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ABSTRACT
◥

Current treatment for patients with locally advanced esophageal
adenocarcinoma (EAC) is neoadjuvant chemotherapy (nCT), alone
or combined with radiotherapy, before surgery. However, fewer
than 30% of treated patients show a pathologic complete response
to nCT, which correlates with increased 5-year survival compared
with nonresponders. Understanding themechanisms of response to
nCT is pivotal to better stratify patients and informmore efficacious
therapies. Here, we investigated the immune mechanisms involved
in nCT response by multidimensional profiling of pretreatment
tumor biopsies and blood from 68 patients with EAC (34 prospec-
tively and 34 retrospectively collected), comparing complete
responders versus nonresponders to nCT. At the tumor level,
complete response to nCTwas associated withmolecular signatures
of immune response and proliferation, increased putative antitu-
mor tissue-resident memory CD39þ CD103þ CD8þ T cells, and
reduced immunosuppressive T regulatory cells (Treg) and M2-like
macrophages. Systemically, complete responders showed higher
frequencies of immunostimulatory CD14þ CD11cþ HLA-DRhigh

cells, and reduced programmed cell death ligand 1–positive
(PD-L1þ) monocytic myeloid-derived suppressor cells, along with
high plasma GM-CSF (proinflammatory) and low IL4, CXCL10,
C3a, and C5a (suppressive). Plasma proinflammatory and sup-
pressive cytokines correlateddirectly and inversely, respectively, with
the frequency of tumor-infiltrating CD39þ CD103þ CD8þ T cells.

These results suggest that preexisting immunity in baseline tumor
drives the clinical activity of nCT in locally advanced EAC. Fur-
thermore, it may be possible to stratify patients based on predictive
immune signatures, enabling tailored neoadjuvant and/or adjuvant
regimens.

Significance:Multidimensional profiling of pretreatment esoph-
ageal adenocarcinoma shows patient response to nCT is correlated
with active preexisting immunity and indicates molecular pathways
of resistance that may be targeted to improve clinical outcomes.

Introduction
Esophageal cancer is the sixthmost common cause of global cancer-

associated deaths worldwide (1). Esophageal adenocarcinoma (EAC),
its pathologic variant, is the predominant subtype in Western coun-
tries, which have seen a sharp increase in its incidence over the past
four decades (1). EAC typically affects the distal esophagus near the
gastric junction; it is associated with obesity, gastroesophageal reflux,
and a precursor condition known as Barrett’s esophagus (1). EAC is
characterized by high tumor mutational burden (TMB), large-scale
chromosomal instability, and genomic structural alterations, which
contribute to a poor prognosis with less than 20% of patients surviving
beyond 5 years (1). Most patients with EAC are diagnosed with locally
advanced disease, which invades local tissues or involves regional
lymph nodes without distant metastases [American Joint Committee
on Cancer (AJCC) stage ≥ T2 or Nþ, M0]. To reduce tumor bulk and
improve survival, neoadjuvant (preoperative) chemotherapy (nCT),
either alone or in combination with radiation therapy, is recom-
mended for all locally advanced cases, followed by radical
surgery (1–3). However, only about 30% of treated patients show a
pathologic CR with tumor and/or lymph node downstaging, which is
associated with a 5-year survival rate of 64% in complete responders
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(CR) compared with 18% in nonresponders (NR; refs. 1–2). Never-
theless, the mechanisms underlying EAC response to nCT remain
largely undefined. Consequently, identifying predictors of response
could improve patient stratification and inform the design of more
efficacious neoadjuvant and/or adjuvant therapies, whichmay increase
response rates without subjecting patients to unnecessary treatments.

Effective cancer control depends on active immune surveillance,
particularly by tumor-reactive T cells. The presence of tumor-
infiltrating T lymphocytes (TIL) has also been associated with better
prognosis in several malignancies (4). Nonsynonymous somatic DNA
mutations in cancer cells generate unique tumor neoantigens that
serve as strong targets for cancer-reactive T cells (5). However, tumor-
specific T-cell immunity is often suppressed by several mechanisms
that can be effectively targeted by therapies to restore efficient disease
control. For instance, immunotherapy using mAb to block inhibitory
immune checkpoint molecules has been successfully employed in
reinstating T-cell functions (6). In addition, the efficacy of conven-
tional chemotherapy and radiotherapy is not solely dependent on the
direct effects of antineoplastic agents or radiation on cancer cells but
also on the stimulation of the host immune system, which is ultimately
responsible for eliminating the tumor and the ensuing long-lasting
clinical effects (7, 8). Indeed, both the antineoplastic drugs (e.g.,
platinum derivatives, 5-fluorouracil, taxanes) and radiation utilized
in nCT protocols for EAC are capable of inducing immunogenic
cancer cell death, which, in turn, stimulates the tumor-specific
immune response and/or has direct immunomodulatory effects (7–9).

Given these perspectives, it remains unknown whether the path-
ological CR attained by preoperative treatments in a subset of patients
with EAC is driven by immunoreactive tumor microenvironment
(TME), which stimulates the tumor-specific T lymphocyte response
and contributes to cancer cell elimination. To examine this hypothesis,
molecular and immune profiling of the TME in EAC needs to be
performed to assess the baseline composition of the TME prior to
therapy. However, there is a lack of such data in the literature. Thus, in
this study, we performed deep multidimensional profiling of baseline
(i.e., pretreatment) tumor biopsies and paired baseline blood samples
to unravel the immune determinants that might contribute to the
variability in treatment response to nCT.

Materials and Methods
Study design

All samples analyzed in this study were collected from patients with
EACdiagnosed with a locally advanced tumor (AJCC stage ≥T2 orNþ,
M0), who received treatment at San Raffaele Research Hospital (Milan,
Italy) between 2014 and 2021. All samples were collected at baseline (i.e.,
before patients received treatment). The study leveragedprospective and
retrospective patient cohorts (Supplementary Fig. S1). The Institutional
Ethics Committee approved the prospective observational study (pro-
tocol ESO-CA001), which was conducted at San Raffaele Research
Hospital (OSR) in Milan, Italy. The San Raffaele Hospital Oncology
Board made therapy decisions based on patients’ clinical condition and

the current European Society for Medical Oncology (ESMO) Clinical
Practice Guideline for esophageal cancer treatment (3). Written
informed consent was obtained from all patients of the prospective
cohort (n ¼ 34; Supplementary Table S1), including the collection and
analysis of endoscopy biopsies of tumor tissue (6–8 biopsies per patient)
and blood samples (50 mL). Whole-exome sequencing (WES), bulk
RNA sequencing (RNA-seq), IHC, digital spatial tissue profiling (DSP),
and high-dimensional flow cytometry were performed to analyze tumor
samples. Plasma was isolated from blood supernatant and frozen at
�80�C, while peripheral blood mononuclear cells (PBMC) were
obtained by Ficoll separation (Ficoll-Paque PLUS, GE Healthcare
Bio Sciences). Pretreatment tumor biopsies were freshly frozen in
optimal cutting temperature OCT (n ¼ 4 biopsies per patient) for
genomic analysis. For flow cytometry analysis, 2 to 4 EACbiopsies were
dissociated in RPMI media (Gibco) using the GentleMACS (Miltenyi
Biotec) Dissociator and human tumor dissociation kit. After surgery,
two expert gastrointestinal pathologists, who were blinded to the
clinical data, assessed the post-nCT pathological response status by
examining surgical resections.

In addition to the prospective patient cohort, archived clinically
annotated baseline EAC biopsies from a second independent retro-
spective cohort of patients were analyzed to increase the sample size for
the IHC and DSP analyses. These samples were available at San
Raffaele Hospital (n ¼ 34; protocols DSAN 718/1F and DSAN
0565/5TF) and are detailed in Supplementary Table S2. The archived
tumor material was formalin-fixed and paraffin-embedded (FFPE),
making it suitable for tissue studies but unsuitable for transcriptional
analysis due to insufficient RNA quality compared with freshly frozen
prospectively collected tumor biopsies.

Both patient cohorts (Supplementary Tables S1 and S2) underwent
nCT with platinum derivatives, alone or in combination with radio-
therapy, mainly following the treatment protocols FLOT (combining
the drugs fluorouracil, leucovorin, oxaliplatin, and docetaxel) and
CROSS (combining the drugs carboplatin and paclitaxel with radio-
therapy at 41.4Gy given in 23 fractions). The studieswere conducted in
accordance with the Declaration of Helsinki and were approved by the
San Raffaele Ethics Committee.

WES and RNA-seq
WES and RNA-seq were performed on treatment-na€�ve EACs.

To mitigate the elevated heterogeneity described for EAC (1), 3
to 4 biopsies that sampled different areas of each tumor were
pooled before being subjected to nucleic acid extraction. Next,
freshly frozen EAC biopsies were sectioned for DNA and RNA
extraction, while two adjacent sections were evaluated by hema-
toxylin and eosin staining to determine the tumor content (>70%
for sequencing). Genomic DNA and total RNA were extracted using
the AllPrep DNA/RNA extraction kit (Qiagen). Nucleic acid quanti-
fication and quality control were performedusing theDNAScreenTape
system (Agilent). A detailed description of WES and RNA-seq data
acquisition and analysis are reported in the Supplementary Materials
and Methods.

Figure 1.
Baseline higher immune gene signatures and reduced resistance to stress are associated with response to nCT. A, Schematic overview of the study design showing
our multidimensional analysis of pre-nCT tumor biopsies (WES, RNA-seq, IHC, proteome DSP, and flow cytometry analysis) and blood (flow cytometry analysis,
plasma cytokines) collected prospectively from patients diagnosed with locally advanced EAC (n¼ 34); an additional cohort of archived pretreatment EAC tumors
(n¼ 34)was analyzedby IHCandDSP.B,HallmarkGSEAcomparisonofCRs (n¼9) versusNRs (n¼9) showingnormalized enrichment scores for gene setswith FDR
<0.01.C,Volcano plot of genes enriched in CRs versus NRs frombulk RNA-seq. The volcano plot reports the name of genes selected on the basis of their participation
in pathways differentially enriched in GSEA analysis, as discussed in the Results section.D,Oncoplot of somatic mutations in Reactome pathwayMHC class I antigen
processing and presentation genes, with respective percentages of mutated genes for each EAC sample. E, HLA LOH events represented as imbalanced HLA copy
numbers observed in two patients, N 20 (PR) and N 8 (NR).

Esophagus Adenocarcinoma Neoadjuvant Chemotherapy Immunity

AACRJournals.org Cancer Res; 83(17) September 1, 2023 2875

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/83/17/2873/3358838/2873.pdf by guest on 07 January 2025



Histological analysis
FFPE (4-mm–thick) sections from treatment-na€�ve endoscopy tumor

biopsies of EAC cases diagnosed at San Raffaele Research Hospital
between 2014 and 2021 were subjected to IHC. The histologic analysis
included 30 samples from the prospective patients with EAC cohort
(ESO-CA001) and 34 from the retrospective cohort (protocols DSAN
718/1F and DSAN 0565/5TF; Supplementary Fig. S1). The primary
mAbs used for IHC are reported in Supplementary Table S3. Horse-
radish peroxidase–labeledgoat anti-mouse andanti-rabbit IgGs (Zhong-
shan Golden Bridge Biotechnology) were used for IHC as secondary
antibodies. Tumor and stromal protein expression was graded with a
semiquantitative h score, ranging from 0 (no staining) to 3 (the strongest
staining) based on the prevalence of positive cells. Two histopathologists
blinded to the clinical data graded the protein expression.

GeoMX DSP
To perform DSP (NanoString, RRID:SCR_021660) on treat-

ment-na€�ve EAC tissue sections, we first identified tumoral areas
on the basis of the morphologic analysis of adjacent tissue
sections stained with hematoxylin and eosin. Then, on the next
tissue section, we performed immunofluorescence (IF) staining
using customized monoclonal antibodies against pan-cytokeratin
(PanCK), hCD3, and hCD68 as morphology markers and a
customized multiplexed panel of protein antibodies (n ¼ 59).
The panel contained photocleavable indexing oligonucleotides,
which enabled subsequent readouts.

Spatially nonadjacent regions of interest (ROI) were selected on a
DSP prototype instrument based on immunofluorescent visualization
of PanCK (tumor epithelia), CD3 (T lymphocytes), CD68 (macro-
phages), and DAPI (nuclei). Two custom segmentation masks were
generated using PanCK IF for separate analysis of PanCKþ (cancer
epithelia) and PanCK� (immune-infiltrated stromal) regions. Ultra-
violet light was used to illuminate each segmented ROI, and indexing
oligonucleotides were released from each segment. They were then
collected and deposited into designated wells on a microtiter plate,
allowing for well-indexing of each ROI and direct readout of protein
hybridization. For each tissue sample, marker counts were obtained
from an average of 4 (range 1–7) PanCK-negative versus PanCK-
positive ROIs. For each marker, raw protein counts per ROI were
generated using nCounter45 (nCounter MAX system version 4.0.0.3)
and normalized to External RNA Control Consortium controls based
on the geometric mean of three positive control markers. To measure
total protein density, DSP reads were normalized to the ROI area. The
DSP analysis suite (NanoString Technologies) was used for correla-
tion, tSNE, Volcano, and box plots. Statistical analysis of Volcano plots
was performed using a linear mixed model.

Flow cytometry
PBMCs or tumor cell suspensions were incubated in phosphate-

buffered saline solution (PBS) with 2% fetal bovine serum (FBS) for
15 minutes in Fc Blocker (BD Biosciences, catalog no. 564220).
Afterward, the cells were stained for 20 minutes with mAb panels. To
investigate TILs obtained from six biopsies, a mAb panel 2 (n ¼ 20
mAbs) directed against 20 surface markers (Supplementary Table S4)
was used. This panel was used to stain the same TILs that were
previously analyzed with the small T regulatory cells (Treg)/Teff panel
(CRsn¼ 3,NRsn¼ 3; Supplementary Fig. S1). A second independent
panel of 10 mAbs, detecting key subset-specific surface markers and
five intracellular transcription factors associated with specific T-cell
functions (mAb panel N3; Supplementary Table S4), was used to stain
TILs obtained from six different baseline EAC biopsies that had not

been stained with any previous panel (CRs n ¼ 3, NRs n ¼ 3;
Supplementary Fig. S1).

For intracellular/intranuclear staining (panel 3), cells were fixed/
permeabilized using the FOXP3/Transcription Factor Staining Kit
(eBioscience). The cells were acquired on the BD FACSCanto II (panel
1), BD FACSymphony (panels 2 and 4), or BeckmanCoulter CytoflexLX
(panel 3), and analyzed using FlowJo software (Beckton Dickinson,
RRID:SCR_008520). Dead cells were identified and excluded by staining
with DAPI or using the Live/Dead Fixable Blue Dead Cell Stain Kit
(Invitrogen, catalog no. L23105) uponfixation. The relativefluorescence
intensity was calculated from the mean fluorescence intensity (MFI) of
the negative control (cluster negative for marker expression) within the
corresponding gate. For high-dimensional analysis, flow cytometry
standard data were exported from FlowJo after gating of lymphocytes,
singlets, and viable CD45þ cells. The t-distributed stochastic neighbor
embedding (t-SNE)maps were built after sample dimensionality reduc-
tion to 3,000 events, and the PhenoGraph algorithm (https://github.
com/jacoblevine/PhenoGraph, RRID:SCR_016919) was applied for cell
clustering. The fluorescence intensity of all markers was exported
into FlowJo to calculate the cell frequency per cluster and MFI
per cluster for each fluorochrome, and samples from CRs and NRs
were compared.

Plasma cytokine measurement
To assess 27 cytokines, we used the Bio-Plex Pro-Human 27-plex

Assay and followed the manufacturer’s instructions. The readouts
were obtained using the Bioplex200 machine and Bio-Plex Manager
6.0 software (Bio-Rad). ELISA was performed using the Complement
C3a Human ELISA Kit (Invitrogen, BMS2089), Complement C5a
Human ELISA Kit (Invitrogen, BMS2088), and VeriKine-HS Human
Interferon Beta Serum ELISA Kit (PBL Assay Science, PBL-41415–1).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8.0

(GraphPad Software, RRID:SCR_002798). Differences between
groups were assessed with two-tailed unpaired t tests or Wilcoxon
tests, unless otherwise specified. Linear correlations between two
parameter categories were evaluated using Spearman rank-order
correlation. Formultiple group comparisons, ANOVAwas performed.
AP< 0.05was considered statistically significant. Overall survival (OS)
was defined as the time interval between initial surgical excision and
death or the last follow-up (censored). Disease survival was defined as
the time interval between initial surgical excision and diagnosis of
metastasis/disease progression or the last follow-up. Kaplan–Meier
plots were constructed using GraphPad Prism software (RRID:
SCR_002798) and analyzed using the log-rank test.

Data availability
The data generated in this study are available upon request from the

corresponding author. WES and RNA-seq data are deposited into the
European Genome-phenome Archive (EGA) public repository, acces-
sion number EGAS00001007245.

Results
Participants, samples, and study design

To compare the preexisting TME in patients with EAC showing
variable response to preoperative therapies, we prospectively collected
paired blood and endoscopic bioptic tumor samples from patients
(n ¼ 34) at baseline (i.e., before neoadjuvant therapy; Fig. 1A). Sub-
sequently, the recruited patients underwent nCT alone or in

Arbore et al.

Cancer Res; 83(17) September 1, 2023 CANCER RESEARCH2876

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/83/17/2873/3358838/2873.pdf by guest on 07 January 2025

https://github.com/jacoblevine/PhenoGraph
https://github.com/jacoblevine/PhenoGraph
https://github.com/jacoblevine/PhenoGraph


Figure 2.

Increased baseline infiltration of FOXP3þ and CD163þ cells in EACs of NRs is associated with reduced OS. A, CIBERSORT scores for EAC-infiltrating immune cell
populationswere calculated fromRNA-seq data for CRs, PRs, andNRs. Bar graphs represent mean� SEM. � , P <0.05; �� , P <0.01; one-wayANOVA. NV B, na€�ve B; ME
B, memory B; P, plasma cells; CD8, CD8þ; NV CD4, na€�ve CD4þ; ME CD4 R, memory CD4þ resting; ME CD4 A, memory CD4þ activated; TFH, follicular T helper; gdT,
gamma delta T; NK R, natural killer resting; NKA, natural killer activated; MONO,monocytes; M0, M0macrophages; M1, M1macrophages; M2, M2macrophages; DC R,
dendritic cells resting; DC A, dendritic cells activated; MC R, mast cells resting; MC A, mast cells activated; EO, eosinophils; NEU, neutrophils. B, Representative
immunostainingof pretreatment EACs for FOXP3, CD163, andCD45RO. Scalebar, 50mm.C,Staining scores for intratumoral (intra Tum)andperitumoral regions (peri
Tum) in CRs (n¼ 15), PRs (n¼ 16), and NRs (n¼ 33). Semiquantitative h scores (0¼ no staining to 3¼ strongest staining) were assigned by an expert pathologist.
Data are presented asmean�SEM. � ,P<0.05; one-wayANOVA.D,OSof patientswith high versus lowFOXP3 IHC staining scores in intratumor EAC infiltrates before
neoadjuvant chemotherapy (high score, h ≥ 1; low score, h < 1). � , P <0.05; log-rank test. E and F, OS of patients with high versus low CD163 IHC staining scores in
peritumoral (E) and intratumoral (F) EAC infiltrates before neoadjuvant chemotherapy (high score, h ≥ 2; low score, h < 2). � , P < 0.05; �� , P < 0.01; log-rank test.
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combination with radiotherapy (Supplementary Table S1). All nCT
treatment schemes utilized platinum derivative compounds that were
mechanistically correlated in terms of their immunomodulatory prop-
erties (7, 9). After completing nCT, patients underwent surgery, and the
degree of pathologic response to treatment was assessed in their resected
tumors with the Mandard tumor regression score (TRG; ref. 10).
Patients were subdivided into CRs (n¼ 12, TRG1–2), partial responders
(PR; n ¼ 8, TRG3), and NRs (n ¼ 14, TRG4–5). Although not
statistically significant, likely due to the small sample size, CRs showed
a better 5-year survival trend compared with PRs and NRs (Supple-
mentary Fig. S2A), which was consistent with previous clinical stud-
ies (11). Further, the banked baseline tumor and blood samples collected
from this prospective cohort were subjected to a multidimensional
analysis, for which different methods were employed depending on
sample characteristics (Fig. 1A; Supplementary Fig. S1). To increase the
sample size for IHC and DSP analyses, we added archived clinically
annotated baseline EAC biopsies from a second independent retrospec-
tive cohort of patients available at San Raffaele Hospital (Supplementary
Table S2, Supplementary Fig. S1), combining them with the samples
from the prospective patient cohort. All findings presented in this report
refer to the baseline characteristics of tumors before nCT.

Baseline higher immune gene signatures and reduced
resistance to stress are associated with response to nCT

We performedWES and RNA-seq of 26 baseline EAC samples that
passed DNA and RNA quality check; two additional EAC samples
were subjected to WES only (Supplementary Fig. S1). Gene set
enrichment analysis (GSEA) of the RNA-seq data revealed significant
enrichment of hallmark gene sets related to immune response, type I
inflammation, and proliferation in CR versus NR tumors (Fig. 1B),
suggesting an overall association between nCT response and active
immune infiltration, increased cell proliferation, and chemo/chemor-
adiation vulnerability. EACs of CRs showed significantly higher
expression of genes associated with functions consistent with the
GSEA pathways, including suppression of tumorigenesis (TRIM71;
ref. 12), promotion of T-cell receptor signaling and intratumor T-cell
infiltration (CLNK, LCP2/SLP-76; refs. 13, 14), immunoinflammatory
response (SLAMF9; ref. 15), suppression of migration (CLEC2L,
CARD11, TUSC8; refs. 16, 17), chemotherapy response, and suscep-
tibility to immunogenic cancer cell death ferroptosis (SLC7A11-AS1;
Fig. 1C; refs. 18, 19). In contrast, EACs of NRs revealed significantly
enriched pathways associated with resistance to stress, oncogenic
activation, peroxisomal function, fatty acid metabolism, and estrogen
response (Fig. 1B). Notably, the P53 pathway, KRAS signaling down-
regulated genes, and early estrogen response pathways are known to be
associated with the progression of malignant melanoma (20). Baseline
EACs of NRs showed significantly higher expression of genes involved
in tumor invasion (FGF5, cytokeratin KRT1, and cytokeratin KRT2;
refs. 21, 22), oxidative metabolism (SLC13A2, HMGCS2; ref. 23), lipid
synthesis (FABP4; ref. 24), and peroxisomal function (PEX16; ref. 25),

which is consistent with these hallmarks (Fig. 1C). Although EAC
cases showing partial response to nCT represent a prognostically
heterogeneous cohort (residual tumor cells between 10% and 50% in
the surgical resection; refs. 10, 26), hallmark GSEA confirmed the
upregulation of the same molecular pathways that were differentially
expressed in NRs versus CRs (Supplementary Fig. S2B).

We did not observe significant differences in overall TMB, which
affects the probability of the formation of tumor neoantigens that TILs
may recognize (5). Similarly, no significant differences were seen in
tumor neoantigen load between CR and NR tumors (Supplementary
Fig. S2C and S2D). This contrasts with the results of previous
reports (26), likely due to the smaller sample size of our study (9 CRs
vs. 9 NRs). However, compared with CRs and PRs, baseline tumors of
NRs exhibited a significantly higher mutational load in genes of the
Reactome pathway MHC class I antigen processing and presentation
(Fig. 1D and Supplementary Fig. S2E, Supplementary Table S5). There
were no significant differences in mutational load in EAC driver genes
(Supplementary Fig. S2F and S2G, Supplementary Table S6). Altera-
tions in the presentation of MHC class I antigens are associated with a
worse prognosis of several malignancies (27) and may negatively
impact the antitumor immune response in EAC. In our sample, only
one NR and one PR case demonstrated loss of heterozygosity of HLA
class I alleles (Fig. 1E), another factor correlated with reduced like-
lihood of MHC class I antigen presentation (28).

Collectively, these results suggest that response tonCTwasdependent
on preexisting active immune infiltration and higher susceptibility to
chemotherapy and radiotherapy in the responding tumors.On the other
hand, nonresponding tumors were characterized by increased immu-
nosuppression and resistance to oxidative stress.

Distinct baseline patterns of myelomonocytic and T-cell
infiltration distinguish responders from NRs to nCT

To better understand the differences in immune contextures
between CRs and NRs, as suggested by the genomic analysis, we used
the CIBERSORT tool to estimate the immune composition of the
tumor biopsies from bulk RNA-seq data. Our analysis revealed
significantly reduced signatures for immunosuppressive Tregs and
M2-like macrophages in CRs compared with NRs (Fig. 2A).

We then performed IHC of specific immune cell markers to confirm
the differential tumor infiltration of immunosuppressive Tregs and
M2-like macrophages between CRs andNRs and subsequently examine
potential antitumor effector T cells. We stained sections of 30 prospec-
tively collected baseline EAC biopsies with markers for Treg (FOXP3),
M2-like macrophage (CD163), and effector memory T cells (CD45RO;
Fig. 2B).The results showed thatNRs exhibiteda trend toward increased
peritumoral FOXP3 and CD163 staining, while CRs showed higher
levels of intratumoral CD45RO staining (Supplementary Fig. S3A). To
validate these findings, we stained baseline EAC biopsies from an
independent retrospective archived cohort (n¼ 34 cases) and confirmed
significantly higher levels of staining for CD163 in NRs compared with

Figure 3.
DSP confirms distinct baseline functional immune contexture in EACs of CRs and NRs. A, Experimental design: spatial proteomic profiling of 53 tumor and immune
markers was conducted on FFPE EAC biopsy sections; selection of multiple ROIs per tissue sample was based on immunofluorescent staining for PanCK (tumor
epithelial marker), CD68 (macrophages), and CD3 (T lymphocytes); nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Protein counts were measured
within PanCKþ-enriched tumor regions (masks) and PanCK� stromal regions (inverted masks). B, Volcano plot of proteins enriched in PanCKþ (n ¼ 72) versus
PanCK� (n ¼ 72) areas showing statistical significance for proteins with P < 0.05; P values were calculated using the linear mixed model. C, Representative
immunofluorescent staining for PanCK, CD68, and CD3 in tumor tissue fromCRs andNRs. Scale bar, 100 mm.D,CD3 PanCKþ/PanCK� ratios for each ROI (normalized
by area) for CRs and NRs (calculated from DSP reads). � , P <0.05, unpaired t test. E andG, Volcano plots of proteins enriched in PanCK� (E) and PanCKþ (G) areas in
tumors from CRs (n¼ 33 ROIs) versus NRs (n¼ 39 ROIs), showing statistical significance for proteins with P <0.05; P values were calculated using the linear mixed
model. F andH, Corresponding box plots representing read numbers (N) normalized to the area for proteins differentially enriched in PanCK� (F) and PanCKþ areas
(H), presented as mean � SEM. � , P < 0.05; �� , P < 0.01, unpaired t test.
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CRs (Supplementary Fig. S3B). We also confirmed the trend for
increased FOXP3 and decreased CD45RO in baseline EAC biopsies.
By combining data from the two cohorts, we further confirmed higher
levels of “immunoregulatory” FOXP3 and CD163 expression in NRs
compared with CRs, which was statistically significant (Fig. 2C). In
addition, we observed higher levels of CD45RO in CRs, indicating
enrichment for intratumoral effectormemory cells (Fig. 2C).Moreover,
a trend for higher peritumoral staining scores for FOXP3 and CD163
and for lower intratumoral staining scores for CD45ROwas still present
in each separate group of NRs who received either combined nCT and
radiotherapy (nCT þ RT) or nCT alone, indicating a common under-
lying immune mechanism associated with treatment response to both

neoadjuvant regimens (Supplementary Fig. S3C and S3D). No signif-
icant differences in the levels ofCD3,CD4, CD8, or the pan-macrophage
marker CD68 were detected (Supplementary Fig. S4A and S4B).
Remarkably, higher levels (h ≥ 2) of peritumoral FOXP3 staining and
CD163 immunostaining were associated with reduced OS in the two
combined cohorts of patients with EAC (Fig. 2D–F).

DSP supports differential baseline tumor immune infiltration in
CRs and NRs

To enhance the tissue analysis with spatial resolution information,
we conducted multiplex proteomic analysis using DSP on baseline
EACs. Tumor sections were stained with 53 mAbs to detect functional

Figure 4.
Responder EACs show reduced baseline infiltration of FOXP3þ Tregs and an increased frequency of tissue-resident CD8þCD39þ T cells. A, Representative flow
cytometry plots of tumor single-cell suspensions (CD3þ viable cells) stained for nine surface markers, showing the gating strategy for CD25þ CD127low Tregs and
CD8þCD39þCD103þT cells.B andC,Dot plots showing frequencies expressed as percentage of CD25þCD127lowCD4þ cells (B) andCD39þCD103þCD8þ cells (C) in
pretreatment EAC tumor cell suspensions from CRs (n¼ 9) and NRs (n¼ 6), determined bymanual gating. Data are presented asmean� SEM. � , P < 0.05, unpaired
t test. D, Exemplified t-SNE visualization of 17 surface markers representing 6,000 merged CD3þ CD4þ cells in tumor cell suspensions from CRs (n ¼ 3) and NRs
(n ¼ 3); 13 clusters were predicted by unsupervised PhenoGraph analysis. E, Histograms showing the expression of six surface markers in clusters #4 and #5,
concatenated CD3þ CD4þ events (Conc), and negative control (Neg); relative fluorescence intensity (RFI) values are shown. F, Exemplified t-SNE visualization of 17
surfacemarkers representing 6,000merged CD3þCD8þ cells in tumor cell suspensions fromCRs (n¼ 3) andNRs (n¼ 3); 11 clusterswere predicted by unsupervised
PhenoGraph analysis.G, Histograms showing the expression (RFI values) of 12 surfacemarkers in clusters #1 and #2, concatenated CD3þ CD8þ events, and negative
control.H, Exemplified t-SNE visualization of eightmarkers, including three surfacemarkers and five nuclear transcription factors, representing 6,000merged CD3þ

CD4þ cells in tumor cell suspensions from CRs (n ¼ 3) and NRs (n¼ 3); nine clusters were predicted by unsupervised PhenoGraph analysis. I, Histograms showing
the expression (RFI values) of seven markers in cluster #6, (CD25þ CD127low FOXP3þ Treg-like cells), concatenated CD3þ CD4þ events, and negative control.
J, Exemplified t-SNE visualization of 8 markers (three surface markers and five nuclear transcription factors), representing 6,000merged CD3þ CD4� cells in tumor
cell suspensions from CRs (n¼ 3) and NRs (n¼ 3); nine clusters were predicted by unsupervised PhenoGraph analysis. K, Histograms showing the expression (RFI
values) of eight markers in cluster #3, concatenated CD3þ CD4� events, and negative control.

Figure 5.

NREACs show increased baseline infiltration of protumor M2-likemacrophages.A, Exemplified tSNE visualization of 20 surfacemarkers representing 7,000merged
CD45þ CD3� tumor cells from CRs (n ¼ 3) and NRs (n ¼ 4); cells are colored according to the 10 clusters assigned by PhenoGraph and manual annotation; the
corresponding heatmap shows median marker intensity normalized to a 0 to 1 range. B, Frequencies of the clusters in CR (n¼ 3) and NR (n¼ 4) CD45þ CD3� cells
presented as mean � SEM. � , P < 0.05; one-way ANOVA. C, Histograms showing the expression of six surface markers in cluster #3 (assigned as M2-like
macrophages), concatenated CD45þ CD3� events (Conc), and negative control (Neg) relative fluorescence intensity (RFI) values are shown.
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immune markers or proteins involved in known cell functions,
followed by the analysis of selected ROIs (Fig. 3A). DSP for 53 tumor
and immune proteins was performed on 144 regions of tumor sections
obtained from 2 to 4 pooled EAC biopsies for each of the CR (n ¼ 9)
and NR (n ¼ 10) tumors. Spatially separated ROIs were selected by
visualizing the markers PanCK (tumor epithelia), CD3 (T lympho-
cytes), CD68 (macrophages), and DAPI (nuclei) using IF. PanCKþ

cancer epithelial regions were compared with PanCK� immune-
infiltrated stromal regions (Fig. 3A and B; Supplementary
Fig. S5A–S5F). We found significantly higher expression of the
epithelial markers PanCK and EpCAM in PanCKþ cancer cell areas,
in contrast to the increased expression of the stromal markers alpha
smooth muscle actin (SMA) and fibronectin and the lymphocytic
markers CD3 and CD39 in PanCK� stromal regions (Fig. 3B). The
ratios of the CD3 signal in PanCKþ areas to the CD3 signal in PanCK�

areas were significantly higher in the ROIs of CRs compared with NRs
(Fig. 3C and D). This finding suggests a higher frequency of tumor-
infiltrating T cells in EACs of CRs, indicating a possible correlation
with the antitumoral immune response. Furthermore, PanCK� areas
showed enrichment for FOXP3 andCD163 protein expression inNRs,
indicating significantly increased infiltration by immunosuppressive
Tregs and M2-like macrophages, which was consistent with our IHC
data. The immune checkpoint molecule TIM3 and inflammation-
related signaling mediator stimulator of IFN genes (STING) were also
enriched in NRs (Fig. 3E and F). In addition, within the PanCKþ

cancer cell areas of NR tumors, there were significantly elevated levels
of the antiapoptotic protein Bcl2 (associated with tumor survival;
ref. 29), aSMA (associated with invasion and metastasis in gastric
cancer; ref. 30), and the estrogen receptor alpha and progesterone
receptor (correlated with prognosis of EAC and gastric cancer; Fig. 3G
and H; refs. 31, 32).

Together, the spatially resolved tissue proteomics results provided
additional evidence to support the characterization of a highly immu-
noreactive tumor infiltrate in baseline tumors of CRs, in contrast to an
actively immunosuppressive and therapy-resistant infiltrate in tumors
of NRs. This analysis also highlighted additional protein markers
associated with the absence of a pathological response to nCT that
could be further explored as potential therapeutic targets.

Distinct myelomonocytic and T-cell populations in baseline
tumors of CRs versus NRs to nCT

Toexamine the differentially infiltratingEAC immunepopulations in
greater detail, we used flow cytometry analysis to characterize TILs from
15 baseline tumor biopsies in the prospective cohort (Supplementary
Fig. S1) using a panel of 7mAbs detectingTreg and effectorT cells (mAb
panel N1, Supplementary Table S4). This analysis confirmed the sig-
nificant enrichment of cells expressing a putative Treg phenotype in NR

tumors (CD25þCD127lowCD4þ; Fig. 4A and B), whereas CR tumors
were characterized by a higher frequency of tissue-resident memory
CD39þCD103þCD8þT cells (Fig. 4A andC), a populationof cells often
enriched in other solid tumors (33). We further deep-profiled the
functional phenotype of TILs in baseline EAC biopsies using high-
dimensional flow cytometry analysis with two complementary mAb
panels (panels N2 and N3; Supplementary Table S4; Supplementary
Fig. S6A–S6C). In NRs, unsupervised high-dimensional analysis of
CD4þ TILs highlighted a significantly increased frequency of putative
CD25þCD127lowCD39þPD-1þTIM3þ Treg cells found in two clusters
(#4 and #5; Fig. 4D and E; Supplementary Fig. S7A and S7C), differ-
entiatedby the expression ofKLRG1.The increased frequency ofTIM3þ

Tregs in TILs of NRs was consistent with the previous DSP data, which
showed higher levels of TIM3protein in baseline tumor biopsies of NRs.
In addition, a third cluster of CD4þ TILs (#9) containing putative
exhausted CD39þ LAG3þ CD28� T effector memory cells (Supple-
mentary Fig. S7A and S7C) showed their preferential accumulation in
NRs. Furthermore, unsupervised clustering analysis of CD8þ TILs in
NRs revealed a highly enriched cluster (#2) displaying a CD103�

CD69�CD45RO�CCR7�CD28�KLRG1þ LAG3þ phenotype, highly
suggestive of exhausted and terminally differentiated nontissue-
resident effector cells (Fig. 4F and G; Supplementary Fig. S8A and
S8C). In contrast, CRs were characterized by an enriched population
(#1) of tissue-resident memory CD45ROþ CD39þ CD103þ CD69þ

CCR7� T cells that coexpressed CD28, CXCR5, and the exhaustion
marker PD-1, but were negative for CD127 and all tested inhibitory
receptors (Fig. 4F and G; Supplementary Fig. S8A and S8C). This
population of cells is similar to an early dysfunctional tissue-resident
CXCR5þ CD8þ T-cell subset that sustains effector responses in dif-
ferent cancers and chronic viral infections, and that is positively
associated with response to anti–PD-1 immunotherapy (34, 35). The
flow cytometric assessment of nuclear transcription factors expressed in
CD4þ T cells confirmed the accumulation of CD25high CD127low

FOXP3þ Tregs (#6) in tumors of NRs, with no significant differences
in the expression of other transcription factors (Fig. 4H and I; Sup-
plementary Fig. S7B and S7D). The analysis of nuclear transcription
factors expressed in putative CD8þeffector/memory TILs (CD45ROþ

CD4� cells) showed an increased frequency of T-bethighEOMESþ cells
(subset #3) in CRs (Fig. 4J and K; Supplementary Fig. S8B and S8D),
reminiscent of early exhausted tumor-infiltrating cells found to sustain
antitumor or chronic antiviral responses (35).

The myeloid cell composition of baseline tumor biopsies was also
characterized by high-dimensional flow cytometric analysis of 22
extracellular markers (mAb panel N4; Supplementary Table S4; Sup-
plementary Fig. S9). Unsupervised cluster analysis of the myeloid cell
staining identified 10 populations (Fig. 5A), with onlyM2-like macro-
phages (#3, CD14þ CD163þ ICAM-1þ HLA-DRhigh CD33�) being

Figure 6.
Increased frequency of circulating exhausted T cells andmyeloid-derived suppressor MDSC cells in NRs to nCT prior to treatment.A, Exemplified t-SNE visualization
of 17 surfacemarkers representing 32,000merged CD3þCD4þ cells PBMCs fromCRs (n¼ 8) andNRs (n¼ 8) before nCT; 18 clusterswere predicted by unsupervised
PhenoGraph analysis. B, Histograms showing the expression of six markers in cluster #6 (T effector memory KLRG1high PD-1high), concatenated CD3þ CD4þ events
(Conc), and negative control (Neg); relative fluorescence intensity (RFI) values are shown. C, Exemplified t-SNE visualization of 17 surface markers representing
16,000 merged CD3þCD8þ pre-nCT PBMCs from CRs (n ¼ 8) and NRs (n ¼ 8); 14 clusters were predicted by unsupervised PhenoGraph analysis. D, Histograms
showing the expression (RFI values) of six markers in cluster #8 (T transitional memory TIGIThigh PD-1high), concatenated CD3þ CD8þ events (Conc), and negative
control (Neg). E, Exemplified t-SNE visualization of 20 surfacemarkers representing 15,000merged CD45þ CD3� pre-nCT PBMCs from CRs (n¼ 7) and NRs (n¼ 8).
Cells are colored according to the 11 clusters assigned by PhenoGraph and manual annotation; the corresponding heat map shows median marker intensity
normalized to a 0 to 1 range. F,Histograms showing the expression (RFI values) of five surfacemarkers in PhenoGraph clusters #1 and #4, concatenated CD45þCD3�

events, and Neg; clusters #1 and #4were assigned asmonocytes HLA-DRhigh (enriched in CRs) andMO-MDSC CCR7þ (enriched in NRs), respectively.G, Frequencies
of CD45þCD3� cells in 11 PhenoGraph clusters (determined by 20 surface markers) in CRs (n¼ 7) and NRs (n¼ 8), presented as mean� SEM. �� , P < 0.01; one-way
ANOVA. H, Correlation between the flow cytometry frequency (%) of CD14þHLA-DRhigh PBMCs and CD39þCD103þCD8þ TILs for n ¼ 12 patients; 95% confidence
interval is shaded in gray (R, Spearman correlation; P value).
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significantly more frequent in NR tumors than in CR tumors (Fig. 5B
andC; Supplementary Fig. S10), which further corroborated the results
of our histologic analysis.

Collectively, these results suggest that CR tumors have a pre-
existing immunoreactive contexture characterized by enrichment
for tissue-resident, putatively tumor-reacting, early exhausted CD8þ

TILs. In contrast, an immunosuppressive contexture characterized by
enrichment for Treg and M2-like tumor-associated macrophages
(TAM) was identified in baseline NR tumors.

Differences in baseline circulating T and myeloid cell
populations and soluble immune mediators distinguish
CRs and NRs

In addition to analyzing the local immune TME, we also evaluated
systemic immune markers associated with response to nCT in baseline
PBMCs obtained from 16 patients with EAC in our prospective cohort.
We used high-dimensional flow cytometry with 20 and 22 mAbs panels
(panels N2 and N4, Supplementary Table S4) to assess T cell and
myelomonocytic phenotypes, respectively (Supplementary Fig. S1).
Unsupervised clustering analysis of T lymphocytes was performed
separately for CD4þ and CD8þ T cells (Supplementary Figs. S11A and
S11B and S12A and S12B), which revealed an increased frequency of
exhaustedKLRG1high PD-1highCD4þ effectormemory cells (#6;Fig. 6A
and B; Supplementary Fig. S11B) and TIGIThigh PD-1high CD8þ tran-
sitional memory cells (#8; Fig. 6C and D; Supplementary Fig. S12B) in
NR tumors. We also performed the unsupervised clustering analysis of
20 extracellularmarkers expressedbyCD45þCD3� circulating immune
cells and identified 11 distinct populations (Fig. 6E; Supplementary
Fig. S13). In the pretreatment blood of NRs, there was a significant
enrichment of monocytic myeloid-derived suppressor cells (MO-
MDSC, cluster #4) expressing PD-L1 and CCR7 compared with CRs
(Fig. 6E–G), suggesting that this population may suppress the antitu-
moral immune response and negatively affect the efficacy of nCT (36).
Conversely, the pretreatment blood ofCRs showeda higher frequency of
putative inflammatory CD14þ CD11cþ HLA-DRhigh monocyte cluster
(#1), indicating a potentially increased pool of immunostimulatory cells
capable of infiltrating the tumor upon therapy (Fig. 6E–G). Notably, the
frequency of this putative circulating inflammatory monocyte popula-
tion was positively correlated with the frequency of putative tumor-
reactive CD39þ CD103þ CD8þ TILs, which characterizes baseline
tumors in CRs (Fig. 6H).

Finally, we performed a comparison of the plasma concentration of
30 cytokines and chemokines in baseline blood samples from 26
patients of the prospective cohort (Fig. 7; Supplementary Figs. S1
and S14). Our analysis found that the plasma of CRs had higher
concentrations of GM-CSF, a cytokine that positively affects the
antitumor T lymphocyte response (Fig. 7A; ref. 37), whereas the
plasma of NRs contained a significantly higher concentration of IL4,
CXCL10, C3a, and C5a (Fig. 7A), the immune effectors associated
with immunosuppression by MO-MDSCs (38–40). The frequency
of putative antitumor CD8þ CD39þ CD103þ TILs was positively
correlated with the plasma concentration of GM-CSF, RANTES,
and IL1RA, but was negatively correlated with IL4 concentration
(Fig. 7B and C). In addition, the baseline frequency of the circu-
lating putative inflammatory CD14þ CD11cþ HLA-DRhigh mono-
cyte population was positively correlated with the baseline plasma
concentration of GM-CSF (Fig. 7D). These results indicate that
differential baseline immune determinants of response to nCT were
also detectable in patients with EAC patients at the systemic level
and were correlated with intratumor and systemic cellular immune
parameters.

Discussion
In this study, we provide evidence that the preexisting immunity

within baseline tumor tissues drives the clinical effects of nCT among
patients with locally advanced EAC. These results strongly suggest that
the immune composition of the TME prior to treatment impacts the
outcomes of nCT.

Our study analyzed genomic data from baseline EAC biopsies and
revealed that patients who showed a complete response to nCT had
higher expression of immune response genes within their tumors. Our
findings suggest that a functional MHC class I antigen presentation
pathway is necessary to achieve a therapeutic response. Previous
studies have linked a deficiency in the DNA damage and immune
response (DDIR) pathway (41) and a higher nonsynonymous
TMB (26) with a better response to nCT in EAC. Although we did
not detect baseline DDIR signatures or higher TMB in our cohort of
EAC responders to nCT, possibly due to the smaller sample size
relative to previous studies (26, 41), the identified associations between
immune-related pathways and response to nCT are mechanistically
consistent with those studies.

Recent research has demonstrated an association between nCT
response, baseline T-cell infiltration, and CD8þ PD-1þ staining scores
in EAC (42, 43). Here, we utilized multiple approaches to gain a more
comprehensive understanding of the immune landscape in baseline
tumors, which was associated with a positive or negative therapeutic
response to nCT at both local and systemic levels. Our findings
revealed that CR tumors had a high frequency of tissue-resident
memory CD39þ PD-1þ CD8þ TILs, a population highly enriched
for tumor antigen specificity and present in other solid tumors (33).
Furthermore, we observed a high frequency of effector/memory CD8þ

TILs expressing T-bet and EOMES in CR tumors. This combination of
transcription factors is characteristic of early exhaustedTILs,which are
capable of sustaining antitumor or chronic antiviral responses (34, 35).
In contrast, our findings indicated that NR tumors had a predomi-
nantly suppressive immune contexture characterized by a high fre-
quency of Treg cells and CD163þ M2-like TAMs, both of which are
associated with reduced patient OS. These results were consistent with
recent reports (42), We also observed a higher frequency of circulating
immunostimulatory CD14þ CD11cþ HLA-DRhigh monocytes in CRs,
whereas NRs showed a higher frequency of circulating immunosup-
pressive CCR7þ PD-L1þ MO-MDSCs.

Using spatially resolved proteomic analysis of treatment-na€�ve
EACs, we confirmed higher baseline levels of CD163 and FOXP3 in
the tumor infiltrate of NR samples. In addition, the analysis revealed
higher expression of the immune checkpoint inhibitor TIM3, which is
expressed by Treg cells, enhancing the immunosuppressive function in
cancer (44). Thus, in our study, increased levels of TIM3 were likely
attributed to the higher frequency of Tregs seen in NRs, although the
expression of TIM3 by other tumor-infiltrating immune populations
cannot be completely ruled out. The DSP analysis also revealed
significantly higher expression of STING in the immune-infiltrated
stromal regions of NR tumors. Although STING induces anticancer
IFN type I signaling, its activation in T cells may also prevent
proliferation, promote cell death, and activate immune suppressive
cells under certain conditions (45).

We also detected systemic differences in the blood samples of CRs
versus NRs prior to treatment. Specifically, NRs had higher baseline
plasma concentrations of suppressive cytokines CXCL10 and IL4, both
of which may affect the migration and function of MDSCs (38, 39).
Furthermore, NRs had significantly higher pre-nCT plasma con-
centrations of complement anaphylatoxins C3a and C5a, which
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Figure 7.

Differential circulating proinflammatory cytokines and complement anaphylatoxins in responders andNRs to nCT.A,Baseline plasma concentrations of GM-CSF, IL4,
CXCL10, C3a, and C5a in CRs (n¼ 12) andNRs(n¼ 14); bars representmean� SEM. � ,P <0.05; ��, P <0.01; unpaired t test.B, Spearman correlation coefficients for the
30 circulating cytokines analyzed and frequency of tumor-infiltrating CD8þ CD39þCD103þ cells (calculated by flow cytometrymanual gating on 15 baseline EACs; � ,
P < 0.05; ��, P < 0.01). C, Correlation between the baseline plasma concentration of RANTES, IL1RA, GM-CSF, and IL4 and flow cytometry frequency (%) of CD39þ

CD103þ CD8þ TILs for n¼ 15 patients; 95% confidence interval (CI) is shaded in gray (R, Spearman correlation; P value). D, Correlation between the baseline plasma
concentration of GM-CSF and flow cytometry frequency (%) of circulating CD14þ HLA-DRhigh cells for n ¼ 15 patients; 95% CI is shaded in gray (R, Spearman
correlation; P value).
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mediate the migration of suppressive immune cell populations within
tumors and tumor-draining lymph nodes (40).

In addition to detecting distinct immune profiles, our multidimen-
sional analysis revealed specific cancer cell-intrinsic differences
between CRs and NRs. Specifically, baseline gene signatures were
associated with cell cycle control in CRs, suggesting that the prolif-
erative ability of cancer cells may impact treatment response to nCT.
Similar pathways have also been shown to predict nCT responsiveness
in ERþ/HER2� patient with breast cancer (46), although the under-
lying mechanisms are not fully understood. On the other hand,
NR tumors were characterized by gene signatures correlated with
lipid metabolism and peroxisomes, pathways associated with cancer
resistance to chemo/radiation-induced damage and tumorigene-
sis (24, 47). The enrichment of a lipid metabolism genetic signature
may be related not only to themetabolic requirements of the tumor but
also to the functional profile of immune cells within the TME (48),
which warrants further investigation. For instance, the activity of
immune-suppressive cells such as Tregs and M2-like macrophages
depends on fatty acid oxidation (49). Moreover, heightened lipid
uptake and b-oxidation are characteristic of a hypoglycemic TME
that is associated with poor tumor antigen presentation (50). Dysreg-
ulated cholesterol accumulation in the TME has also been linked to the
induction of immunosuppressive cues (51), which is consistent with
the suppressive immune contexture observed in EACs of NRs. These
metabolic signatures represent potential vulnerabilities of cancer cells
that could be targeted to reverse EAC resistance to nCT. In fact, several
drugs are currently being investigated for targeting lipidmetabolism in
solidmalignancies, such as gastric cancer (47), that could be combined
with current nCT to improve their success rate.

Furthermore, our transcriptional analysis revealed significant
enrichment of the long noncoding RNA SLC7A11-AS1 expression
in CR tumors prior to nCT treatment. Previous studies have reported
that SLC7A11-AS1 expression is correlated with the chemotherapy
response in gastric cancer and, interestingly, with the suppression of
SLC7A11 gene expression (18). SLC7A11 is an antioxidant cystine/
glutamate antiporter implicated in the inhibition of ferroptosis, an
immunogenic cancer cell death induced by radiotherapy and the
antitumorCD8T-cell IFNg response (19). Although further validation
is needed, ourfindings hint at the fact that EAC cellsmay be resistant to
nCT due to the inhibition of ferroptosis, which could potentially be
targeted by certain drugs (19). Moreover, our DSP data revealed
increased expression of the antiapoptotic protein Bcl2 and the stromal
protein alpha SMA in cancer cells of NRs, suggesting increased
baseline tumor resistance to apoptosis and its metastatic poten-
tial (29, 30). In addition, increased expression of alpha estrogen and
progesterone receptors was observed in NR tumors, which could
potentially be validated as markers of resistance to nCT and plausible
therapeutic targets in future research.

The expression data obtained from NR tumors also revealed TIM3
as a potential candidate target for immune checkpoint blockade ther-
apy. TIM3 is expressed by a variety of cell types, including Tregs, and its
function is not solely attributed to immune suppression (44). Available
clinical data have shown that blocking TIM3 in advanced treatment-
refractory solid tumors, either alone or in combination with PD-1 or
PD-L1blockade, has only hadmodest antitumor activity (52).However,
EAC was not included in these studies, and our data suggest that
targeting TIM3 in this malignancy, either alone or in combination with
PD-1 blockade and/or chemo/chemoradiotherapy (44), may represent
a viable therapeutic option. Although our results are consistent with
a model of nCT according to which it stimulates the preexisting
spontaneous antitumor T-cell response, these treatments may also

induce the antitumor T-cell response de novo. Indeed, clinical trials
have demonstrated that somepatientswithEACwhodidnot respond to
nCT showed positive response to adjuvant anti–PD-1 immunothera-
py (53). Thus, exploring novel approaches for combining immu-
notherapies with chemotherapy, with or without radiotherapy, repre-
sents a promising avenue for further investigation (54). Validation of
robust biomarkers will facilitate the identification of optimal patient
candidates for receiving combination regimens. Notably, we observed a
positive correlation between baseline infiltration of putative tumor-
reactive CD39þ CD103þ CD8þ TILs and circulating inflammatory
HLA-DRhigh monocytes in CRs. Furthermore, CD39þ CD103þ CD8þ

TILs showed a positive correlation with pretreatment circulating levels
of the proinflammatory cytokines GM-CSF, IL1RA, and RANTES, and
a negative correlation with IL4 concentration in the plasma. The
detection of circulating MDSCs may also help distinguish CRs from
NRs. Taken together, these systemic cellular and biochemical markers
may represent a proxy for active tumor immune T-cell infiltration to
serve as a predictor of response to nCT.

We acknowledge that the small number of patients included in
our study is a limitation. However, the deep and comprehensive
multidimensional analysis performed on paired tumor and blood
samples from the same patients mitigates this limitation, as it
possibly serves as one of the largest in-depth analyses of baseline
EAC samples from a prospective cohort of patients. The results
reported in this study are exploratory and hypothesis-generating,
and rigorous validation in larger cohorts is needed. Moreover, the
patients included in this study underwent two standard-of-care
therapies for EAC, nCT alone or in combination with radiotherapy,
both of which use platinum derivatives that have stimulatory effects
on the antitumor immune response by either promoting immuno-
genic forms of cancer cell death or directly activating immune
effector cells (7–9). Indeed, our baseline intratumor and systemic
immune signatures, which predispose patients to respond to nCT,
were consistent across both regimens, suggesting a shared mech-
anistic background between the two.

In conclusion, our study identifies novel potential immunemarkers
and molecular pathways associated with therapeutic response or
resistance to nCT in EAC. Further validation of these markers and
pathways is needed to improve the prediction of response to nCT and
guide the development of personalized therapeutic options.
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