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Disseminated cancer cells detected by immunocytology in lymph
nodes of NSCLC patients are highly prognostic and undergo parallel
molecular evolution
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Abstract

In melanoma, immunocytology (IC) after sentinel lymph node disaggregation not only enables better quantification
of disseminated cancer cells (DCCs) than routine histopathology (HP) but also provides a unique opportunity to
detect, isolate, and analyse these earliest harbingers of metachronous metastasis. Here, we explored lymph node IC
in non-small cell lung cancer (NSCLC). For 122 NSCLC patients, 220 lymph nodes (LNs) were split in half and pre-
pared for IC and HP. When both methods were compared, IC identified 22% positive patients as opposed to 4.5%
by HP, revealing a much higher sensitivity of IC (p < 0.001). Assessment of all available 2,952 LNs of the same
patients by HP uncovered additional patients escaping detection of lymphatic tumour spread by IC alone, consistent
with the concept of skip metastasis. A combined lymph node status of IC and complete HP on a larger cohort of
patients outperformed all risk factors in multivariable analysis for prognosis (p < 0.001; RR = 2.290; Cl 1.407-
3.728). Moreover, isolation of DCCs and single-cell molecular characterization revealed that (1) LN-DCCs differ from
primary tumours in terms of copy number alterations and selected mutations and (2) critical alterations are acquired
during colony formation within LNs. We conclude that LN-IC in NSCLC patients when combined with HP improves
diagnostic precision, has the potential to reduce total workload, and facilitates molecular characterization of lym-
phatically spread cancer cells, which may become key for the selection and development of novel systemic therapies.
© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great

Britain and Ireland.
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Introduction

Clinical data for non-small cell lung cancer (NSCLC)
suggest that aggressive cancer cells disseminate often in
early stages (UICC I, i.e. T<4 cm, NO, MO) [1-3] and
can be found either as circulating tumour cells (CTCs)
within the blood stream or as disseminated cancer cells
(DCCs) within distant tissues, where they first form
micrometastases and later grow out into macroscopically
overt distant metastases [4]. Since the 1990s, several stud-
ies have been conducted focusing on the detection of

occult cancer spread in the lymph nodes (LNs) of NSCLC
patients. Immunohistochemistry (IHC) studies, applied
either on cryostat sections or on sections from formalin-
fixed, paraffin-embedded (FFPE) tissue to detect lym-
phatic spread [5-14], have suggested that NSCLC
patients with occult lymphatic cancer spread experience
a poor outcome, consistent with the known impact of
LN status in the TNM staging system.

However, the lymphatic spread of DCCs in NSCLC
has not been quantified in absolute terms. Radical LN
dissection combined with histopathology (HP) is the
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recommended standard procedure for operable NSCLC
that results in the most accurate nodal staging [15,16],
superior to non-invasive, imaging-based staging proce-
dures. Although international standards have not been
defined, national guidelines recommend HP screens of
all available LNs of a surgical specimen and at least
two cutting levels for all macroscopically tumour-free
LNs [17]. In contrast, quantitative immunocytology
(IC) after disaggregation of sentinel LNs (SLNs) was
shown to be one of the most important prognostic factors
for predicting outcome in patients with malignant mela-
noma, outperforming standard HP plus IHC [18]. The
molecular analysis of SLN-DCCs of melanoma patients
and of their corresponding primary tumours (PTs)
revealed that dissemination to the SLN occurs early at
a median thickness of the PT of about 0.5 mm. More-
over, driver changes crucial for colony formation and
metastatic outgrowth were acquired within the LN [19]
showing transition to LN metastasis detectable by HP
at a DCC density (DCCD) of approximately 100.

We therefore explored the suitability of IC in NSCLC
patients. Unlike melanoma, SLNs are unavailable in
NSCLC and the occurrence of skip metastases often
necessitates the analysis of several dozens of regional
LNs. We therefore asked whether the analysis of
2 x 10° LN cells in total from the first and second LN
station improves outcome prediction compared with
standard HP. We then examined the genomes of early
and late DCCs to obtain a first glimpse into the evolu-
tionary dynamics of lymphatic metastasis in NSCLC
and to clarify whether DCCs acquire their malignant
traits within the PT or in parallel [4,20-22].

Materials and methods

Patients

Between March 2011 and November 2018, we collected
LN samples from 263 consecutive patients who were
diagnosed with NSCLC and underwent curative surgery
(n = 261) or diagnostic mediastinoscopy (n = 2) at the
Department of Thoracic Surgery either at the University
Hospital Regensburg or at the Krankenhaus der
Barmherzigen Briider Regensburg. The study was
approved by the local Ethics Committee (ethics vote
number 07-079) and all patients gave written informed
consent before entering the study. The baseline charac-
teristics of the complete patient cohort and a subset for
comparative LN sampling are summarized in Table 1.

Comparative LN sample processing

We aimed to obtain half an N1-LN and half an N2-LN
from each patient for IC analysis. For the total cohort,
249 N1-LNs and 240 N2-LNs were bisected by the sur-
geon directly after removal, resulting in 489 half LNs
that were analysed by IC. In a subset of 122 patients,
comparative LN sample processing was performed,
i.e. the corresponding half of the LN could be followed
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Table 1. Characteristics of the total patient cohort and subset.

n =263 n=122
Parameter n % n %
Sex
Female 79 30.0 36 30.0
Male 184 70.0 86 70.0
Histology
ADC 146 55.5 66 54.1
SCC 105 39.9 50 41.0
ADS 5 1.9 4 1.6
LCC 6 2.3 2 3.3
Rare subtypes 1 0.4 0 0
T category* "
pT1 100 38.0 49 402
p12 71 27.0 30 24.6
pT3 42 16.0 18 14.8
pT4 30 11.4 9 7.3
Not determined 20 7.6 16 13.1
Tumour size (mm)*
<30 57 46.7
30<x<70 39 32.0
>70 8 6.6
Not determined 18 14.8
N category**
pNO 163 62.0 87 713
pN1 55 209 21 17.2
pN2 44 16.7 13 10.2
pN3 1 0.4 1 0.8
UICC stage*!
| 118 44.9 66 54.1
Il 61 23.2 27 22.1
I 72 27.4 21 17.2
\% 12 4.6 8 6.6
Residual tumour
RO 247 93.9 114 93.4
R1 10 3.8 6 4.9
R2 4 1.5 0 0
No resection 2 0.8 2 1.6
Neoadjuvant treatment
None 245 93.2 108 88.5
Neoadjuvant therapy 18 6.8 14 11.5
Grading
G1 5 1.9 2 1.6
G2 126 47.9 49 40.2
G3 132 50.2 71 58.2

ADC, adenocarcinoma; ADS, adenosquamous carcinoma; LCC, large-cell carci-
noma; SCC, squamous cell carcinoma.

*According to TNM Classification of Malignant Tumours, 8th edn, 2016 [3].

"pT status not available for patients with neoadjuvant treatment and patients
without resection of primary tumour.

*Measured after formalin fixation; patients with multiple tumour nodules in the
same lobe of the lung are excluded; only determined for the subset of 122
patients.

According to histopathological examination only.

IcTNM data were used for determination of UICC stage in cases of missing
pTNM data.

up through HP processing so that IC and HP results on
the same LN could be directly compared. Altogether,
2,952 LNs from 122 patients were surgically removed
(supplementary material, Figure S1). Half a lymph node
was formalin-fixed and subjected to routine HP; the
other half was disaggregated into single cells as previ-
ously described [18,19,23]. IC staining was performed
essentially as described by Passlick et al [5] using the
monoclonal mouse antibody clone Ber-EP4 (Dako,
Hamburg, Germany) directed against EpCAM/
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CD326 [24] (see Supplementary materials and
methods for details). Detection criteria for DCCs were
strong membranous staining for Ber-EP4 and typical
cytomorphologic and phenotypic features as reported
by Fehm et al [25]. LNs containing at least one Ber-
EP4-positive cell were considered as positive. The
staining result was reported as DCCD, i.e. the number
of Ber-EP4-positive cells per 10° examined mononu-
clear cells. Ber-EP4-positive single cells were isolated
using a micromanipulator and submitted to whole
genome amplification (WGA). WGA was performed
as previously described [26,27].

Histopathology

Of all surgically removed LNs, at least one H&E-stained
slide with up to three cutting levels was examined by an
experienced pathologist (FW or HW). For eight IC
positive LNs, step sectioning of the corresponding
paraffin-embedded half was performed along with IHC
(see Supplementary materials and methods for details).

DNA extraction from FFPE tissue

Genomic DNA from FFPE tissue of PTs was isolated
and purified using the QIAamp DNA FFPE Tissue Kit
(Qiagen, Hilden, Germany) (see Supplementary mate-
rials and methods for details).

Single-cell array comparative genome hybridization

Array comparative genomic hybridization (aCGH) anal-
ysis of single cells and FFPE samples was performed as
previously described [28] (see Supplementary materials
and methods for details). Chromosomal CGH was
performed as published elsewhere [27], with modifica-
tions described in ref 26.

Mutation analysis

Mutations in EGFR exons 18-21, HER2 exon 20, KRAS
exon 2, PIK3CA exons 9 and 20, and TP53 exons 5-8
were detected using Sanger sequencing (see Supplemen-
tary materials and methods).

Statistical analysis

We used SPSS version 28 (SPSS Inc., Chicago, IL,
USA) for all statistical analyses (see Supplementary
materials and methods for details).

Results

Relationship of IC positivity and DCCD to different
clinicopathologic parameters

We used quantitative IC to examine 220 LN halves
from 122 different patients. Ber-EP4-positive cells
(Figure 1A) were detected in 48 out of 220 LNs. The
LNs examined had DCCD values ranging from 0 to
750,000. The majority of LNs positive in IC displayed

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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DCCD values less than or equal to 10 (Figure 1B), with
a median DCCD of 3.0. The detection rate of DCCs
only marginally increased from 28.1% in patients with
PTs less than 30 mm to 37.5% in those with PTs more
than 70 mm (Figure 1C). No significant correlation
between the number of LN-DCCs and PT size was
observed (Figure 1D; p =0.404; r=0.061,
Spearman’s correlation). However, the detection of
LN metastases by HP (p+) was associated with signif-
icantly higher DCCD values when compared with
metastasis-free (p—) LNs (median 17,500 versus 2;
p < 0.001; Mann—Whitney U-test) (Figure 1E). The
only significant association between any clinicopatho-
logic variable and the presence of DCCs in the LN
was noted for L status (supplementary material,
Table S2), which is a known surrogate parameter for
metastatic LN involvement in NSCLC. For all other
variables, no significant correlation was found. We spe-
cifically tested patient sex, age, histologic subtype, T
status, PT size, N status, UICC stage, R status, and his-
topathological grading (Table 2 and supplementary
material, Figure S3).

Comparison of IC and routine HP

The results of IC and routine HP were directly compared
for corresponding LN halves analysed by both methods
and samples were grouped into four categories: LNs pos-
itive in both IC and HP (i+/p+), LNs positive in IC and
negative in HP (i+/p—), LNs negative in both IC and HP
(i—/p—), and LNs negative in IC despite histopathologi-
cal detection of an LN metastasis (i—/p+) (Table 3).
DCCs detected in LNs of the i+/p+ category were
termed i+/p+ DCCs and considered representative of
metastatic colonies as evidenced in H&E sections. On
the other hand, DCCs originating from i+/p— LNs were
categorized as i+/p— DCCs that mostly had not yet
formed metastatic colonies.

IC showed higher detection rates than routine
HP. LNs positive in IC made up 22% of samples,
whereas only 4.5% showed LN metastases in routine
HP, all of which were also detected by IC. Both LN
halves were negative in 78.2% of cases. Moreover, in
17.3% of LNs, only IC detected tumour cells, whereas
in no case did histology detect tumour cells that were
not detected by IC (p < 0.0001; »* test), resulting in a
five-fold higher detection rate of IC compared with rou-
tine HP. When evaluated for the 122 patients instead of
the 220 LNs (i.e. a patient was called ‘positive’ if at least
one sample was positive), the results were very similar
(Table 3).

Since the histopathological routine diagnosis was
based only on one H&E-stained slide per LN, we asked
whether a more accurate examination of the paraffin-
embedded LN tissue would increase histopathological
detection of minimal lymphatic spread and thereby sup-
port the IC results. Thus, eight LNs positive in IC but
negative in routine HP (i4-/p—) showing low DCCD
values (mean 4.7; range 0.5—12) were randomly selected
and thoroughly re-examined by step sectioning and THC
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for Ber-EP4 and PanCK. In three of these eight cases, we ~ found in one out of eight LNs and three out of eight
identified small tumour nests (Figure 1F). Ber-  LNs harboured PanCK-positive cells (supplementary
EP4-positive single cells and small aggregates were  material,  Table  S3).  Morphologically, the
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Figure 1 Legend on next page.
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Table 2. Associations between LN-DCCs and clinicopathological
variables for 122 patients (if values were missing, the correct
number is given in parentheses).

Patients

Parameter n % p value

Sex
Male 86 70.5 0.289
Female 36 29.5

Age at surgery (years)
<67 63 51.6 0.658
>67 59 48.4

Histology (n = 116)*
ADC 66 56.9 0.433
ScC 50 43.1

T category’ (n = 104)*
pT1/2 79 76.0 0.437
pT3/4 25 24.0

Tumour size (mm) (n = 104)*
<30 57 54.8 0.670
>30 47 45.2

N category*
pNO 87 713 0.228
pN1/2/3 35 28.7

UICC stage (n = 104)*
1/l 85 81.7 0.852
/v 19 18.3

Residual tumour
RO 112 91.8 0.202
R1/no surgery 10 8.2

Grading
G1/2 51 41.8 0.608
G3 71 58.2

*x? was only tested for ADC versus SCC.

tAccording to TNM Classification of Malignant Tumours, 8th edn, 2016 [3].
*Patients with neoadjuvant treatment and/or multiple tumour nodules in the
same lobe of the lung are excluded.

immunohistochemically detected cells had an increased
nuclear to cytoplasmic ratio; were larger than surround-
ing lymphocytes; and did not bear any morphologic
resemblance to reticulocytes. Of note, the cells were
located in the subcapsular LN sinus, which is known as
the predilection site where metastatic cancer cells first
arrive and lodge in the LN before outgrowth. Further-
more, cells with enlarged nuclei and prominent eosino-
philic nucleoli could also be identified in
corresponding locations on matched H&E sections in
two cases (Figure 1F,G).

F Elsner et al

However, despite thorough re-examination using step
sections and IHC, five of eight LNs (62.5%) remained
negative in HP. Although we cannot exclude a sampling
error when splitting the LN, the significantly higher
DCCD values observed for immunohistochemical posi-
tive compared with negative LNs [mean 8.3 versus 2.5,
respectively; p = 0.037 (Student’s #-test)] suggest that
IC is also superior to extended histopathological analysis
by IHC even when only small numbers of lymphatically
spread cancer cells are present below a DCCD of about
8. We did not observe that IC missed cancer cells,
whereas HP clearly did.

We then tested the need for a complete histopatholog-
ical analysis in addition to IC based on two LNs alone
and included all resected LN samples and applied rou-
tine HP to the additional 2,732 LNs, for which no IC
had been performed. This revealed LN metastases in
21 out of 83 patients categorized before as i—/p— and
in 6 out of 31 patients classified before as i+/p—
(Figure 1H). In summary, IC is much more sensitive than
HP performed on a single H&E-stained slide with up to
three cutting levels. However, a ten-fold increase in the
number of histologically analysed LNs identifies few
additional patients that are missed when only one or
two LNs are analysed by IC.

Survival impact of LN-DCCs

To assess the clinical relevance of DCCs detected by IC
in LNs, we performed survival analysis in the total
cohort of NSCLC patients. We excluded patients with
a history of neoadjuvant therapy without (complete) sur-
gical resection of the PT or a follow-up time less than
6 months to assess the impact of systemic cancer spread
to LNs. For the remaining 217 patients, altogether
407 LNs were analysed by IC. Of these, 101 patients
and 127 LNs tested positive for DCCs, whereas
116 patients were classified as DCC-negative. At a
median follow-up time of 64.5 months (range 8.5-
125.1 months), 87 patients had died. We used log-rank
testing for univariable analysis. Dissemination of single
tumour cells to LNs indicated a significantly shorter
overall survival (OS) for NSCLC patients and was
slightly more prognostic than pN status (p = 0.002 ver-
sus p = 0.003) (Figure 2A,B). IC relevance could be

Figure 1. Immunocytochemistry for Ber-EP4 using the APAAP method. (A) Ber-EP4 " single cells and a small aggregate of Ber-EP4 cells
(rightmost). The size of Ber-EP4+ cells is markedly increased compared with surrounding lymphocytes. Nevertheless, Ber-EP4™" cells show
a certain variability in cell size. The single cells shown in the two leftmost pictures harboured copy number alterations in their aCGH profiles,
whereas the third single cell was balanced. Apparently, it is not possible to identify cells with aberrant aCGH profiles by using morphological
criteria. (B) Distribution of DCCD values assigned to different ranges for the 220 examined LNs. (C) Percentage of patients (n = 104) with LN-
DCCs for PT sizes <30, 30 < PT size < 70, and >70 mm. Patients with a history of neoadjuvant therapy, multiple PTs in the lung, or without
surgical resection of the PT were excluded. (D) Graphical representation of the relationship between PT size and log,(DCCD + 1) for 190 LNs
from the 104 patients. (E) Distribution of log;o(DCCD + 1) in LNs without metastases (p—; n = 38 LNs) and LNs harbouring metastases (p+;
n = 10 LNs). (F) Re-examination of i+/p— LNs by step sectioning and IC. Small DCCs aggregate in the subcapsular sinus of a lymph node
(top). From the top to bottom: Ber-EP4, PanCK (AE1/AE3), and H&E staining. Aggregated cells show enlarged nuclei and prominent eosino-
philic nucleoli and can be identified in corresponding locations. (G) Summary of the results for re-examination of i-+/p— LNs (n = 8). (H) ‘IC
diagnostic gap’ caused by the limited number of IC-examined LNs. On the basis of bisected LNs for which the corresponding halves were
examined by both IC and HP, patients could be grouped into three different categories: i-+/p—, i+/p+ and i—/p—. When the 2,732 additional
LNs examined exclusively by HP were included, some patients were also categorized as i—/p+. Total number of patients n = 122.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Table 3. Immunocytology of disaggregated lymph node samples
and routine histopathological work-up related to lymph node
samples, patients when only bisected LNs were considered, and
patients when all 2,952 histologically examined LNs were
considered.

Lymph node samples

Immunocytology Histopathology Total (%)
No. of negative  No. of positive
LNs (p-) LNs (p+)
Negative (i—) 172 0 172 (78.2)
Positive (i+) 38 10 48 (21.8)
Total (%) 210 (95.5) 10 (4.5) 220 (100)
Patients (only bisected LNs considered)
Immunocytology Histopathology Total (%)
No. of negative  No. of positive
patients (p—) patients (p+)
Negative (i—) 83 0 83 (68.0)
Positive (i+) 31 8 39 (32.0)
Total (%) 114 (93.4) 8 (6.6) 122 (100)

Patients (all 2,952 histologically examined LNs considered)

Immunocytology Histopathology Total (%)
No. of negative  No. of positive
patients (p—) patients (p+)
Negative (i—) 62 21 83 (68.0)
Positive (i+) 25 14 39 (32.0)
Total (%) 87 (71.3) 35(28.7) 122 (100)

further improved when we limited the analysis to
patients who had two LNs analysed (one N1-LN and
one N2-LN, respectively; n=190; p<0.001;
Figure 2C). This analysis also revealed a significant
quantitative effect of DCCD on OS when categorized
to DCCD =0, 0 <DCCD <100, and DCCD > 100
(Figure 2D). We then quantified risk factors in uni- and
multi-variable analyses. Of the prognostically significant
associated risk factors in univariable analysis (DCCD,
pN status, pT status, age, and sex), only DCCD, pN sta-
tus, and sex were included in the final model, with
DCCD being the most significant predictor of outcome
(Table 4).

The combined inclusion of DCCD and pN status in
the Cox model suggested that pN status provided risk
information in addition to DCCD (when limited to two
LN halves), fully consistent with the observation that a
ten-fold increase in the number of analysed LNs iden-
tifies additional patients at risk (Figure 1H). We there-
fore combined the results of IC and HP, i.e. a patient
was counted as node-positive (N+) if at least one of
the two methods detected tumour cells in at least one
LN. This combined nodal status (N.ypic) resulted in
the best overall stratification of subgroups NO versus
N1 (p = 0.049), NO versus N2 (p < 0.001), and N1 ver-
sus N2 (p = 0.079; Figure 2E), and was superior to the
survival curves generated separately by IC or HP alone
(Figure 2F,G). When included in a multivariable Cox
regression model in place of DCCD and pN status, the

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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‘combined N status’ (N.ypic) outperformed all other
parameters as the most significant prognosticator for
OS (p < 0.001, RR = 2.290, CI 1.407-3.728) (Table 4).

Genomic analysis of LN-DCCs

Apparently, early LN spread often escapes histopath-
ological detection until the first colonies have been
formed and tumour cells can faithfully be detected
by routine HP analysis. To test for their malignant ori-
gin, molecular analysis of Ber-EP4 positive single
cells was performed after micromanipulator-assisted
isolation from LNs positive in HP (p+) and negative
in HP (p—). Since HP performed on a few sections
detects larger colonies more easily than single cells,
we considered i+/p+ DCCs as representative for met-
astatic colonies as opposed to i+/p— DCCs isolated
from LNs that were only positive in IC and more rep-
resentative for DCCs before metastatic colony
formation.

In a subset of 19 patients, 39 Ber-EP4-positive single
cells (23 i+/p— DCCs and 16 i+/p+ DCCs) displaying
high-quality genomic DNA were subjected to aCGH
analysis. Cells displayed chromosomal alterations in
82% of cases and 18% had balanced profiles (i.e. no
copy number variations detectable by aCGH; for details,
see supplementary material, Table S4). Interestingly, we
noted that all i4-/p+ DCCs were aberrant without excep-
tion. Aberrant DCCs were found to display various
quantities of copy number variations ranging from 2 to
41 per cell (supplementary material, Figure S4;
median = 25.5; interquartile range = 12), with a
median of 13.5 genomic gains (range 0-31) and 10.5
losses (range 0-22) per cell. For 14 patients, we could
additionally extract DNA from the corresponding PT
and compare the aCGH profiles of both DCCs and
PT. Notably, DCCs from LNs showed both shared and
divergent chromosomal alterations compared with the
corresponding PTs (Figure 3A and supplementary mate-
rial, Figure S5).

Category i+/p+ DCCs differed significantly from
i+/p— DCCs with regard to quality and quantity of alter-
ations [median number of alterations 27.5 versus 17.5,
respectively; p < 0.001 (Mann—Whitney U-test)], with
genomic gains, unlike chromosomal losses, being signif-
icantly more frequent in i+/p-+ DCCs [17 versus 2.5;
p <0.001 (Mann—Whitney U-test); Figure 3B,C],
suggesting continuing molecular evolution during col-
ony formation within the LN. Of note, all significantly
differing changes, gains or losses, were increased in
i4+/p+ DCCs and never more abundant in i+/p— DCCs
(Table 5).

Targeted sequencing analysis of LN-DCCs

We then performed targeted Sanger sequencing of genes
known to be frequently mutated in NSCLC. This
included the mutational hot spots in EGFR exons 18—
21, HER2 exon 20, KRAS exon 2, PIK3CA exons
9 and 20, and 7P53 exons 5-8, which were tested in
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Figure 2. Survival impact of DCCs and pN status. All Pvalues were calculated using the log-rank test. Kaplan-Meier curves based on (A) DCC
status and (B) conventional pN status, respectively (n = 217). (C) The impact of DCC status on OS becomes more evident if only patients with
two IC-examined LNs are considered (n= 190). (D) Survival impact of different quantitative DCCD ranges [(a) DCCD = 0,
(b) 0 < DCCD < 100, (c) DCCD > 100] for patients with two IC-examined LNs (n = 190). (E) Combined N status from IC and HP (Neypic).
(F) Prognostic information from N1 and N2 LNs as detected by IC (N— = negative; N1+: lymphatic spread in N1-LN; N2+: lymphatic spread
in N2-LN). (G) Prognostic information from N1 and N2 LNs as detected by HP (n = 190, as in D, E, and F).

54 Ber-EP4-positive single cells (including those 39 cells
examined by aCGH). Of the analysed cells, 48%
harboured mutations, with 7% of these cells showing
more than one mutation (Figure 4A). Cells with aberrant
aCGH profiles harboured mutations in 71% of cases.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

None of the seven cells with a balanced aCGH profile
showed any mutation in the tested genes. For 20 patients,
we analysed DNA extracted from the matched PT for the
same mutational hot spots as the Ber-EP4-positive single
cells. The paired PT-DCC samples showed a marked
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Table 4. Cox regression analysis for overall survival in patients with
two LNs analysed by IC (n = 190).

Including DCC status and pN status

Univariable Multivariable
analysis* analysis*

Pvalue P value Relative
risk (CI)
DCC status (i— versus i+) <0.001 0.006 1.952 (1.213-3.141)
pN status (pN— versus pN+)  <0.001 0.011 1.826 (1.148-2.904)
Sex (male versus female) 0.007  0.012 1.970(1.161-3.344)
Age (<66 years versus 0.016 nit
>66 years)
pT status (pT1/2 0.121 n.i.
versus pT3/4)
Histology (ADC versus SCC) 0.814 n.i.
Grading (G1/2 versus G3/4) 0.662 n.i.

Including combined N status of HP and IC (Npic)

Multivariable analysis’

Pvalue  Relative risk (95% Cl)

Neppic (— versus +) <0.001 2.290 (1.407-3.728)
Sex (male versus female) 0.007 2.072 (1.223-3.510)
Age (<66 years versus >66 years) n.i.
pT status (pT1/2 versus pT3/4) n.i.
Histology (ADC versus SCC) n.i.
Grading (G1/2 versus G3/4) n.i.

*Univariable Pvalues were calculated using the log-rank test.

PRisk factor selection for multivariable analysis was performed by applying the
forward and the backward likelihood ratio (LR) algorithm in SPSS on all variables
with p<0.05 in univariable analysis, which both delivered exactly the same
result.

*Not included in the final Cox model.

n.i., not informative.

A pr

disparity in 70% of patients (Figure 4B). Only 10% of
patients had identical mutational status of DCCs and
matched PTs simultaneously for all mutations tested
and 20% were simultaneously wild type in matched
PTs and DCCs. Category i+/p+ DCCs displayed more
genomic alterations in aCGH analysis and also
harboured more mutations than i+/p— DCCs [94% ver-
sus 27%, respectively; p < 0.001 (;(2 test); Figure 4C,D],
indicating acquisition of mutations at the distant site dur-
ing colony formation and growth. A detailed list of all
the detected mutations is provided in supplementary
material, Figure S6.

Acquisition of genetic changes outside the primary
tumour

The striking difference between i+/p— DCCs and i+/
p+ DCCs could be caused by either (1) different waves
of early and late DCCs or (2) acquisition of genetic
changes within the LN. In the first scenario, mutations
generated late in the primary tumour would be linked
to larger diameters of the primary tumour, whereas in
the second scenario their detection in DCCs would be
independent of the tumour diameter but associated with
cell divisions within the LN. Thus, for each alteration,
we tested whether its acquisition is linked to cell dou-
blings within the PT as reflected by tumour diameter
(PT size) or linked to cell divisions within the LN as
reflected by DCCD. Genetic alterations can then be
grouped into four categories: category 1, with exclusive
dependence on the number of cell divisions before

AR o bt A A M B A

3 ! 4

B DCCs from i+/p- LNs

b e

T2 713 T 14 [ 15 716 T17 18 11912021722!

™

C  DcCs fromi+ip+ LNs

T2 T 13 714 715 716 T17 T18119720721722
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! T 13 T 14 715 716 T 177 1871972072122

Figure 3. Array comparative genomic hybridization of isolated Ber-EP4" DCCs and the corresponding PTs. (A) Penetrance plot of PTs (n = 14)
corresponding to DCCs. The histogram shows the relative proportion of cells with specific chromosomal alterations. Cumulated gains are
depicted in red and losses in green. The chromosomal position is indicated by chromosome numbers along the x-axis. Gonosomes were
excluded. (B) Penetrance plot of all aberrant i-+/p— DCCs (n = 16). (C) Penetrance plot of all i-+/p+ DCCs (n = 16).
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Table 5. The 13 most divergent genomic regions (as quantified by FDR-adjusted P values) between i+/p— DCCs and i+/p+ DCCs in aCGH

analysis. All samples were chemotherapy-naive.

Locus 19q 7922.1-7q32.2 21q 20q13.13-20q13.33 7q11.22-7921.3 7q32.3-7q36.3 14q11.1-14¢24.3
AdjPvalue  0.0002 0.0002 0.0002 0.0006 0.0017 0.0017 0.018
DCCtype  i+/p— i+/p+ i+/p— i+/p+ i+lp— i+lp+ i+/p— i+/p+  i+lp—  iHlp+  i+Hlp—  iH+pt+ iHp— i+
Gains (%) 0 81 0 75 12 69 12 88 25 94 25 94 19 69
Losses (%) 19 0 38 19 0 25 0 0 25 0 12 0 12 19
Locus 11p13-11p11.11 16p 7p 1p21.3-1p11.1 18q 12q11-12q15
Adj P value 0.023 0.024 0.025 0.025 0.025 0.034

DCC type i+/p— i+/p+ i+/p—  i+Hlp+  iHlp—  iHp+ iHp— iHp+ iHp— i p+ i it
Gains (%) 12 69 12 69 31 88 12 0 6 6 25 75
Losses (%) 12 6 19 6 19 0 6 56 25 75 25 0

dissemination; category 2, with dependence on the total
number of divisions either in the primary or at the distant
site; and categories 3 and 4, alterations that display a
greater dependence on cell divisions in the LN and result
in areal and observable dependence on the number of divi-
sions within the LN, i.e. the DCCD. Using this approach,
we previously demonstrated in melanoma that decisive
genetic alterations are acquired within the SLN [19].

To expand the number of samples for this analysis, we
included additional chromosomal CGH data from single
cells of a previous study (supplementary material,

Table SS5), for which all information of the primary
tumour and the DCCD were equally available. As in
melanoma, most alterations of NSCLC-DCCs were
acquired within the LN (Figure SA-D and supplemen-
tary material, Table S6), whereas only a minority had
obviously been acquired as the primary tumours grew
larger. We further noted a remarkable overlap
(» = 0.033, Fisher’s exact test) between DCCD-
associated alterations (Figure SE) and those that had
been previously found to differ between i+/p— DCCs
and i+/p+ DCCs (Table 5). Although higher numbers

A B

wild type

B no mutation

B 1 mutation identical

>1 mutation

0 20 40 60 80

all DCCs Proportion of cases (%)

C

B no mutation B no mutation

B 1 mutation B 1 mutation

>1 mutation >1 mutation

DCCs from i+/p- LNs DCCs from i+/p+ LNs

Figure 4. Mutation analysis of Ber-EP4™ DCCs and the corresponding PTs. (A) Targeted Sanger sequencing of mutational hot spots in EGFR
exons 18-21, HER2 exon 20, KRAS exon 2, PIK3CA exons 9 and 20, and TP53 exons 5-8 performed for n = 54 Ber-EP4™ cells. The DCCs were
isolated from 29 LNs of 25 different patients. (B) Mutational heterogeneity in paired PT-DCC samples. The mutational status of the
corresponding PTs was obtained for 20 patients (49 Ber-EP4™" cells from 24 LNs). The bars depict the cumulative mutational status per patient
(wild type: no mutation in DCCs and the corresponding PT; identical: same mutation in DCC and matched PT; divergent: different mutational
status, i.e. either different mutations in DCC and matched PTs or mutation in one compartment and wild type in the other). (C) Targeted
sequencing of 37 single cells from i+/p— LNs (23 LNs from 22 patients). (D) Targeted sequencing of 17 single cells from i+/p-+ LNs (six
LNs from five patients). Note the markedly higher proportion of cells harbouring mutations in p+/i+ LNs. All samples were collected from
chemotherapy-naive patients.
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LNs of 100% NSCLC patients |

|

T | 1C from one N1-LN and one N2-LN|_l

I 32% positive pts by IC alone |

|

| no additional analysis necessary |

| 68% negative by IC alone |

|

proceed to HP

}_
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| Of these: 25% positive

IOf these: 75% negative
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I

| of all: 49% positive pts by combined IC & HP |

v

|Of all: 51% negative pts by combined IC & HP|

Figure 6. Suggested workflow for LN sample processing in diagnostic procedures. Sequential LN analysis by IC and HP, in which IC of two split
LNs, one N1- and one N2-LN, identifies first about 1/3 of LN-positive patients. For patients with i-N2 station, all remaining LNs of the respective
station are examined by HP to detect LN spread in 17% of patients that harbour DCCs in additional LNs and cHPIC determines the final N status.

of cells need to be analysed, it is safe to state that most
alterations seem to be acquired during colony formation,
ie. when DCCs increase from DCCD > 10 to
DCCD > 100 (Figure SE).

Discussion

Here, we explored the usefulness of quantitative IC for the
assessment of lymphatic cancer spread in NSCLC. For
this, we addressed two aspects: (1) whether, and to what
extent, LN-IC can improve risk assessment; and (2) how
single-cell omics, made possible by LN-IC, promote our
understanding of systemic cancer progression in NSCLC.

We first compared IC versus routine HP work-up for
220 LNs from 122 patients; IC showed an approximately
five-fold higher detection rate for lymphatic cancer

spread, indicating that HP procedures currently used in
daily routine underestimate LN involvement in NSCLC
patients. The IC results were confirmed by step section-
ing and IHC. Although dividing LNs in half inevitably
harbours the risk of generating sampling errors affecting
both methods, the extended HP work-up confirmed the
presence of cancer cells detected by IC, yet not in all
cases. As the LN level containing DCCs has to be
exactly hit but is easily missed in cases of single isolated
cells or very small clusters, IC — after homogenization of
LN tissue and enrichment of the mononuclear cell frac-
tion — is advantageous. Due to the higher sensitivity,
IC reduces false-negative LN, enabling a better separation
of positive and negative LNs for prognostic stratification.
DCC detection by IC demonstrated clear clinical relevance,
outperforming all other variables for predicting OS (includ-
ing pN and pT status) in univariable and multivariable

Figure 5. DCCs acquire genetic alterations within and outside the PT. Genome alteration patterns have been explained by four different risk
scenarios in Werner-Klein et al [19] depending on the number of cell divisions in the PT (ny) and the LN (n): scenario ny: exclusive risk of
incurring alterations in the PT; ny + n.: equal risk in PT and LN; nr 4+ 2n,: doubled risk in LN compared with PT; and n,: exclusive risk from
cell divisions in the LN. In the present study, significant evidence was found only for the first, third, and fourth scenarios (A1-C2). (A1-C1)
Classification results for three prototypic CGH results (loci) using linear classifiers with 2D set points according to the indicated DCCD and PT
size values and directions as illustrated by the small arrows within each rectangle of the colour matrix (see Supplementary materials and
methods for details). Colour encodes the negative decadic logarithm of the FDR-adjusted Pvalues (Fisher's exact test) of each classification.
Basically, the red/orange areas separate regions differing in their distribution of genomic alterations. Their orientation parallels equal risk
lines (see ref 19). DCCD and PT size values were chosen according to experiment, while classifier set points were slightly displaced relative
to these values (white points included for the 5% most significant FDR values). Minimum FDR values are indicated by black points.
N = 57 DCCs, 32 patients, 50 loci. (A2-C2) Corresponding measurement results as well as the class assignments of the best (lowest FDR)
classifiers indicated by the light (class1) and dark (class2) grey areas. The class boundary does not necessarily appear linear as samples are
listed according to rank, while linear classification was performed in log,o(DCCD)—logo(PT size) space. The classifier angle and the distribu-
tion of deletions (—1), balances (0), and amplifications (+1) in each class are given in the title. DCC genetic alterations acquired in the SLN
correspond to colonization. (D) Distribution of best classifier angles for different loci. These can be grouped according to the prototypic cat-
egories (scenarios) ny, ny + n, nr + 2n, and ny (see ref 19). Vertical bars correspond to the range of angles associated with the same minimal
FDR value; diamonds indicate angles that are closest to the ideal prototypes (dashed lines). The 46 loci with FDR < 0.5 are displayed. All of
these have at least ten samples per class. (E) DCCD dependence of genomic changes (quantified by FDR-adjusted P values) derived using a
vertical classifier (angle = 0°) positioned according to the experimentally measured DCCD values (set points left of these values). Only loci
in categories nr + 2n, and n_ whose FDR values fall below 0.075 are shown. In the legend, numbers in parentheses following the loci
[e.g. 7932.3-7936.3 (183)] indicate peak DCCD. Note that any peak between DCCD 25 and 183 will appear at 183.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org
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analyses. The findings are consistent with reported prog-
nostic relevance of minimal lymphatic spread in NSCLC
patients using Ber-EP4 or antibodies against cytokeratins
(AE1/AE3, CK5/6, CK7) for DCC detection [5-14,29].
Nevertheless, some studies report a lack of prognostic sig-
nificance of DCCs or micrometastases [30—32], which may
be related to the size of the patient cohort, patient selection
biases, the length of follow-up, treatment effects, and the
heterogeneity of the protocols used for detection of DCCs.
Indeed, our data indicate that the low sensitivity of limited
HP may blur true and false-negative cases, precluding clear
separation of patients with and without local spread. In
contrast, using IC, we observed defined quantitative
effects, as in melanoma [18,33], i.e. a higher risk for
patients with DCCD values above and below 100.

Despite the higher sensitivity of IC, HP identified 17%
additionally positive patients when all available LNs were
analysed (in our study, about ten-fold higher LN numbers).
This is consistent with the complex pulmonary lymphatic
drainage [34] and the lack of SLNs for NSCLC [35]. In
addition, metastatic LN skipping is a well-documented phe-
nomenon [36,37] impeding rational LN selection. We there-
fore combined IC and HP (Ngpic), which resulted in the
best overall stratification of prognostic subgroups. The
Ncnpic status outperformed all risk factors in multivariable
analysis. This result may prompt testing N ypic in a sequen-
tial approach (Figure 6) that could reduce the workload
while improving diagnostic precision. A more comprehen-
sive analysis could address if IC, based on more than two
LN halves, further improves sensitivity and prognostic pre-
cision. Automation of the workflow and (Al-based) pre-
screening of disaggregated LNs could help to examine all
resected LNs by IC. Possibly, a number of LNs can be deter-
mined that optimizes the balance between diagnostic preci-
sion and workload. Nevertheless, there is an imperative
need to collect more information on the survival impact of
DCCs, because several studies failed to demonstrate a sig-
nificant effect of LN-DCC detection [30-32]. It needs to
be determined whether the heterogeneity of detection
methods or the use of different detection markers contrib-
uted to these conflicting results. Until full validation, IC
should be combined with HP that preserves comprehensive
morphologic information, such as the detection of extra-
nodular extension of LN metastases [38,39] or of (lymph-)
angioinvasion in the perinodal fatty tissue [40] or of rare
benign gland inclusions [41,42] which are a potential diag-
nostic pitfall in IC because of Ber-EP4 positivity.

We also explored whether IC combined with single-
cell omics generates insight into the systemic progres-
sion of NSCLC. Here, we made three key observations:
(1) detection of DCCs is independent of PT size;
(2) DCCs and PTs are molecularly disparate; and
(3) genetic alterations are acquired as DCCs form meta-
static colonies in LNs. These findings are consistent with
an increasing number of observations that cancers dis-
seminate early and progress in parallel to primary
tumour formation [43-46]. Specifically for NSCLC,
lymphatic spread even in small-sized tumours is well
documented [47-49]. Consequently, we found no signif-
icant correlation between the number of DCCs in the LN

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

and the PT size, and the detection rate of DCCs only
marginally increased with increasing PT size, in line
with studies that found no correlation between DCC
detection and T stage [5,9,11,14,32].

Array CGH analysis revealed aberrant genomes in
more than 80% of single DCCs and confirmed their
malignant origin. Whether the remaining cells are non-
cancer cells or cells whose aberrations are below our
detection limit is currently unclear [28]. In support of
the latter, we previously noted DCCs of breast cancer
patients in bone marrow displaying balanced profiles,
yet harbouring high numbers of LOH events [50],
suggesting dissemination before acquisition of relevant
genetic lesions at the primary site. As in oesophageal can-
cer and melanoma [19,51], aCGH and Sanger sequencing
revealed molecular disparity between NSCLC-DCCs and
the corresponding PTs. Particularly the disparity between
PTs and DCCs for mutations such as KRAS and p53 is in
stark contrast to the postulated origin of metastases from
advanced primary tumours [52] and indicates that clonal
dynamics are more complex than currently thought. For
example, several changes were clearly dependent on the
number of cell divisions in the LN and not or less on
the number of cell divisions in the PT. One of them was
a gain of chromosome 19q in i+/p+ DCCs, which has
been associated with activation of mTOR, NF-kB, and
STAT3 pathways resulting in cancer progression [53].
Based on the observed parallel progression of DCCs
and PTs, we expect that analysis of DCCs for therapy rel-
evant (‘druggable’) alterations will sharpen therapeutic
precision by identifying molecular vulnerabilities on the
target cells of systemic therapies directly, as opposed to
drug target extrapolation from primary tumours.

Limitations of our study are its single-centre origin, the
number of patients, and molecular analyses. Furthermore,
we did not systematically explore lymph-vessel invasion
for comparison with DCC status and prognostic impact.
Future research should not only validate the observed
prognostic importance of DCCs in NSCLC and the
advantages of IC for diagnostics but also exploit the
unique chances of identifying candidate metastasis foun-
der cells. To this end, LN-IC opens multiple opportunities
to investigate the existence of different DCC subpopula-
tions, as we previously noted for BM-DCCs in NSCLC
[54], and the molecular phenotypes whose precise
description may uncover novel therapeutic approaches.
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