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Barrett’s esophagus

Barrett’s esophagus (BE) is a condition in which the normal squamous cells that line the
esophagus are replaced by a columnar cell type mucosa that is both visible endoscopically
and confirmed histologically by a pathologist (Figure 1). Most countries also require the
presence of intestinal metaplasia to make a diagnosis of BE, more specifically the presence
of goblet cells. Although the requirement of their presence is debated, most observers
acknowledge goblet cell presence correlates better with an increased risk for progression
to cancer i.e. esophageal adenocarcinoma (EAC)."?

Barrett’s esophagus epidemiology and risk factors

BE is often present in patients with chronic gastroesophageal reflux disease (GERD) due
to repeated exposure of their esophagus to excessive amounts of stomach acid and bile.
Worldwide, GERD incidences are increasing due to changes in lifestyle accompanied
by a rapid increase in prevalence of BE>* As BE itself is asymptomatic and can only be
diagnosed during endoscopy, leaving the vast majority unrecognized, the exact prevalence
of BE is unknown. Estimates vary from 1 to over 20 percent, depending on the population
studied and the criteria used.>® Apart from chronic GERD, age above 50 years, male gender,
Caucasian race and central adiposity are common predisposing risk factors for BE.?

Pathology: metaplasia-dysplasia-adenocarcinoma sequence

EAC develops after a sequential accumulation of molecular events, reflected by the
histological presence of metaplasia and various stages of dysplasia, to adenocarcinoma
(Figure 2).%"" However, the time course between different stages is very variable and not
fixed.

Squamous lined  Columnar lined
esophagus esophagus

Squamous epithelium
£

Duodenum

Figure 1. Endoscopic and histological appearance of Barrett's esophagus. Macroscopically visible
with endoscopy, the normal white-looking squamous esophageal lining is replaced by a salmon-
pink colored columnar mucosa. Microscopy shows simple glands lined with columnar epithelium
containing goblet cells (intestinal metaplasia).
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Metaplastic columnar cells lining the glands in non-dysplastic BE show minimal cytological
atypia and surface maturation is preserved. Glands show frequent goblet cells and are
round with abundant stroma (lamina propria) in between (Figure 2b). Non-dysplastic BE
(NDBE) has a low estimated absolute risk of progression to cancer of less than 1% per
patient per year.'> 3

Dysplasia is defined as neoplastic epithelium confined to the basement membrane.
Grading allows for stratification and management of patients according to the associated
estimated progression risk. The revised Vienna classification system attempted to minimize
interobserver variation between pathologists and consists of five categories based on the
degree of cytological and architectural abnormalities present.’* > If a biopsy is neither
obviously dysplastic nor negative for dysplasia the term indefinite for dysplasia can be
used. Still, the diagnosis of low-grade dysplasia (LGD) in particular can be difficult.'® Poor
interobserver agreement is a known issue and led to the recommendation of having a

Figure 2. Histological example of the so-called metaplasia-dysplasia-carcinoma sequence. A)
Various grades of (non-) dysplastic Barrett’s esophagus and progression to adjacent esophageal
adenocarcinoma (EAC) B) Non-dysplastic BE (NDBE) is present as well as foci of C) low- (LGD) and
D) high-grade dysplasia (HGD). Histologically a continuous spectrum can be appreciated, in which
hard limits with regard to the start and the end of the relevant dysplasia grade can be very difficult
to determine. For example, HGD may be indistinguishable from E) EAC, in particular on a biopsy.
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second, preferably an expert, gastro-intestinal pathologist confirm the diagnosis of
dysplasia.” '® In LGD the architecture remains preserved, but the epithelium shows
cytological abnormalities, including enlarged nuclei, mucin depletion, frequent mitoses
and a lack of surface maturation (Figure 2c)." These four easily reproducible LGD criteria
may improve patient stratification .

High-grade dysplasia (HGD) shows an even greater degree of cytological atypia, with
marked pleomorphism, frequent (atypical) mitosis and loss of polarity, with haphazardly
arranged nuclei in relation to the basement membrane (Figure 2d). Importantly, HGD
involves architectural abnormalities, such as irregular size and shape of glands, crowded,
back-to -back glands with only sparse intervening stroma. A biopsy with a diagnosis
of HGD may be very suspicious and sometimes indistinguishable from a (superficial)
adenocarcinoma (Figure 2e).2' Moreover, a significant proportion of cases with HGD in the
biopsy sample, 12.7% in a meta-analysis,?? show evidence of carcinoma in the resected
specimen. Frequently, a definite diagnosis on a superficial biopsy sample is not possible
rendering the pathologist to use the diagnosis “HGD, cannot exclude/ suspicious for
invasion”.

Endoscopic screening & surveillance

Considering the high BE prevalence, a gastroscopy is only justified in white men, older
than 50 years with long-term (more than 5 years) and severe (daily) reflux symptoms to
prevent overdiagnosis and overtreatment. Further endoscopic surveillance depends on BE
segment length, presence of confirmed dysplasia and associated estimated progression risk.
It involves targeted biopsies of visible abnormalities, followed by four-quadrant biopsies
every 1-2 cm.?* Yet, missing high-risk lesions (i.e. sampling error) may still occur.

Repeated endoscopy after six months is recommended in patients with confirmed LGD
in the absence of macroscopically visible changes." 2> 2% Apart from the increased risk of
progression, persistent LGD is also associated with a risk of presence of adjacent HGD/EAC,
believed to have been missed by biopsy. Therefore, endoscopic ablative therapy can be
considered in patients with persistent LGD. A histologically confirmed diagnosis of HGD is
indicative of endoscopic resection followed by ablative therapy.?

Despite screening and surveillance, a significant proportion of patients present with
(advanced) EAC without previous knowledge of having (dysplastic) BE. A recent study
among 8,564 EAC patients reported prior BE diagnosis in only 4.9% of patients.” Importantly,
on the other hand, most patients with BE (>90%) don't die from EAC.%
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Established EAC: early vs. advanced

Traditionally, complete esophagectomy (removal of the esophagus together with cardia
and lesser curve of the stomach) including lymphadenectomy was the only treatment
option with possibility to curation for EAC of all stages (Figure 3). As this procedure is related
with high mortality and morbidity, increasingly, endoscopic mucosal resection is being used
when EAC is detected at an early stage (EAC limited to the mucosa or submucosa) as well as
for patients with HGD. Because no lymph nodes can be removed by this procedure, the risk
of nodal metastases has to be negligible. Despite advances in clinical imaging modalities,
this risk is still difficult to determine. !

Even with extensive radical surgery, survival rates in advanced EAC remained poor,
caused by frequent local and systemic recurrences. A significant survival benefit is now
widely recognized for patients with advanced EAC receiving neo-adjuvant treatment.*?
Accordingly, multimodal therapy, i.e. neo-adjuvant chemoradiationtherapy (nCRT) prior
to surgery, has now become standard of care. Moreover, it is currently being addressed if
apparent complete responders after nCRT can be kept under close surveillance and only
undergo surgery, if evident localized tumor re-presents (SANO trial: surgery as needed in
oesophageal cancer).?

Normal squamous
' epithelium.

Esophagus

Distal esophagus
with tumor

(Cardia & lesser curve;

Figure 3. An esophageal adenocarcinoma specimen resected by esophagectomy after treatment
with neo-adjuvant chemoradiationtherapy (nCRT). A) Esophagectomy specimen including lower
esophagus and proximal part of the stomach with surrounding fatty tissue containing regional
lymph nodes. B) After inking of the outer (circumferential) margins, the specimen is opened near
the staple line and pinned onto cork to allow for optimal fixation.
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Histopathological classification and current risk stratification
Histopathological examination, usually of a biopsy, is the principal means of a cancer
diagnosis. Increasingly, this biopsy may provide the only “details” about the cancer as neo-
adjuvant therapy (nCRT, ablation) may prohibit future assessment of the primary cancer.
The TNM classification is the most important tool for prognostic assessment of patients in
clinical practice and research as well as for epidemiological studies.>* To evaluate response
to nCRT, tumor regression grading (TRG) systems aim to categorize the amount of regressive
changes. In general, the amount of therapy induced fibrosis in relation to the amount
of residual tumor is evaluated using slightly different approaches.>*3’ Ulceration, mucin
lakes and areas with fibrosis are used to identify areas where tumor was located (Figure 3).
The TRG system first described by Mandard is the most widely used system (Table 1).3
Numerous studies show the prognostic relevance of TRG, in which patients with complete
tumor regression do best. Furthermore, the prognostic value of TRG may even exceed
those of currently used staging systems (e.g., TNM staging) which are originated from data
from untreated tumors. Post-nCRT staging (ypTNM) and grading response in additional
treatment decision-making is debated, although addition of adjuvant chemotherapy
(i.e. after surgery) has been reported to associate with a survival benefit, particularly in
patients with residual nodal disease (ypN+).334° Of great interest is the expanding research
on identifying therapy response before surgery, making optimized personalized therapy
according to the respective tumor behavior possible.?

Other variables of important prognostic significance include tumor grade and presence of
tumor in vessels (lymphovascular invasion, LVI). Grade and LVI significantly affect survival
and are particularly of clinical importance in patients with early stage EAC to define optimal
treatment strategy.*"*

Still, it remains impossible to accurately predict prognosis for an individual patient. However
survival rates i.e. the percentage of patients still alive five years after surgery, may be useful
to estimate the likelihood that treatment will be successful. In general, the outlook for
EAC patients is poor, as EAC often recurs. Despite progress in treatment and surveillance
programs, the prognosis has only increased slowly over the past 40 years, with a five-year
survival rate that rarely exceeds 40%.3>4

Biomarkers

Biomarker studies aim to improve both risk stratification and treatment protocols.
Furthermore, they may provide inside on the biological behavior of disease. A biomarker is
defined as a measurement indicative of a biological process, or a response to a therapeutic
intervention.** Among these, the p53 protein encoded on the TP53 gene, is probably
the most frequently studied biomarker. TP53 gene mutation is widely recognized as a
driver mutation in EAC and frequently occurs early in malignant progression, followed by
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Table 1. Tumor regression grade (TRG) as reported by Mandard et al.>

Tumor Regression Grade Histological description

TRG 1 Complete response with absence of residual cancer

TRG 2 Rare residual (isolated) cancer cells scattered throughout fibrosis
TRG 3 Increase in residual cancer, but fibrosis still predominated

TRG 4 Residual cancer outgrowing fibrosis

TRG5 Absence of regressive changes

further genomic instability.' Sequencing is the gold standard to detect mutations, but is
labor intensive, time consuming and not available in all laboratories. As a surrogate for
mutational analysis, p53 immunohistochemistry has been shown to improve the diagnostic
reproducibility of a dysplasia diagnosis and increasingly its independent prognostic
value regarding progression risk is being recognized.’s %46 Hence, p53 status analysis by
immunohistochemistry is recommended by the Dutch and British guidelines as an adjunct
to routine clinical diagnosis of dysplasia.? 2

Interestingly, several studies showed pathogenic TP53 mutations and epigenetic alterations,
like distinct methylation profiles, may precede histological dysplastic changes and
potentially could be used to predict progression in BE patients.** However, despite an
enormous amount of research, the ideal biomarker for BE to determine the most accurate
progression risk has yet to be discovered.>**3

MicroRNAs are small non-protein-coding RNAs able to regulate the functionality of a third
of all human genes, underscoring the potential influence on almost every genetic pathway.
They can function as both tumor suppressors and oncogenes. MicroRNA dysregulation
indeed frequently associates with human cancer.>* % Accordingly, the amount of miRNA
research related to BE and EAC has grown rapidly.>**® However, relatively few studies
focused on miRNA related to progression.>®

An important prognostic indicator in colorectal cancer is tumor budding. Tumor budding
has been shown to be a risk factor for nodal metastasis and international guidelines now
recommend reporting tumor budding due to its implications for management, such as
additional resection in early cancers.®° To date, its utility in esophageal cancer is uncertain
as most recent studies in EAC did not include tumor budding.*"-¢' %2 The few available
studies in EAC often used different methods to assess tumor budding, making comparison
and interpretation of results difficult.®*% Besides, digital pathology is a rapidly involving
field with the potential to improve staining interpretation and image analysis. Therefore,
deep learning algorithms are increasingly being used to score potential biomarkers as
objectively as possible.
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Olfactomedin 4 (OFLM4) is considered as another promising biomarker. OLFM4 is an
intestinal stem cell marker and stains intestinal metaplasia in non-dysplastic BE in a similar
way as in normal colon crypts.®® Low OLFM4 expression has been correlated with poor
differentiation grade, nodal metastases and adverse survival in a variety of cancers, but
data on OLFM4 in EAC are lacking.5”72

In addition to its value in BE, aberrant immunohistochemical expression of p53 in EAC
has also been shown to be associated with response to neo-adjuvant treatment.”> 7
Similar results were found for Sex Determining Region Y-Box 2 (SOX2), a transcription
factor involved in the regulation of embryonic development and important for stem-
cell maintenance.”*’¢ These data imply an important underlying biological role for these
proteins in the pathogenesis of EAC. Importantly, many biomarker studies are based on
historical cohorts of patients treated with surgery alone to exclude potential effect from
neo-adjuvant treatment, although some include mixed patient populations. The effect of
neo-adjuvant treatment on immunohistochemical expression of biomarkers, and relevance
hereof, is frequently unknown. With increased usage of neo-adjuvant treatment this
warrants further research.






Aim and outline
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The general aim of this thesis is to improve risk stratification in patients with Barrett’s
esophagus (BE) and early esophageal adenocarcinoma (EAC) and improve survival
prediction in advanced EAC. The key questions of this thesis were:

— Which patients with newly diagnosed BE are at increased risk for developing high-grade
dysplasia (HGD) or EAC?

— Which patients with (early) EAC are at risk for developing (nodal) metastases?

— Can we further improve prediction of prognosis in patients with advanced EAC?

To approach these questions we used new and previously described biomarkers including
microRNAs, tumor budding, Olfactomedin 4, p53 and SOX2 (Figure 1).

In Chapter 3 we used a histology-based microRNA approach in non-dysplastic BE to
discriminate those patients at risk for progression to HGD or EAC compared to non-
progressors.

In Chapter 4 the prognostic value of tumor budding in early (pT1b) EAC was examined,
whereas Chapters 5 and 6 describe the prognostic value of biomarkers in advanced EAC.
As neo-adjuvant treatment may influence biomarker expression, only EAC patients treated
with surgery alone were included. In Chapter 5, Olfactomedin 4 an intestinal stem cell
marker, was examined. In Chapter 6, p53 immunohistochemistry was evaluated, including
comparison with molecular analyses like DNA sequencing and high-throughput methylation
analyses to reveal underlying molecular changes. In Chapter 7 the immunohistochemical
expression of both p53 and SOX2 expression before and after neo-adjuvant treatment
were compared. In addition their association with survival and comparison with results
found in patients treated with surgery alone is being addressed. At last, the results,
concluding remarks and future prospects are discussed in Chapters 8-9 and summarized in
Chapter 10.
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Exploring histology-based microRNA
profiles in the progression of
Barrett’s esophagus to esophageal
adenocarcinoma

Suzuki L, Gillis AJM, Dorssers LCJ, Henriquez J, Nieboer D, Bruno MJ,
Spaander MCW, Looijenga LHJ, Biermann K.



Background: Better risk stratification is essential to identify patients with Barrett’s
esophagus (BE) at risk for progression to esophageal adenocarcinoma (EAC), to avoid
overdiagnosis and subsequent overtreatment. MicroRNAs (miRs) could potentially
serve as prognostic biomarkers for improved risk stratification. This study aims to
identify miRs able to detect patients at risk for EAC prior to the development of
dysplasia.

Methods: Non-dysplastic BE (NDBE) samples of patients who developed high-grade
dysplasia (HGD) or EAC (progressors, n=16) were compared with NDBE samples from
non-progressors (n=18). Both high-throughput miR-profiling, including 381 different
miRs, and individual assays were used.

Results: The discovery set revealed 11 miRs with significantly higher levels in
NDBE tissues from progressors (n=9) compared to non-progressors (n=9), while no
significant differences were found between paired NDBE and HGD/EAC samples. A
validation set (n=16), could not confirm these results. In addition, our data could not
confirm previously described prognostic miRs (miR-192, miR-194 and miR-196b) to
be associated with progression.

Conclusions: This study could not identify progression related miRs in NDBE samples
and illustrates independent validation is crucial for (molecular) biomarker validation
studies.
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INTRODUCTION

Patients with Barrett’s esophagus (BE), the precursor lesion of esophageal adenocarcinoma
(EAC), have a 30- to 60-fold increased risk of developing EAC compared to normal
individuals.”” Surveillance programs in patients with non-dysplastic BE (NDBE) aim
to diagnose and treat EAC at an early stage. Although the (cumulative) annual risk of
developing EAC is only 0.5%, BE prevalence ranges from 2 to 7% and these numbers are
almost certainly an underestimation, making cost-effective surveillance a major challenge.
57880 Importantly, histology of BE is under discussion, partly due to low interobserver
agreement for dysplasia.t’® We hypothesize that it might be possible to determine the
progression risk before any dysplastic changes are detectable on histological examination
using microRNAs (miRs). This would improve risk-stratification of BE patients under
surveillance and circumvent the problem of interobserver variation in BE samples.

MiRs are small non-coding RNAs of ~22 nucleotides in length able to control translation
or cause degradation of messenger RNA transcripts of protein-coding genes. They are
involved in various biological processes, such as cell cycle, differentiation, development,
and as such, deregulation has been reported in human diseases including cancer. High-
throughput miR-profiling can differentiate between tissue types and distinctive miR
signatures are recognized for specific cancer types.>> Moreover, by inhibiting translation
or facilitating degradation, miRs can either function as oncogenes or tumor suppressors.
Consequently, miRs are increasingly studied as cancer biomarkers.®* # Different miR-
expression profiles have been observed in NDBE compared with normal esophageal
tissue with squamous epithelial lining.2® Selected miRs detectable in serum have been
proposed as circulating biomarkers for NDBE.*¢ In addition, differentially expressed miRs
were found in NDBE compared to high-grade dysplasia (HGD) and/or EAC, but results are
not found to be consistent.’®. Nevertheless, various studies tried to identify specific miRs
associated with progression, although the majority of these studies were cross-sectional
and without longitudinal follow-up or only a few selected miRs were involved.>*%8 Because
of these shortcomings, the present study aims to clarify whether or not miRs exist that are
differentially expressed in NDBE tissues of progressors and non-progressors.

This study uses a high-throughput miR profiling approach and endoscopic biopsy material
with NDBE histology from patients with long-term follow-up.
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METHODS

Patients & study design

Patients were retrospectively selected from the PROBAR study, a large Dutch multicenter
cohort study which originally included more than 720 patients, with newly diagnosed or
known BE of > 2cm, between November 2003 and December 2004. More elaborate details
have been described previously.*®7¢ In accordance with previous publications, patients with
a history of HGD/EAC were excluded in the present study, as well as those with a diagnosis
of HGD/EAC within nine months after the first biopsy upon inclusion in the cohort study
to prevent inclusion of prevalent cases (possible sampling error).*>7¢ In total, 51 patients
progressed to HGD (n=37) or EAC (n=14) and were classified as progressors, whereas 584
patients were classified as non-progressors.

Only those cases with all stained slides from all follow-up moments available (for
histopathological review) and sufficient paraffin material containing (as determined
by two observers) were included, hence 16 progressors and 18 non-progressors were
identified from the PROBAR cohort. Other reasons for exclusion included marked presence
of abundant inflammatory cells or high volume of either normal stroma or squamous
epithelium in comparison with Barrett’'s mucosa or adenocarcinoma. All histological
samples of these patients were again critically revised and diagnosis confirmed by an expert
gastrointestinal pathologist. Median follow-up time was 95 months (Table 1). Patients were
divided in a discovery (series 1, n=18) and validation (series 2, n=16) set.

Initially high-throughput miR profiling was performed on the discovery set to identify up
to 377 possible relevant miRs that showed statistically significant higher miR levels in NDBE
from progressors compared to non-progressors, after which validation was performed
using individual assays on selected miRs in the same set. Both methods were also applied
in the validation set to validate the results found in the discovery set. Statistically significant
differential miRs with lower levels in progressors were not further investigated as measuring
downregulation was considered unpractical in a future diagnostic setting. Corresponding
HGD/EAC samples (n=9) from the same progressors were similarly examined for the
discovery set in order to compare miR levels from HGD/EAC versus NDBE samples from the
same patients (i.e. paired samples) as well as in comparison with NDBE of non-progressors
(i.e. unpaired samples). A flowchart for this study is depicted in Figure 1.

miR isolation and profiling

Glass slides with 4 um sections from corresponding formalin fixed paraffin embedded blocks
were baked at 60°C for 20 minutes and stained with hematoxylin after deparaffinization. The
areas of interest were macrodissected and dissolved in 100 ul RNALater solution (Cat# 7030,
ThermoFisher). The AllPrep DNA/RNA FFPE Midi kit (Cat No./ID: 80234, QIAGEN, Venlo, The
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Table 1. Patient characteristics.

All patients (n =34) Progressors (n=16) Non-Progressors (n=18)
Series 1 Series 2 Series 1 Series 2 p- Series 1 Series2 p-
(n=18)  (n=16) n=9) (=7 YA€ (n=g) (n=g)  ValUe
Age (y) Mean (SD) 60(10) 64(15) 0.313 63(10) 65(10) 0.606 57(10) 64(9) 0.222
Gender (n) Female 5 6 0.545 3 4 1.00 2 3 1.00
Male 13 10 6 3 7 6

Body mass  Median 26.2(6) 269(7) 0.986 27.8(10) 25.6(8) 0.681 249(4) 269(7) 0.546
index (IQR)

(kg/m2)

Smoking (n) No, never 7 8 0435 4 1 0.293 3 7 0.155
Yes, former 7 3 3 2 4 1
Yes, current 4 5 2 4 2 1

PPluse(n) No 1 3 0323 1 2 0.550 0 1 1.00
Yes 17 13 8 5 9 8

LengthBE  Median 4(5) 5(6) 0.721 4(5) 5(5) 0.681 3(5) 4(5) 0.796

segment (IQR)

(cm)

Esophagitis No 12 12 0458 4 7 0.034 8 5 0.294

(m Yes 6 3 5 0 1 3

Biopsies Median 8(7) 10 (6) 0.695 8(9) 12(4) 0.606 8(8) 8(4) 0.796

taken (n) (IQR)

Follow-up  Median 95(86) 112(97) 0.251 27(48) 60(59) 0.681 112(38) 157 (46) 0.077
time (m) (IQR)

Progression HGD 5 4 1.00 5 4 1.00 O 0 1.00
pe) Eac 4 3 4 3 0 0

y, years; SD, standard deviation, n, number; IQR, interquartile range; m, months; HGD, high-grade dysplasia; EAC,
esophageal adenocarcinoma

Netherlands) was used to isolate total RNA, including miRs, according to the manufacturer’s
instructions. The sample volumes were reduced by evaporation to 10 pl with an Eppendorf™
Concentrator Plus. All reagents for RT- gPCR were obtained from ThermoFisher (www.
thermofisher.com). TagMan miR reverse transcription kit in combination with Megaplex™
RT primers was used for cDNA synthesis. Subsequently, cDNA was pre-amplified and
quantitated on Tagman Low Density miR array a cards (TLDA) containing 384 targets
(including 7 controls) on a TagMan 7900Fast thermocycler using supplier protocols.
Individual reverse transcriptase (RT)-PCR miR assays were performed to confirm results
found in TLDA analysis using a TagMan 7500Fast thermocycler. A more detailed description
of miR isolation and profiling has been previously described. &
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Statistical & bioinformatical analysis

Descriptive statistics of general patient characteristics were analyzed with SPSS statistical
software package (SPSS 25, IBM Corp). The Mann-Whitney U test or T-Test was used to
compare continuous variables, the chi-squared or Fisher exact test for categorical variables.

Tagman miR array output data were uploaded in the ThermoFisher Cloud Software and
analyzed using defined threshold settings for each individual miR. Cycle threshold (Ct)
values, denoting the number of cycles required to achieve a defined level of signal, were
exported (Supplementary Table 1), quality filtered using R-tools and normalized using
QbasePlus software (Biogazelle N.V., Zwijnaarde, Belgium) as described previously.?’ Lower
levels of miR are represented by higher Ct values and vice versa. The miRs which failed to
give a Ct value were given the maximum number of cycles used (“40”). Normalization of
single assay miR levels was performed using the levels of miR-26a, miR-26b, miR-28-5p
and miR-374a which displayed comparable levels between the tissues analyzed with TLDA
cards. Comparisons of the calibrated normalized relative quantities (CNRQ) levels between
groups were performed using the Mann-Whitney U test for unpaired samples and the
Wilcoxon signed rank test for paired samples in the QbasePlus software. A p-value of <0.05
was considered statistically significant. Statistics regarding miR analysis were corrected
for multiple testing in all cases by the false discovery rate multiple comparison method.*®

Normalization is crucial to correct for technical variation affecting miR levels. QbasePlus
software allows for two types of normalization; “global mean normalization on common
targets” and “global mean normalization”. Both methods were used sequentially. While
the first is based on the approach that a single given sample is normalized based on the
geometric mean of the relative quantities of miRs measured in all samples, the second
normalization is based only on all targets expressed in that sample.

RESULTS

Discovery set

In total, 18 patients were included in the discovery set (series 1); nine progressors and nine
non-progressors. Minimum and maximum time to progression was 11 and 88 months
(median 27 months), while non-progressors were followed for at least 92 up to 164
months (median 112 months). Patient characteristics are listed in Table 1. No significant
differential levels of miRs were found between NDBE and HGD/EAC samples from the
same patients (i.e. paired samples, online resource Supplementary Table 1). A total of 39
miRs showed statistically significant differential levels between NDBE from progressors
and non-progressors (Table 2). From these, 11 miRs (miR-18a, miR-23, miR-93, miR-331-
5p, miR-483-5p, miR-492, miR-494, miR-548b-5p, miR-548c-5p, miR-548d-5p, miR-576-3p)
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Table 2. MiRs with statistically significant differential levels found in discovery set using TLDA and
“global mean normalization on common targets"=

NDBE (NP) vs NDBE (P) NDBE (NP) vs HGD/EAC
(n=9vs n=9) (unpaired, n=9 vs n=9)
hsa-miR-523 0,09 0,027 0,30 0,647
hsa-miR-548d-5p 0,12 0,004 0,21 0,157
hsa-miR-576-3p 0,14 0,038 0,14 0,113
hsa-miR-494 0,19 0,004 0,61 0,563
hsa-miR-548c-5p 0,21 0,004 043 0,361
hsa-miR-548b-5p 0,22 0,038 0,46 0,325
hsa-miR-492 0,27 0,027 0,99 0,974
hsa-miR-331-5p 0,27 0,038 0,22 0,039
hsa-miR-483-5p 0,28 0,027 0,40 0,325
hsa-miR-18a 0,60 0,027 043 0,010
hsa-miR-93 0,63 0,020 0,51 0,042
hsa-miR-331-3p 1,39 0,046 1,07 0,798
hsa-miR-374a 1,46 0,020 1,03 0,647
hsa-miR-125b 1,49 0,027 1,64 0,319
hsa-miR-29a 1,52 0,020 0,83 0,828
hsa-miR-199a-3p 1,57 0,027 1,11 0,798
hsa-miR-125a-5p 1,62 0,027 0,80 0,857
hsa-miR-30b 1,64 0,006 1,45 0,157
hsa-miR-376a 1,66 0,027 1,60 0,647
hsa-miR-127-3p 1,70 0,032 1,33 0,828
hsa-miR-99b 1,73 0,027 1,26 0,528
hsa-miR-365 1,77 0,038 1,34 0,563
hsa-miR-186 1,85 0,027 1,09 0,828
hsa-miR-193b 1,92 0,046 1,42 0,563
hsa-miR-411 1,94 0,020 1,87 0,201
hsa-miR-150 1,94 0,046 0,88 0,798
hsa-miR-30c 1,95 0,004 1,30 0,249
hsa-miR-9* 2,06 0,046 2,69 0,039
hsa-miR-410 2,13 0,020 1,21 0,681
hsa-miR-342-3p 2,15 0,020 1,17 0,897
hsa-miR-139-5p 2,17 0,020 1,93 0,062
hsa-miR-539 2,28 0,046 3,80 0,242
hsa-miR-133a 2,35 0,032 2,38 0,319
hsa-miR-487b 2,44 0,032 3,87 0,319

hsa-miR-204 2,50 0,038 2,76 0,054
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Continued

NDBE (NP) vs NDBE (P) NDBE (NP) vs HGD/EAC
(n=9 vs n=9) (unpaired, n=9 vs n=9)

hsa-miR-218 2,67 0,004 1,98 0,287

hsa-miR-197 2,70 0,032 1,42 0,619

hsa-let-7c 2,86 0,032 2,25 0,325

hsa-miR-139-3p 5887 0,020 7,31 0,094

hsa-miR-20b 0,77 0,330 0,49 0,036
hsa-miR-19a 0,80 0,638 0,51 0,029
hsa-miR-335 0,84 0,919 0,54 0,022
hsa-miR-135a 0,82 0,501 0,56 0,039
hsa-miR-21 0,89 0,557 0,60 0,042
hsa-miR-95 0,91 0,743 0,37 0,039
hsa-miR-185 0,95 0,786 0,70 0,039
hsa-miR-491-5p 0,98 0,840 0,62 0,022
hsa-miR-25 1,18 0,557 0,65 0,042
hsa-miR-885-5p 1,84 0,291 3,08 0,039
hsa-miR-135b 1,08 0,657 0,40 0,042

“No significant differential levels were found in miRs from paired NDBE and HGD/EAC samples (not shown).

In total, 11 miRs showed higher levels (ratio <1) and 28 miRs showed lower levels (ratio >1) in NDBE from
progressors. Three miRs were not only more abundant in NDBE from progressors but also in paired HGD/EAC
samples compared to NDBE of non-progressors (miR-331-5p, miR-18a and miR-93). MiR-9 was lower in both
NDBE from progressors and HGD/EAC. *FDR adjusted p-value. NDBE, non-dysplastic Barrett’s esophagus; NP, non-
progressor; P, progressor; HGD, high-grade dysplasia; EAC, esophageal adenocarcinoma, n, number; hsa-miR, homo
sapiens microRNA

showed increased levels in progressors (ratio <1, Figure 2), whereas 28 miRs demonstrated
areduced level (ratio >1). Overall, 15 miRs were differential in levels between NDBE of non-
progressors vs HGD/EAC (i.e. unpaired samples, Table 2), of which 13 showed higher and
two lower levels in HGD/EAC. Interestingly, four miRs showed “shared” differential levels.
Specifically, three miRs were not only more abundant in HGD/EAC, but also increased in
NDBE of progressors (miR-331-5p, miR-18a, and miR-93). In contrast, miR-9 was lower in
both NDBE of progressors and paired HGD/EAC samples in comparison with NDBE of non-
progressors.

Technical validation

Individual targeted assays were performed for the 11 aforementioned miRs, as well as
one underrepresented miR (miR-139-3p) with a remarkable high ratio in TLDA analysis
(Supplementary Tables 2 and 3). The miRs with lower levels in progressors were not
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Figure 2. Boxplots with normalized levels of statistically significant differential microRNAs (miRs)
for sample series 1 (TLDA). Sample groups are presented on the x-axis and calibrated normalized
relative quantities (CNRQ) are shown on the y-axis. In total, 11 miRs showed higher levels in NDBE
from progressors compared to non-progressors (FDR adjusted p-value <0.05 in *) NDBE from
progressor vs. non-progressor and **) HGD/EAC vs. NDBE from non-progressor). Three miRs (miR-
331-5p, miR-18a, and miR-93) showed similarly higher levels in both NDBE from progressors and
HGD/EAC compared to NDBE from non-progressors. One miR (miR-139-3p) was downregulated in
NDBE from progressors but showed a large spread in CNRQ.

further investigated as measuring downregulation was considered unpractical in a
future diagnostic setting. All 11 miRs were confirmed as being upregulated in NDBE from
progressors with comparable ratios as found in TLDA experiments (Figure 3, Supplementary
Table 1). Single assays also confirmed the presence of similarly “shared” higher levels of the
three previously mentioned miRs, i.e.,, miR-331-5p, miR-18a, and miR-93. In addition, miR-
576-3p was similarly upregulated using single assay analysis but not with previous TLDA
analysis. Only miR-139-3p could not be confirmed to be downregulated in the individual
assay. Overall, based on these observations, data from TLDA experiments were considered
reliable and accurate.
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Figure 3. Boxplots with normalized miR levels of targeted individual assays for sample series 1. All
11 previously upregulated miRs from TLDA analysis were confirmed and showed similar ratio’s. The
previously downregulated miR 139-3p showed similar levels in all groups.

Independent validation set

Patient characteristics between series 1 and series 2 were comparable (Table 1). Apart from
increased duration of longitudinal follow-up time, progressors did not differ in clinical
characteristics from non-progressors (Supplementary Table 4). However, none of the miRs
found in series 1 were significantly different using the same individual assays in series 2
(Supplementary Table 1). Subsequently, the RNA samples of series 2 were also subjected
to high-throughput miR profiling using the same TLDA cards. Again, no miRs were found
to be discriminative (Supplementary Table 1). Sample quality was similar between the two
groups (Supplementary Figures 1 and 2).

Effect of different normalization strategy
A second normalization strategy was used to assess the effect thereof on the results. Using
“global mean normalization’, overall less miRs were found to be differentially expressed
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(Supplementary Table 5). Again, no statistically significant differential levels were found
between paired NDBE of progressors and HGD/EAC. In total, 19 miRs were statistically
significant differentially expressed between NDBE from progressors and non-progressors
for series 1. For series 2, again no significant differences were found between NDBE from
progressors versus non-progressors.

DISCUSSION

Molecular and epigenetic alterations have been shown to precede histologically detectable
dysplasia and potentially could be used to predict progression in non-dysplastic Barrett’s
esophagus.*”-°™* MiRs are able to repress the translation of mRNA expression of important
cancer-related genes and therefore might be of use in the diagnosis and treatment of
cancer.>*>>%The present study aimed to identify miRs that are associated with malignant
progression in NDBE prior to the occurrence of histological changes, but failed to identify
miRs with significant differential levels.

Both high-throughput miR-profiling and individual assays were used to investigate up
to 381 miRs. In the discovery set, the results were promising, and 11 miRs showed a
statistically significant higher level in NDBE of progressors versus non-progressors. These
were technically validated and confirmed by individual assays, of which four miRs showed
a similarly higher (miR-331-5p, miR-18a, miR-93) or lower (miR-9) level in both NDBE
and HGD/EAC samples compared to NDBE from non-progressors. As such, these miRs in
particular could potentially play an important role in BE-carcinogenesis, with altered miR
regulation preceding histological progression. However, these promising findings were not
confirmed in an independent validation set. In fact, both individual assays of the differential
miRs found in the discovery set, as well as high-throughput profiling (TLDA) revealed no
statistically significant differences in miR levels.

The outcome of miR research highly depends on the quality of the sample, the technical
method applied for miR detection and data normalization. Normalization is crucial to
correct for technical variation affecting miR levels between samples, often based on the
measurement of one or more so-called reference genes (“housekeeping” genes), especially
in the context of single assay experiments. For screening studies involving a large number
of targets such as the TLDA methods applied in the described experiments, global mean
normalization is considered as an appreciated alternative. When a relatively large number
of targets are measured simultaneously, their average level reflects the input quantity
and thus may be used for normalization. Nevertheless, to date there is no consensus on
optimal normalization strategy, making comparison between studies difficult.”> % Here,
two slightly different global normalization strategies were used, with minimal effects on
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overall outcome, demonstrating its limited impact in the results reported. Because clinical
characteristics and sample quality between groups were comparable, our results indicate
that, despite the use of so-called multiple testing corrections, the differential levels of miRs
in the discovery set might be incidental findings. The presence of small (technical) variations
in sample quality that could not be adequately corrected for using normalization could
provide another explanation. For these considerations, it cannot be ruled out with certainty
that particular miRs in NDBE from progressors actually are differentially regulated, but their
practical value being limited. Given the heterogeneity in BE, it might be that the sampling
protocol or timing (up to 88 months before histologically documented progression) was
inappropriate for detection of molecular changes related to progression. To overcome the
problem of sampling errors a recent study on miRs in samples obtained from the entire
BE-segment using a non-endoscopic sampling device, called the Cytosponge, showed
promising results, as they identified miRs that accurately discriminated NDBE from normal
esophageal squamous tissue.’ However, as longitudinal follow-up was lacking, progression
related miRs could not be identified.

One other limitation of the present study is the relatively small sample size which is partly
caused by the low progression rate in BE patients. Other clinical variables such as presence
of esophagitis, history of smoking and PPl use (Table 1), were not considered in analysis
although, in theory, these factors could be associated with changes in miR. Because of
the small sample size, no multivariable model was created, due to possible overfitting.
In addition, differences between progressors and non-progressors were only observed
with regard to the duration of longitudinal follow-up time (Supplementary Table 4).
Nevertheless, in an effort to increase patient numbers, combined analysis of TLDA data
of series 1 and 2 was performed. This resulted in six miRs that were significantly different
in NDBE (Supplementary Table 6). However, individual validation assays could only be
confirmed for one miR (miR-548c-5p, Supplementary Table 7). Therefore, additional testing
is essential to provide independent validation for these combined results (Supplementary
Figure 3). Due to the small annual risk of developing EAC, this was not feasible in the
available patient cohort.

Various studies previously described altered miR patterns in BE and EAC.*® However, most of
them were cross-sectional and did not make use of patient samples with known longitudinal
follow-up. Only one previous study described progression related miRs in a small group of
patients with NDBE (miR-192, miR-194, miR-196a and miR-196b, single assays, normalized
with RNU-6B only).>® Our data could not confirm these results by both TLDA and single
assays (Supplementary Table 8), in both cohorts. Again, different normalization strategies
might explain these differences, although no impact was identified in our study. The small
non-coding RNA RNU-6B was used as normalizer, however, it has been argued that it is best
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to normalize miRs with reference genes belonging to the same RNA class, as others may
differ in their efficiency of extraction, reverse transcription and amplification.”

CONCLUSIONS

The present study does not provide evidence that histology based miRs from patients with
NDBE could be informative to predict progression to HGD/ EAC. In addition, this study
demonstrated the crucial role of an independent validation cohort to limit the number of
unreproducible findings in literature.
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SUPPLEMENTARY MATERIALS

The following are available at request:

Supplementary Table 1. Raw data of TLDA results
Supplementary Table 2. Raw data of individual assay results

Supplementary Table 3. Individual assays confirm results obtained with TLDA in discovery set for
11 upregulated miRs in NDBE from progressors.

NDBE (NP) vs NDBE (P) NDBE (NP) vs HGD/EAC
(n=9 vs n=9) (unpaired, n=9 vs n=9)

hsa-miR-523 0,09 0,002 0,235 0,149
hsa-miR-548d-5p 0,18 0,000 0,416 0,222
hsa-miR-576-3p 0,39 0,016 0,453 0,029
hsa-miR-494 0,17 0,000 0,716 0,600
hsa-miR-548c-5p 0,14 0,000 0,365 0,178
hsa-miR-548b-5p 0,22 0,001 0,668 0,233
hsa-miR-492 0,19 0,001 1,057 1,000
hsa-miR-331-5p 0,15 0,000 0,197 0,015
hsa-miR-483-5p 0,16 0,001 0,223 0,015
hsa-miR-18a 0,53 0,040 0,436 0,015
hsa-miR-93 0,57 0,005 0,533 0,031
hsa-miR-139-3p 1,25 0,515 1,911 0,075

All upregulated miRs identified with TLDA in series 1 were confirmed using targeted individual assays,
including the three miRs (miR-331-5p, miR-18a and miR-93) with similarly higher levels in NDBE from
progressors and HGD/EAC compared to NDBE from non-progressors. The results for the decreased miR 139-3p
were not confirmed using the individual assay. *FDR adjusted p-value.”®
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Supplementary Table 4. Patient characteristics of progressors in comparison with non-progressors
only differ in duration of longitudinal follow-up.

All patiénts (n=34)

Non-progressors Progressors p-value*

Age (y) Mean (SD) 61(10) 64 (10) 0.211

Gender (n) Female 5 6 0.545
Male 13 10

Body mass index (kg/m2)  Median (IQR) 26.9 (4) 26.7 (8) 0313

Smoking (n) No, never 10 5 0.278
Yes, in the past 5 5
Yes, current 3 6

PPl use (n) No 1 3 0.233
Yes 17 13

BE length (cm) Median (IQR) 3(4) 5(5) 0,070

Esophagitis (n) No 13 11 0.708
Yes 4 5

Biopsies taken (n) Median (IQR) 8(5) 11 (4) 0.144

Follow Up Time (m) Median (IQR) 121 (48) 31.5 (54) <0.001

y, years; SD, standard deviation, n, number; IQR, interquartile range; m, months; HGD, high-grade dysplasia; EAC,
esophageal adenocarcinoma
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Supplementary Table 5. MiRs with statistically significant differential levels using the second
normalization strategy (“global mean normalization”).

NDBE (NP) vs NDBE (P) NDBE (NP) vs HGD/EAC
(n=9 vs n=9) (unpaired, n=9 vs n=9)
p-value*

hsa-miR-523 0,08 0,049 0,31 0,647
hsa-miR-487a* 0,08 0,049 0,57 0,630
hsa-miR-548d-5p 0,11 0,008 0,22 0,231

hsa-miR-494 0,17 0,008 0,64 0,647
hsa-miR-548c-5p 0,19 0,019 0,45 0,438
hsa-miR-548b-5p 0,20 0,049 0,48 0,438
hsa-miR-492 0,24 0,028 1,04 0,974
hsa-miR-597% 0,47 0,042 0,77 0,408
hsa-miR-18a 0,54 0,022 0,45 0,033
hsa-miR-93 0,56 0,008 0,54 0,106
hsa-miR-30b 1,47 0,042 1,51 0,036
hsa-miR-99b 1,55 0,049 1,31 0,438
hsa-miR-186 1,66 0,042 1,14 0,866
hsa-miR-411 1,74 0,039 1,95 0,135
hsa-miR-30c 1,75 0,008 1,36 0,161

hsa-miR-342-3p 1,93 0,028 1,22 0,894
hsa-miR-139-5p 1,95 0,022 2,02 0,036
hsa-miR-487b 2,24 0,042 4,04 0,135
hsa-miR-218 2,39 0,008 2,07 0,295
hsa-miR-19a 0,72 0,060 0,53 0,019
hsa-miR-335 0,75 0,478 0,56 0,035
hsa-miR-95 0,81 0,391 0,39 0,035
hsa-miR-339-5p 0,90 0,928 041 0,035
hsa-miR-885-5p 1,654 0,391 6,48 0,035

Ten miRs were upregulated (ratio <1) in NDBE from progressors compared to non-progressors in series 1, of
which eight were similar as found with previous normalization strategy. Nine miRs were downregulated (ratio
>1). Paired analysis of NDBE and HGD/EAC samples did not show any differences in miR levels (not shown).
Overall, eight miRs were differential between HGD/EAC and NDBE from non-progressors. One miR (miR-18a)
was similarly upregulated and two miRs (miR-30b, miR-139-5p) were similarly downregulated in NDBE from
progressors and HGD/EAC compared to NDBE from non-progressors. No differential miRs were found in series
2 (not shown). *FDR adjusted p-value.®®
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Supplementary Table 6. Combined analysis of TLDA experiments from series 1 and 2 using both
normalization strategies.

Combined series; Combined series;
1t normalization strategy 2" normalization strategy
NDBE (NP) vs. NDBE (P) NDBE (NP) vs. NDBE (P)

(n=18 vs n=16) (n=18 vs n=16)
hsa-miR-548d-5p 0,20 0,010 0,20 0,005
hsa-miR-548c-5p 0,24 <0,001 0,24 0,001
hsa-miR-548b-5p 0,28 0,070 0,28 0,035
hsa-miR-523 0,08 0,070 0,08 0,039
hsa-miR-30b 1,42 0,010 1,43 0,027
hsa-miR-30c 1,57 <0,001 1,58 0,008
hsa-miR-99b 1,62 0,040 1,63 0,034
hsa-miR-139-5p 1,86 <0,001 1,87 0,002
hsa-miR-125a-5p 1,45 0,150 1,46 0,048
hsa-miR-186 1,54 0,060 1,54 0,038
hsa-miR-342-3p 1,57 0,100 1,58 0,038
hsa-miR-323-3p 1,73 0,060 1,71 0,038
hsa-miR-197 2,51 0,060 2,52 0,034
hsa-miR-19a 0,89 0,950 0,90 0,496
hsa-miR-135a 0,87 0,960 0,87 0,683
hsa-miR-135b 1,00 1,000 1,01 0,975
hsa-miR-335 1,01 0,970 1,02 0,885
hsa-miR-337-5p 1,40 0,820 1,41 0,666
hsa-miR-375 2,24 0,080 2,25 0,054
hsa-miR-885-5p 2,75 0,080 2,76 0,093
hsa-miR-215 1,33 0,890 1,34 0,776

Combined analysis of both series using both normalization strategies showed six significantly different miRs
between BE from cases (BE-P) compared to controls (BE-NP), which were already found in analysis of series 1
alone, independent of normalization strategy used. *FDR adjusted p-value.*
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Supplementary Table 7. Individual assays confirm significant difference for only one upregulated
miR.

Single Assay
NDBE (NP) vs. NDBE (P)

(n=18 vs n=16)

hsa-miR-523 0,26 0,166
hsa-miR-548d-5p 0,42 0,231

hsa-miR-548¢-5p 0,33 0,035
hsa-miR-548b-5p 0,44 0,166

*FDR adjusted p-value.?

Supplementary Table 8. Discriminating miRs from literature were not confirmed** in the present
study.®®

Series 1 Series 2 Combined series
NDBE (NP) vs. NDBE (P) NDBE (NP) vs. NDBE (P) NDBE (NP) vs. NDBE (P)
(n=9 vs. n=9) (n=9 vs. n=7) (n=18 vs n=16)
p-value* Ratio p-value* p-value*

TLDA
hsa-miR-192 1,09 0,770 1,08 0,884 1,13 0,885
hsa-miR-194 0,94 0,928 1,15 1,000 1,08 0,975
hsa-miR-196b 1,01 0,928 0,82 0,751 0,96 0,885
Individual assay
hsa-miR-192 1,16 0,515 1,26 0,468 1,20 0,397
hsa-miR-194 1,22 0,515 1,36 0,468 1,28 0,397
hsa-miR-196b 0,99 0,931 0,74 0,468 0,90 0,484

*FDR adjusted p-value.®® ** One of four previously described miRs (miR-196a) was not present on our TLDA
cards and was therefore not validated in the present study.
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Supplementary Figure 1. Principal components analysis of normalized TLDA miR levels of both
sample series with corresponding subgroups. The plot of the first two principle components (PC1
and PC2) reveal no separation of series 1 and 2 can be seen and HGD/EAC samples are located
between BE samples, suggesting no differences in sample quality between both groups. Color
codes for series 1: progressors, NDBE = orange, HGD/EAC = purple and non-progressors, NDBE =
light green, series 2: progressors, NDBE = red, non-progressors, NDBE = forest green. Normalization
was performed using the mean Ct of the top 197 measured miRs.
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Progressor vs. Non- Progressor ( both NDBE)

Series 1 Series 2

NDBEvs. \ .
HGD/EAC N\ [o10
(paired)

HGD/EAC
vs. NDBE
(unpaired)

Series 1+ 2

Supplementary Figure 3. Venn diagram of miRs with statistically significant differential levels
identified using TLDA cards for both series 1, series 2 and the combined series. Large circles
show miRs that are up- (T) or down- () regulated in NDBE of progressors versus non-progressors.
Results from both normalization strategies are shown in grey (global mean normalization on
common targets) and black (global mean normalization after exclusion of poor performing targets)
respectively. Smaller dotted circles show miRs that are dysregulated in HGD/EAC versus NDBE of
paired and unpaired samples for series 1.
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Background: Tumor budding (TB) is proposed to reflect epithelial-mesenchymal
transition (EMT) and to be related to metastases formation. This study aimed to
investigate whether TB assessment is of additional value in determining risk of
metastases in pT1b esophageal adenocarcinoma (EAC).

Methods: Patients (n=252) from eight hospitals in the Netherlands, diagnosed with
pT1b EAC and treated with endoscopic resection and/or surgery between 1989-2017
were included in this retrospective cohort study. Frequently reported methods of TB
assessment (i.e., according to Ueno, Ohike and Thies) and automated digital methods
were compared for interobserver reliability and prognostic relevance. Scoring in
conventional H&E staining was compared to that in immunohistochemical staining.
The risk of either lymph node metastases detected at surgery, or any metastases
identified during follow-up, was used as clinical outcome measurement.

Results: Immunohistochemistry increased identification of tumor buds, although
agreement between pathologists decreased compared with assessment on H&E for
all methods. Prognostic power of pathologist-based TB methods was comparable
regardless of the use of immunohistochemistry, and automated digitalized TB
assessment was not prognostic of metastases. Only when assessed according to
Ohike, high TB was associated with metastases, as well as with poor tumor grade, deep
submucosal invasion and lymphovascular invasion both in the discovery (n=100), and
validation (n=152) cohort. High TB remained an independent risk factor for metastases
in multivariable analysis (n=252, HR 1.69, 95%Cl 1.04-2.76).

Conclusions: In conclusion, TB assessment according to the Ohike method is a
promising tool indicative for presence of metastases in pT1b EAC. However, external
validation in additional studies is desirable.
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INTRODUCTION

Patients with early stage esophageal adenocarcinoma (EAC) have a good prognosis, with
a 5-year survival rate of 80%.% Survival is mainly determined by the absence or presence
of regional lymph node metastases (LNM). The risk of LNM is low (0.2%) in tumors only
invading the mucosa (pT1a) and therefore, these low-risk tumors are generally managed
with endoscopic resection (ER) only.?>'°" No additional surgery is indicated for potential
LNM that may be present.*> 102

Submucosal (pT1b) EAC harbor a higher risk for LNM, due to the presence of small vessels
in the submucosa. This risk is estimated to be 21-78%,' % and consequently, their
management is debated. Moreover, the risk increases when adverse characteristics, such
as deeper tumor invasion, poor differentiation grade and lymphovascular invasion (LVI)
are present.41'42’61’62' 102, 105-107

Tumor budding (TB) is considered a promising biomarker for metastases in a variety of
cancers.®® A tumor bud is defined as a single tumor cell or a cluster of up to four tumor cells,
without glandular differentiation.’® ' TB is proposed to reflect epithelial-mesenchymal
transition (EMT). Presence of TB in a tumor has been associated with metastases and adverse
survival, especially in early colorectal cancer (CRC).5%%""" Hence, it is now common clinical
practice to include TB in the pathological assessment of CRC.6% 112113

TB is described in EAC. However, the relevance of TB in pT1b EAC is unclear.*!-61:62105.106 |
addition, different methods to assess TB have been described, which might have an impact
on the reported results.® 645 114116 This study aims to determine whether TB is of additional
value in risk stratification of patients with pT1b EAC.

METHODS

Patients
This retrospective multicenter cohort study has been approved by the medical ethical
committee in the Erasmus MC and all participating hospitals (MEC-2016-050).

All patients diagnosed in the Netherlands between 1989-2017 with pT1b EAC and treated
with ER and/or esophageal resection surgery were identified from Netherlands Cancer
Registry. Patients were included from eight centers in the Netherlands. These were all expert
centers with regard to the management of Barrett's esophagus and EAC. After meticulous
review of the medical charts, patients with a pT1b EAC were included in the study when
they met inclusion criteria (Figure 1). At least 12 lymph nodes in the resected specimen
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NCR search [524]
1989-2017

Exluded [108]
PA unavailable [48]
Clinical data unavailable/ incomplete [36]
Neoadjuvant chemoradiotherapy [6]
EMR pT1b with residual tumor in biopsies,
but no surgical resection [18]

PA revision [416]

Exluded [125]
No tumor [3], pT1a [66], pT2 [7]
PA not assessable for TB scoring [49]

pT1b EAC [291]

Excluded [39]

Follow-up missing/ inadequate [34]
Metastases of unknown primary [1]
EMR R1, with residual pT1b EAC in surgical
resection, but unavailable for PA revision [4]

Included [252]
Di Interobserver Correlation with
iscovery set
— Hospitals 1-4 [100] — agreement & |- metastases, overall &
cut-offs [22] disease free survival [100]
Validation set Correlation with
— Hospitals 5-8 [152] metastases, overall &
disease free survival [152]

Figure 1. Flow diagram of the study. NCR, National Cancer Registry; EAC, esophageal adenocarcinoma;
HGD, high-grade dysplasia; pT1a, mucosal tumor only pT2, tumor invading muscularis propria; pT3,
tumor invading adventitia; PA, pathology report/ slides/ tissue blocks; TB, tumor budding; EMR R1,
endoscopic mucosal resection with positive vertical margins..

were required to ensure a reliable pN-stage.'"” Patients treated with ER only, or those with
fewer resected lymph nodes, were only included when they developed metastases during
follow-up or, in the absence of metastases, complete follow-up data was available. Patients
were excluded when treated with neoadjuvant chemoradiotherapy or when no PA material
was available for revision. Furthermore, patients with positive vertical margins on EMR and
biopsy proven residual tumor, but no subsequent surgery were excluded, as invasion depth
was considered unreliable. Follow-up data was collected until November 2019. Patients
without metastases, who were lost to follow-up within 1,5 years or those with an unknown
cause of death within five years were also excluded.
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Evaluation of histopathological characteristics

Three experienced Gl-pathologists (FK, MD, KB) reviewed an initial 85 cases for tumor
differentiation grade, presence of LVI, submucosal invasion depth and tumor stage based
on WHO criteria,'" as previously described in detail."'® Interobserver agreement was good
to excellent for differentiation grade and presence of LVI. Measurement of invasion depth
showed moderate agreement.''® Therefore, for the remaining patients included in this study,
both LVI and grade were scored by one pathologist (FK). Invasion depth was determined
during a consensus meeting (MD and KB), using both digitalized H&E, as well as double
immunohistochemically pankeratin/ desmin stained slides (IHC). Invasion depth was further
categorized in superficial (sm1, <500um), intermediate (sm2, 501um-1000um), and deep
(sm3, >1000um) invasion according to the Paris classification.'"

Study design

Patients were divided in a discovery and a validation cohort based on the hospital where
they were treated. The discovery cohort was derived from the first four centers that had
completed all data delivery.

Initially, two pathologists (KB, FK) evaluated TB using the most frequently reported methods
to assess TB (Ueno, Ohike and Thies, see below for details) in a training set of 22 cases
from the discovery cohort (n=100). TB was evaluated both on conventional H&E slides
as well as IHC for all methods.5* %> 114116 The most reliable methods, i.e. the two methods
with highest interobserver agreement (as they showed comparable agreement), were
evaluated in the entire discovery set by one pathologist (FK). In addition, all cases from the
discovery set were subjected to different automated digital assessment methods (see below
for details). Subsequently, only the method by which TB was independently associated
with metastases, was scored by an independent investigator (LS) in the validation cohort
(n=152), on digitalized (i.e. scanned) H&E slides. To ensure interobserver agreement was
again reliable between this and previous observers, regardless the use of digitalized images,
this observer assessed TB on the same training set using corresponding digitalized images.

Endpoint

Primary endpoint was the development of metastases defined as either regional LNM in
the resection specimen after esophagectomy, or any metastases detected during follow-
up. Secondary endpoints were disease free survival (DFS), defined as the time between
surgery/endoscopic resection and the first recurrence of disease and overall survival (OS)
defined as time between surgery/endoscopic resection and death.

Immunohistochemistry (IHC)
H&E stained slides and tissue blocks were retrieved from the archives of participating
hospitals. From the tissue block corresponding with the H&E slide with deepest submucosal
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invasion, 4 um sections were cut and mounted on glass slides. The slides were deparaffinized,
followed by heat-induced antigen retrieval using standard CC1 (Ventana Medical Systems)
for 64 minutes in an automated slide staining system (BenchMark Ultra, Ventana Medical
Systems). Subsequently, slides were incubated with pankeratin (32 minutes, pankeratin
clone AE/AE3, dilution 1:800, Neomarkers, Fremont, CA, United States), Protease1 (eight
minutes) and desmin (32 minutes, De-R-11 ready to use, Ventana Medical Systems, Roche,
Tuscon, AZ, USA). For visualization, UltraView Universal Dap (Ventana Medical Systems)
for keratin and UltraView Alkaline Phosphatase Red (Ventana Medical Systems) for desmin
were used. Finally, slides were counterstained with hematoxylin.

Assessment of TB

The most frequently reported methods to assess TB in EAC, described by Ueno, Ohike
and Thies, were compared in this study.®* ¢ 11%11¢ Based on the recommendations of an
international consensus conference on TB in CRC (ITBCC) held in 2016%, a tumor bud was
defined as presence of a single tumor cell or a cluster of up to four tumor cells, completely
surrounded by stroma and lacking any glandular formation. Ueno et al, first described
the method recommended by the ITBCC for assessing and reporting TB in CRC.%% "> For
this method, the invasive front is scanned with a 10x objective lens to determine the field
(area of 0.785 mm?, 20x objective) with the highest number of TB. The total number of TB
is counted in this single hotspot area. In contrast, for the Ohike method, the entire invasive
front is screened (at 10x magnification) and the number of fields (area of 0.785 mm?, 20x
objective) with at least five TB in the entire invasive front are counted.'™ For the Thies
method, the number of TB is counted in one hotspot area of 0.189 mm? (40x objective)
as well as in ten of these hotspots at the invasive front.®* In Figure 2 these methods are all
illustrated.

Digital TB assessment

All H&E and pankeratin stained slides were digitalized, by scanning them with a 40x lens
in a single layer (Nanozoomer 2.0HT, Hamamatsu, the Netherlands). For all digital TB
assessment methods (digital tumor bud count, DTBC), all scanned images of pankeratin
stained slides were imported in Visiomorph (Visiopharm, Denmark). To ensure good quality
images all images were checked and both the invasive border and the hotspot area of
0.785 mm?*were manually delineated. In addition, a hotspot of 0.785 mm? was delineated
by Visiomorph. Digital contrast was set to a minimum to identify epithelial areas only and
to differentiate epithelium stained by pankeratin from the non-epithelial areas. In both
selected hotspots (i.e. hotspot delineated by pathologist (FK), TB HS Path, and hotspot
delineated by computer, TB HS Comp), and the entire delineated invasive front (TB/mm?2),
individually pankeratin stained areas of 60 pm? to 500 pm?were automatically markedand
countedas TB. An example is shown in Figure 3. These aforementioned cut-offs were chosen
after careful evaluation of cases in the training set where areas <60 um? were considered



Prognostic value of tumor budding in submucosal EAC | 51

artifacts and areas >500 um? did not qualify as TB. Large pankeratin positive areas as well
as debris, macrophages were automatically excluded by dedicated image analysis software
(at a 5x magnification).

Statistical analysis

High budding was defined according to previous literature: Ueno as five or more buds
(H&E)'>, for Ohike as three or more budding fields (H&E)'" and for Thies as 130 or
more buds (ten fields, pankeratin).®® Optimal cut-offs for the other, pankeratin based,
methods were calculated by maximizing the Youden-index (Supplementary Table 1).
Interobserver agreement between pathologists was analyzed using interclass correlation
coefficients (ICC; two-way mixed model, absolute agreement). Strength of agreement was
categorized as follows: poor, < 0.40; fair, 0.40-0.59; good, 0.60-0.74 and excellent, 0.75-1.00
(Supplementary Table 2).

Differences in categorical variables between groups were analyzed by chi-squared tests.
Differences in continuous variables were evaluated with the Mann-Whitney U Test. To assess
the prognostic value for risk of metastases and survival, Cox proportional hazard models
were used. In multivariable analysis, adjustments were made for both clinical (i.e. age,
gender) and histopathological characteristics including grade, LVI, invasion depth and
for survival also pN-stage. Tumor size was not incorporated due to significant amount of
missing or heterogeneous data. Moreover, when present, measurement was performed
inconsistently during endoscopy, surgery, macro- or microscopy. Analyses were performed
using SPSS-software (version 22, SPSS IBM Inc., Armonk, NY, USA) and R/R studio (version
3.6.2).

RESULTS

Patients

In total, 252 patients were eligible for inclusion in this study. Patient characteristics are listed
in Table 1. Median age was 66 years (interquartile range, IQR: 58-72) and 87% was male.
Patients were treated with either ER only, 36/252 (14%), ER followed by additional surgery,
50/252 (20%) or primary surgery, 166/252 (66%). When surgery was performed, LNM were
found in 64 of 216 (30%) patients. The total percentage of patients with any metastases i.e.
metastases detected at the time of surgery and metastases found during follow-up was
33% (83 out of 252 patients).

Most EAC were well (G1) or moderately (G2) differentiated (n=163, 65%) and in 57 cases
(23%) LVI was identified. Patients in the discovery cohort (n=100) had more invasive tumors
compared to the validation cohort (median 1700 vs. 1025 um; p=0.007). Likewise, presence
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A Methods used to assess tumor budding
Scan invasive front at medium power (10x)

Ueno: Ohike: Thies (1): Thies (2):
Count tumor buds  Count budding fields Count tumor buds in  Count tumor buds in
in “hotspot” area with at least five buds “hotspot” area ten “hotspot” areas
with most buds with most buds with most buds
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< Figure 2. A) For all methods, the entire invasive front is scanned at medium power. For the Ueno
method (recommended by the ITBCC® the total number of tumor buds (TB) in the hotspot area
(green circle) with most buds are counted, whereas for the Ohike method, budding fields (of similar
size as the hotspot area in the Ueno method) with at least five buds are counted (green and red
circles).® 64114115 The Thies method is more or less comparable, although the area size in which buds
are counted is smaller.%> B) All previously described methods, were assessed both on H&E (left) as
well as double pankeratin (epithelium= brown)/ desmin (smooth muscle=red) stained slides (right).
Immunohistochemistry can be useful in cases where the tumor-stroma interface may be obscured
(i.e. by inflammatory infiltrates) as TB are better identifiable on pankeratin stained slides compared
to H&E slides. Given variable field diameters, application of a correction factor may be necessary
to report the number of tumor buds in the equivalent of a 0.785-mm2 field. For this purpose, a
conversion table may be used, as proposed by the ITBCC.% ITBCC, international tumor budding
consensus conference; H&E, hematoxylin and eosin

of metastases was higher in the discovery cohort (38 % vs. 30%, p=0.165), and recurrences
were more frequently observed in the discovery cohort (20% vs. 11%, p=0.049). Both
cohorts were comparable regarding other clinicopathological characteristics.
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Table 1. Clinicopathological characteristics.

Patient characteristics

Entire

cohort (n=252)

Discovery
cohort (n=100)

Validation
cohort (n=152)

n % n % n % p-value®
Age, years Median, IQR 66 58-72 65 58-72 66 59-72 0.699¥
Gender Male 218 87 86 86 132 87 0.848
Female 34 13 14 14 20 13
Treatment ER 36 14 12 12 24 16 0.343
ER + Surgery 50 20 24 24 26 17
Surgery 166 66 64 64 102 67
Grade Well/ Moderate 163 65 66 66 97 64 0.723
Poor 89 35 34 34 55 36
LvI No 195 77 76 76 119 78 0.671
Yes 57 23 24 24 33 22
Invasion depth, um 1335  641-2500 1700 913-2775 1025  445-2407 0.007¥
Median, IQR
Invasion depth, um Sm1, <500 52 21 12 12 40 26 0.002
Sm2, 501-1000 49 19 15 15 34 22
Sm3, >1000 151 60 73 73 78 51
cN-stage cNx 22 9 5 5 17 1 0.076
cNO 178 71 76 76 102 67
cN1 51 20 19 19 32 21
cN2 0 0 0 1
cN3 0 0 0 0 0 0
pN-stage PNx 38 15 13 13 25 16 0.442
pNO 150 60 62 62 88 58
pN1 43 17 14 14 29 19
pN2 18 7 9 9 6
pN3 3 1 2 1 1
Metastasesco No 169 67 62 62 107 70 0.165
Yes 83 33 38 38 45 30
No 169 62 62 107 70 0.058
LNM 51 21 21 30 20
Distant 10 2 1
LNM + distant 22 13 9
Recurrence No 214 85 79 79 135 89 0.049
Yes 37 15 20 20 17 11
OS, months Median, IQR 58 28-89 58 26-82 58 30-91 0.916*
DFS, months Median, IQR 56 25-89 56 20-82 56 27-90 0.959¥
Tumor budding Low 153 61 48 48 105 69 0.001
(Ohike H&E) High 99 39 52 52 47 31

*Chi-squared test unless indicated otherwise. ¥Mann-Whitney U test; ccLymph node metastases at surgery
and/ or metastases during follow-up; N, number of cases; IQR, interquartile range; ER endoscopic resection; LVI,
lymphovascular invasion; sm, submucosal; OS, overall survival; DFS, disease free survival; H&E, hematoxylin and

eosin.
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Interobserver agreement

In all three methods assessed by the two pathologists, application of IHC increased
the identification of TB, but decreased agreement between pathologists compared to
assessment on H&E. The Ueno (ICC H&E, 0.962; IHC, 0.755) and Ohike (ICC H&E, 0.907; IHC,
0.859) methods both showed comparable, highest agreement in the training set (see
Supplemental Table 2) and were further evaluated in the entire discovery cohort. Both
Thies methods showed lower agreement and were therefore disregarded from further
analysis in the discovery cohort. The independent observer used for the validation cohort,
assessed the same training set, and again excellent interobserver agreement was reached
(ICC H&E, 0.809).

TB and metastases risk

We first evaluated the association of primary clinicopathological characteristics including
TB with prevalence of metastases in the discovery cohort (n=100). In univariable analysis
poor differentiation grade, submucosal invasion depth, presence of LVI and TB according to
all but the Ueno (H&E) and TB HS Path methods, were all associated with higher prevalence
of overall metastases (Supplementary Table 3). In multivariable analysis, high TB according
to the Ohike method was the only method independent of other risk factors and associated
with a 2.5 fold increased risk (95% Cl 1.03-5.98) of metastases when assessed on IHC and
1.8 fold increased risk (95% Cl 0.80-3.92) when assessed on H&E (Supplementary Table 4).

In the validation cohort (n=152), LVI, increased invasion depth and high TB according
to Ohike (H&E), but not poor grade, were associated with presence of metastases. In
multivariable analysis, only LVl and invasion depth remained prognostic when corrected
for other variables (Supplementary Table 5).

When both cohorts were analyzed together (n=252), TB was associated with all previously
described risk factors (Table 2) and remained prognostic for metastases (HR 1.7, 95% Cl
1.04-2.76) when corrected for LVI (HR 3.3, 95%Cl 2.11-5.29), invasion depth (HR 1.1, 95% ClI
1.03-1.17) and grade (HR 0.96, 95%Cl 0.61-1.51) (Table 3).

TB and survival

Median DFS was 56 months (IQR 25-89 months) and median OS was 58 months (IQR 28-
89). When patients were stratified based on TB, patients with high TB according to Ohike
had shorter DFS (p=0.023) and OS (p<0.001) (Figure 4). Indeed, high TB as well as increased
age, poor grade, LVI, invasion depth and presence of LNM at time of surgery (pN+) were all
associated with adverse OS. However, in multivariable analysis only age, presence of LVI
and pN+ were independent prognostic factors. Similarly, although LVI, pN+ and TB (but not
grade and invasion depth) were significant adverse prognostic factors for DFS in univariable
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analysis, only LVl and pN+ remained independently associated when correcting for other
variables (Supplementary Table 6).

Table 2. Pathologic features and metastases according to tumor budding status assessed by the
Ohike method (H&E).

Tumor budding

Low, n=153 High, n=99

n (%) n (%) p-value*
Grade
Well/ Moderate 118 (77) 45 (45) <0.001
Poor 35(23) 54 (55)
LvI
No 129 (84) 66 (67) 0.001
Yes 24 (16) 33(33)
Invasion depth, pm
Sm1, <500 40 (26) 12(12) <0.001
Sm2, 501-1000 41 (27) 8(8)
Sm3, >1000 72 (47) 79 (80)
Metastases**
No 119 (78) 50(51) <0.001
Yes 34(22) 49 (49)

*Chi-squared test. ** Lymph node metastases at surgery and/ or metastases during follow-up; n, number of
cases; LVI, lymphovascular invasion; sm, submucosal; H&E, hematoxylin and eosin.
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Table 3. Tumor budding according to the Ohike method is associated with an increased risk of
metastases independent of other unfavorable histological characteristics in the entire cohort.

Metastases* Univariable COX regression  Multivariable COX regression
HR (95% Cl) HR (95% Cl)
Grade
G1/G2 117 (72) 46 (28) Ref. 0.036 Ref. 0.594
G3 52(58) 37 (42) 1.59(1.03-2.45) 0.88(0.55-1.41)
LvI
No 151 (77) 44 (23) Ref. <0.001 Ref. <0.001
Yes 18 (32) 39 (68) 3.70(2.39-5.73) 3.34(2.11-5.29)
Invasion depth**
Median, IQR 1010 2100 1.12**(1.06-1.19)  <0.001 1.10**(1.03-1.17) 0.004
(470-2195) (1140-
3450)

Tumor budding
Low 119 (78) 34(22) Ref. 0.001 Ref. 0.034
High 50(51) 49 (49) 2.52(1.62-3.91) 1.69 (1.04-2.76)

Age and gender were not significant in univariable analysis (p > 0.2). *Lymph node metastases at surgery and/ or
metastases during follow-up. **Continuous variable, HR invasion depth per 500 um increase. n, number of cases; HR,
hazard ratio; Cl, confidence interval; Ref., reference; LVI, lymphovascular invasion.
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E 08 E 08 m_.
s E e bt < b b o .
I 06 o 06
= =
E 04 E 04
=) >
€ €
3 3 Low buddi
p-value <0.001 p-value 0.023 —— Low budding
00| (log-rank) ' oo (log-rank) High budding
0 60 120 180 240 300 0 60 120 180 240 300
Overall Survival (Months) Disease Free Survival (Months)
Number of patients at risk Number of patients at risk
Low budding 152 81 23 5 1 0 152 80 22 5 1 1
High budding 100 40 9 1 0 100 39 9 1 0

Figure 4. Kaplan-Meier curves for overall survival and disease free survival in the entire combined
cohort stratified by tumor budding according to the Ohike method'* indicate high budding
associates with adverse survival.
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DISCUSSION

Treatment strategy and outcome in patients with pT1b EAC are determined by the risk
of metastases weighed against the risk of harm due to additional surgical treatment. Our
results support the use of TB for improved risk stratification. In early pT1a CRC, high TB is
an increasingly recognized predictor of LNM status (relative risk 5.1, 95% Cl 3.6-7.3) and
associated with poor survival in stage Il CRC (HR: 3.7, 95% Cl 2.2-6.3).60.63. 113,115,120

In this study, frequently reported methods to assess TB were compared for their reliability
and association with metastases and survival in a national cohort of patients with pT1b EAC.
The Ueno and Ohike method were considered most reliable as they showed comparable,
highest interobserver agreement. Both methods were associated with overall metastases
in the discovery cohort, regardless the use of IHC, but only the Ohike method (IHC-based)
was independently associated when correcting for other risk factors.

To date, the use of IHC is debated as relatively few have evaluated TB by IHC. It is currently
recommended to be used as an adjunct only. For example, when a prominent inflammatory
infiltrate is present, as this may obscure TB (Figure 2B).%° In this study, prognostic strength
was comparable regardless of the use of IHC. However, although IHC increased the
identification of TB, it decreased interobserver agreement for all methods. This finding
has been described previously,'?' and may be explained by staining of apoptotic tumor
cells or small residual ductal structures destroyed by inflammation, and highlighted by
IHC. These problems are usually well interpreted by a pathologist, but a computer will
falsely identify these as TB, explaining the lack of association with metastases of the digital
approaches tested. In line with this hypothesis, a recent study based on presentation of
3000 TB identified by pankeratin-based digital image analysis algorithms, evaluated by
seven members of the ITBCC, showed only full agreement in 34%.'?2

Therefore, we aimed to validate the Ohike method based on conventional H&E instead
of IHC stained slides. Generally, the same results were found as in the discovery cohort,
except that TB was not significantly prognostic anymore. This could be due to the use of
H&E, as well as the sample size and small differences between both cohorts. Patients in the
discovery cohort had more invasive tumors, more metastases, more recurrences and more
often high TB. In the entire cohort, high TB according to the Ohike method remained an
independent prognostic predictor for metastases. Interestingly, the increased risk of high
TB is most apparent in the absence of LVI.

Only one previous study described TB in early EAC and showed high TB (according to
the Ohike method) to be prognostic for LNM and survival.®* However, this study included
patients with both mucosal (pT1a) and submucosal (pT1b) EAC, all treated with surgical
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resection. Our study excluded patients with pT1a cancers, because of the known lower
risk of metastases, for which ER is recognized as a safe and efficient treatment. In addition,
our study included patients treated with ER only, as exclusion of these patients may result
in selection bias towards patients with poor prognostic histological features. Because no
lymph nodes were resected in patients who were only treated endoscopically, complete
follow-up was required.

Surprisingly, the Ueno method, recommended by the ITBCC to be used for CRC reporting,
was not associated with metastases when correcting for other risk factors in our study. The
main difference between the Ueno and the Ohike method is the area size in which TB is
assessed. Furthermore, the ITBCC recommends a 3-tiered system (low, 0-5; intermediate,
6-9; high, 10 or more TB), while we used the dichotomous system (high: five or more TB)
that was originally described by Ueno et al.’® "> However, no difference in results were
identified using either of these approaches. In the Ohike method, the number of budding
fields, of similar size as a “hotspot” in the Ueno method, are counted with at least five
buds. This method is therefore considered more representative of the entire invasive front.
Conversely, the ITBCC recommends the hotspot method, as counting multiple fields may
‘dilute’ final TB score in cases with extensive focal TB. Consequently, this is the method
used in the vast majority of CRC studies.®® To our knowledge, the Ohike method has not
been evaluated in CRC.

Limitations of the present study include its retrospective study design. Furthermore, there
is a chance of overestimating the number of metastases by excluding patients without
metastases but with incomplete follow-up. In addition, tumor size was not taken into
account in multivariable analysis due to large amount of missing data. Tumor size may be
particularly important for the Ohike method as in small tumors obviously, less field areas are
present. Furthermore, even more methods have been described to assess TB, especially in
CRC.f0.63.110.123.124 O the other hand, this is the first large study on TB in pT1b EAC, comparing
different frequently described methods to assess TB, both assessed on H&E and IHC and
including digitalized automated methods.

In summary, TB assessment according to the Ohike method (H&E) is reproducible and
improves risk stratification in pT1b EAC, independently from other commonly used risk
factors. The clinical relevance of TB in pT1b EAC needs to be confirmed in independent
studies.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1. Cut-off values for tumor budding (TB) on conventional H&E and
immunohistochemically (IHC, pankeratin) stained slides for the different methods used to assess TB,
as well as for the automated digital TB count.

High tumor Positive if Sensitivity ~ 1-Specificity ~ Specificity Youden
budding greater than index
or equal to
H&E
Ueno > 5 buds Based on previous literature''s
Ohike >3 budding fields ~ Based on previous literature'"*
Thies, 1 field > 14 buds 13 0,71 0,067 0,933 0,647
Thies, 10 fields > 52 buds 51,5 0.71 0,067 0,933 0,647
IHC
Ueno > 38 buds 37,75 0,71 0,133 1 0,581
Ohike >7 budding fields 6,5 0,71 0,133 1 0,581
Thies, 1 field > 15 buds 14,25 0.86 0,2 0,8 0,657
Thies, 10 fields > 130 buds Based on previous literature®
TB/mm? =21 buds 20,5 0,71 0,267 1 0,447
TB Hotspot > 34 buds 33 0,71 0,2 1 0,514
Comp
TB Hotspot > 50 buds 49,5 0,71 0,2 1 0,514
Path

H&E, hematoxylin and eosin; IHC, immunohistochemistry (pankeratin)
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Supplementary Table 2. Interobserver agreement for assessing tumor budding using different
methods.5> 114113

Two observers (KBI, FK) ICC 95% Cl Interpretation
H&E

Ueno, buds 0.962 0.909-0.984 excellent
Ohike, budding fields 0.907 0.791-0.960 excellent
Thies, 1 field 0914 0.803-0.964 excellent
Thies, 10 fields 0.737 0.469-0.881 good
IHC

Ueno, buds 0.755 0.498-0.890 excellent
Ohike, budding fields 0.859 0.525-0.949 excellent
Thies, 1 field 0.739 0.470-0.882 good
Thies, 10 fields 0.673 0.357-0.850 good
Three observers (KBI, FK, LS)

Ohike, budding fields H&E 0.809 0.654-0.908 excellent

ICC, intraclass correlation coefficient; Cl, confidence interval; H&E, hematoxylin and eosin; IHC,
immunohistochemistry (pankeratin)
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Supplementary Table 3. Univariable COX regression analysis for metastases in the discovery set.

Metastases Discovery set (n=100)

Variable (first = ref.) No, N (%) Yes, N (%) 95% Cl

Age, years* 65 (58-73) 66 (57-72) 0.98 0.84-1.16 0.842

Gender, male vs. 52 (60) 34 (40) 0.60 0.21-1.69 0.334

female 10(71) 4(29)

H&E

Grade, Well/ Moderate vs. 48 (73) 18 (27) 2.86 1.50-5.45 0.001

Poor 14 (41) 20 (59)

LVI, absent vs. 60 (79) 16 (21) <0.001

present 2(8) 22(92) 7.72 3.92-15.2

Invasion depth, um* 1500 (830- 2095 (1275- 1.15 1.05-1.26 0.002

median, IQR 2425) 3645)

Ueno, <4 vs > 5 buds 26 (74) 9(26) 2.01 0.95-4.25 0.069
36 (55) 29 (45)

Ohike, <2 vs > 3 budding fields 38(79) 10 (21) 3.10 1.50-6.40 0.002
24 (46) 28 (54)

IHC

Ueno <37 vs > 38 buds 41(72) 16 (28) 0.022
21 (49) 22 (51) 2.14 1.11-4.08

Ohike <6 vs > 7 budding fields 43 (83) 9(17) <0.001
19 (39) 29 (60) 4.73 2.23-10.1

TB/mm? <20 vs > 21 buds 35(76) 11 (24) 0.030
27 (55) 22 (45) 223 1.08-4.62

TB HS Comp <33 vs > 34 buds 35(73) 13(27) 0.035
27 (54) 23 (46) 2.08 1.05-4.13

TB HS Path <49 vs > 50 buds 39 (65) 21(35) 0.710
23 (61) 15 (39) 1.13 0.58-2.20

*Continuous variable, HR age per 5 years. HR invasion depth per 500 um increase. Ref,, reference; N, number
of cases; HR, hazard ratio; Cl, confidence interval; LVI, lymphovascular invasion; H&E, hematoxylin and eosin; IHC,
immunohistochemistry (pankeratin); TB, tumor budding.
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Supplementary Table 4. Multivariable COX regression analysis for metastases in the discovery set.*

Variable (first = ref.) HR 95% Cl p-value
H&E

Ueno, <4 vs = 5 buds 1.25 0.57-2.73 0.573
Ohike, <2 vs > 3 budding fields 1.77 0.80-3.92 0.162
IHC

Ueno <37 vs = 38 buds 1.06 0.52-2.16 0.869
Ohike <6 vs = 7 budding fields 2.48 1.03-5.98 0.038
TB/mm? <20 vs = 21 buds 1.10 0.48-2.52 0.817
TB HS Comp <33 vs = 34 buds 1.53 0.72-3.25 0.274

*Adjusted for grade, lymphovascular invasion and invasion depth as continuous variable. Ref., reference; HR,
hazard ratio; Cl, confidence interval; H&E, hematoxylin and eosin; IHC, immunohistochemistry (pankeratin)

Supplementary Table 5. Univariable and multivariable COX regression analysis for metastases in
the validation set.

Metastases Validation set (n=152)

Variable (first = ref.) No, n (%) Yes, n (%) HR 95% Cl p-value

Univariable COX regression analysis

Age, years*

median, IQR 66 (58-72) 67 (60-72) 1.04 0.89-1.22 0.606

Gender, male vs. 91 (69) 41 (31) 0.64 0.23-1.78 0.392

female 16 (80) 4 (20)

Grade, Well/ Moderate vs. 69 (71) 28(29) 1.09 0.59-1.98 0.792

Poor 38(69) 17 (31)

LVI, absent vs. 91 (76) 28 (24) 2.29 1.25-4.19 0.007

present 16 (48) 17 (52)

Invasion depth, um* 865 (348-2140) 2100 (925- 1.10 1.02-1.19 0.013

median, IQR 3230)

Ohike, <2 vs 81(77) 24 (23) 0.016

> 3 budding fields 26 (55) 21 (45) 2.06 1.14-3.70
Multivariable COX regression analysis

Grade, Well/ Moderate vs. Poor 0.71 0.37-1.36 0.303

LVI, absent vs. present 2.23 1.19-4.21 0.013

Invasion depth, um* 1.10 1.01-1.19 0.030

Ohike, <2 vs > 3 budding fields 1.61 0.84-3.09 0.151

*Continuous variable, HR age per 5 years. HR invasion depth per 500 um increase. Ref,, reference; N, number
of cases; HR, hazard ratio; Cl, confidence interval; H&E, hematoxylin and eosin; IHC, immunohistochemistry
(pankeratin); LVI, lymphovascular invasion.
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Supplemental Table 6. Tumor budding is not prognostic for survival.

Overall Survival (n=252) Disease Free Survival (n=252)

Variable (first = ref.) HR 95% Cl p-value HR 95% Cl p-value

Univariable COX regression analysis

Age, years* 121 1.10-1.33 <0.001 1.01  0.85-1.19 0.949
Gender, male vs. female 0.67 0.37-1.22 0.187 0.50 0.15-1.63 0.252
Treatment 0.211 0.247
ER vs. ER + Surgery 0.74  0.36-1.51 0.407 1.78  0.44-7.11 0417
ER vs. Surgery 1.21 0.72-2.04 0.477 257  0.78-845 0.121
Grade, Well/ Moderate vs. Poor 1.48 1.04-2.11 0.028 165 0.86-3.17 0.130
LVI, absent vs. present 2.66 1.82-3.90 <0.001 458 2.40-8.75 <0.001
Invasion depth, um* 1.05 1.00-1.11 0.033 1.08  0.99-1.17 0.088
pN-stage, <0.001 <0.001
pNO vs. pN+ 293 1.99-4.29 <0.001 4.31 2.18-8.52 <0.001
pNO vs. pNx 121  0.70-2.08 0.498 0.69  0.20-2.39 0.558
Ohike, <2 vs > 3 budding fields 1.88 1.33-2.66 <0.001 2.08 1.09-3.98 0.026

Multivariable COX regression analysis

Age, years* 1.23 1.12-1.35 <0.001

Grade, G1/2 vs. G3 1.28 0.87-1.88 0.217

LVI, absent vs. present 1.90 1.26-2.88 0.002 3.11 1.54-6.26 0.002
Invasion depth, um* 1.02  0.96-1.07 0.594

pN-stage 0.001 0.007
pNO vs. pN+ 2.27 1.46-3.52 <0.001 2.94 1.39-6.20 0.005
pNO vs. pNx 1.04  0.59-1.81 0.898 069 0.20-2.37 0.551

Ohike, <2 vs. > 3 budding fields 110  0.72-1.68 0.672 112 0.56-2.26 0.752

*Continuous variable, HR age per 5 years. HR invasion depth per 500 um increase. Ref,, reference; N, number of
cases; HR, hazard ratio; Cl, confidence interval; ER, endoscopic resection; LVI, lymphovascular invasion.
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Background: To date no informative biomarkers exist to accurately predict presence
of lymph node metastases (LNM) in esophageal adenocarcinoma (EAC).

Methods: We studied the discriminative value of Olfactomedin 4 (OLFM4), an
intestinal stem cell marker, in EAC. Patients who had undergone esophagectomy as
single treatment modality for both advanced (pT2-4) and early (pT1b) adenocarcinoma
of the esophagus or gastro-esophageal junction were selected for this study from
an institutional database (Erasmus MC University Medical Center, Rotterdam, The
Netherlands). Surgical resection specimens of 196 advanced and 44 early EAC were
examined. OLFM4 expression was studied by immunohistochemistry and categorized
as low (<30%) or high (>= 30%) expression.

Results: Low OLFM4 was associated with poor differentiation grade in both advanced
(60% vs. 34.8%, p=0.001) and early EAC (39.1% vs. 9.5%, p=0.023). LNM were present
in 161 (82.1%) of advanced and 9 (20.5%) of early EAC respectively. Low OLFM4 was
independently associated with the presence of LNM in advanced EAC in multivariable
analysis (OR 2.7; 95% Cl, 1.16-6.41; p= 0.022), but not in early EAC (OR 2.1; 95% Cl,
0.46-9.84; p= 0.338). However, the difference in association with LNM between
advanced (OR 2.7; 95% Cl, 1.18-6.34; p=0.019) and early (OR 2.3; 95% Cl, 0.47-11.13;
p=0.302) EAC was non-significant (p= 0.844), suggesting that the lack of significance
in early EAC is due to the small number of patients in this group. OLFM4 was not of
significance for the disease free and overall survival.

Conclusions: Overall, low expression of intestinal stem cell marker OLFM4 was
associated with the presence of LNM. Our study suggests that OLFM4 could be an
informative marker with the potential to improve preoperative assessment in patients
with EAC. Further studies are needed to confirm the value of OLFM4 as a biomarker
for LNM.
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INTRODUCTION

Esophageal cancer is a common cancer with high incidence and mortality rate, with an
estimated 456 000 new cases and 400 000 deaths worldwide in 2012,"* mostly due to
diagnosis at advanced incurable stages with limited treatment options. Different histologic
types exist, with esophageal squamous cell carcinoma (ESCC) and adenocarcinoma (EAC)
being the most frequently encountered types. While ESCC incidences decline, EAC has
been one of the fastest rising malignancies in Western countries.’? 27 Highest incidence
rates per 100.0000 person-years for EAC have been observed in the UK (7.2 in men, 2.5 in
women) and the Netherlands (7.1 in men and 2.8 in women).'?

Metastases to the regional lymph nodes is the most important prognostic factor in EAC
patients undergoing treatment with curative intent.”?3° Accurate pretreatment assessment
of nodal status is thus important for both advanced and early lesions. In early EAC, patients
eligible for endoscopic treatment only (i.e. not followed by surgical resection) should
have a minor risk of LNM, because of the inability to perform a lymphadenectomy during
endoscopic resection. However, despite all currently available clinical diagnostic modalities
(especially EUS, CT and PET) clinical assessment of nodal status is still suboptimal. 23
Therefore, a more reliable tool is urgently needed in both advanced and early EAC.

Olfactomedin 4 (OLFM4, formerly known as hGC-1 or GW112) might be an interesting
candidate biomarker in this context. It is a secreted glycoprotein, originally identified as
a glycoprotein expressed in the olfactory neuroepithelium of bullfrogs. *' OLFM4 was
first cloned from human myeloblasts and is mainly expressed in the gastro-intestinal tract
(stomach, small intestine and colon), prostate and bone marrow.”? In human colon crypts,
OLFM4 co-localizes with LGR5+ intestinal stem cells.'*® OLFM4 positive cells are also found
in gastric intestinal metaplasia and Barrett’s esophagus (BE), where it is confined to the
base of metaplastic glands, in a similar way as in colon crypts, with gradually increased
expression during dysplastic progression.®® OLFM4 is regulated by G-CSF,'* the transcription
factor NF-kappaB,'**'** and the Wnt/B-catenin pathway'¢ and can mediate cell adhesion
through its interactions with extracellular matrix proteins such as cadherins and lectins.™’

In gastric cancer, low OLFM4 expression is correlated with poor differentiation grade and the
presence of LNM, as well as with adverse survival 7213813 Similarly, decreasing frequencies
of expression along with cancer progression have been found in breast, endometrial,
prostate and colon carcinoma amongst others.5”-5%71.140 Because no data on OLFM4 in EAC
are available yet, this study was undertaken to investigate the association between OLFM4
and presence of LNM and prognosis in both advanced and early EAC. We hypothesized low
OLFM4 expression in EAC is associated with the presence of LNM and could be a potential
biomarker for stratification of patient treatment.
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METHODS

Patient selection & study design

Patients who underwent esophagectomy with curative intent for pathologically confirmed
pT2-pT4 adenocarcinoma of the esophagus or gastro-esophageal junction between 1995
and 2016 in the Erasmus MC University Medical Center, Rotterdam were selected for this
study. Patients were identified from a prospectively collected institutional database. To
assure accurate pathological LNM status, patients treated with surgical resection and at least
12 lymph nodes in the resection specimen were included. Patients with concurrent cancer(s)
in other organs and/or those dying from surgical complications (survival < 1 month) were
excluded as well as patients that received (neo-) adjuvant chemoradiation therapy ((n)CRT).
In addition, all patients with early (pT1b) EAC, treated between 1992 - 2014 at the Erasmus
MC, were investigated. These patients were treated by either primary esophagectomy or
endoscopic resection followed by esophagectomy because of poor prognostic criteria
found in the endoscopic resection specimen. To increase patient numbers in the early EAC
group, patients with early EAC and less than 12 pathologically examined lymph nodes, but
available follow-up for more than 60 months were also included.

Clinical and pathological data had been prospectively collected, including age at surgery,
sex, tumor location and size, surgical technique, resection margin status, differentiation
grade, presence (pN-/ pN+) and number (pNO-3) of pathologically confirmed lymph node
metastasis and disease free survival (DFS) and overall survival (OS). Resection margin
positivity was defined as presence of tumor cells in the (inked) resection margin (definitions
according to the College of American Pathologists (CAP))."*' Recurrence was defined as
either locoregional or distant during follow-up, which was either a clinical diagnosis and
sometimes pathologically confirmed. DFS was defined as time between the date of surgery
and first occurrence of disease progression. OS was defined as time between surgery and
death. Patients lost to follow-up were censored at the time of the last visit to the outpatient
clinics. The TNM system according to the UICC seventh edition was used for pathological
grading and staging.'”® However, corresponding to the eighth edition, which shows no
changes in the definitions of the T, N, and M categories, only carcinomas with their epicenter
within the proximal 2 cm of the cardia (Siewert types | and Il tumors) were included.?

Specimen characteristics

The hematoxylin-eosin stained slides and tissue blocks were retrieved from the archives of
the Department of Pathology at the Erasmus MC University Medical Center and re-assessed
for tumor staging, grading and additional immunohistochemical staining (IHC) for OLFM4,
From the most representative slide with deepest tumor invasion, the FFPE block was selected
and 4 um thick sections were cut from this block. OLFM4 (clone DIE4M, Cell Signalling ref.
14369) staining was performed using an automated immunostainer (BenchMark Ultra,
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Ventana Medical Systems, Roche, Tuscon, AZ, USA). In brief, deparaffinization according to
BenchMark Ultra protocol and antigen retrieval by CC1 antigen retrieval solution (64 min,
ref. 950-124, Ventana Medical Systems) were performed. Tissues were incubated with the
primary antibody OLFM4 (32 min, dilution 1:400). Detection was performed with UltraView-
DAB (ref. 760-500, Ventana Medical Systems) and amplification with Amplification Kit (ref.
760-080 Ventana Medical Systems). Next, the slides were counterstained with hematoxylin
(ref: 790-2208, Ventana Medical Systems) and coverslipped. Each slide contained normal
colon tissue as a positive control. Furthermore, normal tissue surrounding the tumor was
evaluated for its physiological expression of OLFM4 and to assess background staining.
OLFM4 expression was scored based on the percentage of tumor cells with cytoplasmic
OLFM4 staining. In addition, the H-score based on predominant staining intensity (no
/ weak/ moderate/ strong staining) was initially scored in a discovery set (n=57). When
present in the same slide (adjacent to tumor) OLFM4 expression was also evaluated in non-
dysplastic Barrett's esophagus (NDBE). Barrett's esophagus was defined by metaplasia of
the pre-existent squamous epithelium into columnar epithelium containing goblet cells.’
All OLFM4 stained slides were reviewed independently by two investigators (LS and FK),
blinded to the clinical and pathological outcome. In case of disagreement, a consensus
was reached by review by both investigators. Specifically, 126 out of 240 cases showed
a relatively small difference (1-10%) in scoring, of which the numbers were averaged. In
32 cases a difference of more than 10% was found, and a consensus was reached in a
consensus meeting.

Statistical analysis

The optimal cut-off value of OLFM4 expression was based on receiver operating
characteristic (ROC) curve analysis in advanced EAC, and corresponding Youden index
(Supplementary Figure 1). Based on this evaluation, low OLFM4 was defined as < 30%
expression, otherwise OLFM4 was considered to be high. The interobserver variation for
the assessment of OLFM4 staining between the two observers was calculated using the
intraclass correlation coefficient. Strength of agreement was categorized as follows: 0.00-
0.20, poor; 0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80, good; and 0.81-1.00, excellent.

Required sample size was not calculated a priori as no pilot data on OLFM4 in EAC was
available to determine an expected effect size and it was also predetermined by study
constraints. Differences between the advanced and early EAC cohorts were analyzed using
Student’s t test for normal distributions and the Mann-Whitney U test for non-normal
distributions of continuous variables, and Pearson’s chi-squared (x2) test for categorical
variables. Normality of distributions were assessed using the Shapiro-Wilk Test of Normality
and by looking at the histogram plot. Correlations between clinicopathological variables
and OLFM4 expression were analyzed using x2- test or Fisher’s exact test. Multivariable
logistic regression was used to calculate independent associated factors for LNM in the
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resection specimen (pN+). Only variables that were statistically significant in univariable
analysis were included in multivariable analysis. To investigate whether the association
of OLFM4 was different in advanced and early EAC we performed a logistic regression
analysis containing all relevant confounders, OLFM4 status, early or advanced EAC and the
interaction between OLFM4 status and early or advanced EAC.

Kaplan Meier curves were used to plot the 5-year DFS and OS by OLFM4 status and the
distribution was analyzed using the log-rank test. Uni- and multivariable Cox proportional
hazard models were applied to calculate the association between OLFM4 and survival. In
multivariable analysis all clinical and pathological factors which proved to be prognostic for
survival in univariable analysis were included (p<0.05). Statistical analysis was performed
using SPSS-software (version 22, SPSS IBM inc, Armonk, NY, USA). A p-value of <0.05 (two-
sided) was considered statistically significant. This study was reported according to the
Reporting recommendations for tumor marker prognostic studies (REMARK, Supplementary
Table 1)."#

Ethical approval
This study was approved by the institutional review board (medical ethical committee)
from the Erasmus Medical Center (Rotterdam, The Netherlands).

Advanced EAC Early EAC

Surgically treated patients
with advanced EAC

Surgically (+- EMR) treated
patients with submucosal EAC

Exclusion criteria:
-concurrent cancer(s)
-nCRT
- OS <1 monh
- no slides/tissue available
n=291

(pT2-4, 1995-2016), n=598

(pT1b, 1992-2014), n=84

<12 LN examined,
n=111

307

>
I}

OLFM4 IHC on
representative slide

with tumor, n=196

o]

Exclusion criteria:
-concurrent cancer(s)
-nCRT
- OS <1 monh
- no slides/tissue available
n=26

<12 LN examined,
and FU <60 months, n=13

OLFM4 IHC on
representative slide

with tumor, n=44

Scoring by two investigators
blinded from clinical data

Correlation with clinico-
pathological parameters

Figure 1. Flow diagram depicting the flow of patients throughout the study. EAC, esophageal
adenocarcinoma; nCRT, neo-adjuvant chemo-radiation therapy; OS, overall survival; FU, follow-up, LN,
lymph nodes; OLFM4, Olfactomedin 4; IHC, inmunohistochemistry
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RESULTS

Patient characteristics

A diagram depicting the flow of patients throughout the study is shown in Figure 1. Out
of 240 EAC patients investigated in this study, 196 had advanced EAC (pT2-4) and 44 early
EAC (pT1b). Clinicopathological characteristics are listed in Table 1.

Pattern of OLFM4 expression

In total, 240 EAC resection specimens were assessed for OLFM4 expression. The interobserver
agreement for OLFM4 assessment was “good” to “excellent” between the two observers with
an intraclass correlation co-efficient of 0.871 (95% Cl, 0.782-0.918). However, the H-score
resulted in a poor interobserver agreement (Cohen'’s kappa 0.2) and was disregarded from
further analysis. In normal esophageal tissue (without presence of Barrett’s esophagus),
OLFM4 expression was absent (Supplementary Figure 2). In total, 87 (36.2%) EACs showed
high OLFM4 expression and 153 (63.8%) EACs showed low OLFM4 expression (Figure 2).
Mostly, expression of OLFM4 was homogeneous, but occasionally, heterogeneous OLFM4
expression was observed, with predominantly high OLFM4 expression towards the lumen
and absence of OLFM4 expression towards the invasive front (Supplementary Figure 3).
Non-dysplastic Barrett’s esophagus (NDBE) showed a similar staining pattern as normal
human colon, with cytoplasmic OLFM4 expression in the crypt basis (Figure 2). As in NDBE,
OLFM4 expression was noted in the cytoplasm of the EAC cells (Figure 2C).

OLFM4 expression and clinico-pathological characteristics in advanced
and early EAC

In advanced EAC, 78 out of 130 (60%) cases with low OLFM4 expression were poorly
differentiated, compared to 23 out of 66 (34.8%) EAC with high expression (p= <0.001,
Table 2). A similar association between differentiation grade and OLFM4 expression was
found in early EAC (9/23 (39%) vs. 2/21 (10%), p= 0.023). Low OLFM4 expression was also
associated with presence of pathologically confirmed LNM at the time of resection in EAC
(119/153 (78%) vs 51/87 (59%), p= 0.002). In advanced EAC OLFM4 was associated with
LNM (113/130 (87%) vs 48/66 (73%), p= 0.014), but not in early EAC (6/23 (26%) vs 3/21
(14%), p= 0.332).

To identify the odds ratio (OR) of clinicopathological characteristics for presence of LNM
in EAC, uni- and multivariable logistic regression analysis were performed (Table 3). In
multivariable analysis, positive resection margin (OR 7.8, 95% Cl, 1.70-35.68, p= 0.008),
higher pT-stage (pT34, OR 4.0; 95% Cl, 1.53-10.29, p= 0.005) and low OLFM4 expression
(OR 2.7;95% Cl, 1.16-6.41; p= 0.022) were identified as independent prognostic variables
for LNM in advanced EAC. In contrast, no independently prognostic variables were found
in early EAC. However, in the combined cohort the interaction test showed no significant
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Table 1. Patient characteristics.*

All patients ~ Advanced EAC Early EAC Advanced
(Advanced + (pT2-4) (pT1b) vs Early
Early)
p-value*
Age, years (mean [SD]) 63 (10) 63 (10) 62 (9) 0.4458
Sex (n[%]) Male 199 (82.9) 165 (84.2) 34(77.3) 0.271
Female 41(17.1) 31(15.8) 10(22.7)
Surgery (n[%]) Transhiatal 150 (62.5) 120 (61.2) 30 (68.2) <0.001
Transthoracal 69 (28.8) 67 (34.2) 2(4.5)
Total/ Partial 9(3.7) 8(4.1) 1(2.3)
Gastric
Unknown 12(5.0) 1(0.5) 11 (25)
Siewert Type 1 114 (47.5)  80(40.8) 34(77.3) <0.001
classification,¥ (n[%])
Type 2 125 (52.1) 116 (59.2) 9(20.5)
Tumor size, nmY (mean [SD]) 46.6 (24.2) 50.6 (23.8) 27.4(15.8) <0.0018§
Radicality (n[%]) RO 179 (74.6) 135 (68.9) 44 (100) <0.001
R1 61(25.4) 61(31.1) 0(0)
Grade (n[%]) Well / Moderate 128 (53.3) 95 (48.5) 33(75) 0.001
Poor 112 (46.7) 101 (51.5) 11(25)
pT (n[%]) pT1b 44(18.3) 0(0) 44 (100) <0.001
pT2 25(10.4) 25(12.8) 0(0)
pT3 168 (70.0) 168 (85.7) 0(0)
pT4 3(1.3) 3(1.5) 0(0)
pN (n[%]) pNO 70(29.2) 35(17.9) 35(79.5) <0.001
pN1 49 (20.4) 44 (22.4) 5(11.4)
pN2 54 (22.5) 51(26.0) 3(6.8)
pN3 67 (27.9) 66 (33.7) 1(2.3)
pN-/ pN+ (n[%]) pN- 70(29.2) 35(17.9) 35(79.5) <0.001
pN+ 170(70.8) 161(82.1) 9(20.5)
Total LN (median [IQR]) 18 (14-26) 19 (15-27) 14 (8-17) <0.001°
LNM (median [IQR] 3(0-7) 4(1-8) 0(0-0) <0.001°
Recurrence,1 n[%]) No 98 (40.8) 66 (33.7) 32(72.7) <0.001
Yes 140 (58.3) 130 (66.3) 10(22.7)
Locoregional recurrence, ¥ (n[%])
No 163 (67.9) 123 (62.8) 40 (90.9) <0.001
Yes 76 (31.7) 73(37.2) 3(6.8)
Distant recurrence,1  No 126 (52.5) 94 (48.0) 32(72.7) <0.001
(n[%])
Yes 112 (46.7) 102 (52.0) 10(22.7)

Continue
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Continued

All patients Advanced EAC Early EAC Advanced
(Advanced + (pT2-4) (pT1b) vs Early

Early)

n=196 = p-value*

pN+ and/ or recurrence,¥ (n[%])

No 49 (20.4) 22(11.2) 27 (61.4) <0.001

Yes 190 (79.2) 174 (88.8) 16 (36.4)
60 months survival Alive 79 (32.9) 46 (23.5) 33 (75.0) <0.001
(n[%])

Deceased 161 (67.1) 150 (76.5) 11 (25.0)
Follow-up time, months (median [IQR] 25 (9-64) 19 (8-48) 38 (47-80) <0.001°
DFS, months (median [IQR]) 17 (7-60) 13 (6-35) 63 (32-77) <0.001°
0S, months (median [IQR]) 25 (9-64) 19 (8-48) 64 (47-80) <0.001°
OLFM4 expression, o Low 153 (63.8) 130 (66.3) 23 (59.0) 0.080
(n[%])

High 87 (36.2) 66 (33.7) 21 (41.0)

*P-values were based on Pearson’s chi-squared test, unless indicated otherwise. All statistical tests were two-
sided. SD, standard deviation; R1, positive; RO, negative resection margins; IQR, interquartile range. § P-values were
based on Student’s t-test. ° P-values were based on Mann-Whitney test. ¥ One sample (early EAC) had unknown data.
VEight samples (4 advanced, 4 early EAC) had unknown data. 1 Two samples (early EAC) had unknown data. > Low
OLFM4 < 30% and high OLFM4 =30% immunohistochemical expression.

difference in strength of the association of OLFM4 with LNM in advanced (OR 2.7.; 95% Cl,
1.18-6.34; p=0.019) and early (OR 2.3; 95% Cl, 0.47-11.13; p= 0.302) EAC (p= 0.844, Table
4) . In other words, this test shows that there is no reason to assume that the association
between OLFM4 and presence of LNM is different between both groups.

OLFM4 expression and prognosis

DFS was significantly better in patients with high OLFM4 expression (for advanced and early
EAC cohorts combined, log-rank test, p= 0.024). This was confirmed by univariable COX
regression analysis (HR 1.5;95% Cl, 1.05-2.15, p=0.027). However, this observation did not
hold in multivariable analysis (Supplementary Table 2). There was no significant difference
in OS between EAC with low vs. high OLFM4 expression. Hence, OLFM4 expression was
not prognostic for OS (Supplementary Table 3). Kaplan-Meier curves for both DFS and OS
according to OLFM4 expression are depicted in Supplementary Figure 4.
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DISCUSSION

This is the first extensive study on OLFM4, an intestinal stem cell marker, in EAC and shows
low OLFM4 expression is associated with positive LNM status.

Accurate pretreatment staging of patients with early and advanced EAC is important for
optimal treatment selection and survival prediction.'?'% Previous studies have shown
that pretreatment staging is frequently inaccurate in EAC3" %346 |n a recent publication
on nCRT-naive patients with standard pre-operative assessment only 35% of patients were
preoperatively diagnosed with a correct T- and N-stage.' Particularly in patients with early
(pT1) EAC, prevalence of LNM is highly variable and to date unpredictable, while positive
LNM status is highly predictive for a poor 5-year survival.'? 143

The significance of OLFM4 in cancer is still controversial. OLFM4 is able to interact with
cell surface proteins and known to facilitate cell-cell adhesion.’™” ¥ OLFM4 has been
attributed oncogenic properties as it was shown to promote tumor growth by acting as
an anti-apoptotic protein and by increasing the mitotic activity of cancer cells.''*° On the
other hand, reduced OLFM4 expression was significantly associated with poor prognosis in
patients with gastric,’™ colorectal’” ' and breast carcinoma’?® amongst others. In gastric
carcinoma OLFM4 was also associated with metastasis.”> ¥

The present study shows low OLFM4 expression was associated with poorly differentiated
EAC, this is in concordance with the literature. In fact, in most cancers, a strong association
between low OLFM4 and poor tumor differentiation grade was found, including gastric,
colon, ovarian and prostate cancer®® ¢ 7213 These findings suggest tumor suppressive
properties of OLFM4 and are in line with results found in various functional studies.’6 152153
For example, in gastric cancer cell lines OLFM4 had an inhibitory effect on cell invasion via
regulation of focal adhesion kinase (FAK) signaling.'*

Furthermore, low OLFM4 expression, but not poor tumor differentiation, was independently
associated with LNM in advanced EAC in the present study. Because LNM status is critical
for the choice of treatment in early EAC, the investigation was extended to early EAC and
44 patients with pT1b tumors were separately analyzed. The overall incidence of LNM in the
pT1b group (20.5%) was in line with previous reports.’* Similar as in advanced EAC, loss of
OLFM4 was associated with poor differentiation grade, but no association with LNM status
was found. However, the interaction test in the combined cohort showed no significant
difference in strength of the association of OLFM4 and LNM between the advanced and
early EAC. Therefore, the result in the early EAC might be explained by the small sample size
and overall low LNM incidence in this group of patients. Only one previous study studied
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the role of OLFM4 in early cancer (pT1a and pT1b gastric cancer, n=105) and concluded
that low OLFM4 expression was independently predictive for LNM.”

Despite the association with LNM, in contrast with results found in other types of cancer,
OLFM4 seems to have no effect on clinical outcome. However, there are some important
differences between the present study and the aforementioned previous studies on OLFM4
in other cancers. In the present study, only patients with at least 12 lymph nodes resected
and identified were included, in order to reduce the percentage of patients with falsely
negative pNO.'"” Although others may have included more cases, these studies were
frequently based on patients with various tumor stages and mostly used tissue micro-arrays
(TMAs) instead of whole tissue slides. In addition, different methods for scoring OLFM4
IHC were applied making comparison of results difficult.s 6%71.72.138.13% |mportantly, TMAs
may not accurately demonstrate tumor heterogeneity, which was observed in our study
occasionally. In addition, whole tissue slides allow for simultaneous analyses of adjacent
non-tumorous tissue and Barrett’s esophagus. It would be very interesting to investigate
OLFM4 expression in low-grade and high-grade dysplasia. However, in our samples, BE, with
or without dysplasia, was present in only a limited number of cases. Therefore, investigation
of OLFM4 expression patterns during neoplastic progression would require a separate study
design using well defined sample criteria.

There are also some limitations to the present study. Specifically, all patients were from one
academic center. Also, patients were treated with surgery alone, while current guidelines
recommend nCRT prior to surgery for advanced EAC. However, additional treatment prior
to surgery might influence OLFM4 expression and survival, hence it was decided to use a
nCRT-naive patient cohort.

In conclusion, the present study shows that low OLFM4 expression was independently
associated with LNM in EAC and hence might prove useful as a new biomarker. Improved
prediction of LNM presence could benefit decision making in treatment of EAC patients. This
is particularly important in early EAC where overtreatment can be avoided by endoscopic
submucosal resection. More research is required to investigate whether OLFM4 is indeed
biologically and clinically relevant in both advanced and early EAC.
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SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. Receiver operating characteristics — curve for the semi-quantative OLFM4
expression, according to the % of positive tumor cells (cytoplasm), and corresponding Youden index.
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Supplementary Figure 2. OLFM4 expression in normal esophageal tissue. A, B) Normal esophageal
tissue is negative for OLFM4. C, D) Magnification of A, B Only neutrophils are OLFM4 positive (brown
dots indicated by arrows) and can be used as positive internal control (A, B: hematoxylin- eosin; C,
D: OLFM4).
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< Supplementary Figure 4. Kaplan-Meier curves for disease free survival (DFS, left) and overall
survival (OS, right) according to OLFM4 expression. DFS and OS of both cohorts (upper two), patients
with advanced (middle two) and patients with early (lower two) esophageal adenocarcinoma.
Overall, DFS is better in patients with tumors with high OLFM4 expression, although this difference
is only significant when both cohorts are combined (p=0.024, log-rank test). There is no significant
difference in OS between EAC with low vs. high OLFM4 expression (log-rank test).
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Supplementary Table 1. The REMARK checklist.'*

Section/ Topic # Reported on

page #

INTRODUCTION

1 State the marker examined, objectives, hypotheses. 34

MATERIAL AND METHODS

Patients 2 Describe characteristics of study patients, including their source and inclusion 5,6
and exclusion criteria.

3 Describe treatments received and how chosen. 5.6

Specimen 4 Describe type of biological material used (incl. control samples) and methods of 6

characteristics preservation and storage.

Assay methods 5  Specify assay methods and provide protocol, incl. specific reagents or kits used, 6
quality control procedures, reproducibility assessments, quantitation methods,
scoring and reporting. Specify whether and how assays were performed blinded
to the study endpoint.

Study design 6  State the method of case selection (prospective/ retrospective, stratification/ 5,6,Fig1,
matching). Specify the time period from which cases were taken, the end of Table 1
follow-up period, and the median follow-up time.

7  Precisely define all clinical endpoints examined. 5,6

8  Listall candidate variables initially examined or considered for inclusion in 56
models.

9  Give rationale for sample size; if the study was designed to detect a specified 8
effect size give the target power and effect size

Statistical analysis 10 Specify all statistical methods, including details of any variable selection 7,8

methods procedures and other model-building issues, how model assumptions were
verified, and how missing data were handled.

11 Clarify how marker values were handled in the analyses; if relevant, describe 7,51 Fig
methods used for cutpoint determination.

RESULTS

Data 12 Describe the flow of patients through the study, including the number of 9,Fig1,
patients included in each stage of the analysis (a diagram may be helpful) and  Table 1
reasons for dropout. Specifically, both overall and for each subgroup extensively
examined report the number of patients and the number of events.

13 Report distributions of basic demographic characteristics (at least age and sex), Table 1
standard (disease-specific) prognostic variables, and tumor marker, including
numbers of missing values.

Analysis and 14 Show the relation of the marker to standard prognostic variables. Table 2

presentation

15 Present univariable analyses showing the relation between the marker and Table 3,4 52
outcome, with the estimated effect (for example, hazard ratio and survival and S3 Tables
probability). Preferably provide similar analyses for all other variables being Fig 4
analyzed. For the effect of a tumor marker on a time-to event outcome, a
Kaplan-Meier plot is recommended.

16  For key multivariable analyses, report estimated effects (for example, hazard Table 3 and
ratio) with confidence intervals for the marker and, at least for the final model, 4 S2 and S3
all other variables in the model. Tables

17 Among reported results, provide estimated effects with confidence intervals 11-14, Table 3
from an analysis in which the marker and standard prognostic variables are and 4 S2 and
included, regardless of their statistical significance. S3 Tables

18 If done, report results of further investigations, such as checking assumptions, -
sensitivity analyses, and internal validation.

DISCUSSION

19 Interpret the results in the context of the pre-specified hypotheses and other 14-17
relevant studies; include a discussion of limitations of the study.

20 Discuss implications for future research and clinical value. 14-17
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Background: TP53 mutations are considered to be the driving factor in the initiation
of esophageal adenocarcinoma (EAC). However, the impact of this gene and its
encoded protein as a prognostic marker has not been definitely established yet.

Methods: In total, 204 chemoradiotherapy (CRT)-naive patients with EAC were
included for p53 protein expression evaluation by immunohistochemistry (IHC) on
the resection specimens, categorized as overexpression, heterogeneous or loss of
expression, and correlated with disease free survival (DFS) and overall survival (OS)
using multivariable Cox regression analysis. In a subset representing all three IHC
subgroups mutational status of selected candidate genes (n=33) and high throughput
methylation profiling (n=16) was assessed.

Results: Compared to heterogeneous p53 expression, loss and overexpression
were both independently predictive for adverse DFS and OS. TP53 mutational status
significantly correlated with the IHC categories (p=0.035). Most of the EAC with loss- or
overexpression harbored TP53 mutations (18/20, representing nonsense and missense
mutations respectively). In contrast, 6/13 EAC with heterogeneous expression were
TP53 wild type, of which two demonstrated MDM4 or MDM2 amplification. Combined
genomic hypomethylation and high frequency of intrachromosomal breaks was found
in a selection of EAC without p53 overexpression.

Conclusion: P53 expression pattern is prognostic for DFS and OS in this historical
cohort of CRT-naive EAC. P53 IHC is an informative readout for TP53 mutational status
in EAC with either loss- or overexpression, but not in case of a heterogeneous p53
pattern. Different EAC pathogenesis might exist, related to p53 and other candidate
gene status, DNA hypomethylation and intrachromosomal breaks.
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INTRODUCTION

Esophageal adenocarcinoma (EAC), being rare before the second half of the 20th
century, is nowadays the predominant histological type of esophageal cancer in Western
countries.’>*'%¢ Presently the prognostication of patients with EAC is largely based on the
TNM-classification supplemented with histological criteria '*’. Although this system has its
value in the stratification of patients into prognostic groups,'*® the outcome for an individual
patient is still difficult to predict. This is demonstrated by the fact that up to 27% of the
patients with stage IB develop disease recurrence while up to 24% of the patients with stage
IIIA EAC will have no disease recurrence after intentionally curative surgery.'*® Therefore,
prognostic biomarkers complementing the TNM classification are urgently needed.

The TP53 gene (OMIM# 191170), first discovered more than 30 years ago, has a cell- and
context dependent biological function. It has been reported that p53 is deregulated in most
cancer types. Given its central role in the control of proliferation and senescence, it can be
assumed to be the driving force of cancers of various types, including EAC.'>*'! Several
types of stress can lead to p53 dysregulation. In EAC, mutations in TP53 are detected early
in the pathogenesis, likely linked to severe DNA damage in Barrett esophagus (BE) due to
the reflux of mixed gastric and duodenal juice into the esophagus.'®? Recent genome wide
studies proposed that EAC precursor lesions containing TP53 mutations rapidly develop
extensive chromosomal instability with subsequent oncogene activation.' 163164

Because of its dominant role in the development of EAC, p53 was also tested as a biomarker
in EAC precursor lesions and in advanced EAC. There is growing evidence that p53
overexpression is related to dysplasia and independently predictive for progression in
BE.#6.81.165168 Qverexpression is likely due to TP53 mutations which stabilize the affected
protein. “Absence” of p53 staining was described more recently in dysplastic BE.'® This
loss of expression is likely to be related to truncating mutations or to alternative, including
epigenetic, mechanisms. Supporting the significance of the loss of expression, a recent IHC
p53 study on a large prospective BE cohort revealed a significantly higher rate of progression
to high grade dysplasia or EAC in low grade dysplasia harboring p53 overexpression and
even higher in BE with absence of p53 expression.*

In parallel to the EAC precursors, the results of the earlier investigations also suggested
significance of p53 in relation to prognosis in advanced EAC."7%'72 However, strong
conclusions cannot be drawn because of several limitations, including heterogeneity
related to p53 IHC interpretation and patient selection. This may have influenced the
outcome of these studies and as such the true biological effect of p53 in the context of
disease progression may remain unidentified.
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Therefore, the aim of this study was to examine the prognostic value of p53 in a well-defined
group of chemo- and radio-therapy-naive EAC, using a validated IHC approach. To further
investigate the putative mechanism(s) involved, a combinatory investigation of expression
pattern, mutational status of TP53 and a selection of other (relevant) genes, as well as high-
throughput profiling was performed in a subset of EAC.

METHODS

Patient selection

To evaluate the prognostic value of p53 in patients with EAC, a cohort of patients who
underwent surgery with curative intent between 1995 and 2006, without prior (neo-)
adjuvant treatment, was selected from the Department of Surgery at the Erasmus University
Medical Center (Rotterdam, The Netherlands). All patients had pathologically proven pT2-
pT4a adenocarcinoma of the esophagus or at the gastro-esophageal junction. Only patients
who were alive one month after surgery were included in the analysis to correct for surgical
mortality. Clinical and pathological data were prospectively collected, including anatomical
tumor location according to Siewert,'” tumor grade, pathological stage, age at surgery,
comorbidities, OS and DFS. Tumor grading and staging was performed according to the
TNM system as described by the UICC (Union Internationale Contre le Cancer, 2009, 7th
edition).’ Resection margin positivity was assessed on tumor cells in the resection margin.
To ensure reliable classification, all slides were reviewed by an experienced Gl pathologist
(FK or KB) for depth of invasion.

The hematoxylin-eosin colored slides from the resection specimens were retrieved from
the archive of the Department of Pathology at the Erasmus University Medical Center and
a representative slide with EAC was selected. The corresponding FFPE block was retrieved
and serial 4 um sections for IHC and mutational analysis were mounted on glass slides.

Immunohistochemical analysis

The first slide of each selected FFPE block was stained for p53, ready to use kit (clone
BP53-11, Ventana Medical Systems, Roche, Tuscon, AZ, USA). Staining was performed using
an automated slide staining system (BenchMark Ultra, Ventana Medical Systems, Roche,
Tuscon, AZ, USA), in which the slides were deparaffinized prior to the staining procedure and
heat induced epitope retrieval at 97°C for 8 minutes. The primary antibody was incubated
for 4 minutes, after which this was visualized using Ultraview (Ventana Medical Systems,
Roche, Tuscon, AZ, USA) and counterstained with hematoxylin.

For optimal interpretation, representative tumor samples were evaluated by two
experienced gastrointestinal (Gl) pathologists (KB and FK) with specific knowledge on
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p53, based on earlier published extensive IHC studies on EAC and its precursor lesions.*
4 A tumor sample with known overexpression of p53 was placed as positive control on
each slide. Furthermore, normal tissue surrounding the tumor cells were evaluated for
their physiological expression of p53, serving as internal control for the sample under
investigation. If the positive control material or internal control was negative, the slide
was disregarded for analysis. The pattern of p53 IHC was scored on all tumors cells present
on the slide, based on the percentage of tumor cells with nuclear positivity on a semi-
quantitative 7-point scale: 0%, 1-20%, 21-40%, 41-60%, 61-80%, 81-90% and 90-100% of
the tumor cells. If the scores of the two pathologists were discordant, a third board certified
pathologist evaluated the slides (MD), after which the final diagnosis was based on the
consensus of two of the three pathologists. All pathologists were blinded for clinical and
pathological data.

Mutational analysis and high-throughput methylation profiling

In total 34 EAC, among them 10 with no expression of p53, 14 with heterogeneous
expression (1-60% of the tumor cells positive) and 10 with overexpression (61-100%
positive tumor cells), were selected for targeted gene sequencing. Tumor area was manually
macrodissected from the successive unstained slides, resulting in at least 30% tumor cells.
DNA was extracted using proteinase Kand 5% Chelex 100 resin.'* An lon AmpliSeq custom-
made panel was created for selection of genes.'” This consisted of primers for the entire
TP53 gene supplemented with hotspots or the entire genes known to be frequently altered
in EAC (ARID1A, PIK3CA, APC, DOCK2, ELMO1, CDKN2A and SMADA4)."163.176 Sequencing was
performed on the lon Torrent Personal Genome Machine or lonS5 system (Thermofisher
Scientific, Hemel Hempstead, UK) according to the manufacturers protocol. In short, libraries
were created using the ION AmpliSeq Library Preparation Kit. Template was prepared using
the lon Onetouch Template Kit and sequencing was performed with the lon Sequencing Kit
as described.'”* One sample was excluded from further analysis because of poor DNA quality
and high frequencies of formalin artefacts. All other samples showed comparable and
reliable sequence read coverage independent from sample age. The sequence variants with
a read frequency of less than 5% (homozygous reference) or more than 95% (homozygous
non-reference), with an amplicon coverage of less than 50, or a variant coverage of less
than 10 reads were excluded from analysis, to eliminate formalin artefacts. All variants
found in an intronic, intergenic, non-coding RNA or UTR3/5 region, and synonymous single
nucleotide variations (SNV) were excluded.

Sixteen EAC, among them five tumors with loss of expression, five with overexpression
and six with heterogeneous p53 expression, were selected for genomewide methylation
analysis in addition to the targeted sequencing. Therefore, the Infinium MethylationEPIC
BeadChip (lllumina, San Diego, CA, USA), targeting over 850,000 methylation sites, was
applied according to the manufacturer’s instruction at the Microarray unit of the Genomics
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and Proteomics Core Facility of the German Cancer Research Center (DKFZ, Heidelberg,
Germany). For a detailed description see earlier publication.!””

For unsupervised clustering the most differential probes (with 0,22 SD difference from
the mean) were selected. To assess copy number variation (CNV) methylation data were
implemented in the R/Bioconducter packages Conumee. Intra-chromosomal breaks were
calculated from the number of segments defined by the Conumee package (blue horizontal
lines in Supplementary Figure 3). Segments are defined as chromosomal regions with
distinct copy number changes to the adjacent region.

The number of segments relative to the median number of segments within this sample
series was determined for each sample (presented in Figure 4). With this method
amplification of genes were also assessed as described earlier.'”® To validate amplification
of MDM2 immunohistochemistry staining (clone 1F2, Merck Milipore, Amsterdam, Holland)
was performed on all samples in which no TP53 mutation was found.

Ethics
The investigational protocol was approved by the medical ethical committee in the Erasmus
Medical Center (Rotterdam, The Netherlands) (MEC-12-469).

Statistical analysis

The primary endpoint of the study was 5-year DFS, defined as the time between surgery
and the first clinical recurrence of disease, defined as clinical or radiological evidence of
disease recurrence. Patients lost to follow-up were censored at the time of the last visit to
the outpatient clinics. Secondary endpoint was OS, defined as time between surgery and
death. The optimal cut-off for IHC was calculated using a ROC-curve and corresponding
Youden-index (Supplementary Figure 1 and Supplementary Table 2).

The interobserver variation for the assessment of p53 staining between the two pathologists
was calculated using Cohen’s kappa. Strength of agreement was categorized as follows:
0.00-0.20, poor; 0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80, good; and 0.81-1.00,
excellent.

Kaplan Meier curves were used to plot the 5-year DFS by p53 status. Uni- and multivariable
Cox proportional hazard models were applied to calculate the association between p53
IHC and survival. In the multivariable analysis adjustments were made for all clinical and
pathological factors which proved to be prognostic for survival in the univariable analysis
(p<0,05). The pN-stage was dichotomized in pNO and a pN+ (pN1-3) group for the Cox
regression analysis. The p53 status and mutational status were correlated using Fisher’s
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Exact test. The analysis was performed using SPSS-software (version 22, SPSS IBM inc,
Armonk, NY, USA). A p-value of <0.05 was considered statistically significant.

RESULTS

Patient characteristics

Two hundred and sixteen (216) patients were initially identified to be eligible for this study.
Of 12 patients, the formalin-fixed paraffin-embedded (FFPE) blocks could not be retrieved
and were therefore excluded. From the remaining 204 patients with EAC the majority had
a pT3-tumor (85.3%), tumor positive lymph nodes (79.4%) and negative resection margins
(62.7%). Detailed patient and tumor characteristics are shown in Table 1 and Supplementary
Table 1.

P53 expression correlates with overall-and disease free survival

The optimal cut-off for p53 expression was calculated, based on the receiver operating
characteristics (ROC) curve and Youden-index (see Supplementary Table 2 and
Supplementary Figure 1), into three groups, namely loss of expression (0% of tumor cells
positive), heterogeneous expression (1-60% of tumor cells positive) and overexpression
(61-100% of tumor cells positive). The interobserver variation for the assessment of p53
between the two observers was excellent (kappa 0.850, p<0.001). From the 204 patients,
55.9% (n=114) of the EAC showed overexpression, 26.5% (n=54) loss of expression, while
17.6% (n=36) had a heterogeneous expression. In all cases this was a homogeneous
expression pattern throughout the cancer, of which representative examples are shown
in Figure 1.

The pattern of p53 expression associated with disease free survival (DFS); overexpression—
median DFS 14.6 months (95% Cl 10.0-19.2), loss of expression-median DFS 14.2 months
(95% Cl 7.9-20.5) compared to the group with heterogeneous p53 expression—-median
DFS 37.1 months (95% Cl 24.3-49.9). The corresponding Kaplan-Meier curves are shown
in Figure 2.

Univariable analysis demonstrated a correlation between p53 expression and DFS (p=0.036).
The risk of recurrence of EAC was increased for patient with p53 overexpression (hazard
ratio (HR) 1.91; 95% Cl 1.16- 3.14) as well as loss of p53 expression (HR 1.57; 95% Cl 0.9-2.74)
compared to heterogeneous p53 expression. This was also significant after multivariable
analysis, adjusted for pT-stage, pN-stage, tumor differentiation and resection margin
status (p=0.001). Patients with p53 overexpression/loss showed a significantly worse DFS
compared to heterogeneous expression (HR 2.61; 95% Cl 1.57-4.32; p=<0.001 and HR 2.75;
95% Cl 1.55-4.9; p= <0.001, respectively) (Table 2 and Supplementary Table 3). A shorter
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Table 1. Clinico-pathological characteristics for the 204 included patients with esophageal
adenocarcinoma

All patients p53 Loss p53 Heterogeneous p53 Overexpression
n=204 (0%) n=54 (1- 60%) n=36 (61-100%) =114 p-value

N % N % | % N %
Age at surgery
Median 64.0 63.0 68.5 64.0 0.462
Range (IQR) 55.3-72.0 55.0-72.0 56.3-74.0 55.0-72.0
Sex
Male 174 853 51 250 29 14.2 95 46.6 0.337
Female 30 14.7 5 25 7 34 17 83

Siewert classification

Type 1 75 36.8 23 1.3 1 54 41 211 0.576
Type 2 129 632 33 162 25 12.3 71 34.8
Pathologic T-stage

pT2 27 13.2 9 44 3 15 16 7.8 0.556
pT3 or pT4 177 86.8 47 230 33 16.2 96 471

Pathologic N-stage

pNO 42 20.6 16 7.8 5 25 22 10.8 0.207
pN1 or more 162 794 40 196 31 15.2 920 441

Histology grade

Well 5 25 3 15 1 0.5 1 0.5 0.498
Moderate 80 39.2 22 108 15 74 43 211

Poor 119 583 31 15.2 20 9.8 68 333

Resection margin status

pRO 128 627 33 162 22 10.8 73 35.8 0.714
pR1 76 373 23 1.3 14 6.9 39 19.1

Alive after 60 months

Yes 34 16.7 10 49 8 3.9 16 7.8 0.518
No 170 833 46 225 28 137 96 47.1

overall survival (OS) was associated with p53 overexpression (median OS 19.4 months
(95% Cl 14.3-24.5)), and loss of expression (median OS 18.5 months (95% Cl 15.3-21.7))
compared to the group with heterogeneous expression (median OS 32.4 months (95% Cl
23.0-41.8)). Although no significance was identified in the univariable analysis (p=0.265),
the multivariable analysis demonstrated that p53 expression was significantly associated
with OS (p=0.003). Overexpression and loss of p53 expression were prognostic for a shorter
survival period (HR respectively 1.99; 95% Cl 1.29-3.07; p=0.002 and 2.17; 95% Cl 1.33- 3.55;
p=0.002) compared to heterogeneous expression (Table 2 and Supplementary Table 3).
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Figure 2. Kaplan-Meier curve for disease free survival in chemoradiotherapy-naive patients with
esophageal adenocarcinoma. Expression pattern of p53 is subdivided into three groups: 0% of
the tumor cells positive (loss of expression), 1-60% of the tumor cells positive (heterogeneous
expression) and 61-100% of the tumor cells positive (overexpression). The dotted line indicates the
median survival for each of the three groups. Number of patients at risk is indicated for each of the
three groups at the bottom of the figure.

Targeted mutational analyses and high-throughput methylation
profiling

To shed light on the possible mechanism(s) underlying the p53 staining patterns,
sequencing of the whole TP53 gene was performed using the lon Torrent platform on 33
selected EAC (10 with overexpression, 10 with loss, and 13 with a heterogeneous expression)
(Supplementary Table 4). Overall, 25 of 33 (76%) EAC showed a TP53 mutation. TP53 status
correlated significantly with the IHC staining pattern (p=0.035) (Figure 3 and Supplementary
Table 5). Of the 10 cases with loss of expression eight had non-sense mutations (splice site,
frameshift mutation or stopgain) and two no mutation. All EAC with overexpression of
p53 as detected by IHC had missense mutations. The EAC within the heterogeneous p53
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Table 2. Multivariable Cox regression analysis for disease free survival and overall survival in patients
with esophageal adenocarcinoma

Multivariable Cox regression analysis

Disease free survival Overall survival

95% CI 95% CI
Age NA NA NA 1.026  1.010-1.042  0.001
pT-stage (ref. = pT2) pT3/4 2.152 1.156-4.005 0.016 2.010 1.168-3.459 0.012
pN-stage (ref. = pNO) pN+ 3.445 1.981-5.990 <0.001 2434 1.560-3.796  <0.001
Differentiation (ref. = Good/ Moderate)
Poor 1.467 1.016-2.119  0.041 1.551 1.112-2.165 0.010
Resection margin (ref. = pRO)
pR+ 1.721 1.192-2.484 0.004 1.716 1.230-2.393  0.001
p53 (ref. = heterogeneous)
loss of expression 2.754 1.547-4903 0.001* 2174  1.333-3.546  0.003*
overexpression 2.605 1.571-4.320 1.989 1.288-3.071

HR=Hazard Ratio, Cl=Confidence Interval, NA = not available, excluding patients who died within one month after
surgery. P53 expression, based on immunohistochemical expression, was classified as loss of expression (0% of the
tumor cells positive), heterogeneous expression (1-60% of the tumor cells positive) and overexpression (61-100% of
the tumor cells positive). *global p-value

Sample number 3 9 1118272932343536 26283337[141520212231 232530015198 1 6 710121317
p53 expression Loss (0% ) o Het[erogenzelzfl%s (1-60% ) oo Overexpression ( 61-100% )
(n=10) (n=13) (n=10)

TP53 splice site mut. [ ] [ ] [ ]

fr. del. [ ] o0 e

stopgain [ I o0 o0

missense mut. 000000000000

not mutated 0 0 o0 0000
SMAD4 0000000000/ 080 O0OG0O0OG OB0O|0O00000000O0
ARID1A 0008000000 /6000 880000 O0O0O(0O0O0O00O0O0000O0
PIK3CA 0000000000|000O0 080000 O0O0O|O0O0OGO0C0O0OO0O
DOCK2 000000000@®I0O0O®® OOGO0O0O OOG/OO0C0OG0O0O000
ELMO 0000000000|0000O0 0O0O0OO0OO OOO|OOOCOOOCOOOS
CDKN2A 0000000000|0000 OOO0O0O0 O0O0|OOO00O0O0O0O0O00
MDM amplification o) 0O 00 O 00 eeO0O0 00 O 00
Hypomethylated 0 ® 00 O 0 0000 00 O Oe
High Frequency Breaks | Q e 00 O 00 0000 00 ® 00

O Not mutated @ Mutated

Figure 3. Molecular profile of esophageal adenocarcinoma. Mutational profile, as detected by
targeted sequencing in 33 cases is categorized by p53 expression pattern. The order of samples is
determined by the percentage of positive p53 tumor cells. The exact mutations found are displayed
in Supplementary Table 4, ordered by case number. The CpG methylation-derived information (copy
numbers, hypo-methylation status and relative high frequency breaks are summarized here. Further
details are provided in the Supplementary Figures 2 and 3.
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< Figure 4. Unsupervised clustering of CpG methylation of 16 esophageal adenocarcinomas, using
top 10,454 differential probes, in which every row is a methylation probe and every column is a
sample. The corresponding violin plots for all methylation probes as well as top 10,454 differential
probes are depicted in Supplementary Figure 3. At the top of the image, p53 expression and TP53
mutational status are indicated for each sample. In the bottom of the image, the deviation of the
median number of intra-chromosomal breaks (median number of intra-chromosomal breaks are
calculated, samples with less breaks are depicted in green, and samples with more breaks depicted
in red, numbers indicate deviation from median number of intra-chromosomal breaks) as well as
the two samples with MDM2 and MDM4-amplification are indicated. Five samples with an altered
p53 pathway (either TP53 mutations or MDM2/4 amplifications) show extensive intra-chromosomal
breaks (sample 31, 35, 14, 22 and 21), and only one sample without alteration of the p53 pathway
(sample 18) showed extensive intra-chromosomal breaks. However none of the six samples (sample
number 13, 23, 10, 1, 6 and 17) with a missense mutation showed an increase of intra-chromosomal
breaks. Increased number of intra-chromosomal breaks correlates to the clustered hypomethylated
CpG-sites.

expression group demonstrated a mixed picture, representing the three different patterns.
Those with more than 40% p53 positive tumor cells all showed missense mutations (n=3),
in analogy to EAC with overexpression, while in the lower percentage category two out
of four showed a nonsense mutation (one containing both a splice site and stopgain
mutation). EAC cases with heterogeneous p53 expression in the middle group (n=6, 21-
40%) demonstrated no underlying TP53 mutations in four and two nonsense mutations.
Besides TP53, in total, 21 other proven pathogenic mutations in the following genes
SMAD4 (n=7), ARID1A (n=5), PIK3CA (n=2), DOCK2 (n=6) and ELMO (n=1) were detected,
significantly more in EAC with a heterogeneous p53expression (13/21; p=0.032) (Figure 3
and Supplementary Table 5). In these samples no mutations in CDKN2A were detected. Four
cases of our series revealed no mutation in the investigated genes (cases 21, 22, 28 and 29).
Multiple mutations were identified (including TP53) in 15 EAC, predominantly again in the
heterogeneous p53 expression group (9/13 versus 3/10 and 3/10, respectively). In addition,
a subset of these EAC (n=16) were investigated using high-throughput methylation profiling
for the detection of chromosomal alterations between the three groups,'! including five
with overexpression, five with loss and six with a heterogeneous expression, all with known
TP53 mutational status (see Figure 4). No hypermethylation of the promotor region of TP53
was detected in any of these EAC, including the two cases with loss of p53 expression and
wild type (not mutated) TP53 (cases 18 and 29).

Based on copy number variations (CNV) derived from these high-throughput methylation
profiles (see Material and Methods section), regional chromosomal amplifications were
identified, including those encompassing for example MDM2 and MDM4, two genes of
which amplification is known to be related to an alternative inactivation of p53 besides
mutations. Two EAC showed such an amplification (cases 21 and 22, for MDM_2, confirmed
by immunohistochemistry, and MDM4, respectively, see Supplementary Figure 2). No other
mutations were identified in these cases, and both showed a heterogeneous p53 expression
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(21- 40% of positive tumor cells) (Figures 3 and 4). Besides these specific amplifications, an
unsupervised clustering of the top 10,454 most differentiating CpG-sites was performed (see
Figure 4 (heatmap) and Supplementary Figure 3 (Violin plots)). No difference was identified
for the overall methylation distribution between the EAC investigated (Supplementary
Figure 3, bottom panel), while a clear hypomethylation profile was identified for the
most differentiation CpG-sites in seven EAC out of the 16 cases. These included three
with absence, three with a heterogeneous and one with overexpression of p53. Only one
showed no TP53 anomaly (case 18, no p53 expression), while all others demonstrated either
a mutation in TP53 itself (three nonsense, one missense), or amplification of MDM2 or MDMA4.
In addition, the number of intrachromosomal breaks per individual EAC was scored based
on the CNV profile (see Supplementary Figure 2 and Figure 4). This analysis demonstrated
that six out of the seven EAC with a hypomethylation profile showed a higher number of
breaks compared to the group median, i.e., indicated in red boxes in Figure 4 (including
those with the MDM2 and MDM4 amplification), while this was observed for only two of the
EAC within the non-hypomethylated group. These data suggest that there is a correlation
between p53 status (protein expression, mutational profile and MDM2/4 amplification),
accumulation of other mutations (preferentially in the p53 heterogeneous staining group),
preferential presence of a hypomethylated profile in the loss and heterogeneous p53 group,
and occurrence of intrachromosomal breaks.

DISCUSSION

This study primarily aimed to evaluate the relevance of p53 IHC for survival of patients
with advanced EAC. A large, well defined cohort of CRT-naive surgically treated EAC was
analyzed, and the pattern of p53 expression was shown to be significantly correlated
with DFS and OS, independently from other clinico-pathological parameters including
tumor stage. In addition, p53 expression patterns were correlated with the underlying
TP53 mutational status and genome wide methylation profile and derived information on
chromosomal anomalies.

TP53 is one of the driving genes for the progression of BE into adenocarcinoma and
whole genome sequencing studies have detected a high mutation frequency of TP53 in
EAC.'6+ 176179 Conflicting results have, however, been reported so far on TP53 and survival
in patients with EAC.'7" 17218018 Three previous systematic reviews analyzed the current
literature and performed a meta-analysis of up to 16 different studies, employing IHC or
sequencing of the TP53 gene.’'%" Although, overall, similar results were reported in all
three meta-analyses suggesting a negative effect of mutated TP53 on prognosis, the data
should be interpreted with caution. First of all, many of the earlier studies did not consider
the bias of patient selection and chemoradiotherapy (CRT) treatment.'’® 183 186188 Sayeral
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studies included patients who received surgery only as well as patients who underwent
neoadjuvant treatment or definite CRT. This is of importance since p53 might modulate
CRT response as suggested in earlier studies.'”® %193 Another important limitation of
the published studies is the inconsistent methodology for detection and classification
of p53 expression. From five studies using IHC on homogeneous EAC cohorts (total 384
patients), with surgery as single treatment modality and IHC approach, none qualified loss
of expression as aberrant (see Supplementary Table 6).17"172 18118218 Thjs is significant since
according to our interpretation, around 26% of EAC showed loss of p53 expression and had
significantly worse outcome. In the present study based on evaluation of EAC resection
specimens of 204 CRT-naive patients, with surgery as single modality, p53 was detected by
IHC and categorized by experienced observers using optimized cut-off values. The pattern
was classified as heterogeneous, overexpression or loss of expression.

Until now it is not clear whether p53 IHC or sequencing of TP53 is the most optimal tool
to improve risk stratification in EAC. Mutational status was suggested to be preferable by
a recent meta-analysis.'® Several previous EAC studies applied mutational status as single
read out. 717218 The assays used for gene sequencing in those older studies are likely to
be suboptimal, since the TP53 gene was only partly sequenced using PCR-based methods,
which correlates with the low mutational rate (40-50%).'7% 728 Although the efficacy of the
gene sequencing techniques improved in recent years, they are still more time-consuming,
labor intensive and expensive compared to IHC. Prediction of mutational status by IHC
could be an alternative, but the prognostic accuracy might depend on the underlying
cancer type.'® To study the correlation between protein expression pattern and genetic
status, a subset of 33 EAC was investigated using a targeted next generation sequencing
approach. TP53 mutational frequency rate was 76%, which is comparable to the recent
investigations using whole genome or exome sequencing techniques.'’®7° TP53 status
significantly correlated with the defined IHC categories (p=0.035). EAC with heterogeneous
p53 expression was also heterogeneous in terms of the underlying TP53 status, although
it seems to be (again) subdivided into three groups, similar to loss of expression, similar to
overexpression, and the (remaining) intermediate group.

Of interest is that most additional mutations in the other candidate genes investigated
were identified in the group with heterogeneous p53 expression, including two cases with
regional amplifications of MDM2 or MDM4 (Figure 3). These were identified in EAC without
any other mutation. In contrast, all EAC with high percentage of p53 positive cells (more
than 61%, n=10) showed missense mutations in TP53, which is in line with results of two
earlier studies.’”> ' EAC with loss of p53 expression demonstrated predominantly nonsense
mutations, including splicing, stopgain and frameshift mutations (8/10). These nonsense
mutations were also observed in a subset of EAC with a heterogeneous, but relatively low
to modest p53 expression, in fact three out of five cases. In 4 out of five of the remaining
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cases no TP53 mutation was found. These observations warrant additional studies to be
performed.

The putative difference in pathogenesis between these subgroups is supported by the
results of the high-throughput methylation profiling performed. The hypomethylated
profile of the most differentiating CpG sites combined with a high frequency of
intrachromosomal breaks was predominantly observed in EAC with loss or a heterogeneous
p53 pattern (either by a nonsense mutation (n=3) or MDM2/4 amplification (n=2)). No
apparent differences were observed using all CpG targets, demonstrating its specificity. EAC
with a hypomethylated profile showed a higher frequency of intrachromosomal breaks,
indicative for chromosomal instability. This is in line with the recently suggested role of DNA
methylation as the newly identified guardian of the genome.'® Based on this small subset
of patients, these observations might be a potential explanation for the differences in DFS
and OS as found in the present study, which warrants further investigations. Besides the
prognostic effect of p53 expression, our results are clinically important. TP53 status might
be predictive for response to neoadjuvant chemotherapy.” '7° Clinical trials, such as the
PANCHO trial, stratified for TP53 status, are underway and have completed recruitment.’”
Other studies rely on new therapeutic agents created to restore the wild type activity of p53,
one of the most promising compounds being APR-246.""8 Here we show that if IHC is used
as a read-out for mutational status, results should be interpreted with caution especially in
EAC with a heterogeneous p53 expression. In contrast, EAC with p53 overexpression or loss
of expression are likely to have an underlying somatic mutation and extensive sequencing
might not be necessary.

There are some limitations to this study. TP53 sequencing was done in a single EAC area,
and therefore potential intratumoral heterogeneity was not accounted for. However,
this is considered unlikely to play an important role, since identical TP53 mutations and
homogeneous loss of heterozygosity of the TP53 locus were detected across separated
tumor regions in EAC previously,'”® and a homogenous IHC was identified in all cases.
Furthermore, although p53 is stained using a proven informative automatic staining system
and a standardized protocol, the scoring is subjective in nature. However, the interobserver
variation for p53 IHC was excellent.

In summary, this study leads to various conclusions. First of all, we have demonstrated
that p53 expression pattern is significantly correlated with DFS and OS. This finding
stresses the biological role of p53 for the prognosis of patients with EAC. Secondly, we
have shown that IHC is a good read out for the presence of TP53 mutations mainly in EAC
with p53 overexpression and probably in EAC with loss of expression but not in EAC with
a heterogeneous p53 expression. This might be important for current and future studies
in which patient treatment is stratified according to the TP53/p53 status. In addition,
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our study could suggests existence of different pathogenesis of EAC, related to the p53
pathway (TP53 mutational status and MDM2/4 amplification), with downstream additional
mutations of other candidate genes, as well as DNA methylation alterations and possibly
related chromosomal instability. Yet, more work needs to be done for accurate genetic
classification of EAC to fully reveal prognostic genetic signatures and involved mechanisms.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1. Basic clinico-pathological characteristics for all patients subjected to
mutational analysis.

TP53 sequencing (n=33)

N %

Age at surgery

Median 63.00

Range (IQR) 54.50-71.50
Sex

Male 31 93.9

Female 2 6.1
Siewert classification

Type 1 12 36.4

Type 2 21 63.6
Pathologic T-stage

pT2 3 9.1

pT3orpT4 30 90.9
Pathologic N-stage

pNO 6 18.2

pN1 or more 27 81.8
Histology grade

Well 1 3.0

Moderate 10 30.3

Poor 22 66.7
Resection margin status

pRO 22 66.7

pR1 1 333
Follow-up time, months

Median 19.8

Range (IQR) 9.63-41.33
p53 expression

0% 10 303

1-60% 13 394

61-100% 10 303
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Supplementary Table 2. Calculation of optimal cut-off for % nuclear positive tumor cells for p53
immunohistochemistry.

% p53 positive tumor cells Sensitivity Specificity Youden-index
1-20 1 0 0

21-40 0.944 0.127 0.071

41-60 0.894 0.206 0.1

61-80 0.866 0.27 0.136

81-90 0.775 0.317 0.092

91-100 0.69 0.397 0.087

0 0.254 0.698 -0.048

Supplementary Table 3. Univariate Cox regression analysis for disease free survival and overall
survival in neoadjuvant treatment naive patients with esophageal adenocarcinoma.

Univariable Cox regression analysis

Disease free survival Overall survival
95% Cl p-value 95% Cl p-value

Age 1.007 0.990-1.024  0.412 1.017 1.002-1.033  0.026
Sex (ref. Male)
Female 1.172 0.750-1.833  0.486 0.942 0.612-1.451  0.786
Weight 0.990 0.977-1.003  0.142 0.992 0.981-1.004  0.171
Siewert (ref. Type 1)
Type 2 0.859 0.612-1.205 0.379 0.871 0.639-1.186  0.380
pT-stage (ref. pT2)
pT3/4 2.723 1.503-4.932  0.001 2.394 1.427-4.014  0.001
pN-stage (ref. pNO)
pN+ 3.504 2.044-6.007  <0.001 2.460 1.602-3.778  <0.001
Differentiation (ref. Well/ Moderate)
Poor 1.716 1.216-2.421  0.002 1.544 1.134-2.104  0.006

Resection margin (ref. pRO)

pR+ 2.143 1.528-3.005 <0.001 2.101 1.540-2.867  <0.001
P53(ref. Heterogeneous)

Loss of expression 1.569 0.897-2.743  0.036 1.333 0.831-2.138  0.265
Overexpression 1.909 1.161-3.139 1.420 0.931-2.165

HR=Hazard Ratio, Cl=Confidence Interval, patients who died within one month of surgery were excluded, p53
immunohistochemistry assessed as loss (0% of the tumor cells positive), heterogeneous expression (1-60% of the
tumor cells positive) and overexpression (61-100% of the tumor cells positive).
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Supplementary Table 4. Summary of mutations found by lon Torrent Sequencing of our custom
made gene panel. See Supplementary File 1 (oncotarget-08-104123-s002.xlsx) on the following

website: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5732792/

Supplementary Table 5. Number of TP53 mutations and other mutations (SMAD4, ARID1A, PIK3CA,
DOCK2, ELMO and CDKN2A) found by Next Generation Sequencing specified by tumors with
aberrant (combined loss of expression and overexpression) and heterogeneous expression of p53
immunohistochemistry (IHC). Difference is calculated by Fisher exact test.

p53 IHC expression

Loss and Overexpression Heterogeneous p-value
TP53 mutated 18 7 0.035
TP53 not mutated 2 6
Other mutations 7 10 0.032

No other mutations 13 3
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Supplementary Figure 1. Receiver operating characteristics-curve for the semi-quantitative p53
expression, according for the % of nuclear positive tumors cells, which is used to calculate the
optimal cut-off value of p53 expression.
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Supplementary Figure 2. A) Copy number profiles of selected esophageal adenocarcinoma (EAC)
cases (sample number 21 and 22). B) MDM2 immunohistochemistry confirming amplification
(sample number 21). A) Methylation intensity data were used to calculate relative copy numbers
(output of the Conumee software package). Under- (red) and over-represented (green) regions are
highlighted. The positions of the MDM2 and MDM4 amplicon peaks are indicated. The blue lines
represent the regions within chromosomes (segments) with similar copy number. The total number
of segments was determined per sample to estimate the relative frequency of intrachromosomal
breaks in each case. B) MDM2 amplification of sample number 21 validated by immunohistochemical
staining, magnification 100x.
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Effect of neoadjuvant
chemoradiotherapy on p53
and SOX2 protein expression in
esophageal adenocarcinoma

Suzuki L, Nieboer D, van Lanschot JJB, Spaander MCW, Looijenga LHJ,
Biermann K.

Biomarkers in Medicine, 2020, 14(9), 785-793.




Background: To determine if neoadjuvant chemoradiotherapy (nCRT) affects p53
and SOX2 expression in esophageal adenocarcinoma (EAC).

Methods: Comparison of p53 and SOX2 expression in 100 paired pre- and post-nCRT
EAC samples.

Results: Aberrant p53 was largely concordant (75/83, 90%), while 13/18 (72%) pre-
nCRT samples with wild-type (WT) p53 staining, showed aberrant staining in paired
post-nCRT samples. Similarly, 31/45 (69%) with previous WT SOX2 showed SOX2 loss
in paired post-nCRT samples, whereas aberrant SOX2 loss was concordant in 50/55
(91%) cases. The prognostic values of both markers regarding survival differ before
and after nCRT.

Conclusion: Aberrant expression of p53 and SOX2 staining in EAC tissue is unaffected
by nCRT. Conversely, the WT-staining pattern frequently changed to aberrant
expression.
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INTRODUCTION

Despite major advances in therapy, long-term survival rates of esophageal adenocarcinoma
(EAC) remain moderate. Prognosis relies on both clinical and histopathological factors,
although it remains a challenge to discriminate between patients who will show rapid
progression or may have a more indolent course. Multimodal therapy, usually a combination
of neoadjuvant chemoradiotherapy (nCRT) prior to surgery, has become standard of care
since it was found to be superior compared to surgery alone in multiple trials.>* Moreover, it
is currently being addressed if clinically complete responders after nCRT can be kept under
close surveillance and only undergo surgery, if evident localized tumor re-presents (SANO
trial, Surgery As Needed in Oesophageal cancer, Netherlands Trial Register NTR6803).3
Therefore, treatment of patients with EAC is increasingly based on small biopsy samples
and in a subset of patients, i.e. patients with complete (clinical) response, a surgical sample
may even not be available anymore.

Biomarkers may improve prognostication and additionally provide some insight in the
biological behavior of EAC. For example, p53 expression was found to be independently
prognostic for disease free survival (DFS) in chemotherapy-naive EAC.”® Similarly, Sex
Determining Region Y-Box2 (SOX2) was found to be independently prognostic for survival in
two independent EAC cohorts.”” In addition, p53 and SOX2 expression in pre-treatment EAC
biopsies were found to be predictive for response to nCRT.”* These observations suggest
major biological roles of p53 and SOX2 in the clinical behavior of EAC. However, most
biomarker studies are based on historical cohorts of patients treated with surgery alone
and to date, the effect of nCRT on p53 and SOX2 expression in EAC and the prognostic
value of these markers pre- and post-treatment are unknown.

This study compares immunohistochemical p53 and SOX2 expression in paired pre-
treatment (pre-nCRT) endoscopic biopsies and resection specimens after nCRT in one
hundred EAC patients. As secondary outcome, both p53 and SOX2 expression before
(endoscopic biopsies) and after nCRT (resection specimen) will be correlated with overall
and disease-free survival.

METHODS

Patient selection

The total cohort of patients previously described by Van Olphen et al., was used for this
study.”* One of the patients has objected to the use of material for research and was
therefore excluded from the present study. In short, 147 patients with histologically proven
EAC who received at least 80% nCRT according to the CROSS regimen (Carboplatin and
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Paclitaxel with concurrent radiation) followed by esophagectomy treated at the Erasmus
University Medical Center with sufficient and representative material were included. Tumor
regression grade (TRG) was evaluated according to the modified Mandard scoring system.
Patients with TRG 1 and 2 were considered as major responders (n=74), and patients with
TRG 3 and 4 as minor responders (n=73). Patients with TRG1 (no residual tumor cells, n=32)
were excluded in the present study because no evaluation of post-treatment tumor cells
could be performed. Both clinical and pathological data were thoroughly re-assessed and
updated (recurrence data, last follow-up data) when needed. Study design is depicted in
Figure 1.

Immunohistochemistry (IHC)

Pre-nCRT biopsies, already immunohistochemically stained for p53 and SOX2 as well as the
hematoxylin-eosin stained slides from the paired resections were retrieved from the archives
of the Department of Pathology at the Erasmus MC University Medical Center. From the
most representative resection slide, 4 um thick sections were cut from the corresponding
block. From seven cases, material was missing. Both p53 and SOX2 immunohistochemical
staining techniques have been previously described.”®>7# In short, tissues were stained
with the p53 ready to use kit (clone BP53-11, Ventana Medical Systems, Roche, Tuscon,
AZ, USA) and SOX2 ready to use kit (clone Sp76, Cell Marque) using an automated slide
staining system (Benchmark Ultra, Ventana Medical Systems, Roche, Tuscon, AZ, USA).
Detection was performed with UltraView-DAB (ref. 760-500, Ventana Medical Systems)
and amplification with Amplification Kit (ref. 760-080 Ventana Medical Systems). Next, the
slides were counterstained with hematoxylin (ref. 790-2208, Ventana Medical Systems) and

From: van Olphen et al.,, Annals of Surgery, 2016 Present study
n=106*

nCRT Resection
p53 and SOX2 IHC

Major response:
/ TRG1,n=33 —+>» notumor
TRG2,n=42 ——» p53,S0OX2 HC
on pre-treatment EAC .
biopsies, n=147 \ Minor response:
’ TRG3,n=43 —7» p53,S0X2 HC
T TRG4,n=30 ——> p53, SOX2IHC

*Excluded:

1. Comparison pre- vs. post nCRT No material available, n=7

P53 (n=101) and SOX2 (n=100) (Tumor in p53 Objection against research
2. Correlation with Overall & stained slide only, n=1) : usg, n=1
Disease Free Survival TRG1, n=33
(pre-nCRT: n=146 and post-nCRT n=100) No tumor in post-nCRT

stained slides, n=5

Figure 1. Study design. nCRT, neoadjuvant chemoradiotherapy; TRG, tumor regression grade; EAC,
esophageal adenocarcinoma; IHC, immunohistochemistry
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cover slipped. Each slide contained either embryonal cell carcinoma (for SOX2) or normal
tonsil tissue (for p53) as a positive control.

Scoring

Scoring of pre-nCRT biopsies was already reported by Van Olphen et al., and was not
repeated (raw data were used).”* Scoring of post-nCRT resection specimen slides was
performed in a similar way as previously has been described with either normal wild-type
(WT) expression or aberrant p53 expression defined as either overexpression or complete
loss of expression in >50% of tumor cells. Aberrant SOX2 expression was defined as absence
of SOX2 expression in 50% of tumor cells (see Figure 2 for representative examples). Both
investigators (LS, KB) were blinded for clinical data and pre-nCRT expression data. In case of
disagreement the cases were reviewed simultaneously to reach a consensus diagnosis. One
investigator (KB) also scored the pre-nCRT biopsies in the previous study.

Ethics

This study was approved by the institutional review board (medical ethical committee) from
the Erasmus Medical Center (Rotterdam, The Netherlands).This study uses leftover patient
material from regular patient diagnostics. The Ethics council of the Erasmus Medical Center
approves research conducted on diagnostic tissue without special permission.

Statistical analysis

An interrater reliability analysis using the Cohen’s Kappa statistic was performed to
determine consistency among observers. The survival probability was estimated using
Kaplan-Meier curves. A Cox proportional hazard model was used to estimate the association
between both p53, SOX2 and survival. Only variables significant in univariable analysis
were investigated further in multivariable analysis. Survival was defined as time from
surgery until death (overall survival, OS) and time from surgery until first recurrence or
death (disease free survival, DFS). P-values < 0.05 were considered statistically significant.
Data were analyzed using SPSS statistical software (Version 25; SPSS, Chicago, lllinois, USA)

RESULTS

Baseline histopathological characteristics, other than immunohistochemical staining results
are described in Supplementary Table 1. Paired samples of all cases with residual tumor in
the post-nCRT esophageal resection specimen (i.e. TRG 2-4 cases, n=106) were reviewed.
In five cases, no tumor cells could be identified in the post-nCRT stained slides. One case,
with <10% remaining tumor cells after nCRT, i.e. TRG 2, only showed tumor cells in the
slide stained with p53.
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Table 1. Comparison of p53 and SOX2 before and after neoadjuvant chemoradiotherapy (nCRT).

post-nCRT (n, %)
pre-nCRT 0/1 2
(n, %) aberrant aberrant
p53 WT 5 8 5 5 13 9 9 9
(28) (44) (28) (28) (72) (50) (50)
Loss 2 18 3 4 19 5 18 2
9) (78) (13) (17) (83) (22) (78)
OE 6 1 53 10 49 15 44 22
(10) (2) (88) (17) (83) (25) (75)
SOX2 WT 6 13 26 14 31 18 27 9
(13) (29) (58) @31 (69) (40) (60)
Loss 7 14 34 5 50 1 44 24
(13) (25) (62) 9) (91) (20) (80)
both Oor1 9 18 28 16 39 23 32 11
(16) (33) (51) (29) (71) (42) (58)
2aberrant 4 9 32 3 42 6 39 22
©) (20) 71 @) (93) (13) (87)

WT, wild-type; OE, overexpression; TRG, tumor regression grade.

p53 Immunohistochemistry (IHC)

In total, 75/83 (90%) cases with aberrant p53 IHC in pre-nCRT biopsy showed aberrant p53
IHC in its paired post-treatment samples. More specifically, 53/60 (88%) with pre-nCRT p53
overexpression and 18/23 (78%) with pre-nCRT loss of p53 remained concordant after
nCRT (Table 1). In contrast, 13/18 (72%) with WT p53 staining in pre-nCRT samples showed
aberrant staining pattern in paired post-nCRT samples. The interobserver agreement of
post-treatment p53 was substantial with Kappa = 0.694 (95% CI 0.580-0.808).

SOX2 |IHC

In 31/45 (69%) patients with WT SOX2 staining in pre-nCRT samples, paired post-nCRT
samples showed SOX2 loss (Table 1). In contrast, 50/55 (91%) cases with SOX2 loss in
pre-nCRT samples showed concordant SOX2 IHC in its paired post-nCRT samples. The
interobserver agreement for post-nCRT SOX2 expression was moderate with Kappa = 0.493
(95% Cl 0.416-0.644).

p53 and SOX2 combined analyses

Van Olphen et al. combined both markers and observed higher probability of a major
response to nCRT in patients with aberrant p53 and loss of SOX2 expression in pre-nCRT
samples.”* In contrast, aberrant expression of both markers in post-nCRT samples was not
associated with response to nCRT (Chi squared test, p=0.545; Supplementary Table 2). In
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pre-nCRT IHC, p=0.133 pre-nCRT IHC, p=0.297
= TRG 1-2 vs 3-4, p=0.015 TRG 1-2 vs 3-4, p=0.001
g = R 0] = - = = n
Overall Survival (months) Disease Free Survial (months)*
Number of patients at risk Number of patients at risk
TRG 1-2 73 40 8 1 0 70 38 8 1 0
TRG 34 73 25 5 3 0 73 24 4 3 0
0-1 aberrant 72 28 5 3 0 70 25 5 3 0
2 aberrant 74 37 8 1 0 73 37 7 1 0

Figure 3. Response to neoadjuvant chemoradiotherapy (nCRT, i.e. tumor regression grade, TRG)
clearly segregates patients (from entire cohort of 146 patients) into distinct prognostic groups
for both A) overall (OS) and disease free survival (DFS). In B) response to nCRT is dichotomized
into major (TRG1-2) and minor response (TRG3-4). Patients with aberrant expression of both p53
and SOX2 in their pre-treatment endoscopic biopsy (pre-nCRT IHC) have non-significantly better
survival, compared with those with zero or one aberrant marker, in line with its association with
major response. *Three cases had missing recurrence data.

39/45 (87%) cases with two aberrant markers in pre-nCRT samples, both markers were
still aberrant post-nCRT. However, in cases with zero or one aberrant marker in pre-nCRT
samples, both markers were aberrant in 32/55 (58%) cases post-nCRT.

Opposite prognostic value before and after nCRT

The degree of histopathological response to nCRT, i.e. TRG, shows a prognostic difference
as depicted in Kaplan Meier curves (Figure 3). Patients with aberrant staining of both p53
and SOX2 in pre-nCRT samples showed a non-significantly improved overall and disease
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free survival compared to those with zero or one aberrant marker (Figure 3, C and D). In
contrast, aberrant expression of both markers in the post-nCRT samples was associated with
poor prognosis (Figure 4). Moreover, only differentiation grade, (clinical or pathological)
N-stage and TRG were independently prognostic for DFS in multivariable COX regression
analysis, whereas pathological N-stage was the only significant variable in multivariable
analysis for OS (Supplementary Table 3).

DISCUSSION

In recent years, nCRT has become standard of care, significantly increasing survival in
patients with advanced EAC. Yet, response to nCRT is highly variable with 23% of patients
showing pathologically complete response, while survival rates remain moderate 3% 43200
Biomarker studies aim to improve prognostication but are frequently based on historical
cohorts with nCRT naive patients (i.e. treated with surgery alone) as the effect of nCRT on
biomarker expression has not been studied extensively yet.

The present study primarily compared two promising biomarkers in EAC, namely
immunohistochemical p53 and SOX2 expression in paired pre- and post-nCRT EAC
samples and studied its association with survival as a secondary outcome. Aberrant
immunohistochemical expression of both p53 and SOX2 is largely concordant in paired
samples before and after nCRT. Only one other study has compared immunohistochemical
p53 staining patterns before and after therapy in patients with tubo-ovarian high-grade
serous carcinoma and found similar results with high concordance of aberrant p53 before
and after nCRT.?" However, in the present study, when a WT pattern was found in pre-
nCRT endoscopic biopsies, an aberrant pattern was frequently observed post-nCRT. These
discordant IHC patterns may be the result of nCRT-induced DNA damage causing selective
pressure of (new) mutated variants particularly in minor responders.2

Both pre- and post-nCRT p53 and SOX2 expression were not significantly associated with
survival. Nevertheless, a trend could be observed in patients with aberrant staining of both
p53 and SOX2 in the pre-nCRT samples performed better with regard to overall and disease
free survival, compared to those with none or one aberrant marker. This is in line with the
previously described association of concurrent aberrant expression with major response
to nCRT.”* Interestingly, an opposite trend could be observed when aberrant expression
of both markers was observed in the post-nCRT samples, as these patients often showed
adverse prognosis. These apparent discrepancies in survival may be the result of enrichment
with minor responders (i.e. high volume of residual tumor) in our cohort, as cases without
residual tumor could not be evaluated and were therefore excluded from the present study
(selection bias). In addition, after nCRT, the vast majority of cases showed aberrant staining
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patterns. A schematic representation and interpretation of the results found in this study
and the previous study by van Olphen et al.”* is depicted in Figure 5.

The management of patients with residual disease after nCRT is nowadays uncertain
and consensus-based recommendations are lacking. If tumors with aberrant staining
pattern indeed are more susceptible to chemoradiotherapy compared to those with WT
staining, additional adjuvant therapy could be considered for patients showing WT before
and an aberrant pattern after nCRT. Adjuvant therapy following nCRT has indeed been
shown to improve survival in patients with locally advanced rectal cancer and is therefore
increasingly being administered.?>? |n addition, a potential survival benefit for adjuvant
chemotherapy in EAC patients treated with nCRT followed by resection has been suggested
in two retrospective analyses.3® 2%

There are a number of limitations to the present study. Biopsies only represent a small
fraction of the tumor, while EAC is known to be very heterogeneous at a molecular level.'"”>
28 Therefore, sampling error must be taken into account. Nevertheless, this probably had
little impact on the current study as high concordance was found before and after therapy
in aberrantly stained cases. Yet, we did not perform sequencing in these particular cases,
and although IHC is a good readout for at least TP53 mutational status, it is not known
whether both similar staining patterns actually reflect the same mutation. Furthermore,
despite automated staining and standardized protocols, IHC scoring remains subjective
and a few residual negative tumor cells can easily be overlooked in a background of many
regressive changes (i.e. fibrosis, inflammation). When no staining can be appreciated, albeit
in the presence of your positive control, one should be sure there are actually negative
tumor cells (i.e. indicating loss of p53 or SOX2) present and these cases required careful
attention.

This is the first study comparing immunohistochemical p53 and SOX2 expression before
and after nCRT in EAC. Despite the heterogeneous nature of EAC, both markers are largely
concordant before and after nCRT, particularly when aberrant, which emphasizes the
reliability of these diagnostic markers in small pre-treatment samples. This is important as
treatment of patients with EAC is increasingly based on small biopsy samples as a result of
which tumor from a surgical resection specimen may no longer be available. This is already
the case in pathologically complete responders following nCRT. Our results also highlight
the fact that results of biomarker studies regarding survival in nCRT naive EAC patients
cannot simply be extended to EAC patients treated with nCRT.
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FUTURE PERSPECTIVE

Itis important to realize that many studies on biomarkers in patients who were pre-treated
with CRT suffer from selection bias. In such studies, it should be considered to evaluate the
pre-treatment biopsies in patients with complete pathological response (i.e. no residual
tumor), since these patients would otherwise be excluded. In vitro / in vivo (personalized)
cancer models offer further options to study chemoresistance to therapy and selective
pressure of cancer cells.

SUMMARY POINTS

« Aberrant expression of p53 and SOX2 staining in EAC tissue is largely unaffected by
nCRT.

« These results emphasize the reliability of aberrant p53 and SOX2 expression in small
pre-treatment samples, despite the heterogeneous nature of EAC.

Conversely, the wild-type staining pattern of both markers frequently changed to
aberrant expression after nCRT.

« Our findings support the model of enrichment of pre-existing mutant subclones after
nCRT by selective pressure, particularly in minor responders.

+ Inthe era of nCRT, treatment of patients with EAC is increasingly based on small biopsies;
in pathologically complete responders, tumor from a surgical resection specimen is
already no longer available.

+ Results of biomarker studies regarding survival in nCRT-naive EAC patients cannot
simply be extended to EAC patients treated with nCRT.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1. Patient and tumor characteristics of present cohort and remaining cases
with pre-treatment immunohistochemistry only.

Total cohort, Cohort with pre- and post Cases with pre-IHC
Variable n=146 (%)* IHC, n=100 (%)* only, n=46
Age 0.827
Median, years 63 (56-70) 63 (56-69) 63 (56-70)
(IQR)
Gender 0.859
Woman 18(12) 12(12) 40 (87)
Male 128 (88) 88 (88) 6(13)
Grade 0.769
Well/Moderate 93 (64) 63 (63) 30 (65)
Poor 53(36) 37(37) 16 (35)
cT-stage 0.034
T 5(3) 1(1) 4(9)
cT2 29 (20) 18(18) 11 (24)
cT3 112 (77) 81 (81) 31(67)
cN-stage 0.550
cNO 46 (32) 31(31) 15 (33)
cN1 55(38) 41 (41) 14 (30)
cN2 41 (28) 25(25) 16 (35)
cN3 4(3) 3(3) 1(2)
ypT-stage <0.001
ypTO 36 (25) 2(2) 34 (74)
ypT1 22(15) 16 (16) 6(13)
ypT2 28(19) 26 (26) 2(4)
ypT3 59 (40) 55(55) 4(9)
ypT4 (M 1(1) 0(0)
ypN-stage <0.001
ypNO 95 (65) 52(52) 43 (93)
ypN+ 51(35) 48 (48) 3(7)
Radicality 0.014
RO 134(92) 88 (88) 46 (100)
R1 12(8) 12(12) 0(0)
TRG <0.001
TRG1 33(23) 0(0) 33(72)
TRG2 40 (28) 32(32) 8(17)
TRG3 43 (30) 38(38) 5(11)

TRG4 30(21) 30(30) 0(0)
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Supplementary Table 2. Combined SOX2 and p53 immunohistochemical staining results before
and after nCRT stratified by response to nCRT.

pre-nCRT Total (n)
(biopsy)
0 aberrant WT WT 0 0 4 5 9
1 aberrant Loss WT 2 3 6 5 16 23 49

OE wT 7 7 12 8 35 (31%)  (67%)

wT Loss 2 2 8 1 13 <0001
2 aberrant Loss Loss 7 10 2 2 21 50 24

OF loss 14 19 11 9 53 (69%)  (33%)

Total (n) 32 41 43 30 146 73 73 146
0 aberrant WT WT - 1 1 1 3
1 aberrant Loss WT - 2 1 1 4 g 21

OE WT - 2 7 3 12 (25%)  (31%)

wT Loss -3 5 2 10 0545
2 aberrant Loss Loss - 7 8 8 23 24** 47

OE Loss - 17 16 15 48 (75%) (69%)

Total (n) - 32 38 30 100 32%* 68 100

IHC, immunohistochemistry; TRG, tumor regression grade; nCRT, neoadjuvant chemoradiotherapy; WT, wild
type; OE, overexpression. *Chi squared test ** TRG2 only
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In this thesis several biomarkers were studied as an attempt to improve risk stratification
in patients with Barrett’s esophagus (BE) and esophageal adenocarcinoma (EAC). These
will be briefly discussed here in the context of the various key questions that formed the
basis of this thesis.

Which patients with newly diagnosed BE are at increased risk for developing high-grade
dysplasia (HGD) or EAC?

BE screening and surveillance programs aim to prevent the development of cancer or
at least detect and treat EAC at an early stage with minimal burden and risks. Despite
interobserver variation issues, these programs are primarily based on histological diagnosis
of low-grade dysplasia (LGD) in endoscopic biopsy samples. Molecular and epigenetic
changes can precede histological dysplastic changes, can be objectively measured, and
may be used to predict progression in BE patients.*’***

MicroRNAs cannot be used to identify patients with non-dysplastic Barrett’s esophagus
at risk for progression to high-grade dysplasia (HGD) or EAC

MicroRNAs (miRs), small non-protein-coding RNAs, are gene regulatory molecules and
influence the output of many protein-coding genes.>* In Chapter 3 we hypothesized miR
profiles may be used to discriminate those patients at risk for progression by comparing
these profiles in non-dysplastic BE (NDBE) tissue of endoscopic biopsy samples from
progressors and non-progressors. However, patients who developed HGD or EAC after a
long-term follow-up showed no significantly differential miR expression levels as patients
who did not progress after a long-term follow-up. Interestingly, paired (i.e. from the same
patient) NDBE and HGD/EAC samples, also did not show any significant differences. Only
one previous study compared progressors with non-progressors, but our data could not
confirm the miRs from this study as being significantly different in BE from progressors
Versus non-progressors.>

A frequent major limitation to studies regarding BE progression risk based on endoscopic
biopsy material is the possibility of sampling error.2®® Moreover, sample size is limited by
the low progression rate in NDBE patients.” Our study emphasizes the need for proper
validation and, although promising results were found on miRs as biomarkers in testicular
germ cell cancer and conjunctival melanoma, it hopefully will prevent further investigations
on histology based miRs as a biomarker in NDBE.?'% 21

Which patients with (early) EAC are at risk for developing (nodal) metastases?

Endoscopic mucosal resection (EMR) is recommended for patients with HGD or superficial
EAC limited to the mucosa (pT1a).Endoscopic submucosal resection (ESR) is also increasingly
used, but still debated, in tumors limited to the submucosal layer (pT1b).'® Because no
lymph nodes can be removed by this procedure, the risk of metastases has to be negligible.
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To date, this risk is still difficult to determine. Depending on histopathological characteristics
such as grade, presence of lymphovascular invasion, invasion depth and margin status of
the EMR/ ESR, surgical resection usually follows endoscopic resection.*?

Tumor budding (TB) according to the Ohike method and Olfactomedin 4 (OLFM4) are
independent risk factors for metastases

TB is considered as a histological reflection of epithelial mesenchymal transition and of
prognostic relevance, and increasingly also of clinical consequence, in early colorectal
cancer (CRC).100. 110,123, 212, 213 Different methods to assess TB have been described.
Therefore, a standardized method to assess and report TB was recommended following
an International Tumor Budding Consensus Conference (ITBCC).5° However, its relevance
in pT1b EAC, is unclear. Moreover, studies comparing different TB methods are lacking.®
6 The study described in Chapter 4 showed that TB assessed according to the Ohike
method™* is reproducible and informative. TB is prognostic for presence of metastases in
pT1b EAC, independently from other previously described risk factors. Usage of pankeratin
immunohistochemistry (IHC) showed similar prognostic value, increased identification
of buds, but decreased interobserver agreement for all methods. Automated digitalized
assessment had no added value. Our results were in line with the only previous study on
TB in early (pT1a + pT1b) EAC using the same method.®* The main difference between
this method and the method recommended method by the ITBCC, which was not
independently associated with metastases in our study, is the area size in which TB is
assessed. In the recommended method, the total number of tumor buds are counted in
a hotspot with most buds, whereas in the Ohike method, budding fields with at least five
buds are counted along the entire invasive front. Furthermore, the recommendations from
the ITBCC are solely based on studies in CRC. To our knowledge, the Ohike method has not
been evaluated in CRC.

Another interesting biomarker, intestinal stem cell marker OLFM4 is described in Chapter
5. Patients with both advanced and early EAC were included and OLFM4 expression also
associated with nodal metastases. Following the association with nodal status, patients
whose tumors had high TB and low OLFM4 expression had adverse overall and disease free
survival, although these results did not reach statistical significance. This may be explained
by the relatively small sample size of the cohorts, especially in the early EAC group in
the OLFM4 study, or due to the large proportion of deeply invading (pT34) tumors in the
advanced group. In these patients, presence of occult distant metastases, that have spread
hematogenously, is more likely and associated with poor survival when compared with
early less invasive tumors.2'*2' Other factors include the duration of follow-up, which may
have been too short. Despite these limitations, this is the first extensive study on OLFM4
in EAC and similar results were found in a variety of other cancers, predominantly gastric
adenocarcinoma.s8 6972216
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Although more (prospective) research is required to evaluate the clinical impact of these
new and promising biomarkers, we recommend to report TB according to the Ohike
(H&E) method in the pathology report of patients with early pT1b EAC to guide clinical
management, as it is a relatively simple method, does not require additional IHC and can
be easily incorporated in daily diagnostic practice.

Can we further improve prediction of prognosis in patients with advanced EAC?

EAC survival rates vary depending on the cohort studied and whether or not they include a
mixture of esophageal cancers subtypes, treatment regime and/or stages. Generally, once
disease recurrence is diagnosed, the prognosis is poor. Furthermore, presence of metastases
is the most important prognostic factor for adverse survival.

The most frequently mutated gene in human cancer, TP53, functions as a tumor suppressor.
When mutated, the altered p53 protein is unable to trigger apoptosis in cells with damaged
DNA, thereby losing its tumor-suppressing properties and facilitating uncontrolled cell
proliferation. In EAC, TP53 gene mutation is considered a driver mutation, as it frequently
occurs early in malignant progression.'

Aberrant p53 IHC is an independent risk factor for poor prognosis in EAC patients treated
with surgery only

Being the most studied biomarker, many previous studies suggested the TP53 gene and
p53 protein are linked to prognosis in EAC. However, the interpretation of p53 IHC has
changed over time from dichotomous positive/negative to a three-tiered pattern based
scoring: overexpression, loss of and heterogeneous, wild-type expression. Also, mixed
patient cohorts have often been used, including patients with different types of esophageal
cancer or treatment strategies amongst others. Chapter 6 describes p53 IHC is prognostic
for prognosis in a well-defined cohort of EAC patients. Furthermore, mutational analysis
confirmed p53 IHC is an informative readout for TP53 mutational status in EAC with aberrant
expression. Importantly, our study only included patients treated with surgery, as neo-
adjuvant treatment may influence immunohistochemical biomarker expression. Yet, neo-
adjuvant chemoradiotherapy (nCRT) is currently the gold standard in the treatment of
patients with advanced EAC.

Although TNM classification remains the most important prognosticator, these studies
provide further support for the presence of different molecular subtypes in EAC with
distinct clinical outcomes.
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Conclusions from biomarker studies in nCRT naive EAC patients cannot simply be
extended to patients treated with nCRT

In a first attempt to further address the influence of nCRT on immunohistochemical
biomarker expression, immunohistochemical p53 and SOX2 expression before and
after nCRT were compared in Chapter 7. Our results show expression of these markers
is largely unaffected by nCRT, particularly when aberrant. In contrast, when pre-nCRT
biopsies showed heterogeneous, wild-type staining, aberrant expression was frequently
observed in the post-nCRT surgical resection specimen. In contrast to previous results found
in naive patients, (predominantly) treated with surgery only,”> 7> these markers were not
prognostic for survival in our cohort of patients who were all treated with nCRT. Moreover,
aberrant expression of both markers was previously associated with major response (tumor
regression grades, TRG 1-2) to nCRT.”* Major response is indicative of improved survival
opposed to those with minor response (TRG3-4). One explanation for these conflicting
results is the unavoidable selection bias in our study, enriching minor responders with a
poor prognosis as patients with major, complete response have no residual tumor cells.
Hence, immunohistochemical staining for p53 or SOX2 in the post-nCRT resection specimen
was not possible in cases with complete response (TRG1). Furthermore, nCRT may also
cause selective pressure with expansion of resistant variants.?’” Thus, survival rates in
heterogeneous patient cohorts should be interpreted with caution and biomarker results
from naive EAC patients cannot simply be extended to patients treated with nCRT.
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Better identification of patients with Barrett's esophagus (BE) at risk of progression is
essential to limit increases in healthcare costs and risk of both under- and overtreatment.
We describe that the microRNA analyses performed in histologic non-dysplastic BE biopsy
samples are of no value to predict BE progression and emphasize the need for proper
validation of results. The impact of biopsy sampling errors on determining progression
risk can be mostly circumvented by using new non-endoscopic methods. In addition, the
majority of patients who may have a high progression risk, are not yet under surveillance
and subsequently, are not biopsied at all, as prior BE diagnosis in reported in only 4.9%
of patients with esophageal adenocarcinoma (EAC).?” The greatest improvement in early
detection of EAC can therefore be achieved by identifying these patients. In this regard,
a new device called Cytosponge TM, which consists of a‘sponge on a string’ pill, is one of
the most promising methods.?’” When the pill is swallowed, it expands into a small rough
textured sponge in the stomach, when pulled back up, it collects millions of cells lining the
whole esophagus. Patients that test positive for the Trefoil Factor 3 (TFF3) marker protein
are likely to have BE.*'® In addition, more and more research is focused on diagnosis and
monitoring BE by means of so-called liquid biopsies (blood samples).?'* 22 These methods
are less-invasive and cost-effective to diagnose and monitor people with BE and can
be performed at a general practice level, instead of needing referral to a hospital for an
endoscopy.?':2!

To date, histological diagnosis of dysplasia remains the most important prognosticator,
for which problems with interobserver variation should be minimized by confirmation of
the diagnosis by another, preferably expert, pathologist.?? Yet, it is essential to obtain a
more detailed understanding of the signaling networks involved in dysplastic progression
to EAC. For that reason, it would be very interesting to further evaluate the expression of
Olfactomedin 4 (OLFM4) in BE. At present, only limited research on OLFM4 in BE exists, but
one previous study reported gradually increased expression during dysplastic progression
in a small number of esophageal and gastric samples.5668

When EAC is diagnosed at an early stage, endoscopic resection is increasingly used.
Apart from tumor grade, invasion depth and presence of lymphovascular invasion, tumor
budding (TB) according to the Ohike method should be added in the pathology report
from patients with early, pT1b EAC to guide treatment strategy and estimate whether the
risk of metastases outweighs the risk of mortality and morbidity from additional surgery.
Importantly, although associated, TB and tumor grade are not the same. Moreover, TB
associates better with metastases than tumor grade. In EAC, grading is still based on the
proportion of gland formation in the entire tumor. ' In contrast, in CRC, grading should
now be based on the least differentiated component according to most recent WHO
criteria.' More importantly, the invasive front should not be taken into account when
grading CRC, but this should be separately assessed for TB.""* Grading EAC according to
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these CRC criteria may further increase the prognostic relevance of tumor grade. OLFM4
expression also associated with nodal metastases but these results should be validated in
larger cohorts.

Aberrant p53 expression is prognostic for adverse survival in patients treated with surgery
alone (i.e. those who did not receive neo-adjuvant chemoradiotherapy, nCRT).”® However,
most patients with advanced EAC are now treated with nCRT prior to surgery. Therefore,
we compared immunohistochemical expression of p53 and SOX2 before and after nCRT.
Although a change from normal wild-type p53 and SOX2 expression to aberrant expression
was frequently observed, aberrant expression of both markers was largely concordant
before and after nCRT. Nevertheless, conclusions from biomarker studies in naive patients
cannot simply be extended to histological samples obtained from patients treated with
nCRT. Still, these studies provide valuable, additional insight in the biological behavior of
EAC. For example, our study on p53 in naive EAC supports the presence of various molecular
subtypes in EAC.23

This is important as current oncological practice is increasingly dependent on molecular
diagnostics of tumor tissue, with brain tumors being the greatest example.?** Furthermore,
it can also be used to determine eligibility for personalized selection of cancer drugs based
on the presence of actionable mutations. Some of the drugs like EGFR, BRAF, ALK, ROS1 and
PARP inhibitors and their associated markers have only emerged in recent years, whereas
immunohistochemically based hormone receptor status has been a mandatory part of a
breast cancer diagnosis for decades, guiding the use of endocrine therapy.??

Recent work from The Cancer Genome Atlas indicate esophageal cancers indeed include
multiple subtypes driven by distinct genetic alterations.?>® A striking similarity was
found between genomic profiles of EAC and a subtype of stomach cancer, characterized
by chromosomal instability, which suggests these cancers in fact are exactly the same
cancer, but arose in different organs. Still, compared with other cancers (i.e. brain, breast
amongst others), molecular diagnostics and targeted molecular based therapy in EAC is
still in its infancy. Nevertheless, encouraging results have been reported. Evaluation of
ERBB2 (human epidermal growth factor receptor 2 (HER2)) is now recommended and
Trastuzemab (Herceptin) is now approved for the treatment of advanced or metastatic
EAC."3 Furthermore, alterations of the ERBB2 gene, present in one-third of EAC,** and the
resulting overexpression of the ERBB2 (HER2) protein, has been shown to be predictive of
response to this therapy.''® Similarly, immune profile and immune checkpoint inhibitors,
established therapeutic options for several cancer types, are increasingly evaluated in EAC,
some of which with promising results.?26-228

In conclusion, optimal treatment strategy in EAC remains a challenge and it is clear EAC
pathogenesis is driven by multiple complex pathways. Analysis of one single marker
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is unlikely to precisely predict progression, presence of metastases or recurrence in an
individual patient; it is more likely that a combination of risk factors provides a better
estimate.






Summary



150 | Chapter 10



Summary | 151

The incidences of esophageal adenocarcinoma (EAC) and its precursor lesion, Barrett’s
esophagus (BE) are rapidly increasing. At an early stage, endoscopic treatment of EAC is
possible with a relatively good chance of cure. In contrast, an advanced stage requires very
invasive treatment, often includes neo-adjuvant chemoradiotherapy (nCRT) and holds a
poor prognosis. To further improve risk stratification in these patients new and previously
described biomarkers were evaluated in this thesis (Figure 1).

MicroRNA (miR) are small non-coding RNAs able to control translation of messenger RNA
transcripts of protein-coding genes. This way, they can either function as oncogenes or
tumor suppressors. High-throughput miR-profiling can differentiate between tissue types.
Distinctive miR signatures are recognized for specific cancer types, both on tissue as well as
body fluids. Consequently, miR are increasingly studied as potential cancer biomarkers, both
regarding diagnosis as well as prognosis and prediction. Based on our results described in
Chapter 3, miR profiles from endoscopic biopsy samples of patients with non-dysplastic
BE cannot be used to predict progression to high-grade dysplasia and/or EAC.

In patients with early, submucosal (pT1b) EAC, determining if the risk of metastases
outweighs the risk of mortality and morbidity from surgical removal of the entire esophagus
and part of the stomach is difficult. Frequently used risk indicators include lymphovascular
invasion, tumor differentiation grade and depth of invasion. However, the estimated risk of
metastases based on these indicators varies widely in the literature published. Chapters
4 and 5 describe high tumor budding according to the Ohike method and low OLFM4
immunohistochemical expression are independent risk factors for (nodal) metastases. All
these factors combined would likely lead to a better risk stratification for this group of
patients. However, because of the limited studies related to these topics in EAC so far,
additional research is needed to confirm these results.

Advanced EAC carries a poor prognosis, although reported survival rates vary greatly
depending on the cohort studied. The TP53 gene and its encoded protein p53, reported
to be, at least one of, the guardian(s) of the genome, can be assumed to be the driving
force of cancers of various types, including EAC. In spite of this knowledge, still a number
of questions need to be answered. Aberrant p53 immunohistochemical staining pattern
is an independent risk factor for poor prognosis in a well-defined cohort of EAC patients
who were treated with surgery only (Chapter 6). Moreover, it correlates well with TP53
gene mutational status. Yet, neo-adjuvant chemoradiotherapy (nCRT) is currently the gold
standard in the treatment of patients with advanced EAC. Moreover, it is currently being
addressed if clinically complete responders after nCRT can be kept under close surveillance
and only require surgery if evident localized tumor recurs. Therefore, treatment of patients
with EAC is increasingly based on small biopsy samples and in a subset of patients, i.e.
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patients with complete (clinical) response, a surgical tumor sample may even not be
available anymore.

To date, the effect of nCRT on biomarker expression such as p53 and SOX2 in EAC and their
prognostic value pre- and post-treatment are unknown. This is of relevance in the context
of evaluation of these biomarkers in relation with clinical behavior. Chapter 7 describes
aberrant p53 and SOX2 IHC are largely concordant before and after nCRT. Nevertheless,
results from biomarker studies in nCRT naive EAC patients cannot simply be extended to
patients treated with nCRT. This is most likely due to progression related events during the
course of the disease and exposure to nCRT.

In conclusion, optimal treatment strategy in EAC remains a challenge and it is clear EAC
pathogenesis is driven by multiple complex, and often interrelated, pathways. Although
extern, prospective validation is desirable for most results, this thesis further emphasizes
that analysis of one single biomarker is unlikely to precisely predict progression, presence of
metastases, or recurrence in an individual patient. Hence, it is more likely that a combination
of several risk factors, and as such also biomarkers, provides a better estimate. This thesis
describes some additional promising markers that could be used for this purpose.
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Het aantal patiénten dat jaarlijks gediagnosticeerd wordt met een tumor van het type
adenocarcinoom in de slokdarm (EAC) en de voorloperlaesie hiervan, Barrett slokdarm
(BE) neemt snel toe. In een vroeg stadium is endoscopische behandeling van EAC nog
mogelijk. Hierbij wordt via de mond een buigzame slang met camera ingebracht en
doorgeschoven tot in de slokdarm. Het kwaadaardige weefsel kan met behulp van deze
slang verwijderd worden. Wanneer de tumor vroeg is ontdekt, heeft men een relatief goede
kans op genezing. Daarentegen vereist een verder gevorderd stadium een zeer invasieve
behandeling. Chirurgische, complete verwijdering van de slokdarm met hierbij vaak ook een
stuk van de maag en omgevend weefsel met hierin lymfeklieren is dan nodig, omdat deze
mogelijk uitzaaiingen van de tumor kunnen bevatten. Hiernaast is vaak voorbehandeling
nodig, middels een combinatie van chemotherapie en lokale bestraling (nCRT). Een laat
ontdekt EAC heeft vaak een slechte prognose. Om de verschillende risico’s en de prognose
voor deze patiénten beter te kunnen inschatten, werden in dit proefschrift nieuwe en eerder
beschreven biomarkers geévalueerd, zodat in de toekomst voor elke patiént de meest
optimale behandelingsstrategie kan worden gekozen.

MicroRNA's (miR) zijn kleine niet-coderende RNAs die de translatie van messenger-RNA-
transcripten van eiwit coderende genen controleren of degradatie kunnen veroorzaken.
Op deze manier kunnen ze ofwel als oncogenen (d.w.z. genen die kanker kunnen
veroorzaken) ofwel als tumoronderdrukkers fungeren. Met behulp van miR-profilering
kan men onderscheid maken tussen weefseltypen en kunnen zelfs onderscheidende
miR-profielen worden herkend voor specifieke kankertypes. Dit kan zowel in weefsel als
in lichaamsvloeistoffen. Om deze reden worden miR in toenemende mate bestudeerd
als biomarkers. Op basis van onze resultaten beschreven in Hoofdstuk 3, kunnen miR
profielen van endoscopisch verkregen biopten van patiénten met niet-dysplastische BE
echter jammer genoeg niet worden gebruikt om de progressie naar hooggradige dysplasie
of EAC te voorspellen.

Bij patiénten met vroege EAC, maximaal reikend tot in de submucosa (pT1b), is het
moeilijk in te schatten of het risico op uitzaaiingen opweegt tegen het risico op sterfte
en morbiditeit veroorzaakt door chirurgische verwijdering van de gehele slokdarm, een
deel van de maag en de regionale lymfeklieren. Veelgebruikte risico-indicatoren zijn onder
meer aanwezigheid van tumorcellen in (lymfe)vaten, differentiatiegraad en de diepste
tumordoorgroei. Het geschatte risico op metastasen op basis van deze indicatoren varieert
echter sterk in de tot nu toe gepubliceerde literatuur. In de Hoofdstukken 4 en 5 wordt
beschreven dat aanwezigheid van veel tumor buds, gescoord volgens de Ohike-methode
en immunohistochemische (IHC) lage OLFM4- expressie, in deze groep patiénten met
pT1b tumoren, ook onafhankelijke risicofactoren voor uitzaaiingen zijn. Al deze factoren
gecombineerd zullen hoogstwaarschijnlijk leiden tot een betere risicostratificatie voor
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deze groep patiénten. Er is hierover voor EAC echter nog te weinig bekend in de literatuur
waardoor aanvullend onderzoek nodig is om deze resultaten te bevestigen.

In een later, vergevorderd stadium heeft EAC een erg slechte prognose, hoewel de
gerapporteerde overlevingskansen sterk variéren afhankelijk van het bestudeerde patiént
cohort. Het TP53-gen en zijn gecodeerde eiwit p53, door sommigen ook wel, tenminste
één van, de bewaker(s) van het genoom genoemd, kan, wanneer deze gemuteerd is,
worden beschouwd als de drijvende kracht achter verschillende soorten kanker, waaronder
EAC. Desondanks moeten nog een aantal vragen worden beantwoord. Een afwijkend
immunohistochemisch aankleuringspatroon van het tumor suppressor eiwit p53 blijkt een
onafhankelijke risicofactor voor slechte prognose in een goed gedefinieerd cohort van EAC-
patiénten die alleen met chirurgie werden behandeld (Hoofdstuk 6). Bovendien correleert
het aankleuringspatroon goed met de mutatiestatus van het TP53-gen. Momenteel worden
de meeste patiénten met geavanceerde EAC echter behandeld met nCRT en chirurgie.
Bovendien wordt momenteel onderzocht of patiénten met een klinisch complete respons,
waarbij er dus radiologisch en bij endoscopie na afname van biopten geen tumor meer
aanwezig is na nCRT, onder nauwlettend toezicht kunnen worden gehouden en alleen
kunnen worden geopereerd als er opnieuw aanwijzingen zijn dat er tumor aanwezig is.
Dit betekent dat de behandeling van patiénten met EAC in toenemende mate gebaseerd
is op kleine hoeveelheden weefsel (biopten). Bij een subgroep van patiénten, wederom
de patiénten met een volledige (klinische) respons, is het daarom goed mogelijk dat een
chirurgisch verkregen tumormonster nooit meer beschikbaar komt.

Tot op heden is het effect van nCRT op de expressie van biomarkers zoals p53 en SOX2 in
EAC en hun prognostische waarde voor en na de behandeling onbekend. Dit is relevant in de
context van het evalueren van deze biomarkers in relatie tot klinisch gedrag. Hoofdstuk 7
beschrijft dat afwijkende p53 en SOX2 IHC grotendeels hetzelfde is voor en na behandeling
met nCRT. Toch kunnen resultaten van biomarker onderzoek in EAC patiénten zonder
nCRT niet zomaar worden vergeleken met de resultaten in patiénten met EAC die wel zijn
behandeld met nCRT. Dit is hoogstwaarschijnlijk te wijten aan progressie gerelateerde
gebeurtenissen in de tumor gedurende de loop van de ziekte en de blootstelling van de
tumor aan nCRT.

Al met al blijft het kiezen van de optimale behandelingsstrategie bij patiénten met EAC
dus een uitdaging. Het is duidelijk dat het ontstaan en de progressie van EAC erg complex
is en tussen patiénten sterk kan verschillen. Hoewel externe, prospectieve validatie voor
de meeste resultaten wenselijk is, benadrukt dit proefschrift verder dat de analyse van
slechts één enkele biomarker onwaarschijnlijk is om de progressie, aanwezigheid van
metastasen of kans op een tumor recidief bij een individuele patiént te voorspellen. Het is
veel waarschijnlijker dat een combinatie van meerdere risicofactoren, ofwel biomarkers, een
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betere schatting zal geven. Dit proefschrift beschrijft enkele (aanvullende) veelbelovende
biomarkers die voor dit doel kunnen worden gebruikt.
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beste Folkert, dank voor uw betrokkenheid, steun en wijze raad tijdens de opleiding en
het afronden van dit proefschrift.

Laboratorium voor Experimentele Patho-oncologie, ofwel LEPO-labgenootjes Fiebo, Berdine,
Martine en Remko, dank voor de altijd gezellige lunches en hulp bij allerhande problemen
waar ik meer dan eens tegenaan liep. Beste Fiebo, dank voor je gezelligheid op de kamer. Ik
vond het erg fijn om met je te kunnen sparren over mijn onderzoeksresultaten. Daarnaast
heb ik genoten van je verhalen over je bijen en andere huisdieren. Berdine, gefeliciteerd met
jouw eerste kindje, ik hoop dat alles goed gaat en wens jullie veel geluk en gezondheid toe.
Beste Martine, ik kijk ook erg uit naar jouw proefschrift, wat heb jij hier ontzettend veel werk
en energie ingestopt! Beste Remko, zelfs toen je al lang en breed klaar was bij LEPO stond je
altijd klaar om mij te helpen. Ad en Lambert, dank voor jullie hulp en geduld bij het labwerk
en de interpretatie hiervan. Joitza, de vrolijkste en gezelligste stagiaire die er is, dank voor
je inzet en harde werk bij het microRNA onderzoek, heel veel succes met je verdere studie!

Mijn (schoon)familie, vrienden en vriendinnen, dank voor jullie interesse in mijn werk en
onderzoek, al ben ik blij dat ik het met jullie juist over andere dingen kan hebben. Door
COVID-19 hebben we elkaar de afgelopen tijd helaas veel minder vaak gezien. Ik hoop dat
we snel weer vaker en op een normale manier bij elkaar te kunnen komen!
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Ik heb jullie gezelligheid de afgelopen periode tijdens deze pandemie enorm gemist.
Inge de Voogt, dank dat je tijd wilde vrijmaken voor het ontwerp van de omslag van mijn
proefschrift!

Liefste Levy, ontzettend bedankt dat je altijd achter mij staat. Mede dankzij jou sta ik hier en
ben ik meer dan alleen een moeder. Het ouderschap is pittig, maar brengt focus en vooral
ook heel veel moois. Wat zijn wij samen toch een goed team! Lieve Yuno, jouw vrolijkheid
en nieuwsgierigheid geven mij altijd de kracht om gewoon door te blijven gaan. Je wordt
vast een hele lieve grote zus voor jouw broertje. Nog maar een paar weekjes wachten!

Tot slot, mijn paranimfen Charlotte en Mareska. Charlotte, wat fijn dat we naast vriendinnen
ook collega’s zijn geworden! Vanaf het begin van onze opleiding Geneeskunde hebben
we, in binnen- en buitenland, heel wat avonturen met elkaar beleefd. Ik weet zeker dat er
de komende jaren nog vele herinneringen zullen volgen. Mareska, de laatste jaren is onze
band, ondanks het feit dat je al jaren in Londen woont, juist hechter geworden. Hoewel we
op vele fronten enorm verschillen, lijken we stiekem toch meer op elkaar dan ik vroeger
dacht. De afgelopen jaren brachten naast veel mooie dingen helaas ook erg moeilijke
periodes. Hierdoor besef ik des te meer hoe belangrijk familie is en hoe trots en blij ik ben
dat jij mijn zus bent. Dankbaar en blij dat jullie op deze bijzondere dag mijn paranimfen
willen zijn.
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