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Immuno-genomic profiling of biopsy specimens
predicts neoadjuvant chemotherapy response in
esophageal squamous cell carcinoma
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In brief

Sasagawa et al. show immunogenomic
profiles of esophageal cancer biopsy
specimens before chemotherapy and
suggest interactions between tumor
copy-number variants and immunity
related with chemotherapy response.
Neutrophils infiltration plays an important
role in the response to chemotherapy.
Machine learning using these
immunogenomic large data can predict
chemotherapy response.
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SUMMARY

Esophageal squamous cell carcinoma (ESCC) is one of the most aggressive cancers and is primarily treated
with platinum-based neoadjuvant chemotherapy (NAC). Some ESCCs respond well to NAC. However, bio-
markers to predict NAC sensitivity and their response mechanism in ESCC remain unclear. We perform
whole-genome sequencing and RNA sequencing analysis of 141 ESCC biopsy specimens before NAC treat-
ment to generate a machine-learning-based diagnostic model to predict NAC reactivity in ESCC and analyzed
the association between immunogenomic features and NAC response. Neutrophil infiltration may play an
important role in ESCC response to NAC. We also demonstrate that specific copy-number alterations and
copy-number signatures in the ESCC genome are significantly associated with NAC response. The interac-
tions between the tumor genome and immune features of ESCC are likely to be a good indicator of therapeutic
capability and a therapeutic target for ESCC, and machine learning prediction for NAC response is useful.

INTRODUCTION

Esophageal cancer is one of the most aggressive cancers and
the sixth leading cause of cancer-related deaths worldwide."
There are two histological types of esophageal cancer: esopha-
geal squamous cell carcinoma (ESCC), which occurs in the mid-
dle or upper one-third of the esophagus, and esophageal adeno-
carcinoma (EAC), which occurs in the lower one-third of the
esophagus or at the junction of the esophagus and stomach.?*
These two types differ in several aspects, including mortality,
clinical features, and etiology. ESCC epidemiology is character-
ized by a wide variation in the incidence of ESCC among coun-
tries and ethnic groups. In Asia and Japan, 90% of esophageal
cancers are ESCC, and its etiology is strongly associated with
smoking and alcohol intake, while EAC predominates in the
Western countries, and its etiology is related to gastroesopha-
geal reflux.” The standard treatment for locally advanced and
resectable ESCC is platinum-based neoadjuvant chemotherapy
(NAC) in Japan®® and neoadjuvant chemoradiation (NACR) in the
United States and Europe. Some recent clinical studies have
observed a similar treatment effect between NAC and
NACR.*>’ These pre-surgical treatments have been reported to
have greater clinical efficacy than surgery alone in patients
with resectable esophageal cancer.®® The response rate of
ESCC to NAC/NACR is 57%-72%, some of which achieve com-
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plete remission. Despite improvements in these pre-surgery
treatments and surgical techniques, ESCC has a very low
5-year survival rate of 15%-25%.'° Some patients cannot un-
dergo surgery or curative resection because of disease progres-
sion during and after NAC."" Hence, predictive markers for the
response to NAC are required.

Several candidate markers for ESCC tissues have been re-
ported to predict the response to NAC, including p53, cell cycle
regulators, nucleotide excision repair pathway, and some inflam-
matory and nutritional biomarkers, such as neutrophil-lympho-
cyte ratio (NLR) and prognostic nutritional index, have also
been reported to predict NAC responsiveness. However, their
prediction performance has not yet been validated,'®"'® and bio-
markers to predict NAC sensitivity and their mechanism in ESCC
remain unclear.

The tumor microenvironment (TME) consists of various cellular
and non-cellular components, such as tumor tissue, normal tis-
sues, and immune cells in the surrounding area, and the interac-
tions between tumor cells and immune cells have been known to
play a major role in tumor progression and response to chemo-
therapy or radiation therapies.””'® NAC has historically been
considered immunosuppressive for cancer patients; however,
certain chemotherapeutic agents, such as paclitaxel, cisplatin,
gemcitabine, and carboplatin, are known to regulate and modu-
late anti-tumor immune responses.’®?> Chemotherapy can
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Table 1. Clinical information for ESCC patients (n = 121)

Responder

Non-responder

Complete response

Partial response

Stable disease Progressive disease

Patients, n 8 67 36 10
Gender

Male, n (%) 8 (100) 51 (76) 30 (83) 8 (80)
Female, n (%) 0(0) 16 (24) 6 (17) 2 (20)
Age (years), median (range) 66 (60-71) 69 (64-74) 68 (64-72) 68 (56-74)
Clinical stage

1, n (%) 0(0) 0(0) 1(2.8) 0(0)

I, n (%) 2 (25 7 (10) 5 (14) 1(10)

I, n (%) 5 (62) 47 (70) 24 (67) 8 (80)

IV, n (%) 1(12) 13 (19) 6 (17) 1(10)
Smoking history

Non-smoker, n (%) 0(0) 15 (22) 5 (14) 1(10)
Smoker, n (%) 2 (25) 25 (37) 19 (53) 3 (30)
Ex-smoker, n (%) 6 (75) 27 (40) 12 (33) 6 (60)
Brinkman index, median (range) 750 (596-908) 700 (278-1,132) 910 (485-1,200) 590 (320-772)
Alchohol drinking history

Yes 8 (100%) 60 (90%) 32 (89%) 8 (80%)

induce immunogenic cell death and the subsequent release of
tumor-associated neoantigens, which triggers immune activa-
tion. These neoantigens activate antigen-presenting cells, such
as tumor-associated macrophages and dendritic cells, through
Toll-like receptors.”*2°

Here, we demonstrate a hierarchical approach to the compar-
ative analysis of genomes of pre-treatment biopsies from 121
ESCC responders and non-responders, starting with immune
signature, copy-number variation, and copy-number signature,
followed by a machine learning approach to predict the response
to NAC by combining several immunogenomic and clinical
information.

RESULTS

Clinical characteristics and response assessment

We performed comprehensive genomic and transcriptomic tu-
mor analysis for 143 ESCC patients as part of the University Hos-
pital Medical Information Network Clinical Trials Registry of
Japan (identification no. UMIN000004555/000004616; Fig-
ure S1, Table S1). Unless there was a special reason, NAC was
indicated and treated for NAC according to the guidelines for
the Japanese Esophageal Association. Fresh-frozen pre-treat-
ment core tumor biopsies were collected from 121 patients
with platinum-based NAC. DNA and RNA were extracted and
profiled by deep whole-genome sequencing (dWGS, x30~; 20
cases), shallow whole-genome sequencing (sWGS, x1~; 72
cases) and RNA sequencing (RNA-seq) (79 samples). Most pa-
tients were male (73.9%), and the median age was 67 years
(range, 41-82 years). The response was determined according
to the criteria of the Japanese Esophageal Association’s code
of practice. The objective responses of the 121 patients who
received NAC were complete response (CR) in 8 patients, partial
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response (PR) in 67, stable disease (SD) in 36, and progressive
disease (PD) in 10. For this study, patients with CR and PR
were defined as “responders,” and patients with SD and PD
were defined as “non-responders.” There was no significant dif-
ference in the NAC response among several drug protocols, all of
which were platinum-based (Table 1). Smoking is a major envi-
ronmental factor associated with ESCC. However, the preva-
lence of these exposures varies widely between men and
women.?” In fact, in our cohort, males had a significantly higher
Brinkman smoking index than women (Figure S2A). We found no
significant influence of Brinkman index on NAC response in
either male and/or female patients (Figures S2B and S2C). We
compared overall survival (OS) and disease-free survival (DFS)
excluding treatment-related deaths and postoperative-related
deaths of less than 3 months in responders and non-responders.
(Figures S2D-S82I). The responders tended to have a better OS
than the non-responders (p = 0.066, log rank test for trend, Fig-
ure S2D), while the non-responders had a significantly lower DFS
rate than the responders (p = 0.012 by log rank test for trend; Fig-
ure S2G). We found no difference in the OS (p = 0.28 by log rank
test for trend; Figure S2E) or DFS periods (p = 0.17 by log rank
test for trend; Figure S2H) between male responders and male
non-responders. In contrast, female patients showed a signifi-
cant difference between the responders and non-responders
in both OS (p = 0.0021 by log rank test for trend; Figure S2F)
and DFS (p = 0.0005 by log rank test for trend: Figure S2I), which
is consistent with reports of gender differences in response to
treatment in patients with esophageal cancer.?®

Differential expression of immune-related genes is
associated with response to NAC

To gain a deeper understanding of the potential mechanisms
of therapeutic response to NAC, we performed RNA-seq in
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Figure 1. Classification of ESCC based on immune signatures

(A and B) GSEA of IL2-STATS5 signaling (A) and interferon-y response (B) genes in ESCC RNA-seq data.
(C) Unsupervised clustering of ESCC patients by six gene expression signatures related to immune cell fractions (NK cells, monocytes, B cells, CD8+ T cells,

CD4+ T cells, and neutrophils).

(D) Comparison of the responder rate: p = 0.030: neutrophils (N = 7/18) versus CD4 T cells (N = 20/27); and p = 0.032: neutrophils (N = 7/18) versus CD8 T cells (N =

19/26) by Fisher exact test.
(E) OS (Left) and DFS (Right) in each immune cell group. *p < 0.05.

tumor biopsy specimens before NAC treatment and analyzed
the relationship between tumor gene expression and the
response to NAC. Overall, we did not find any statistical differ-
ences in the expression of 19,652 genes between responders
and non-responders (10% false discovery rate; Figure S3A).
However, when we performed gene set enrichment analysis
(GSEA) using hallmark gene sets of MSigDB between the re-
sponders and non-responders, several pathways involved in
the immune response, such as IL2 STAT5 SIGNALING and
INTERFERON_GAMMA_RESPONSE (p = 0.035 and 0.043,
respectively; Figures 1A and 1B), were significantly enriched

in the responders. In many cancers, tumor-infiltrating CD8*
T cells predict patient survival and response to immuno-
therapy or chemotherapy.??" Therefore, we analyzed T cell
signatures using 13 known T cell signature transcripts® to
distinguish between tumors with hot and cold CD8" T cell infil-
tration (Figure S3B). As a result, we categorized them into
three subclasses based on their T cell signature characteris-
tics: hot, middle, and cold. Of the 25 hot class patients, 22
patients responded well to NAC treatment, while one did
not. NAC response rates were 88.0%, 60.5%, and 57.1% for
the hot class, middle class, and cold class, respectively,

Cell Reports Medicine 3, 100705, August 16, 2022 3




¢ CellPress

OPEN ACCESS

indicating a significant difference between the hot, middle,
and cold classes (p = 0.023 and 0.047 by Fisher exact test;
Figure S3C). No significant difference in OS and DFS was
observed between the hot and cold classes (p = 0.37, 0.96
by log rank test for trend; Figure S3D). These results suggest
that the differences in responsiveness to NAC may involve the
immune system, and tumor immunity could determine the
response to cytotoxic chemotherapy in ESCC. Therefore, we
investigated a broader range of immune profiles from the
RNA-seq data of the biopsy specimens.

Subclassification of immune cells in the tumor

To further elucidate the relationship between the genes and im-
mune response to differential responsiveness to NAC, we esti-
mated the relative abundance of constituent immune cell types
in the mixed cell populations present in the TME using
CIBERSORT with ESCC gene expression data. As a result, 79
ESCC were classified into 4 immune subclasses (Figure 1C) cor-
responding to those with a predominance of CD8" T cells, CD4*
T cells, neutrophils, or B cells, based on their characteristic im-
mune signatures. When the response rate was calculated for
each subclass, the CD8* T cells, CD4* T cells, and B cell classes
showed response rates of 73.0%, 74.0%, and 75.0%, respec-
tively, while the neutrophil class had a response rate of 38.8%,
which was significantly lower (p = 0.032 and 0.029 by Fisher
exact test; Figure 1D). Tissue staining of specimens classified
in the neutrophil subclass had significantly more neutrophils
than tissue staining of specimens not classified in the neutrophil
subclass (Figures S3E and S3F). Interestingly, when the CD4*
T cell and CD8" T cell subclasses, which had significantly
different proportions in the responders, were compared with
the neutrophil subclasses, only the CD4* T cell subclass had a
significantly prolonged OS (p = 0.029 by log rank test for trend;
Figure 1E) and a tendency for prolonged DFS (p = 0.062 by log
rank test for trend; Figure 1E). These results suggest that multiple
immune cell subsets within the TME can impact NAC response
and patient prognosis.

Neutrophil depletion promotes tumor sensitivity to NAC

To further investigate the biological association between neutro-
phils and NAC response, we transplanted mouse SCC ASB-XIV
cells subcutaneously into syngeneic C57BL/6 mice and treated
them with cisplatin and neutrophil depletion (STAR Methods).
Five days after implantation, the SCC tumor reached a volume
of 25 mm?®, and 7-10 mice per group were treated with saline
(control), cisplatin alone, anti-Ly6G plus anti-kappa (neutrophil
depletion), or anti-Ly6G plus anti-kappa plus cisplatin (for study
design, see Figure 2A). Cisplatin alone or anti-Ly6G plus anti-
kappa (neutrophil depletion) alone did not significantly inhibit tu-
mor growth in this model. However, the combination of cisplatin
with anti-Ly6G and anti-kappa (neutrophil depletion) resulted in
marked tumor reduction and delayed outgrowth, which mea-
sures ANOVA on study days 9 and 12 (p = 0.0493 and 0.0013;
Figure 2B), indicating that neutrophil infiltration in the tumor
was related to tumor sensitivity to NAC (Figure 2C). We also per-
formed an RNA-seq of these mouse tumors (n = 5 or 6 for each
group) and analyzed the relationship between tumor gene
expression and neutrophil depletion. Interestingly, GSEA using
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the MSigDB hallmark gene sets from RNA-seq data showed
that only Notch signaling pathways were significantly enriched
in the tumors treated with neutrophil depletion than those in
the controls and the tumors treated with CDDP (p = 0.041 and
0.029, respectively; Figure 2D). Epithelial Notch signaling has
been reported to promote metastasis by attracting neutrophils,**
which is consistent with our data showing that depletion of neu-
trophils inhibits tumor growth. These results suggested that neu-
trophils could respond to chemotherapy through interaction with
the Notch signaling pathway in SCC tumors.

Mutational profiles associated with response to NAC
Previously, we performed dWGS (x30~) of 20 ESCC patients.>”
Here, we re-analyzed the dWGS data of the 20 ESCCs using
another computational method and compared the genomes of
the responders (n = 10) and non-responders (n = 10). We inves-
tigated the overall mutation burden in responders and non-re-
sponders at a genome-wide level and identified a median of
42.5 (0-165) non-synonymous mutations per tumor genome in
the responders, compared with 30 (6-84) mutations in the non-
responders, but the mutation burden per megabase (Mb) was
not different in each group (p = 0.268 by Wilcoxon rank-sum
test; Figure S4A). To further investigate the mutational profile
of SNVs in the trinucleotide context, we analyzed mutational sig-
natures of these samples using deconstructSigs,®® and the iden-
tified mutational signatures were annotated using COSMIC
mutation signatures (version 3.2) (Figure S4B). Interestingly,
there was a significant difference between responders and
non-responders in SBS92 reported as a tobacco smoking signa-
ture (Figure S4C). Brinkman index did not correlate with NAC
responsiveness (Figures S2B and S2C), although smoking may
have an indirect effect on NAC responsiveness.

Copy-number alterations (CNAs) of ESCC and response
to NAC

Recent studies have shown that CNAs may be associated with
chemotherapy sensitivity and immune response in several types
of cancers.**°® Therefore, focusing on CNAs of ESCC, we per-
formed shallow whole-genome sequencing (sSWGS) of 72 cases
in addition to dWGS of 20 cases (91 ESCC cases in total) and
examined the relationship between CNAs and NAC response.
There were no statistical differences in clinical information be-
tween dWGS and sWGS (Table S2). We found that 79% of
ESCC had CNVs at the chromosome arm level, including gain at
1q, 39, 59, 89, 20p, and 20q and loss at 3p, 4p, 59, 9p, 13qg, and
21q (Figure S5A). We also identified 13 focal regions with a recur-
rent gain of copy number and 26 regions with recurrent loss of copy
number (both q < 0.25; Figure S5B), in which 471 and 1,858 genes
were involved, respectively, and many have previously been iden-
tified as tumor-associated genes (Table S3). Consistent with pre-
vious reports, GISTIC2 (Figure S5B) detected somatic copy-num-
ber amplifications at 11913.3 (CCND1), 3g26.33 (TP63/SOX2), and
8p11.23 (FGFRT1), and a deletion at 9p21.3 (CDKN2A). There was
no significant difference in purity (Figure S5C), ploidy (Figure S5D),
and CNA burden (Figure S5E) between responders and non-re-
sponders. Among them, chromosomes 9p and 12q showed differ-
entiated segment mean values and alteration counts between the
responder and non-responder groups (p = 0.036 and 0.002 by
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Figure 2. Anti-tumor efficacy of cisplatin and depletion of neutrophils in an SCC syngeneic mouse model

(A) Scheme of the cisplatin and depletion of the neutrophils test set. Humanized mice were generated by injecting ASB-XIV cells into mice.

(B and C) Tumor growth in each treatment group and summary (B) and comparison of tumor size on each day (C).

(D) Tumor RNA expression analysis was performed in the control non-treated group (n = 5), the neutrophil-depleted group (n = 6), and the CDDP-treated group
(n =5). GSEA between the control non-treated group (and neutrophil-depleted groups (left) and CDDP-treated and -depleted groups (right). GSEA found that only
Notch signal pathways were significantly enriched in tumors treated with neutrophil depletion more than those in the control and tumors treated with CDDP (p =
0.041 and 0.029, respectively). *p < 0.05 and **p < 0.01 by Dunn’s multiple comparisons test.
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Figure 3. Somatic copy-number alterations in specific regions of ESCC

(A and B) Comparison of chromosome 9p (A) and 12q (B) segment means between NAC responders (N = 55) and non-responders (N = 31). Chromosomes 9p and
12q are significantly smaller in NAC non-responders than in responders (p = 0.036 and 0.002 by Student’s test). “p < 0.05 and **p < 0.01 by Student’s test
(C) Fifty-four recurrent focal CNA events were significantly different between the responders and non-responders. Locations with p values smaller than 0.01 are

highlighted in red.

(D) Pathways of gene groups of locations with p value < 0.001 among the sub-locations shown in (C). ClueGO Cytoscape visualizes the interaction of gene clus-
ters in a functionally grouped network using enrichment maps. Nodes in the same cluster are assigned the same node color, and the node size indicates the
number of genes mapped to each GO term. Node labels are determined based on the common themes among the processes in the cluster. Additional information

on the clusters can be found in Table S3.

Student’s test; Figure 3A). Among them, 54 recurrent focal CNA
events were significantly different between responders and non-
responders (p < 0.05 by Student’s test; Figure 3C). To identify bio-
logical processes enriched in genes that have significant copy-
number gain in responders compared with non-responders, we
used ClueGO, a bioinformatics tool to identify biological functions
associated with given gene sets.*® ClueGO identified 20 biological
pathways significantly enriched in genes that had significant copy-
number gain in the responder (Figure 3C and Table S4). The 20
biological pathways were clustered into four groups: negative
regulation of I-«B/NF-kB signaling, keratan sulfate, water channel
activity, and smoothened signaling pathway. The human immune
interferon-y gene is located on chromosome 12. Consistent with
the 12g amplification observed in the responder, RNA-seq

6 Cell Reports Medicine 3, 100705, August 16, 2022

data showed enriched INTERFERON_GAMMA_RESPONSE (Fig-
ure 1A). These data agree with recent reports that CNA may be
associated with chemotherapy sensitivity and the immune
response of ESCC.

Copy-number signatures and response to NAC

It has been reported that measurement of exposure to copy-
number signatures provides a rational framework for choosing
combination treatments that target multiple mutational pro-
cesses.’®"" Therefore, we next examined copy-number signa-
tures using previously reported methods using non-negative
matrix factorization.*>*' Using random permutations of the
data and four model selection measures, we found the optimal
number of CN signatures in the ESCC dataset (n = 91) to be
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Six copy-number signatures (ESCC-CNSig1, ESCC-CNSig2, ESCC-CNSig3, ESCC-CNSig4, ESCC-CNSig5, and ESCC-CNSig6) were identified using ESCC

shallow and deep WGS data (n = 92).

(A) Defining features of the CN signatures, showing each feature (segsize, bp10MB, osCN, changepoint, copy number, bpcharm) split into 36 constituent
components, as defined in Macintyre et al.*® The mean value for each component is shown on the x axis, with the component weights shown on the y axis.
Features are defined as follows: segment size (Mb); bp10MB, number of breakpoints (10 Mb—1); ocCN, region length with neighboring oscillating copy-number
segments (Mb); changepoint, the difference in copy number between neighboring segments; copy number, the absolute copy number of a segment; bpcharm,

breakpoints per chromosome arm.

(B) Identified copy-number signatures of ESCC were compared with HGSOC copy-number signatures using cosine similarity scoring.
(C) Comparison of copy-number signatures of NAC responders and non-responders. ESCC CNSig6é was significantly reduced in non-responders compared with

responders (p = 0.034 by Mann-Whitney test). *p < 0.05.

six, namely ESCC-CNSig1 to ESCC-CNSig6 (Figure 4A). The CN
signature in ESCC was then compared with the signature of
ovarian cancer (HGSOC-CNSig1 to HGSOC-CNSig7) [40] (Fig-
ure 4B), and the identified ESCC-CNSig1 was similar to
HGSOC-CNSig7 (cosine similarity 0.865), in which single copy-
number changes were observed from a tetraploid rather than a
diploid state. ESCC-CNSIig2 was characterized by high copy-
number states (four to eight copies) and predominant copy-num-
ber change points. This signature was similar to HGSOC-CNSig4
and HGSOC-CNSig6 (cosine similarity 0.804 and 0.865, respec-
tively), while ESCC-CNSig3 and ESCC-CNSIig6 were similar to

HGSOC-CNSig1 (cosine similarity 0.990 and 0.998, respec-
tively). None of the samples in this study contained the highest
levels of ESCC-CNSig4, similar to HGSOC-CNSig1 (cosine sim-
ilarity 0.871). ESCC-CNsig5, defined by single copy changes,
had low similarity with all of the HGSOC-CNSigs (all cosine sim-
ilarity <0.75). We compared these ESCC-CNSig in the re-
sponders and non-responders (Figure 4C), and the responders
tended to have higher exposure to ESCC-CNSig6, which was
related to chemotherapy response as HGSOC-CNSig1, than
the non-responders (p = 0.034 by Mann-Whitney test; Figure 4C).
CN signatures may not only be connected to genomic alterations
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but may also be closely related to NAC response in ESCCs as
well as ovarian cancers.*’

Integrative prediction model by incorporating smoking
status, transcriptomic, CNV, and immune
characteristics

Tumor-immune cell interactions during NAC treatment are compli-
cated and involve many factors, and a more comprehensive and
integrated approach may lead to a better understanding of
chemotherapy response and, hopefully, the capacity to predict
NAC responsiveness. Based on this supposition, we developed
a combined analysis associating NAC responsiveness and each
of the four immune-signature subclasses and the CNV signatures
identified in our dataset. This multi-omics information was used to
perform a decision tree analysis, random forest method (RFM),
and develop a model to predict the response after NAC treatment.
The main idea of a decision tree is to identify the features that
contain the most information regarding the target feature and
then split the dataset along the values of these features such
that the target feature values at the resulting nodes are as pure
as possible. A feature that best separates the uncertainty from in-
formation about the target feature is the most informative feature.
On the other hand, RFM has been used to recognize cancer-asso-
ciated biomarkers from clinical trial data®” to predict protein-pro-
tein interactions and to identify informative genes for a disease
from microarray gene expression data.”” RFM has many advan-
tages: it is fast in both model training and evaluation, is robust to
outliers, can capture complex nonlinear associations, cope with
class imbalance data, and produces competitive performance
for high-dimensional data.*” It has also been shown to handle
challenges arising from small sample sizes.*”

We randomly split the cohort data, excluding patients with
complex and difficult-to-understand diagnoses, into a 70%
training set and a 30% test set to compensate for missing values.
An additional sample of 20 new cases was used to examine the
models created with these training and test data (Figure S1,
Table S5). Figure 5A shows the final decision tree model of the
recursive partitioning analysis for predicting the NAC respon-
siveness of ESCC patients, which was finally generated into
seven layers and eight classes. Classes 1 to 4 were mainly clas-
sified as non-responders, and classes 5 to 8 were mainly classi-
fied as responders. Interestingly, there were more patients with
CRin class 7 with higher chromosome 12q scores. The analysis
identified chromosome 129 as the most important discriminating
factor, followed by neutrophils, chromosome 9p, CD4 T cells,
ESCC-CNSignature6, the Brinkman index, and CD8 T cells (Fig-
ure 5B). For validation, we used ROC to evaluate the discrimina-
tion of the ESCC prediction model, and the AUC for this decision
tree model was 0.73 in the test dataset (Figure S6A). Based on
these models, machine learning with RFM was used to predict
responders and non-responders using the test data. The rela-
tionship between the percentage distribution of test data and
NAC responsiveness is shown in Figure 5C. Classification of
test data by the diagnostic prediction model showed 84.4% ac-
curacy, 66.7% sensitivity, 66.7% specificity, 75% PPV, and
87.5% NPV. Patients classified in the responder category had
a significantly longer OS compared with patients in the non-
responder category (p = 0.01 by log rank test for trend; Fig-
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ure S6B). Also, we found no difference in the DFS periods (p =
0.14 by log rank test for trend; Figure S6C) between responder
category and non-responder category. A more detailed classifi-
cation of NAC reactivity can lead to a therapeutic strategy. We
created a decision tree model to predict pathologic CR (pCR)
or PD (Figures S6D and S6E), which are more important issues
in the clinical decision of ESCC treatment. As a result, patients
classified as subclass 3 with high chromosome 12q score
(amplification of chromosome 12q) and low monocyte expres-
sion were responders (pCR, 66.7%; responder, 100%; Fig-
ure S6D). On the other hand, patients with high monocyte
expression and low ESCC-Sig6 scores were non-responders
who did not respond well to NAC (PD, 100%; Figure S6E). In
this model, perhaps NAC should not be administered to patients
classified as such non-responder and surgical resection should
be prioritized. Finally, diagnostics were also performed on
another cohort of 20 new cases with the aim of validating this
model. As a result, the AUC for the validation data with the pre-
dictive diagnostic model was 0.81 (Figure 5F) and the accuracy
rate was 84%. Therefore, the diagnostic factors detected by
this model are expected to be used to determine treatment stra-
tegies in clinical practice.

DISCUSSION

Here, we comprehensively profiled immune signatures, mutation
signatures, CNVs, and copy-number signatures from pre-treat-
ment biopsy specimens of ESCC in a cohort and powered to
identify differences between responders and non-responders.
We detected distinct mutational characteristics of ESCC be-
tween responders and non-responders across the spectrum,
from large-scale chromosomal alterations to point mutations.
Based on these results, we created a model to predict the
responsiveness of NAC using machine learning. In our model,
we found that neutrophils, ESCC-CNSig6, and smoking were
negative predictors for non-responders to NAC.

The clinical prognosis of cancer patients depends on both the
characteristics of the tumor itself and the host response. These
include cells of the innate immune system, notably macrophages,
neutrophils, mast cells, and myeloid progenitors, which infiltrate
premalignant lesions and advanced tumors and collect at the
margins of such lesions.** We used both genetic and pharmaco-
logic approaches to deplete neutrophils in a mouse model of syn-
geneic tumors and found that neutrophil depletion by either
method increased tumor growth delay after cisplatin treatment.
Interestingly, patients who received granulocyte-macrophage
colony-stimulating factor or granulocyte colony-stimulating factor
to promote neutrophil recovery reported significantly decreased
local tumor control.** Neutrophils can exert both pro-tumoral or
anti-tumoral functions. In non-small cell lung cancer tissue, tu-
mor-associated neutrophils can induce genetic instability, favor
tumor growth, promote the remodeling of the extracellular matrix
and tumor cell invasive capabilities, support angiogenesis and
lymphangiogenesis, and suppress anti-tumoral adaptive immu-
nity.”> On the other hand, hyperactive Notch signaling in colo-
rectal cancer cells triggers production of the chemokine, which
recruits neutrophils via its receptor to the tumor. Notch signaling
also drives the production of TGF-, which subsequently engages
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Figure 5. Multi-parameter integrative modeling accurately predicts the therapeutic outcome
(A) The diagnostic models to discriminate between responder and non-responder on the learning dataset. The decision tree had eight layers and eight nodes. The
bar graphs show the respective number of patient responses at each node (class).

(B) Seven features with the highest weighting scores.

(C) Probability of each case (n = 32) being classified as responders or non-responders in the test set. This discriminating rule achieved 84.4% accuracy, 66.7%

sensitivity, and 66.7% specificity.

(D) The responsiveness model with the validation set (n = 20) indicates that the area under the curve is 81%.

the TGF-B receptor and the associated kinase ALK5 on neutro-
phils to activate an inhibitory program that downregulates T cell
responses in the tumor microenvironment (TME) and thereby gen-
erates an immune-suppressed niche that enables the metastatic
process.>® Taken together, these results indicate that neutrophils
are important mediators of NAC resistance in ESCC, possibly
through the Notch signaling pathway of the tumor.*® The NLR in

peripheral blood has been reported to be a potential predictor
of chemotherapy sensitivity in ESCC.*® These results suggest
that neutrophils within the TME can impact NAC response and
patient prognosis. However, the NLR has been reported to be
associated with the patient’s general condition or nutritional
status,”” which is a different concept from neutrophils within the
tumor.
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The mechanism of primary drug resistance due to smoking re-
mains unknown. Smoking is associated with an increased muta-
tional burden,”® which may be one possible reason for this
observation. In contrast, other studies have suggested overex-
pression of DNA repair enzymes in long-term smokers.*® Our
data showed a very close relationship between gender and
smoking status. One or both of these mechanisms may be the
reason for the failure of NAC. The burden of ESCC attributable
to smoking and heavy alcohol consumption was much higher
in men. In females, the burden of ESCC attributable to these fac-
tors was lower, and undernutrition may be a contributing factor.

Gene ontology of the genes in the region significantly associ-
ated with NAC response (p < 0.01) was primarily NF-xB
signaling, smoothened, aquaporins, and keratan sulfate. One
of the significant physiological roles of NF-«B is in the immune
system. In particular, NF-kB family members regulate various as-
pects of innate and adaptive immune responses by controlling
the transcription of genes that control cellular differentiation, sur-
vival, and proliferation, as well as cytokines and antimicrobial ef-
fectors. Furthermore, NF-«kB contributes to the development and
survival of cells and tissues responsible for the mammalian im-
mune response.”° Many chemotherapeutic agents, such as plat-
inum-based drugs, have been shown to promote activation of
the NF-kB pathway, a key transcription factor that plays a role
in the development and progression of cancer and chemo-
therapy resistance by activating many mediators, including
anti-apoptotic genes.51 These factors may be related to the dif-
ferences in the NAC response. In addition, we found that the
copy-number signature of ESCC was significantly different
with respect to NAC responsiveness and was highly similar to
the copy-number signature of ovarian cancer related to platinum
responsiveness.’® CNAs are the most frequently observed alter-
ations in immune-related genes, such as TGFB2 and IL10,°* and
cancers harboring many CNAs, tend to show less immune
involvement and worse response to immunotherapies.®®> CNAs
or genomic instability might be one of the mechanisms by which
CTLs and IFN-y immuno-edits tumors in mouse models®* and
CNV signatures can potentially represent the mechanism of
NAC response related to immune editing and the interaction be-
tween tumor genome and immune cells.

In summary, we identified genetic features and differences in
immune reactivity that are uniquely associated with response
to NAC. This indicates the presence of a subset of patients
with pre-existing mutations that confer resistance to NAC.
Importantly, these mutations may be clinically valid and can sup-
port targeted treatment strategies that have been successful in
patients with metastatic ESCC, as various agents are in clinical
trials. We envision a treatment prediction model that combines
copy-number changes and immune profiling of ESCC with clin-
ical data to improve the response to NAC and patient prognosis.

Limitations of the study

Certain limitations are noted in this study. First, we do not have
any syngeneic mouse model of ESCC in the world as far as we
know. ASB-XIV cell is a syngeneic mouse SCC originated from
lung, but lung SCC is biologically, embryologically, and epidemi-
ologically similar to ESCC. We used this syngeneic mouse model
for this in vivo experiment. Moreover, due to the short follow-up
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period of the validation data, further validation with larger sample
sizes is needed to improve this diagnostic model and overcome
the challenges of its application to clinical practice. Further
investigation is warranted to dissect the biological mechanisms
of the NAC response, especially related to neutrophils.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Tumor tissue from participants
in the University Hospital
Medical Information Network
Clinical Trials Registry of Japan

(identification number UMINO00004555/
000004616)

(identification number UMINO00004555/
000004616)

Deposited data

Whole genome sequence data

RNA sequencing data

This paper

This paper

JGA Accession#: JGAS000535 https://
humandbs.biosciencedbc.jp/en/hum0316-v1
JGA Accession#: JGAS000535 https://
humandbs.biosciencedbc.jp/en/hum0316-v1

Chemicals, peptides, and recombinant proteins

DMEM
10% heat-inactivated fetal

bovine serum
streptomycin
penicillin

anti-Ly6G

anti-rat k immunoglobulin light
chainlgG

Nacalai Tesque, Kyoto, Japan
Sigma-Aldrich, St. Louis, Missouri, USA

FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan

FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan

clone 1A8, Bio X Cell, Lebanon, New
Hampshire, USA

clone MAR18.5, Bio X Cell

09893-05
MFCDO00132239

N/A

N/A

BP0075-1, RRID: AB_1107721

BE0122, RRID: AB_10951292

Cisplatin AdipoGen, San Diego, California, USA 15663-27-1

QlAamp DNA Mini Kit QIAGEN ID51304

TruSeq Nano DNA Library lllumina 20015965

Prep Kit

Software and algorithms

GSEA ver 4.1.0 N/A https://www.gsea-msigdb.org/gsea/

ClueGO
Cytoscape
ComplexHeatmap
(version 2.4.3)

CIBERSORT
Picard
QDNAseq
GISTIC2 (v7)

CNApp
Accucopy
rascal-absolute copy number

scaling
ACE
CNSignature

Rpart

Bernhard Mlecnik et al. 2019
Lotia S et al. 2013
Zuguang Gu et al. 2016

Newman et al.
N/A

llari Scheinin et al.
N/A

Sebastia Franch-Exposito et al.
X Fan et al.
N/A

Jos B Poell et al.

Geoff Macintyre et al.

Terry Therneau et al.

index.jsp
https://apps.cytoscape.org/apps/cluego
https://apps.cytoscape.org/

https://jokergoo.github.io/ComplexHeatmap-
reference/book/

https://cibersort.stanford.edu/
http://broadinstitute.github.io/picard/
https://github.com/msfuji/qdnaseqg-pipeline
https://www.genepattern.org/modules/docs/
GISTIC_2.0

https://tools.idibaps.org/CNApp/
https://github.com/polyactis/Accucopy
https://bioinformatics.cruk.cam.ac.uk/rascal/

http://bioconductor.org/packages/release/
bioc/htmI/ACE.html

https://bitbucket.org/britroc/cnsignatures/
src/master/

https://cran.r-project.org/web/packages/rpart

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

random forest N/A https://cran.r-project.org/web/packages/
randomForest

The ROCR R package Tobias Sing et al. http://cran.r-project.org/web/packages/
ROCR/

All code This paper https://github.com/ssgwshota/ESCC_

chemotherapy_response-paper.git

Experimental models: Cell lines
ASB-XIV cell line Eppelheim, Germany 400120, Eppelheim, Germany

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hidewaki
Nakagawa (hidewaki@riken.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® WGS and RNA-seq reads for matched tumor, and non-tumor tissues data have been deposited at the National Bioscience
Database Center (NBDC) and are publicly available under accession number JGAS000535 (NDBC:JGAS000535, “https://
humandbs.biosciencedbc.jp/en/hum0316-v1”).

® The package and analysis pipeline were obtained from the following URLs, respectively and all original code has been depos-
ited at Github and is publicly available as of the date of publication. URLs are listed in the key resources table.

® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Full details of the eligibility criteria and pre-treatment evaluation were reported previously.>* Briefly, Patients with histologically
proven ESCC that was considered potentially resectable were eligible for inclusion in the study. The additional eligibility criteria
were as follows: eligible patients were aged 20 years or older with performance status >1, histologically confirmed squamous
cell carcinoma of the thoracic esophagus, and adequate bone marrow, renal, hepatic, and pulmonary function. Patients with clinical
stage Ib to llIB, stage IIIC without T4b, or stage IV disease based on only supraclavicular lymph node metastasis were eligible. Biopsy
specimens of tumors and normal samples were obtained from patients were treated with NAC at Kindai University Hospital, Osaka,
Japan. All patients agreed to participate in the study and provided written informed consent following ICGC guidelines.®® The study
was approved by the institutional review boards of the Kindai University Hospital and RIKEN. Clinicopathological data are available in
Table 1, and detail information of each case is available in Tables S1 and S5.

Assessment of clinical response

The "Response Evaluation Criteria for Chemotherapy in Solid Tumors" published by the Japan Society of Clinical Oncology (JSCO),
which were based on the RECIST evaluation criteria, was adopted as the response evaluation criteria®®® (Table S6). Patients with
complete (CR) and partial (PR) response were classified as responders while patients with stable (SD) or progressive disease (PD)
were classified as non-responders. PFS and OS were defined as the time from the surgery to the time when documented evidence
of progressive disease or death were obtained.

METHOD DETAILS

Tissue sample characteristics

Three biopsy specimens were obtained from the center of the non-necrotic tumorous regions without positive lugol staining and two
specimens from the normal esophageal mucosa, apart from the tumor region with positive lugol staining, by performing gastrointes-
tinal endoscopy prior to NAC. One tumor biopsy specimen was pathologically examined after Hematoxylin-eosin (HE) staining. Other
specimens were snap-frozen and stored at —80°.
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RNA sequencing

RNA was extracted from frozen biopsy specimens using TRIzol reagent. After checking the quality and quantity of total RNA using a
Bioanalyzer (Agilent Technologies), RNA sequencing libraries were generated using the TruSeq Stranded mRNA Library Preparation
Kit (lumina). RNA sequencing was performed using a HiSeq2500 (lllumina). Read mapping to the human reference genome
(GRCh37), and the mouse reference genome (GRCm38) with TopHat2 and per-gene read counting using GENCODE release 19
with HTseq were orchestrated by the iRAP pipeline.69 Fragments per kilobase of exon per million fragments mapped with upper quar-
tile normalization (FPKM-UQ) were computed and used as the gene expression levels throughout the study. When log expression
was required, 0.01 was added to FPKM-UQ as an offset. For mouse tumor models, RNA was extracted from tumor specimens using
TRIzol, and RNA sequencing libraries were generated using the TruSeq Stranded mRNA Library Preparation Kit (lllumina). RNA
sequencing was performed using a HiSeq2500 (lllumina).

Molecular pathway analysis

GSEA was performed using GSEA ver 4.1.0. We selected Hallmarks h.all.v7.2.symbol.gmt as the gene set database and performed
GSEA using the default settings. We sorted them in the NES order and selected the categories in detail. To identify Gene Ontology for
genes enriched in CNAs in responders and non-responders to NAC treatment, we used ClueGO® in Cytoscape®® with default
settings.

T-cell signature analysis and immune clustering

Thirteen known genes (CD8A, CCL2, CCL3, CCL4, CXCL9, CXCL10, ICOS, GZMK, IRF1, HLA-DMA, HLA-DMB, HLA-DOA, and
HLA-DOB*) were selected from the FPKM-UQ file, and heat maps were generated using the R Bioconductor package
ComplexHeatmap (version 2.4.3). FPKM-UQ expression levels were scaled by gene, then Euclidean distances were calculated,
and hierarchical clustering was performed using the Ward method. CIBERSORT uses the LM22 and LM6 databases to identify
immune subclasses; since the 22 immune cells are microarray-based and the 6 immune cells are RNAseq-based, our data is based
on the CIBERSORT scores of the 6 RNAseg-based immune cells Immune signatures were calculated. To immunologically classify
ESCC, we estimated the proportions of six gene expression signatures of immune cell subsets (NK cells, monocytes, B cells,
CD8 T cells, CD4 T cells, and neutrophils) using CIBERSORT with LM6,%" an RNAseq gene signature matrix based on GSE60424.
The estimated relative proportions of immune cell subsets were converted to Z-scores, and hierarchical clustering was performed
using the Ward method. Dendrograms were cut after visual inspection into four clusters, corresponding to CD4" T cells, CD8*
T cells, NK cells, and B cell immune classes. These four signature clusters were scaled across the samples, and the distance between
samples was defined by Pearson’s correlation.

Syngeneic mice model

C57BL/6 mice were inoculated with 5 x 10° ASB-XIV cells subcutaneously into the right flank on day O.

ASB-XIV cell is a syngeneic mouse SCC originated from lung, but lung SCC is similar to ESCC biologically, embryologically, and
epidemiologically. This cell lines were obtained from CLS (400120, Eppelheim, Germany) and maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM, Nacalai Tesque, Kyoto, Japan) with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich, St. Louis,
Missouri, USA), 100 pg/mL streptomycin, 100 U/mL penicillin (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). To
deplete the neutrophils, anti-Ly6G (50 ng, clone 1A8, Bio X Cell, Lebanon, New Hampshire, USA) and/or anti-rat kappa immunoglob-
ulin light chainlgG (100 pg, clone MAR18.5, Bio X Cell) antibodies were injected intraperitoneally into tumor-bearing mice on 5-
12 days or 5, 7, 9 and 11 days. Cisplatin (0.3 mg/kg, AdipoGen, San Diego, California, USA) was injected intraperitoneally on
days 7-11 days. These concentrations and dosing periods were validated in a prior experiment. Tumor growth was monitored every
three days using calipers, and tumor volume was calculated using the formula 7/6*L1L2H, where L1 is the long diameter, L2 is the
short diameter, and H is the height of the tumor. Tumors were harvested on day 14 for RNAseq. RNAseq was performed on tumors
excluding the smallest and largest tumors to exclude outliers.

Whole genome sequencing and CNV analysis

DNA was extracted from the frozen tumor and normal mucosa biopsy specimens using the QlAamp DNA Mini Kit (QIAGEN). The libraries
were prepared using the TruSeq Nano DNA Library Prep Kit (lllumina) following the manufacturer’s protocol. Paired-end sequencing of
126-bp reads was performed using HiSeq2500. For 20 cases, we previously performed dWGS (tumor 40x and normal 30x),>* and for 84
matched pairs of tumor and normal specimens, we performed sWGS (tumor and normal 1.0x). Sequence reads were mapped to the
human reference genome GRCh37 using BWA-0.7.8, and the PCR duplicates were removed using the Picard tool. The segment files
generated from the QDNAseq pipeline were used to calculate copy number amplified and deleted regions, using the default settings
of the GISTIC2 (v7) and CNApp bioinformatics tools.

Copy number signature identification

The BAM files generated from sWGS and dWGS were segmented into segment files using the QDNAseq pipeline. Purity and ploidy
were calculated using AccuCopy.®” These data were used to calculate the absolute copy number using two bioinformatics tools:
rascal-absolute copy number scaling and ACE.® The absolute copy number was used to calculate the copy number signature of
ESCC using the advanced source code of CNSignature. To explain in detail, we used the following genome-wide distribution of
six different copy number features. (1) Segment size: the length of each genome segment; (2) breakpoint count per 10 Mb: the num-
ber of genome breaks appearing in 10-Mb sliding windows across the genome; (3) Changepoint copy number: the absolute differ-
ence in copy number between adjacent segments across the genome; (4) segment copy number: the observed absolute copy
number state of each segment; (5) breakpoint count per chromosome arm: the number of breaks occurring per chromosome
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arm; (6) length of segments with oscillating copy number: a traversal of the genome counting the number of contiguous copy number
segments alternating between two copy number states, rounded to the nearest integer copy number state.“® The chooseNumber-
Signatures function used the R package NMF (v0.21.0) to deconvolve the sum-of-posteriors matrix of per-patient components into a
per-patient signature matrix and a per-signature component matrix. As a result, six signatures were identified as the appropriate
numbers. ldentified ESCC-CNSignatures were compared with Geoff Macintyre’s CNSignatures (HGSOC-CNSignatures) using
cosine similarity scoring.

Decision tree and prediction model

Integrated machine learning analysis of genomic, transcriptomic, copy number signature, and immunologic features was performed
using the “rpart” and “random forest” R packages. We randomly split our cohort data into an 70% training set and a 30% testing set.
The 70/30 split is a common practice of splitting ratio for moderately sized samples in machine learning applications. We chose this
ratio to obtain sufficient training samples to build a good model and sufficient test samples to evaluate the model. In addition to these
data, we prepared nine new cases of validation data. A partition tree (RPART) is a classification model based on a top-down meth-
odology in which, starting from a root node, binary splits of data are generated until a specific criterion (i.e., the minimization of the
node impurity) is encountered. This method is prone to overfitting the training data. The cross-validation or bootstrapping procedure
is a useful method to limit overfitting, leading to the proper tuning of the decision tree (DT) parameters and optimizing the model ac-
curacy. Random Forest is a tree-based algorithm that involves the computation of hundreds to thousands of RPART trees and
merges the DT output to increase the generalizability of the model.?* The ROCR R package was applied for AUC evaluation of
response classification accuracy based on out-of-bag predictions.

Statistical analyses

The statistical comparison between responder and non-responder groups for a given continuous variable was performed using the
two-sided Mann-Whitney U-test. The association between two continuous variables was assessed using Spearman’s rank correla-
tion coefficient. Univariate and multivariate analyses predicting the response to NAC were performed using logistic regression
modeling. We used R (ver 3.6.0) and GraphPad Prism 8 for analyses and graphical plotting.
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