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Keywords: Introduction: Detection of disseminated cancer cells (DCC) in bone marrow (BM) of patients with early-stage
Disseminated cancer cell NSCLC has been associated with poor outcome. However, the phenotype, and hence relevant therapy targets,
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of DCCs in BM are unknown. We therefore compared a classical pan-Cytokeratin (CK) antibody for DCC detection
with an anti-EpCAM antibody that may also detect more stem-like cells and tested whether assay positivity

Materials and methods: We prospectively collected BM aspirates from 104 non-metastasized NSCLC patients that

underwent potentially curative tumor resection from 2011 to 2016 at the Department of Thoracic Surgery of the
University Hospital and Hospital Barmherzige Briider in Regensburg. DCCs were detected by staining with the
pan anti-CK antibody A45-B/B3 and the anti-EpCAM antibody HEA-125. We analyzed the association between

detection of DCCs and clinicopathological characteristic and patient outcome.

Results: CK + and EpCAM + DCCs were detected in 45.2% and 52.9% of patients, respectively. Correlation
between the two markers was low and neither of them was associated with sex, age, histology, T or N classifi-
cation, resection status, grading or smoking habit. No significant association with tumor specific survival (TSS)
and progression-free survival (PFS) was observed in patients with CK + DCCs. In contrast, detection of
EpCAM -+ DCCs significantly correlated with reduced PFS (P = 0.017) and TSS (P = 0.017) and remained an
independent prognostic variable for PFS and TSS upon multivariate testing (hazard ratio: 7.506 and 3.551,

respectively). Detection of EpCAM + DCCs was the only prognostic marker for PFS.

Conclusions: EpCAM+, but not CK 4+ DCCs in BM predict reduced PFS and TSS. This finding suggests that
EpCAM + DCCs in the BM comprise metastatic founder cells necessitating their in-depth molecular analysis for

detection of novel therapy targets.

1. Introduction dissemination of lung cancer cells starts years before lung primary tu-

mors reach the size of a T1 stage cancer [4], suggesting that targeting of

Prognosis of NSCLC patients is still dismal [1]. Even after diagnosis at early disseminated cancer cells (DCCs) is mandatory for the prevention

early stages of the disease followed by curatively intended tumor of metachronous metastasis. However, detection of DCCs and particu-

resection and adjuvant chemo and/or radiotherapy, up to 50% of the larly their molecular characterization is hampered by the circumstantial
patients relapse within 5 years [2,3]. Available data indicate that knowledge about markers identifying disease-driving cells.
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Two major detection markers for DCCs in bone marrow have been
widely explored, namely antibodies directed against epithelial cyto-
keratins and against EpCAM, an epithelial associated surface marker.
Bone marrow as surrogate detection site of hematogenous systemic
cancer spread is not only attractive because of the absence of autoch-
thonous epithelial cells, but also because recent experimental data
indicate that metastatic precursor cells receive important instructive
signals enabling metastasis formation elsewhere [5].

Assuming that Cytokeratin expression generally marks most epithe-
lial cells [6], whereas EpCAM is also a marker for pluripotent (lung
cancer) stem cells [7,8], we directly compared their detection in bone
marrow of 104 non-metastasized and histologically verified NSCLC pa-
tients. The simultaneous analysis of the two most widely used markers
for DCC detection in NSCLC should allow assessment of their prognostic
significance for non-metastasized NSCLC patients.

2. Materials and methods
2.1. Patient and bone marrow samples

From 2011 to 2016, patients undergoing potentially curative surgery
for presumed or histologically verified Non-Small Cell Lung Cancer
(NSCLC) at the Department for Thoracic Surgery of the University
Hospital Regensburg or the Hospital Barmherzige Briider Regensburg
were prospectively enrolled in this study. Bone marrow aspirates were
collected as described previously [9]. All aspects of this study were
approved by the local ethics committee at the University of Regensburg
(protocol number 07-079) and the patients provided written, informed
consent.

2.2. Sample processing

Bone marrow aspirates were processed as described in [9]. For de-
tails, please see Supplementary information.

2.3. Cytokeratin-staining

CK- staining was performed according to the consensus protocol of
DCC detection [10]. For details, please see Supplementary information.

2.4. Immunomagnetic depletion and EpCAM-staining

To remove weakly EpCAM + erythroblastic cells [11] and other BM
populations, EpCAM-high DCCs were enriched using negative immu-
nomagnetic depletion as described in [9]. For details, please see Sup-
plementary information.

2.5. Screening of bone marrow for disseminated cancer cells

Stained adhesion slides or immunofluorescently labelled cell sus-
pensions were manually screened for CK or EpCAM + single cells using a
microscope (Olympus) or inverted fluorescent microscope (Olympus or
Zeiss), respectively. To minimize inter-observer variation, standardized
criteria for the detection of EpCAM + DCCs were established and used
throughout the study. Positivity was assigned only to cells displaying
bright and homogenous surface-staining of EpCAM that remained
clearly visible after photo acquisition with an exposure time of 1 sec.
Furthermore, cells displaying autofluorescence in the FITC channel were
excluded as possibly confounding dead cells. Screening of CK-stained
slides was performed using consensus criteria for DCC detection [10]
and followed validation and verification criteria according to ISO17020
rules. The total number of positively stained cells was documented as the
number of DCCs per million screened MNCs (disseminated cancer cell
density, DCCD).
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2.6. Whole transcriptome amplification and gene expression analysis by
PCR

Whole transcriptome amplification (WTA) and gene-specific PCR
was performed as described in [12,9]. For details, please see Supple-
mentary information.

2.7. Study inclusion criteria

NSCLC patients that presented with overt metastases at the time of
surgery (n = 13) were excluded from this study. Furthermore, patients
with positively stained cells in the isotype control were excluded from
the analysis (n = 24). Lastly, only patients with results for both CK and
EpCAM-staining were included, which resulted in a total of n = 104
patients.

2.8. Statistical analysis

Statistical testing for associations of categorical variables was per-
formed using the Chi-square (X?) test. Correlation analysis was per-
formed using the nonparametric Spearman correlation method. Survival
curves were created with the Kaplan-Meier method and compared using
the univariate log-rank test. When analyzing more than two groups, the
results were corrected for multiple testing and considered statistically
significant using the family-wise significance level of 0.05. Multivariate
testing was performed using the Cox regression model. All statistical
analysis was performed by using the software GraphPad Prism 6
(GraphPad Software, San Diego, California USA) or IBM SPSS Statistics
(Version 25, IBM Corp., Chicago, IL). A P-value of < 0.05 was considered
statistically significant.

3. Results
3.1. Overview of the patient cohort

Bone marrow aspirates from 104 non-metastasized (n = 50, 22, 32
for UICC stage I, II, III, respectively) and histologically confirmed NSCLC
patients met the study inclusion criteria. An overview of the patient
cohort and the clinicopathological characteristics can be found in Sup-
plementary Table 1.

3.2. Patient outcome and survival

The median follow-up time was 40.3 months (range
1.1-80.4 months). During the follow-up period 29 of the 104 (27,9%)
patients died, while the death of 18 (17.3%) patients was directly caused
by NSCLC. First relapse events within the observation period presented
as local relapse (n = 7), lymph node metastasis (n = 2) or distant
metastasis (n = 12) in a total of 17 patients (16.3%).

3.3. Associations of clinicopathological characteristics with patient
outcome and survival

Statistical associations between clinicopathological characteristics
and patient outcome are shown in Suppl. Fig. 1 + 2. Univariate analysis
revealed no significant association between sex, age, histology, tumor
size, grading or smoking habits and PFS (Suppl. Fig. 1a—d, g-h) or TSS
(Suppl. Fig. 2a-d, g-h). Detection of lymph node metastasis (pN1-3)
resulted in decreased TSS (P = 0.0002) when compared to patients
without lymph node involvement (pNO) as shown in Suppl. Fig. 2e. For
PFS, a separation between pNO and pN1-3 patients could be seen, but
was not significant (P = 0.2911; Suppl. Fig. le). Complete tumor
resection (microscopically tumor-free resection margin; R0O) resulted in
significantly improved PFS (P = 0.0252) and TSS (P = 0.0009) when
compared to patients with microscopic or macroscopic residual tumor
(R1 and R2; Suppl. Fig. 1f, 2f).
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3.4. Detection of DCCs in bone marrow by Cytokeratin and EpCAM
staining

All 104 patients were analyzed for DCCs detected by the antibodies
against Cytokeratin and EpCAM. For enrichment of CK + DCCs we used
density gradient centrifugation and for EpCAM + DCC immunomagnetic
depletion [9] which would result in a median 11.9-fold (interquartile
range: 6.8 — 26.5) higher frequency of EpCAM cells, if no loss of DCCs
occurred and both markers were fully co-expressed (Suppl. Fig. 3).
However, we observed only a minor difference in prevalence. At least
one CK + DCC could be found in the bone marrow of 47 (45.2%) patients
after screening a median number of 2 x 10% MNCs (mean: 2.28 x 105
range: 2 x 10° -6 x 10° MNCs). Similarly, EpCAM-staining with the PE-
conjugated monoclonal antibody clone HEA-125 (Miltenyi Biotec, Ger-
many) after immunomagnetic depletion of hematopoietic cells revealed
at least one EpCAM + DCC in BM aspirates of 55 (52.9%) patients. The
median number of screened cells was 2 x 10° depleted MNCs (mean:
1.61 x 106 range: 0.10 x 10° -4 x 10° depleted MNCs). This discrep-
ancy between the theoretical enrichment (expected 12-fold higher
numbers of DCCs detected by EpCAM) and the observed data could
indicate (i) either a selective loss of EpCAM + DCC during depletion or
(ii) that EpCAM + DCCs are less frequent than CK + DCCs. Neither for
the detection of CK + nor for EpCAM + cells in bone marrow, a signif-
icant association with analyzed clinicopathological variables could be
noted (P > 0.05; Supplementary Table 2). In DCC-positive patients
systemic or local therapies were given in similar frequency to subgroups
(Suppl. Table 3). We further found no evidence for selective sensitivity
of CK vs. EpCAM DCCs in patients receiving neoadjuvant therapy (n = 6;
P = 0.8074 for CK and P = 0.8841 for EpCAM,; X2-test; Suppl. Table 4),
since DCCs with either of these markers were detected after treatment.
We then evaluated the frequencies of post-relapse therapy (chemo-
therapy and/or radiation) administered in the EpCAM + and
CK + groups. The difference was not significant (69.2% vs. 44.4%,
respectively; P = 0.245, X test; Suppl. Table 5), however indicates that
patients with EpCAM + DCCs at surgery might become in need of further
treatment more frequently.

3.5. Cytokeratin and EpCAM positivity define subgroups of patients with
different outcome

We first compared patients positive by either or both markers with
patients that were negative in both assays. Patients with no DCCs dis-
played excellent survival, whereas DCC-positivity imposed a significant
risk for PFS and TSS (PFS, P = 0.026; TSS, P = 0.065; Fig. 1a). When we
analyzed the impact of CK-positivity and EpCAM-positivity separately
(Fig. 1b-c), only EpCAM + patients displayed worse outcome when
compared to negative patients (PFS and TSS in univariate log-rank
testing P = 0.0170 and P = 0.0170, respectively), whereas detection
of CK + cells in BM was not associated with PFS or TSS (P = 0.5365 and
P = 0.2948, respectively; Fig. 1b).

We did not find a significant correlation between detection
(P = 0.267, X? test) or numbers of EpCAM and CK + DCCs (Spearman
r = 0.0424; P = 0.669; Suppl. Fig. 4), suggesting that the two antigens
may define different subsets of DCCs. Therefore, we interrogated
whether single-positivity (i.e. either EpCAM + or CK + assay) or double-
positivity (detection of cells in both assays) had a stronger impact on
outcome and compared DCC-negative, CK and EpCAM double-positive
patients and CK and EpCAM single-positive patients. Using a univari-
ate log-rank test corrected for multiple comparisons only the EpCAM
single-positive group demonstrated a significantly reduced PFS
(P = 0.0132) and TSS (P = 0.0042) using the family-wise significance
level of 0.05 (Fig. 1d). Upon testing for associations with risk to local
relapse, development of lymph node or distant metastasis, we further
noted, consistent with a putative role as metastasis-initiating cells, that
only EpCAM + DCCs were specifically associated with the development
of distant metastasis (Suppl. Fig. 5; P = 0.0162).
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3.6. Detection of EpCAM + cells is an independent prognosticator of
outcome

Finally, we adjusted the analysis for confounding (clinicopatholog-
ical) variables and performed a multivariate Cox regression analysis.
Sex, age, histology, tumor size, presence of lymph node metastasis,
resection status, grading, smoking habits, and the results of the EpCAM-
staining were included in this analysis. For TSS both the N classification
[hazard ratio (95% confidence interval): 3.499 (1.671-7.327)] and
detection of EpCAM + DCCs [hazard ratio (95% confidence interval):
7.506 (1.476 — 38.182)] remained independent and significant prog-
nostic variables, while the presence of EpCAM + DCCs was the only
independent and significant prognostic variable for PFS in these patients
(HR (95% CI): 3.551 (1.126- 11.195); Table 1).

3.7. Epithelial and mesenchymal gene expression in EpCAM + DCCs

For a first glimpse into the biology of EpCAM + DCCs, we isolated
them, performed whole transcriptome amplification (WTA) [12] and
PCR-tested for selected histogenetically informative genes (EpCAM,
KRT8, KRT18, KRT19 for epithelial differentiation and VIM and CDH2
for a mesenchymal phenotype) [9]. Interestingly, while the EPCAM
transcript was found in 32/38 cells (84%) co-expression with other
markers was not frequent (Fig. le), suggesting that EpCAM-expression
marks a unique cancer cell phenotype that is at least not fully
congruent to the classical epithelial-mesenchymal transition (EMT)-
dichotomy.

4. Discussion

Here we show that detection of DCCs in bone marrow of non-
metastasized NSCLC patients correlates with reduced survival. Surpris-
ingly, the prognostic impact apparently depends on the DCC detection
marker used. While the presence of CK + DCCs was not associated with
patient outcome, detection of EpCAM + DCCs resulted in reduced PFS
and TSS. This effect remained significant upon multivariate testing with
EpCAM + DCCs being the only independent prognostic marker for PFS.

Our detection rates are consistent with published data [13-16],
however clinical impact varied in the different studies [13-17].
Comparability between studies is limited due to the heterogeneity of
patient inclusion criteria, sample origin, processing methods and anti-
body clones used for detection antibodies of DCCs. In our study, the use
of different enrichment methods limits the direct comparison of EpCAM
and CK + DCCs as well. However, quantitative and molecular data
suggest that EpCAM + BM-derived DCCs indeed represent a less frequent
and unique phenotype that is associated not only with poor outcome but
also specifically with distant metastasis. Dynamic EpCAM expression,
reflecting histogenetic plasticity has been reported before and appar-
ently does not follow the classical marker expression of mesenchymal vs.
epithelial EMT phenotypes [18,19,20]. Since EpCAM is expressed in
embryonic cells [21], tissue-specific stem cells [22,23] and NSCLC stem
cells [6], it is tempting to speculate that it directly marks cells with
higher metastatic potential than cytokeratin expression. Consistently, an
important role for tumor-initiation, proliferation, migration, resistance
to chemotherapeutic drugs and survival for NSCLC has been noted
[6-8,24], whereas CK with and without EpCAM co-expression might
mark a more differentiated DCC population. However, we could not
observe a differential impact of systemic therapy on the two cell pop-
ulations. Finally, the association with distant metastasis formation
might indicate that BM-educated DCCs expressing EpCAM, are linked to
the establishment of secondary growths elsewhere, consistent with
recent experimental data [5].

The limited molecular profiling of EpCAM + DCCs performed here,
underscores the need for more comprehensive phenotypic, molecular/
genetic and functional characterization. As BM-derived EpCAM + DCCs
seem to be clinically relevant, they could be prime targets for therapy
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Fig. 1. Kaplan-Meier plots of the progression-free survival
(PFS, left) and tumor-specific survival (TSS, right). a) shows
PFS and TSS for DCC detection by EpCAM and/or CK
staining, while b) and c) show survival analysis for CK + and
EpCAM + groups versus negative patients, respectively. d)
displays the survival of the different subgroups of EpCAM+,
CK + and EpCAM and CK + groups versus negative patients.
P-values (univariate log-rank tests) and number of patients
in each group (n) are provided. For d) only the statistically
significant P-value for the EpCAM + group is shown. e)
Detection rates for EPCAM, KRT8/18/19 (cytokeratins 8/18/
19)), VIM (vimentin), and CDH2 (N-cadherin) transcripts in
EpCAM + DCCs assessed by endpoint PCR. Co-expression of
selected transcripts is depicted as percentage of positive
cells.
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Table 1
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Multivariate Cox regression analysis (n = 100) of selected variables. Shown are the P-values and the hazard ratio with the 95% confidence interval for progression-free

and tumor-specific survival.

Variable (categories) Progression-free survival Tumor-specific survival

P-Value Hazard Ratio (95% CI) P-Value Hazard Ratio (95% CI)
EpCAM DCC (negative; positive) 0.031 3.551 (1.126-11.195) 0.015 7.506 (1.476-38.182)
N classification (NO-3) 0.279 1.423 (0.751-2.695) 0.001 3.499 (1.671-7.327)
Sex (female; male) 0.985 1.01 (0.35-2.915) 0.249 2.223 (0.572-8.634)
Histology (ADC; SCC; other) 0.661 0.818 (0.334-2.006) 0.435 1.506 (0.538-4.218)
Grading (G1-3) 0.551 0.751 (0.293-1.925) 0.732 1.219 (0.393-3.777)
Age (in years) 0.34 0.972 (0.917-1.03) 0.718 1.013 (0.945-1.086)
R status (RO-2) 0.489 1.635 (0.406-6.579) 0.904 0.917 (0.224-3.749)
T status (T1-4) 0.593 0.849 (0.466-1.546) 0.566 0.799 (0.371-1.719)
Smoking habit (yes; no) 0.749 1.227 (0.349-4.314) 0.712 0.76 (0.177-3.269)

and prevention of metachronous metastasis.
5. Conclusions

DCC detection in BM of stage I-III NSCLC patients predicts outcome,
with EpCAM + DCCs being candidate driver cells for metastasis initia-
tion. Future studies should include a detailed characterization of DCCs
to provide novel rationales for the development of (neo)adjuvant
therapies.
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