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Abstract

Purpose While intact circulating tumor cells (iCTC) have
independent negative prognostic impact on patients with
metastatic breast cancer (MBC), the prognostic relevance
of apoptotic CTC (aCTC) has not been validated in larger
patient cohorts. This study assessed aCTC and iCTC sta-
tuses at baseline (CTCgp) and CTC kinetics (CTCkn) as
changes from CTCpg to one completed treatment cycle for
their utility in predicting response, progression-free sur-
vival (PFS), and overall survival (OS) in MBC.
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Methods Status of iCTC and aCTC was prospectively
assessed in 442 patients using the CellSearch™ system.
Different cutoffs were analyzed both for iCTC and aCTC
(=5, =10, =25 and =50 CTC/7.5 ml). CTCky were
characterized by >25 % changes in CTC counts.

Results Numbers of iCTC and aCTC at baseline correlated
strongly (r = 0.7). For iCTCpg, positive patients, additional
detection of aCTCpg had a significant prognostic impact on
OS (aCTCgp, positive 10.3 vs. aCTCgp negative
16.4 months, p = 0.012). Worst prognosis for OS was
observed in patients with >50 iCTC/7.5 ml and simulta-
neously detected aCTC. Determination of aCTCygy
showed stronger discriminating power than iCTCyjy, with
higher PFS and OS for the group with decreasing CTCs
(PFS 7.7 vs. 6.1; OS 22.2 vs. 16.4).

Conclusions Intact and aCTC are predictive of outcome in
MBC. Apoptotic CTC counts > 5/7.5 ml in conjunction
with iCTC at baseline have an independent unfavorable
prognostic impact on OS. Decreasing aCTCgy at >
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5/7.5 ml in serial enumeration is associated with favorable
outcome. Therefore, separate enumeration of iCTC and
aCTC is useful in tailoring systemic treatment.

Keywords Metastatic breast cancer - Circulating tumor
cell - Apoptotic circulating tumor cell - Treatment
response - Kinetic - Survival

Abbreviations

1C One cycle of systemic chemotherapy

aCTC Apoptotic circulating tumor cell(s)

BL Baseline

CHT Chemotherapy

CI Confidence interval

CTC Circulating tumor cell(s)

DTC Disseminated tumor cell(s)

EMT Epithelial-mesenchymal transition

EpCAM Epithelial cell adhesion molecule

iCTC Intact circulating tumor cell(s)

KIN Kinetics

MBC Metastatic breast cancer

NA Not available/not applicable

NCT National Center for Tumor Diseases,
Heidelberg, Germany

NST Neoadjuvant systemic therapy

oS Overall survival

PFS Progression-free survival

STD Standard deviation
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Introduction

The greatest challenge in treatment management of meta-
static breast cancer (MBC) is to identify early indicators of
response to systemic treatment to avoid unnecessary
exposure to ineffective but toxic treatment and to enable
early prognostication of progression-free (PFS) and overall
survival (OS). The presence of =5 CTC in 7.5 ml of
peripheral blood prior to a new line of treatment is hence
an independent factor for poor prognosis in MBC patients
[1-6]. The malignant nature and metastasis-initiating
potential of CTC is extensively reported in the literature
[7, 8]. Previous studies reported that CTC provide more
prognostic information than conventional imaging [9],
could help identify patients who benefit from a more
aggressive treatment regimen, and could be used to monitor
treatment response [10-12]. Nevertheless, CTC represent a
heterogeneous cell population with phenotypic changes
compared to the primary tumor [13, 14] and bear great
potential for diagnostic and therapeutic utilization as a
liquid biopsy.

Apoptotic CTC (aCTC), which have been reported in
52-79 % of CTC-positive MBC patients as a CTC sub-
type [15-17], are characterized by altered morphological
parameters such as speckled pattern of keratin staining
and/or fragmented or disintegrated nuclei. Apoptotic
CTC seem to derive from therapy-induced apoptosis and
apparently from spontaneous tumor apoptosis as they
also appear in patients with progressive disease and no
response to systemic therapy [18, 19]. In addition,
patients with MBC presented with significantly lower
numbers of aCTC compared to patients with early breast
cancer [17]. It is suggested that the viability of CTC is
related to the stage of disease and aCTC might provide
additional prognostic information [20]. Enumeration of
disseminated tumor cells (DTC) from bone marrow
showed that the appearance of apoptotic DTC (aDTC) is
predictive of positive response under neoadjuvant sys-
temic therapy [21, 22]. This underlines the hypothesis
that aCTC might serve as a surrogate endpoint for suc-
cessful systemic therapy [17].

The prognostic impact of both baseline CTC enumera-
tion and kinetics (CTCgn; change in CTC count from
baseline (CTCpg) to first completed cycle of a new line of
systemic therapy (CTC;c)) has been demonstrated in recent
studies [3]. The present study aimed to prospectively assess
the CTC status separately for the apoptotic CTC (aCTC)
and intact CTC (iCTC) subtypes in a large group of
patients. To this end, we analyzed CTCgp, CTC,c, and
CTCxn for their impact on treatment response, PFS, and
OS.
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Methods
Patients and study design

This was a prospective, single-center, non-randomized,
partially blinded, treatment-based study. Both patients and
treating physicians were blinded to CTC status, and hence
treatment regimens did not depend on CTC status. All
investigators and technical staff who performed or
reviewed the CTC data were blinded to patient history and
treatment. Independent reviewers confirmed CTC enu-
meration and characterization. All radiologists performing
imaging studies were blinded to the patients’ treatment
regimens. The study was conducted at the National Center
for Tumor Diseases (NCT), Heidelberg, Germany, and the
Department of Obstetrics and Gynecology, University of
Heidelberg, Heidelberg, Germany.

Study design

MBC patients were consecutively enrolled between March
2010 and May 2015 at the beginning of new line of sys-
temic therapy. Blood samples were taken prior to treatment
to determine the baseline counts (CTCg;) of iCTC and
aCTC. Counts >5 CTC/7.5 ml peripheral blood were
considered CTCgy -positive [23]. After the first cycle of
systemic therapy, a second blood sample was taken
(CTC0).

The first 100 patients in this study had no further blood
samples taken after a negative CTCpgp result. Every
3 months patients were categorized as showing progressive
disease (PD), stable disease (SD), complete remission
(CR), or partial response (PR) based on the Response
Evaluation Criteria in Solid Tumors [24]. Survival status
was recorded until death or loss to follow-up.

Enumeration of CTC

For CTC enumeration, 7.5 ml peripheral whole blood was
collected in a CellSave tube (J Janssen Diagnostics, LLC,
Raritan, NJ, USA). Blood samples were kept at room
temperature for <96 h until analysis using the Cell-
Search™ assay (CellSearch™ Epithelial Cell Kit/
CellSpotter™ Analyzer, Janssen Diagnostics, LLC, Rari-
tan, NJ, USA). Sample processing and analysis were done
strictly according to the manufacturer’s instructions. The
assay uses a ferrofluid coated with antibodies to epithelial
cell adhesion molecule (EpCAM) to immunomagnetically
separate cells of epithelial origin from blood, and fluores-
cent staining to differentiate between debris, hematopoietic
cells, and epithelial cells [13]. It provides high intra-ob-
server, inter-observer, and inter-instrument agreements

[2, 5, 15, 25]. Cells enriched by anti-EpCAM antibodies
were labeled with the nuclear dye 4',6-diamidino-2-
phenylindole (DAPI) and immunostained with monoclonal
antibodies specific for keratins and for the leukocyte
common antigen CD45. CTC detection was performed by
trained staff using the CellSpotter'™ Analyzer, a semi-
automated fluorescence-based microscopy system that
enables computer-generated reconstruction of cellular
images [16, 21, 26]. Morphologically intact, CD45-nega-
tive CTC without obvious alterations of nuclei and non-
speckled keratin immunofluorescence were defined as
iCTC and enumerated by trained operators. Patients with
counts >5 intact CTC/7.5 ml blood were considered iCTC-
positive.

Characterization of apoptotic CTC (aCTC)

Apoptotic CTC were visually characterized by altered
morphological parameters such as speckled keratin staining
patterns and/or fragmented or disintegrated nuclei. In select
cases, classification as aCTC was proven by addition of the
M30 antibody for the detection of caspase-cleaved Keratin-
18 (VLV bio, 1:100) in the fourth channel of the Cell-
Search system. The vast majority of CTC with character-
istic morphologic changes also was positive for M30
(Fig. 2). Patients with counts >5 aCTC/7.5 ml blood were
considered aCTC-positive.

Evaluation of CTC Kkinetic

To analyze CTC kinetics from baseline (CTCpgy) until the
end of first cycle of systemic therapy (CTC,c), changes
were categorized as CTC negative (<5 CTC for both
CTCgL and CTC,c), stable (<25 % change), indicating
decrease (>25 % decrease), or indicating increase (>25 %
increase) [12]. Kinetics were separately evaluated for the
following cutsoff: >5, >10, >25, and >50 CTC/7.5 ml
(Supplementary Figs. 1, 2; Supplementary Table 1, 2).

Data collection and analysis

Demographic data and clinical characteristics were
described as frequency and percentage, median and range,
or mean and standard deviation. Groups were compared
using the Wilcoxon rank test or Fisher’s exact test, as
appropriate. Kaplan—Meier plots by aCTC and iCTC sta-
tuses were generated for PFS and OS (time from enroll-
ment to disease progression and death from any cause,
respectively), with data being censored at last follow-up if
progression or death had not occurred. PFS and OS times
were estimated as medians with 95 % confidence intervals
(CIs). Differences in PFS and OS by iCTC and aCTC
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statuses were assessed by the log-rank test. Statistical
analyses were performed using R (version 3.1.2) [27]. A
significance level of 5 % was chosen.

Results

CTC status and enumeration at baseline (CTCpgy)

442 consecutive patients were enrolled in the study.
Figure 1 shows the flow of patients through the study,

which also details the reasons for exclusion from or non-
availability for further analysis. Patient characteristics at

baseline are summarized in Table 1. Of the 442 available
patients with CTCgy, counts, 155 (35.1 %) were iCTCgy -
positive and 128 (29.1 %) patients were aCTCg| -positive
(Fig. 2). 108 (24.4 %) patients were both positive for
iCTCgrL and aCTCgr (pos pos), and 267 (60.4 %)
patients were both negative for iCTCgp and aCTCgp
(neg neg), as shown in Table 3. Positivity rates for
higher cutoff values (>10, >25 and >50) are listed in
Table 4.

While in most cases iCTCg, positivity corresponded
with aCTCgp positivity, 47 (10.6 %) patients were
iCTCpgp-positive and aCTCpgy -negative (pos neg) and 20
(4.5 %) were iCTCpgp-negative and aCTCpg positive (neg

Fig. 1 Flow of patients through
the study. 466 consecutive Patients assessed for eligibillity (n=466)
patients were assessed for
eligibility, 24 (5.2 %) were
excluded from the study 'g
because no CTCgy data were E
available, or no follow-up was ° Excluded (n=24)
performed. Of the 442 patients o —{ * no CTCg value (n=7)
included in the study, 190 were * no follow-up (n=17)
excluded from further analysis
for the following reasons.
During the initial phase of the
study, CTC,c status of the first
100 patients was routinely Included patients with CTCg, data (n=442)
determined only in CTCgp
positive patients, resulting in 64
patients without measured
CTC,¢ counts. .Of the remaining iCTCg, pos/ aCTCg, pos iCTCs. neg/ aCTCs. pos
116 patients without CTC,c a (n=108) (n=20)
counts, 18 were excluded E
because blood samples were not
obtained within the predefined
stud}.f tlmeframej of 2-14 weeks, iCTCg, pos/ aCTCg, neg iCTCs. neg/ aCTCg, neg
30 did not survive to CTCc (n=47) (n=267)
assessment, 10 had no survival
data, and 68 patients had not yet
proceeded to CTC,c
Excluded (n=190)
|| ¢ no CTCyc value (n=162)
e CTCyc after less than 2 or more than 14
weeks (n=18)
* no follow-up (n=10)
a Patients with CTC,¢ data (n=252)
=S
E
b4 iCTCyc pos/ aCTCyc pos iCTCyc neg/ aCTCyc pos
(n=36) (n=5)
iCTC;c pos/ aCTC;c neg iCTC;c neg/ aCTC;c neg
(n=33) (n=178)

@ Springer




Breast Cancer Res Treat (2016) 160:277-290 281
Table 1 Patient characteristics for apoptotic CTC enumeration at baseline (aCTCg| )
Total aCTCpL, aCTCpg, negative P N
positive
Total n (%) 442 128 (29.0 %) 314 (71.0 %) 442
Age at initial diagnosis, years; median (range) 51 (23-87) 50 (32-87) 51 (23-80) 0.455 442
Age at enrollment, years; median (range) 59 (29-89) 57 (33-87) 60 (29-89) 0.006 442
ER status, n (%) 0.906 423
Positive 319 93 (29.2 %) 226 (70.8 %)
Negative 104 33 (31.7 %) 71 (68.3 %)
Unknown 19 2 (10.5 %) 17 (89.5 %)
PR status, n (%) 0.585 415
Positive 280 78 (27.9 %) 202 (72.1 %)
Negative 135 47 (34.8 %) 88 (65.2 %)
Unknown 27 3 (11.1 %) 24 (88.9 %)
Number of metastatic sites, n (%) 0.116 440
One site 115 28 (24.3 %) 87 (75.7 %)
Multiple sites 325 99 (30.5 %) 226 (69.5 %)
Unknown 2 1 (50.0 %) 1 (50.0 %)
Site of metastasis, n (%) <0.001 442
Bone 83 27 (32.5 %) 56 (67.5 %)
Visceral/local 143 26 (18.2 %) 117 (81.8 %)
Both 216 75 (34.7 %) 141 (65.3 %)
Line of therapy, n (%) 0.663 442
First 212 71 (33.5 %) 141 (66.5 %)
Second 87 23 (26.4 %) 64 (73.6 %)
Further 143 34 (23.8 %) 109 (76.2 %)

pos) (p < 0.001). Figure 3 illustrates the correlation of
iCTC and aCTC counts per 7.5 ml (r = 0.7).

CTC status and survival at baseline

Follow-up data were available for 442 patients with a
median [95 % confidence interval (CI)] follow-up of 34.1
[32.0-36.9] months for OS. Median [95 % CI] OS for
iCTCg-positive versus iCTCgy -negative patients was 13.1
[10.0-15.9] versus 27.0 [24.0-31.7] months (p < 0.001),
respectively (Kaplan—Meier plots not shown). Median PFS
was 4.9 [4.1-6.1] versus 7.8 [6.9-9.2] months (p < 0.001),
respectively (Table 2). Median [95 % CI] OS for aCTCg; -
positive versus aCTCpgp-negative patients was 10.9
[7.9-15.5] versus 26.9 [22.5-29.9] months (p < 0.001),
respectively (Suppl. Material). Median PFS was 4.6
[4.0-6.1] versus 7.7 [6.5-9.2] months (p < 0.001),
respectively (Table 2).

Figure 4 shows Kaplan—Meier plots for PFS and OS by
iCTC and aCTC status at baseline. Median [95 % CI] OS
for iCTCpgy -positive/aCTCgy -positive (pos pos), iCTCg| -
positive/aCTCg| -negative (pos neg), iCTCgp-negative/
aCTCgy -positive (neg pos) and iCTCg| -negative/aCTCpy -

negative (neg neg) patients was 10.3 [7.4-15.0], 16.4
[11.1-37.9], 29.9 [10.4-NA], and 27.9 [24.0-32.5] months
(p <0.001) and median PFS was 4.4 [3.5-5.9], 6.1
[42-98], 6.3 [3.4-19.4] and 7.9 [6.9-9.4] months
(»p < 0.001) as shown in Table 3.

This indicates that iCTCgy -positive patients in con-
junction with positive aCTCpgy (pos pos) had a significantly
lower OS compared to iCTCgy -positive/aCTCgy -negative
patients (pos neg) (PFS 4.4 vs. 6.1 months, p = 0.166; OS
10.3 vs. 16.4 months, p = 0.012). In contrast, the iCTCg -
negative/aCTCg -positive (neg pos) group showed no
significant impact on PFS and OS compared to iCTCpgy -
negative and aCTCpgp-negative (neg neg) (PFS 6.3 vs.
7.9 months, p = 0.665; OS 29.9 vs. 27.9 months,
p = 0.360 univariate).

The group iCTCgy -positive/aCTCg| -positive (pos pos)
also showed a significantly higher iCTCg; count when
compared to iCTCg| -positive/aCTCpg -negative (pos neg)
patients (103.6 (179.0), respectively 28.9 (75.1), mean
(STD); Wilcoxon test, p < 0.001).

All proven higher cutoffs for CTC positivity (>10, >25
and >50/7.5 ml) were significantly associated with
decreasing overall survival (Fig. 8), thereby reducing the
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Fig. 2 aCTC and iCTC morphologic characteristics. CellSearch
image gallery displaying morphologically intact CTC (1-5) and
apoptotic CTC (6-10). KER/DAPI represents a composite image of
PE-keratin (KER) and DAPI (nuclei). CD45 positivity of leukocytes
is demonstrated in the APC channel and applying a FITC-labeled
anti-M30 antibody in the fourth channel, M30-FITC-positive CTC
present with speckled keratin staining patterns and/or fragmented
nuclei

prognostic impact of additionally enumerating apoptotic
CTC (Table 4).

CTC status at first cycle (CTC,¢)

The results for CTC,c enumeration are shown in Table 5.
The percentage of aCTC-positive patients decreased sig-
nificantly to 41/252 (16.3 %) from CTCgp to CTC,c
(p < 0.001, McNemar test). Figure 5 shows Kaplan—Meier
plots for PFS and OS by iCTC and aCTC status after the
first cycle of a new line of systemic therapy (CTCc).
Median OS [95 % CI] for iCTC,c-positive and aCTCc-
positive (pos pos), pos neg, neg pos and neg neg patients
were 6.7 [5.0-13.9], 13.3 [10.9-22.5], 10.4 [4.1-NA], and
31.8 [26.9-37.9] months (p < 0.001), respectively, 3.5
[3.2-5.5], 5.2 [3.8-7.7], 2.9 [2.7-NA] and 8.0 [6.9-10.1]
months for PFS (p < 0.001) as shown in Table 5.
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Fig. 3 Scatterplot—Numbers of intact to apoptotic CTC. Log scales
and points are jittered to avoid overplotting, and cutoffs of five cells
are indicated by dotted lines, and the solid line represents identity

The pos pos group showed significantly higher iCTC¢
counts than the pos neg group (96.1 (170.1) vs. 24.5 (31.0),
mean (STD), p = 0.015).

CTC Kinetics from baseline to first cycle (CTCkn)

Intact CTC and aCTC enumeration for CTCgpy is shown in
Table 6. High numbers in the diagonal cells indicate that
iCTCkny and aCTCgpy evolve similarly in most cases
(Cramer’s V = 0.50). Most patients were negative for both
iCTC and aCTC at CTCg. and CTC,¢ (50.0 %), followed
by decreased iCTC and aCTC levels (17.5 %).

CTCkn and survival

Figures 5 and 6 show Kaplan—Meier plots for PFS and OS
by CTC kinetics. Patients with counts <5 for iCTCgjy,
aCTCkn, and (CTC 4+ aCTC)gn combined in both
samples had the best outcomes for OS (32.9, 27.9, and
31.8 months, respectively) and PFS (7.9, 7.7, and
7.9 months, respectively). Stable or increased iCTCyy,
aCTCkn, and (iICTC 4 aCTC)ky counts showed the
shortest OS (10.7/9.5, 5.1/5.7, and 10.8/7.4 months,
respectively) and PFS (4.6/4.0, 4.1/3.2, and 5.5/3.3 months,
respectively) as shown in Table 7. Decreased aCTCgy had
most favorable outcomes compared to iCTCgyy and
decreased (iICTC 4 aCTC)kn for OS (22.2 vs. 16.4 and
21.1 months) and PFS (7.7 vs. 6.1 and 6.1 months).
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Table 2 Numbers of patients, OS, and PFS for iCTC and aCTC statuses at baseline (CTCg)

Number of
patients (percentage)

OS, months
p-value, median (95 %
confidence interval)

PFS, months
p-value, median (95 %
confidence interval)

n (%) p < 0.001 p < 0.001
iCTCgy.
Negative 287 (64.9 %) 27.0 24.0-31.7) 7.8 (6.9-9.2)
Positive 155 (35.1 %) 13.1 (10.0-15.9) 4.9 (4.1-6.1)
aCTCpgy
Negative 314 (71.0 %) 26.9 (22.5-29.9) 7.7 (6.5-9.2)
Positive 128 (29.0 %) 10.9 (7.9-15.5) 4.6 (4.0-6.1)

Q
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Fig. 4 Kaplan—Meier plots—OS and PFS separated in apoptotic and
intact CTC at baseline (aCTCg. and iCTCgy). OS (left) and PFS
(right) by CTC status at baseline in 442 patients with MBC; pos pos

0.6 0.8 1.0
| | |

0.4

Progression free survival probability
0.2
|

iCTCg_and aCTCpg_
— neg neg
neg pos

— pos neg
— pos pos

p < 0.001

30 40 50 60
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Table 3 OS and PFS for iCTC and aCTC at baseline (CTCgy)

n (%) median (95 % CI); aCTCg
p < 0.001 ] -
Negative Positive
OS (months)
iCTCgL,
Negative 267 (60.4 %) 20 (4.5 %)
27.9 (24.0-32.5) 29.9 (10.4-NA)
Positive 47 (10.6 %) 108 (24.4 %)

PFS( months)
iCTCgL
Negative

Positive

16.4 (11.1-37.9)

267 (60.4 %)
7.9 (6.9-9.4)
47 (10.6 %)

6.1 (4.2-9.8)

10.3 (7.4-15.0)

20 (4.5 %)
6.3 (3.4-19.4)
108 (24.4 %)
44 (3.5-5.9)

(iCTCgp-positive and aCTCgy -positive), pos neg (iICTCgy -positive
and aCTCpgp-negative), neg pos (iCTCpp-negative and aCTCg|-
positive), and neg neg (iCTCg -negative and aCTCg| -negative)

aCTCyn showed greater discriminatory power for OS and
PFS between the favorable groups (<5 CTC at any time or
decrease) and the unfavorable groups (stable/increase) than
did iCTCg . Kaplan—-Meier plots are shown in Figs. 5, 6.
However, this discriminating power decreases with the
increasing CTC cutoff values applied, suggesting that
separate counting of aCTC is most meaningful at CTC
levels of <10/7.5 ml (Supplementary Figs. 1, 2).

CTCkn and systemic therapy

The regimen of individual treatment for patients depended
on the molecular subtype of both primary tumor tissue and
metastatic tissue, previous therapeutic response, and clini-
cal situation of the patient, following the German guideli-
nes of the AGO [28]. During the first cycle of systemic
therapy, 68 % of patients were treated with chemotherapy
(CHT), including mono and poly-CHT after enrollment in
the study, 20 % received Bevacizumab in addition to the
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Table 4 OS for different cutoff values at baseline (CTCg;)

(0N Cutoff 5 cells Cutoff 10 cells Cutoff 25 cells Cutoff 50 cells
n Median OS n Median OS n Median OS n Median OS
95 % CI) 95 % CI) 95 % CI) 95 % CI)
iCTC neg 287 279 neg 322 274 neg 363 269 neg 390 239
(24.0-31.7) (23.8-31.3) (22.5-29.9) (21.3-28.2)
pos 155 13.1 pos 120 10.0 pos 79 74 pos 52 6.1
(10.0-15.9) (7.4-14.1) (5.2-13.1) (4.4-9.7)
aCTC neg 314 269 neg 349 24.1 neg 394 238 neg 412 230
(22.5-29.9) (21.6-28.9) (20.6-27.9) (20.0-7.4)
pos 128 10.9 pos 93 9.7 pos 48 6.7 pos 30 49
(7.9-15.5) (6.7-17.8) (4.0-9.7) (1.8-14.1)
iCTC + aCTC neg 254 279 neg 295 274 neg 341 27.1 neg 371 242
(24.2-32.7) (23.9-31.8) (22.7-29.9) (22.3-29.4)
pos 188 13.6 pos 147 11.1 pos 101 87 pos 71 7.0
(10.4-16.4) (9.5-15.5) (6.4-14.1) (4.9-10.1)
iCTC and neg 267 279 neg 309 274 neg 355 269 neg 387 239
aCTC neg (24.0-32.5) neg (23.8-31.6) neg (22.5-29.9) neg (21.6-29.2)
neg pos 20 299 neg pos 13 26.5 neg pos 8 153 neg pos 3 1.8
(10.4-NA) (18.5-NA) (6.7-NA) (1.4-NA)
posneg 47 164 posneg 40 11.1 posneg 39 125 posneg 25 6.1
(11.1-37.9) (9.5-22.5) (6.4-15.7) (44-NA)
pos pos 108 10.3 pospos 80 7.9 pospos 40 5.0 pos pos 27 5.0
(7.4-15.0) (5.0-15.0) (2.2-8.6) (1.9-21.1)

CHT. 29 % of patients received endocrine therapy (such as
Tamoxifen, Fulvestrant, Exemestane, and Letrozole) and
16 % of patients received Anti-HER2 therapy (such as
Trastuzumab, Pertuzumab, and Lapatinib).

Table 8 shows the proportion of favorable aCTCgyy (<5
aCTC and decreased aCTC) from baseline to first cycle in
relation to systemic therapy during the first cycle after
patient enrollment regarding OS and PFS. The patient
subset receiving endocrine therapy exhibited the longest
OS compared to monochemotherapy, polychemotherapy,
and chemotherapy with Bevacizumab (33.4 months vs.
18.1, 22.1, 20.4 months, respectively) and displayed the
highest proportion of negative and decreasing aCTC (92 %
vs. 89, 86, 87 %, respectively). Anti-HER2 treatment
compared to no Anti-HER2 therapy in the first cycle of
systemic therapy was associated with longer OS (27.9 vs.
20.4 months) and PFS (8.1 vs. 6.3 months) and a higher
proportion of favorable aCTCgy (97 vs. 87 %).

Discussion
As reported previously, iCTC at baseline have a high
impact on both OS and PFS [3, 10]. Our results from a

large cohort of 442 patients confirm that iCTC-positivity
has the strongest negative impact on prognosis [3].

@ Springer

However, aCTC might have the potential to tip the scale in
undecided situations whether to change, intensify, or stay
with the therapy scheme [20].

Prognostic role of aCTC at baseline

The presence of aCTC alone at baseline has a similar
favorable outcome compared to the complete absence of
CTC (iCTC/aCTC) as evidenced by OS 29.9 versus 27.9
and PFS 6.3 versus 7.9 months. iCTCg| -negative/aCTCp| -
positive patients (neg pos) had an even better, though not
significantly better OS compared to patients without any
CTC (iCTC/aCTC; neg neg). These aCTC in the blood-
stream may represent tumor tissue undergoing
chemotherapy-induced apoptosis. In line with Fehm et al.
[21, 22], aCTCs could be similar to aDTC used as surro-
gate for systemic therapy response. However, only a small
fraction of patients (4.5 %) were iCTCgp-negative/
aCTCg -positive (neg pos) at CTCg;, and the number of
events in this subgroup is limited. Therefore, these results
should be interpreted with care even though they might
support the hypothesis.

Our data suggest that aCTC enumeration in combination
with elevated iCTC at baseline compared to negative aCTC
with positive iCTC at baseline has a strong impact on OS
(10.3 vs. 16.4 months) and PFS (4.4 vs. 6.1 months).
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Table 5 OS and PFS for
apoptotic and intact CTC at first
cycle (CTC,c)

n (%) median (95 % CI);
p < 0.001

aCTC 1C

Negative Positive

OS(months)
iCTC,c
Negative
Positive
PFS(months)
iCTC, ¢
Negative

Positive

178 (70.6 %) 31.8 (26.9-37.9)
33 (13.1 %) 13.3 (10.9-22.5)

5 (2.0 %) 10.4 (4.1-NA)
36 (14.3 %) 6.7 (5.0-13.9)

178 (70.6 %) 8.0 (6.9-10.1)
33 (13.1 %) 5.2 (3.8-7.7)

5(2.0 %) 2.9 (2.7-NA)
36 (14.3 %) 3.5 (3.2-5.5)

o |
- iCTC,c and aCTCyc
— negneg
o neg pos
- S 7] — pos neg
= —— pos pos
Q0
3 p <0.001
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Fig. 5 Kaplan—-Meier plots—OS and PFS separated in apoptotic and
intact CTC at first cycle (aCTC;¢c and iCTC;c). OS (left) and PFS
(right) by CTC status after the first cycle of a new line of systemic
therapy 252 patients with MBC; pos pos (iCTC,c-positive and

Table 6 CTCgy from CTCg and CTC,¢ for iCTC and aCTC

p< 0.001 aCTCKIN
<5 CTC Decrease Stable Increase
iCTCkin
<5 CTC 126 (50.0 %) 6 (2.4 %) 0 (0.0 %) 2 (0.8 %)
Decrease 26 (10.3 %) 44 (17.5 %) 1 (0.4 %) 5123 %)
Stable 5 (2.0 %) 1 (0.4 %) 3(1.2 %) 2 (0.8 %)
Increase 8 (3.2 %) 7 (2.8 %) 2 (0.8 %) 14 (5.6 %)

Proliferating tumor tissue is associated with necrosis and
apoptosis, and therefore aCTC have been considered a sign
of tumor proliferation [16, 29]. Following this reasoning,
aCTC appear to be the result of therapy-induced apoptosis
and tumor cell apoptosis in the context of carcinoma equi-
librium and could be regarded as a natural side product of
iCTC and tumor tissue [19, 29]. This hypothesis is supported

o |

- iCTC,c and aCTCyc
> — neg neg
Z o neg pos
T S —— pos neg
s) —— pos pos
o
T o p < 0.001
.% 07
3
[2]
8
- <
£ ST
il
(2]
[%2]
2 o
2 S
S
o

o

Q-

T T T T T T T T T T 1
0 5 10 20 30 40 50 60

Months

aCTC,c-positive), pos neg (iICTC,c-positive and aCTC,c-negative),
neg pos (iICTC;c-negative and aCTC,c-positive), and neg neg
(iCTC,c-negative and aCTC,c-negative)

by the fact that iCTCg| -positive/aCTCpgy -positive (pos pos)
patients had significantly higher amount of iCTC counts and
showed the worst prognosis for OS and PFS.

Our results suggest that in the presence of >5 iCTC/
7.5 ml, aCTC do not predict positive therapy response but
outline a heterogeneous picture including tumor cell
homeostasis and therapy-induced cell death and thus
extend the picture of therapy response status [18, 19].
However, applying increasing cutoff values for iCTC
positivity from >5 CTC to >50 CTC/7.5 ml reduced the
additional prognostic impact of aCTC (Fig. 8).

Prognostic role of aCTC at first cycle
To investigate the diagnostic relevance of aCTC, we ana-
lyzed the enumeration of aCTC during treatment with the

clinical prognosis. The data show a strong relation of iCTC
and aCTC kinetics (Cramer’s V = 0.49). Eighty-five

@ Springer
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Fig. 6 Kaplan—Meier plots—Kinetic of intact CTC between baseline
and first cycle (iCTCkn). OS (left) and PFS (right) by CTC status
between baseline and first cycle in 252 patients with MBC: <5 CTC

Table 7 OS and PFS for iCTC and aCTC kinetics

<

- iCTCxin
- —— <5CTC
= decreased
o
© o — stable
Ke) .
o — increased
iy 0.00.
g o p=0.005
2 S
I
)
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)
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S
D- 1

_‘ . =+
o
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T T T T T T T T T 1

T
0 5 10 20 30 40 50 60
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(<5 CTC in cells in both CTCpg, and CTC, (), stable (<25 % change),
decrease (>25 % decrease), and increase (>25 % increase)

Number of patients OS, months PFS, months
(percentage) p-value, median (95 % CI) p-value, median (95 % CI)
n (%) p < 0.001 p < 0.001
iCTCkin
<5 CTC 134 (53.2 %) 32.9 (27.0-NA) 7.9 (6.6-10.1)
Decrease 76 (30.2 %) 16.4 (13.6-23.0) 6.1 (5.0-9.7)
Stable 11 (4.4 %) 10.7 (5.4-NA) 4.6 (3.5-NA)
Increase 31 (12.3 %) 9.5 (6.7-18.5) 4.0 (2.9-6.7)
aCTCkin
<5CTC 165 (65.5 %) 27.9 (24.0-35.4) 7.7 (5.9-9.2)
Decrease 58 (23.0 %) 22.2 (14.1-31.8) 7.7 (5.8-12.6)
Stable 6 (2.4 %) 5.1 (4.5-NA) 4.1 (3.4-NA)
Increase 23 (9.1 %) 5.7 (4.1-14.0) 3.2 (2.6-5.0)
({CTC + aCTC)xn
<5 CTC 119 (47.2 %) 31.8 (26.9-NA) 7.9 (6.6-10.1)
Decrease 88 (34.9 %) 21.1 (15.5-32.9) 6.1 (5.2-10.2)
Stable 14 (5.6 %) 10.8 (6.7-NA) 5.5 (4.1-18.5)
Increase 31 (12.3 %) 7.4 (5.5-15.0) 3.3 (2.8-5.5)

percent of patients were either positive for both iCTC and
aCTC (pos pos) or negative for both iCTC and aCTC (neg
neg). iCTCg negative patients had the most favorable
prognosis for OS (p < 0.001) and PFS (p < 0.001) inde-
pendent of the aCTC status.

Prognostic role of aCTC Kkinetics
Differences in OS and PFS were observed for the aCTC

kinetics (aCTC decrease (OS 22.2, PES 7.7) and stable/
increased aCTC count (OS 5.1/5.7, PFS 4.1/3.2)). A

@ Springer

decrease of >25 % in aCTC had a better long-term out-
come than stable or increased aCTC count independent of
iCTC status.

Apoptotic CTCyn has more discriminatory power for
treatment response than iCTCygy or the combination of
iCTC and aCTC kinetics ((iCTC + aCTC)gn). The
Kaplan—-Meier plots for aCTCyjn better reflect the prog-
nostic situation for the single categories than iCTCkjy (as
indicated by Figs. 6 and 7). Stronger discriminating results
were observed for aCTC compared to iCTC decrease or
iCTC + aCTC decrease for OS (22.2 vs. 16.4 and 21.1)
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Table 8 OS, PES, aCTCkjy sorted by systemic therapy from baseline (CTCgy) to first cycle (CTC;¢)

Therapy Total n (%) Median OS (95 % CI) Median PFS (95 % CI) Total 1C n (%) aCTCkn
p < 0.001 p < 0.001 <5 + decreased n (%)
Chemotherapy (CHT)
Mono-CHT 175 (40.6 %) 18.1 (14.7-24.6) 5.5 (4.6-74) 99 (39.3 %) 88 (88.9 %)
Poly-CHT 37 (8.4 %) 22.1 (19.5-28.2) 6.3 (4.1-10.6) 21 (8.3 %) 18 (85.7 %)
Bevacizumab + CHT 89 (20.1 %) 20.4 (15.5-29.6) 9.2 (6.4-12.8) 54(21.4 %) 47 (87.0 %)
Endocrine therapy 129 (29.2 %) 33.4 (23.9-37.5) 7.6 (5.3-10.0) 75 (29.8 %) 69 (92.0 %)
No data 12 2.7 %) - - 3 (1.2 %) 1 (33.3 %)
Total 442 252
Therapy Total n (%) Median OS (95 % CI) Median PFS (95 % CI) Total 1C n (%) aCTCkn
<5 + decreased n (%)
p = 0.073 p = 0.909
Anti-HER?2 therapy
Yes 70 (15.8 %) 27.9 (24.0-37.0) 8.1 (4.9-11.2) 36 (14.3 %) 35 (97.2 %)
No 372 (84.2 %) 20.4 (17.8-23.8) 6.3 (5.3-7.6) 216 (85.7 %) 188 (87.0 %)
Total 442 252
o _| S
- aCTCyn - aCTCyn
—— <5CTC o — <5CTC
© decreased £ decreased
> o] — stable € s —— stable
% — increased -5 — increased
o
-g © p <0.001 5 © p <0.001
Q o | 2 o
= c
2 2
< ©
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© 5
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Fig. 7 Kaplan—-Meier plots—Kinetic of apoptotic CTC between
baseline and first cycle (aCTCkn). OS (leff) and PFS (right) by
CTC status between baseline and first cycle in 252 patients with MBC:

and PFS (7.7 vs. 6.1 and 6.1). However, since aCTC levels
are significantly associated with iCTC levels, separate
enumeration of aCTC is only of prognostic relevance at
CTC levels below 10 CTC/7.5 ml Fig. 8. The discrimi-
nating power decreases with the increasing CTC cutoff
values applied (Supplementary Figs. 1 and 2).

Different types of systemic treatment had no independent
influence on aCTC. Treatment groups with high proportions
of favorable aCTCgy (<5 and decreased aCTC) showed
longer OS and lower numbers of aCTC at baseline as shown
in Tables 1 and 8. Thus, aCTCgy seems to be mostly
influenced by treatment response but by treatment regimen.

<5 CTC (<5 CTC in cells in both CTCg;, and CTC,¢), stable (<25 %
change), decrease (>25 % decrease), increase (>25 % increase)

Alongside the response of the tumor tissue to treatment,
the aCTC levels also appear to subside in the long term.
These results underline the hypothesis that aCTC are a side
product of metastatic disease [29]. Apoptotic CTC enu-
meration could thus be used as an extended parameter to
monitor systemic therapy in MBC patients.

Limitations
When interpreting CTC kinetics, it must be borne in mind

that only patients who survived the first cycle of systemic
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Fig. 8 Kaplan—Meier plots—OS with different cutoff values for iCTC and aCTC at baseline.

MBC

therapy were included in this statistic, which inherently
leads to an overestimation of OS and PFS. This possibly
affects CTCg-positive patients more than CTCgy -negative
patients. The first 100 patients in this study had no further
blood samples taken after receiving a negative CTCg
result at baseline. This change may have introduced a
potential source of bias in the CTC;c results. Also, the
sensitivity of CTC detection has limits since certain
EpCAM/keratin-negative CTC are not detected via Cell-
Search©, representing another limitation of the study.
Especially systems using EpCAM might miss cells
undergoing epithelial-mesenchymal transition (EMT) [2].
This potentially leads to underestimation of CTC levels.
Nevertheless, EpCAM-positive CTC measurement is a
very reliable and reproducible procedure offering poten-
tially relevant clinical information with little effort and
little discomfort to the patient [26]. As an additional
prognostic factor, the identification of aCTC as a subgroup
of CTC provides further clinically relevant information.
Whether morphologic criteria or automated analysis plat-
forms such as M30 epitopes [16] as methods for identifi-
cation of aCTC are chosen, needs to be evaluated in further
trials.
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OS by CTC status at baseline in 442 patients with

Impact of aCTC in MBC

In summary, our study demonstrates that serial CTC
monitoring of iCTC and aCTC is a versatile tool for pre-
dicting treatment outcome in MBC and a useful adjunct to
standard diagnostic tests for tailoring therapy. The data
presented here support the hypothesis that monitoring
aCTC is a promising source of biological information
toward predicting the course of disease and its respon-
siveness to targeted agents, thus paving the way for indi-
vidualized therapy [8, 10, 30].

Conclusions

Separate classification and enumeration of aCTC (=5
aCTC/7.5 ml) at baseline can tip the scale as a predictive
marker for OS. Similarly, increasing cutoff values for
unfavorable iCTC counts go along with an increasing
discriminating power for OS. Positive aCTCgy in con-
junction with positive iCTCg, have an unfavorable prog-
nostic impact on OS. In addition, the decrease in aCTCgyn
over time is associated with improved outcomes in terms of
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both OS and PFS and has more discriminatory power
compared to iCTCgy or iICTC 4 aCTCgyn) enumeration.
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