ER

nd PR status in CETCs were evaluable in all patients prior to and at

he end of RT. The HER2 status in CETCs was determined in a subset

f 20 patients prior to RT. Most patients with positive ER, PR or HER2

eceptors expressed in the primary tumor tissue (immunohistochemical

 1%), had also ER (89% of patients) ( Fig. 3 a), PR (70% of patients)

 Fig. 3 b) and HER2 (100% of patients) ( Fig. 3 c) positive CETCs. Most
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Fig. 3. Percentage of patients comparing (a) ER, (b) PR and (c) HER2 status in CETCs and tumor tissue. 
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atients with negative hormone receptor status and/or negative HER2

tatus in the primary tumor tissue had at least 1% of CETCs with expres-

ion of these receptors ( Fig. 3 ). 

We compared the ER and PR status in CETCs prior to RT with the

eceptor status at the end of RT. There was no influence of the RT on

he hormone receptor status in CETCs when comparing the values prior

o and at the end of RT, which means that patients who were positive

r negative for ER or PR prior to RT remain positive or negative for the

espective marker at the end of RT. 

In addition, we examined the number of CETCs with regard to the

ifferent molecular subtypes of breast cancer before initiation of RT. Ac-

ording to international definition, Luminal A cancers were defined as

R and/or PR positive, HER2-negative, low level Ki67 ( n = 23; 44%), Lu-

inal B ER and/or PR positive, HER2-negative, high level Ki67 ( n = 11;

1%), basal-like tumors were defined as ER, PR and HER2 negative

triple negative) ( n = 7; 14%), and HER2-like tumors were defined as

ER2-positive ( n = 11; 21%). By comparing the molecular subtypes of the

rimary tumors with respect to the number of CETCs detected prior to

T, triple negative breast cancer patients had significantly more CETCs

s compared to patients with luminal A or luminal B subtypes (median
5 
6 vs. 5 CETCs/100μl of cell suspension, p < 0.05) ( Fig. 4 a). Patients with

ER2 positive/hormone receptor negative tumors had the highest me-

ian CETC numbers but due to the low number of patients with this

ubtype the difference was not significant. 

In addition, lymph node involvement had an influence on the num-

er of CETCs prior to RT. Patients with positive lymph nodes, who

ad not yet received chemotherapy, had statistically significantly more

ETCs before start of RT as compared to patients without lymph node

nvolvement (median 10 vs. 5 CETCs/100μl of cell suspension; p < 0.05)

 Fig. 4 b). Patients with lymph node involvement, who previously had

eceived chemotherapy (neoadjuvant or adjuvant) did not have higher

ETC numbers as compared to patients without lymph node involve-

ent prior to RT. 

ollow-up of CETC counts during RT 

During our study and the analysis we were surprised that RT does

ot have the same impact on CETCs in all patients. We identified 2 pa-

ient groups with antidromic behavior of CETC numbers during RT. Both

roups were equally distributed with respect to T- and N-status, molec-
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Fig. 4. Box plots of the median numbers of CETCs depending on (a) different molecular subtypes of breast cancer and (b) lymph node metastases. (c) box plots for 

the median number of CETCs in the patient group with increasing CETC numbers during RT and (d) in the patient group with decreasing CETC numbers. 
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lar subtype, histology, grading and administration of hormone therapy

 Table 1 ). The only difference between the two groups was the observa-

ion that more patients with increasing cell numbers have had adjuvant

hemotherapy whereas in the patient group with decreasing CETC num-

ers more patients had had neoadjuvant chemotherapy. 25 patients had

ncreasing CETC numbers during RT whereas in 27 patients we observed

ecreasing CETC numbers. Pre RT CETC numbers differed significantly

etween the two groups (median 4 vs. 13 CETCs/100μl cell suspension;

 < 0.01), respectively ( Fig. 4 c and 4 d). 

In the patient group with increasing CETCs, cell numbers peaked at

idterm of RT in 53% of patients. At the end of RT, the CETC numbers

ecreased but the median CETC numbers of all patients were still sig-

ificantly higher as compared to the median value prior to RT (4 vs. 7

ETCs/100μl cell suspension; p < 0.01) ( Fig. 4 c). The mean increase in

ETC numbers from pre RT to end of RT was 2.91 ± 2.09 fold. 

In the patient group with decreasing CETC numbers the mean de-

rease was 4.46 ± 3.68 fold. A continuous decrease in the CETC numbers

as observed in this patient group. The difference in the CETC numbers

as statistically significant between start of RT and end of RT (median

3 vs. 4 CETCs/100μl of cell suspension; p < 0.001), as well as between

idterm of RT and end of RT (median 7 vs. 4 CETCs/100μl of cell sus-

ension, p < 0.05) ( Fig. 4 d). 
d  

6 
umber of CETCs in the context of prior chemotherapy 

As cytostatic chemotherapy might have an influence on the number

f CETCs, we investigated the CETC count dependent on chemotherapy

efore initiation of RT. 25 patients were treated with chemotherapy, 13

f which received neoadjuvant chemotherapy. 27 patients had not re-

eived any cytostatic chemotherapy. In the patient group treated with

eoadjuvant chemotherapy, treatment led to pathological complete re-

ponse (pCR) in 3 patients (23%). Patients who had received neoad-

uvant chemotherapy had statistically significantly higher CETC num-

ers prior to RT as compared to patients who had received adjuvant

hemotherapy or who had not received any chemotherapy (median 21,

 and 6 CETCs/100μl cell suspension, respectively, p < 0.05) ( Fig. 5 a).

atients who received adjuvant chemotherapy had slightly lower CETC

umbers prior to RT as compared to patients who did not receive any cy-

otoxic chemotherapy before initiation of radiotherapy. In patients who

eceived neoadjuvant chemotherapy, the number of CETCs decreased

ignificantly at the end of RT from 21 (prior to RT) to 5 (at the end of

T) CETCs/100μl of cell suspension ( Fig. 5 b). Patients who received ad-

uvant chemotherapy had a trend to increasing median CETC numbers

uring RT (median 4, 11 and 11 CETCs/100μl cell suspension, prior

o RT, midterm and end of RT, respectively) ( Fig. 5 c). In patients who

id not receive chemotherapy there was only a marginal, nonsignificant
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Table 1 

Patient characteristics and CETC examination results. 

Clinicopathological 

characteristics 

Number of 

patients 

Median 

number 

of CETCs 

Number of 

patients with 

decreasing 

CETCs during 

RT 

Number of 

patients with 

increasing 

CETCs during 

RT 

Age 

≤ 50 years 

> 50 years 

13 

39 

18 

6 

9 

13 

3 

18 

Tumor size 

pT1 

pT2 

pT3 

pT4 

30 

19 

2 

1 

7 

8 

17 

2 

15 

9 

1 

1 

15 

9 

1 

Lymph nodes 

pN0 

pN1 

pN2 

pN + 
pN3 

31 

17 

3 

1 

6 

9 

11 

0 

15 

9 

1 

0 

16 

7 

2 

1 

Stage 

I 

II 

III 

24 

20 

8 

6 

9 

8 

12 

10 

4 

12 

9 

4 

ER status 

Positive ( > 1%) 

Negative ( ≤ 1%) 

42 

10 

6 

22 

19 

7 

22 

3 

PR status 

Positive ( > 1%) 

Negative ( ≤ 1%) 

34 

18 

5 

16 

15 

11 

18 

7 

HER2 status 

Positive (3 + ) 
Negative ( < 3 + ) 

11 

41 

10 

7 

5 

21 

6 

19 

Grading 

G1 

G2 

G3 

10 

29 

13 

6 

10 

6 

5 

15 

6 

4 

14 

7 

Ki-67 index 

< 13% 

> 13% 

30 

22 

7 

10 

13 

12 

15 

9 

Molecular subtype 

Luminal A,B 

Basal like 

HER2 enriched 

34 

7 

11 

5 

21 

10 

15 

5 

5 

12 

2 

6 

Histology 

invasive ductal 

invasive lobular 

tubular 

mucinous 

44 

6 

1 

1 

9 

16 

0 

2 

23 

2 

0 

1 

21 

4 

1 

0 

Chemotherapy 

No 

adjuvant 

neoadjuvant 

27 

12 

13 

6 

4 

21 

13 

3 

10 

13 

9 

3 

Endocrine therapy 

Yes 

No 

23 

29 

6 

8 

9 

17 

13 

11 
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t  
hange in the CETC numbers during RT. In contrast to chemotherapy,

ndocrine therapy had no influence on the median numbers of CETCs

data not shown). 

haracterization of circulating cancer stem cells (cCSCs) 

Cell culture for the identification of cCSCs was performed for each

atient at each time of measurement. The formation of tumorspheres

rom cCSCs in vitro was controlled every 7 days under the light micro-

cope. After 18-21 days of culture tumorspheres were collected, pro-

essed as described above and counted. As shown in Fig. 6 a tumor-

pheres cultured from cCSCs were very compact. They were positive

or EpCAM and reached a diameter of 50-90 μm. The EpCAM staining

as very heterogeneous in the individual cells within individual tumor-

pheres 6b. 
7 
Tumorspheres had typical stem cell characteristics being positive

or ALDH1 as shown in Fig. 6 c. ALDH1 positivity varied strongly be-

ween individual tumorspheres from one patient and ranged between

0%-90%. In addition, they were positive for EpCAM, positive for CD44

 Fig. 6 d) and negative or marginally positive for CD24 ( Fig. 6 e). CD44

taining varied strongly between individual cells in one individual tu-

orsphere. 

ollow-up of cCSCs counts during RT 

Irrespective of the molecular tumor subtype, tumorsphere formation

n vitro was observed in 29/52 patients at least at one point of mea-

urement. Prior to RT tumorspheres were detected in 31% of patients,

idterm of RT in 25% of patients and at the end of RT in 41% of pa-

ients. In 44% of patients no tumorsphere formation was observed at

ny measurement point. 

There were 15 patients with increasing and 14 patients with decreas-

ng numbers of tumorspheres during RT. The mean increase in the pa-

ient group with increasing tumorsphere numbers was 6 ± 5 fold. There

ere significant differences between the number of tumorspheres prior

o and at the end of RT (mean 1 vs. 7 tumorspheres/100μl of cell suspen-

ion, p < 0.001) as well as between midterm of RT and end of RT (mean

 vs. 7 tumorspheres/100μl of cell suspension, p < 0.05) ( Fig. 7 a). The

ean decrease in the patient group with decreasing tumorsphere num-

ers was 5 ± 7 fold. Differences in tumorsphere numbers between start

f RT and midterm of RT (mean 7 vs. 4 tumorspheres/100μl of cell sus-

ension, p < 0.05) as well as between start of RT and end of RT (mean 7

s. 1 tumorspheres/100μl of cell suspension, p < 0.01) were statistically

ignificant ( Fig. 7 b). 

Chemotherapy had an effect on the number of tumorspheres grown

n vitro prior to RT, yet this was not statistically significant. Compara-

le to the number of CETCs prior to RT, the number of tumorspheres in

itro was higher in the patient group after neoadjuvant chemotherapy as

ompared to patients who received adjuvant chemotherapy (mean 7 vs

 tumorspheres/100μl of cell suspension ( Fig. 7 c). The highest tumor-

phere number was observed in patients who did not receive chemother-

py prior to RT (mean 10 tumorspheres/100μl of cell suspension). 

Tumorsphere formation in vitro was observed more frequently in pa-

ients after neoadjuvant chemotherapy (61%) as compared to patients

ith adjuvant chemotherapy (42%) or without chemotherapy (48%). 

In 22 patients out of the 29 patients (76%), CETC and tumorsphere

umbers developed in parallel: in 14 patients, both the number of CETC

nd the number of tumorspheres decreased during the course of RT,

hereas in 8 patients, the number of tumor cells and the number of

umorspheres increased. However, in the patient group after neoadju-

ant chemotherapy as well as in the patient group who did not receive

hemotherapy an inverse development in tumorsphere and CETC num-

ers was observed: most patients in this patient group had increasing

umorsphere numbers but decreasing CETC numbers during RT. 

iscussion 

Although nowadays breast cancer is often diagnosed at an early stage

t is still a leading cause of cancer mortality [3] . Due to intra- and in-

ertumoral heterogeneity but especially due to potential changes in tu-

or cell properties during the course of disease, which can be caused

y treatment effects, longitudinal analysis of circulating tumor cells

romises a more complete understanding of the complex processes un-

erlying treatment response or relapse[3]. Biomarkers from the primary

umor may help to identify low- and high risk patients but the analysis

f the actually disseminated tumor cells would be preferable [3] . Espe-

ially in early stage where treatment is expected to be curative, moni-

oring circulating tumor cells could predict early disease recurrence and

urvival [ 20 , 36 ]. 

It has been shown that the characteristics of the cells released from

he primary tumor may change during disease progression leading to
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Fig. 5. (a) Median number of CETCs prior to RT with respect to chemotherapy. (b) median number of CETCs during RT in patients who received neoadjuvant 

chemotherapy and (c) median number of CETCs during RT in patients who received adjuvant chemotherapy. 
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C  
neffective treatment in the absence of the respective marker as indi-

ated by the discrepancy in hormone receptor and HER2 status between

rimary tumor and metastatic lesions in one-third of metastatic breast

ancer patients [37] . Our study shows that the expression of hormone

eceptors and amplification of HER2 in CETCs initially reflect hormone

eceptor and HER2 status of the primary tumors and was concordant

n 70% for ER, 46% for PR and 55% for HER2 expression indicating

hat these cells are highly probably tumor cells disseminated from the

rimary tumor. These results are in agreement with the study of Kalin-

ky et al, who observed a concordance of 68% in ER/PR status between

rimary tumor and circulating tumor cells in early stage breast can-

er [38] and Zhang et al reporting a concordance between HER2 sta-

us in primary tumor and circulating tumor cells in 38% of patients

39] . During subsequent RT almost no changes in hormone receptor

tatus were observed suggesting that RT does not have any selective

ffect on marker expression and RT does not selectively eliminate cell

opulations. 
8 
In agreement with Xu et al. we observed higher CETC numbers in

riple negative and HER2 positive patients as compared to luminal A/B

ubtypes before initiation of RT, indicating that patients with highly ag-

ressive disease have increased CETC numbers and higher risk for metas-

asis formation [40] . Currently, the treatment of patients with triple neg-

tive breast cancer is the biggest challenge in breast cancer. In early

tages, the use of neoadjuvant chemotherapy is the standard of care

nd achieving a pCR after neoadjuvant chemotherapy correlates with

mproved survival outcomes [41] . In our short follow up of 7 months

e observed one relapse in a triple negative breast cancer patient. The

atient suffered from a stage II (T2N1M0) breast cancer and had been

reated with neoadjuvant chemotherapy. As she did not achieve a pCR

he was additionally treated with adjuvant chemotherapy ( Fig. 7 d). Her

umbers in CETCs and tumorspheres, grown in vitro from cCSCs, in-

reased during RT followed by a relapse 7 months after end of RT. If

his observation is confirmed in a higher number of patients monitoring

ETCs during the course of RT could help in decision making for fur-
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Fig. 6. Typical images of tumorspheres grown in vitro from cCSCs from one breast cancer patient (a) from culture flask and (b) fluorescence scanning microscope. 

(c) ALDH1 activity of tumorspheres. (d) Images of tumorspheres being positive for EpCAM and CD44 and (e) Images of tumorspheres being negative or marginally 

positive for CD24. Scale bar: 10μm. 
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her diagnostic and therapeutic interventions to early detect recurrence,

specially in this aggressive subgroup of breast cancer. 

Furthermore, in accordance with other studies [ 12 , 36 ] the number of

ETCs was associated with patients‘ nodal stage. Positive axillary lymph

odes are a predictor of increased risk for local and distant recurrence

nd directly correlated with overall survival [42] . 

Goodman et al showed that patients in whom circulating tumor cells

an be detected (24% of all patients with at least 1 cell/20 ml of blood)

are better with RT after BCS than without RT. RT seems to reduce

he risk of recurrence and death from breast cancer suggesting elimi-

ation of microscopic tumor foci [33] which might seed cells into the

irculation. In the present study population, breast conserving proce-

ure was performed in 90% of patients. Increasing CETC numbers were

bserved in 40% of patients and decreasing CETC numbers in 44% of

atients from the start of RT to end of RT. Regarding clinicopathologi-

al features, age and endocrine therapy there was no difference in the

roups with increasing and decreasing cell numbers. The only differ-

nce is that in the patient group with decreasing cell numbers almost all

atients (80%) were treated with neoadjuvant chemotherapy and that

hese patients after neoadjuvant chemotherapy had statistically signifi-

antly more CETCs before RT than patients with adjuvant chemotherapy

r without chemotherapy. While neoadjuvant therapy enables tumor

ownsizing for BCS by disintegration of tumor tissue, assessing in vivo

esponse to therapy and provide prognostic information based on patho-

ogical response [2] the reduction in tumor size and the destruction of

umor tissue may lead to the mobilization and release of tumor cells into

he bloodstream. Monitoring CETCs during neoadjuvant chemotherapy

n early breast cancer patients [22] showed that the initial decrease

n the number of CETCs correlated with the reduction in tumor size.

omparable observations during RT have been made in NSCLC patients

here increased numbers of circulating tumor cells during the course of

eoadjuvant RT were detected due to mobilization of viable tumor cells

rom intact tumors into the circulation [43] . 
9 
The group of patients with increasing CETC numbers during RT

ainly comprised patients who had not received chemotherapy or who

ad received adjuvant chemotherapy. In this subpopulation we observed

n half of the patients a peak in CETC numbers at midterm of RT followed

y a decrease. 

It is not easy to distinguish dormant circulating tumor cells from

hose with proliferating capacity initiating new tumors at distant sites

3] . It is assumed that only a small subpopulation of circulating tumor

ells, the so called circulating cancer stem cells, can grow into metas-

ases. They have properties of stemness and represent the most aggres-

ive fraction of cells [44] . Different approaches for the identification of

ancer stem cells from the primary tumor are available, one of them

 functional assay, the sphere-formation assay [45] is commonly used

o study stem cell properties of CSCs. In the present study we used a

umorsphere-formation assay developed by us to grow circulating can-

er stem cells from the peripheral blood. To our knowledge, this is the

rst study to monitor the number of circulating cancer stem cells during

T in breast cancer patients. In about one half of patients tumorsphere

ormation in vitro could be observed at least at one point of measure-

ent expressing typical stem cell markers for breast cancer. Again, there

ere two patient groups, one with increasing and one with decreasing

umorsphere numbers in vitro during RT. The group with increasing tu-

orsphere numbers in vitro comprised mainly patients with an unfavor-

ble hormone receptor status and higher Ki-67 index. In addition, in

his patient group, many patients had not received any chemotherapy.

hus, as reported previously [31] , the number of tumorspheres corre-

ated with unfavorable characteristics of the primary tumor. In patients

ho had received neoadjuvant chemotherapy, tumorsphere formation

n vitro was more frequently observed as compared to patients who re-

eived adjuvant chemotherapy or no chemotherapy. After neoadjuvant

hemotherapy an increase in tumorsphere numbers during RT was found

n 63% of patients and in 69% of patients who had not received any

hemotherapy. Like CETCs cells with cancer stem cell properties may be-
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Fig. 7. Mean variation in the number of tumorspheres during RT in the patient group with (a) increasing tumorsphere numbers and (b) decreasing tumorspheres 

numbers. (c) Mean numbers of tumorspheres prior to RT with respect to chemotherapy. (d) Course of CETC and tumorsphere numbers during RT in one breast cancer 

patient after neoadjuvant and adjuvant chemotherapy. 
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ome released from the primary tumor during neoadjuvant chemother-

py. In the patient group after neoadjuvant chemotherapy we observed

ore frequently a decrease in the number of CETCs antidromic to an

ncrease in the number of tumorspheres grown from cCSCs in vitro than

n the other patients, indicating that cancer stem cells might be radiore-

istant. 

Our results of decreasing single CETC numbers during RT but in-

reasing numbers of tumorspheres after neoadjuvant treatment might

lso support the hypothesis, that under conditions of radiation-induced

tress, cancer cells may undergo dedifferentiation into stem cell-like

ells. These cells might subsequently obtain phenotypes and functions of

SCs, including radioresistance, which indicates that radiation may di-

ectly result in the generation of novel CSCs from non-stem cancer cells

46] . Changes in the number of CETCs, but especially changes in the

umber of tumorspheres cultured from cCSCs in vitro , could be relevant

or recurrence of cancer disease. 

onclusion 

We could show that CETCs before RT have the same molecular prop-

rties as the cells in the primary tumor, which in turn indicates that the

etected cells are tumor cells. Furthermore, we were able to identify a

ubpopulation of CETCs which were able to grow clonally in vitro into
10 
o called tumorspheres and possess stem cell properties. Our prelimi-

ary results shows that changes in the number of CETCs, but especially

hanges in the number of tumorspheres cultured in vitro from cCSCs

uring adjuvant radiotherapy could reflect the activity of residual tu-

or burden after breast conserving surgery. This could help to identify

atients with increased risk of local recurrence. 
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