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A plateau in treatment effect can be seen for the current ‘one-size-fits-all’
approach to oesophageal adenocarcinoma (OAC) management using
neoadjuvant chemoradiotherapy (nCRT) or chemotherapy (nCT). In OAC, the
tumour microenvironment (TME) is largely immunosuppressed, however a
subgroup of patients with an immune-inflamed TME exist and show improved
outcomes. We aimed to understand the overall immune-based mechanisms
underlying treatment responses and patient outcomes in OAC, and in relation to
neoadjuvant therapy modality. This study included 107 patients; 68 patients were
enrolled in the Australian Gastro-Intestinal Trials Group sponsored DOCTOR
Trial, and 38 patients were included from the Cancer Evolution Biobank. Matched
pre-treatment and post-treatment tumour biopsies were used to perform multi-
modality analysis of the OAC TME including NanoString mRNA expression
analysis, multiplex and single colour immunohistochemistry (IHC), and
peripheral blood mononuclear cell analysis of tumour-antigen specific T cell
responses. Patients with the best clinicopathological outcomes and survival had
an immune-inflamed TME enriched with anti-tumour immune cells and
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pathways. Those with the worst survival showed a myeloid T regulatory cell
enriched TME, with decreased CD8" cell infiltration and increased pro-tumour
immune cells. Multiplex IHC analysis identified that high intra-tumoural
infiltration of CD8" cells, and low infiltration with CD163"* cells was
associated with improved survival. High tumour core CD8" T cell infiltration,
and a low tumour margin infiltration of CD163" cells was also associated with
improved survival. NnCRT showed improved survival compared with nCT for
patients with low CD8™, or high CD163* cell infiltration. Poly-functional T cell
responses were seen with tumour-antigen specific T cells. Overall, our study
supports the development of personalised therapeutic approaches based on
the immune microenvironment in OAC. Patients with an immune-inflamed
TME show favourable outcomes regardless of treatment modality. However, in
those with an immunosuppressed TME with CD163™ cell infiltration, treatment
with NnCRT can improve outcomes. Our findings support previous studies into
the TME of OAC and with more research, immune based biomarker selection of

treatment modality may lead in improved outcomes in this deadly disease.
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1 Introduction

Oesophageal adenocarcinoma (OAC) is a deadly disease with a
rising incidence globally (1). For curative intent, standard of care
involves neoadjuvant therapy (NAT) with chemotherapy (nCT), or
chemoradiotherapy (nCRT) followed by surgery (2). NAT has
increased survival over surgery alone (3-5), and despite
significantly improved pathological response rates for nCRT over
nCT, no overall survival (OS) difference has been demonstrated (6—
8), with treatment choice largely influenced by regional preferences.
Immune-checkpoint blockade (ICB) has revolutionised treatment
for multiple cancer types (9), however the role of ICB in OAC is
only beginning to emerge. Adjuvant ICB following nCRT and
surgery has shown promising results (10), while Phase III trial
results for adjuvant ICB following CT, and in the neoadjuvant
setting are yet to be reported.

The presence of a pre-existing anti-tumour immune response
has been shown to be a crucial determinant of the improved survival
of patients treated with immunotherapy across multiple cancer
types (11). Three broad immune phenotypes have been described
that correlate with patient response to immunotherapy (12):
immune-inflamed, characterised by intra-tumoural inflammation
with evidence of an anti-tumour immune response; immune-
excluded, characterised by immune cell abundance within the
surrounding stroma, but not within the tumour parenchyma, and;
immune-desert, characterised by absence or paucity of both
tumoural and stromal immune infiltration. The complex interplay
between tumour and immune cells within the tumour
microenvironment (TME) of these phenotypes have been
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described previously as the immune contexture (13), with their
prognostic relevance elegantly described in colorectal cancer by the
Immunoscore (14). Our group and others have found OAC to have
a largely immunosuppressive and immune-excluded TME (15, 16),
with pro-tumour immune cells such as T regulatory cells (Tregs),
and M2-macrophages shown to negatively affect treatment response
and outcomes (17-20). A subgroup of patients do exist however
that display an immune-inflamed TME, with good outcomes
(1, 22).

Increasing evidence has shown that CT and radiotherapy (RT)
can modulate the immune contexture of the TME (15, 23-25).
Radiation and some chemotherapeutic agents have been reported to
induce or enhance immunogenic cell death through various
mechanisms such as release of immune stimulating molecules
such as damage-associated molecular patterns and upregulation
of tumour antigens and antigen presentation machinery (15). Most
studies investigating the immune landscape of OAC have been
performed in direct-to-surgery patients or nCRT treated patients
(16-19, 26, 27), with only limited data available for nCT treated
patients (28-30). Crucially, to date, no study has directly compared
nCT and nCRT.

Understanding the immune-based mechanisms underlying
clinicopathological outcomes and treatment-specific responses is
foundation knowledge that is required to understand which
immunotherapeutic strategies may be beneficial, and how best to
tailor and sequence therapy. Here, we have exploited multiple
complementary analyses to profile the TME of OAC and outline
the effects on outcomes and the differences in the post-NAT TME
based on treatment modality.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1220129
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lonie et al.

2 Materials and methods
2.1 Cohort and samples

Patients were recruited through the cancer evolution biobank
(HREC/10/QPAH/152, UQ2011001287), and the AGITG DOCTOR
trial (31) between 2009 and 2021. Study approval has been granted by
the Metro South Health Research Ethics Committee (HREC/19/QMS/
5554), The University of Queensland Ethics Committee
(UQ2019002466), and the QIMR Berghofer Human Research Ethics
Committee (HREC P3559). Written, informed consent was obtained
from all patients. All patients were histologically proven to have
oesophageal or gastroesophageal adenocarcinoma, were of curative
intent, and underwent nCT or nCRT. Pathological response was
assessed using major pathological response rate (MPR) (32). MPR
was defined as tumour regression >90% using the Becker regression
grading system (33) combined with NO nodal stage. Non-MPR was
defined as tumour regression <90% and/or N+ disease, or those with
disease progression on NAT. Clinical data was recorded at the time of
enrolment and follow-up data were used to determine
clinicopathological outcomes (HREC/15/QPAH/614).

Pre-treatment biopsies (“pre”) were taken at endoscopy and
post-treatment biopsies (“post”) were taken at surgery. Samples
were placed in RNAlater prior to storage at -80°C or formalin-
fixed and paraffin-embedded (FFPE). Haematoxylin and eosin
(H&E) slides were independently assessed for tumour content
and annotated for tumour, stroma, and normal regions by three
experienced gastrointestinal pathologists who were blinded to
clinical outcomes (IB, GL, SS). DNA and RNA were extracted
using the Qiagen AllPrep DNA/RNA mini kit according to the
manufacturers protocol (Qiagen, Germany). Pre-treatment
Peripheral blood mononuclear cells (PBMCs) were isolated from
whole-blood using standard Ficoll-Hypaque density centrifugation,
and frozen at -80°C in 10% Foetal Bovine Serum (FBS) + 10%
DMSO for 24-hours prior to long-term storage at -180°C.

2.2 NanoString mRNA expression analysis

RNA from 63 tumour biopsies (45 pre, and 18 matched post) was
hybridised with the 770 gene nCounter® PanCancer Immune Profiling
Panel (Nanostring Technologies, USA). Data were analysed using
NanoString nSolver software (version 4.0). One sample failed quality
control (binding density QC) and was excluded from analysis. Data
were normalised and analysed using nCounter® Advanced Analysis
Software (version 2.0). NanoString-curated gene-sets representing
specific cell types and immune pathways were used. For differential
gene expression analysis, genes with an absolute Log, fold change >1.5
and an adjusted p < 0.05 were considered significant.

2.3 Multiplex immunofluorescence and
data acquisition

Multiplex immunofluorescence (mIF) was performed on
matched pre- and post-NAT FFPE sections from 95 patients.
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Staining was performed using the OpalTM 6-plex detection kit
(Akoya Biosciences, USA). After deparaffinization, hydration, and
antigen retrieval (CD8, FoxP3: Dako pH 9.0, 100°C, 20 minutes;
CD163: Diva MW 15 minutes), sections were treated with peroxidase
and blocked. Slides were stained using the Ventana Benchmark Ultra
Slide Stainer (Roche Tissue Diagnostics, Switzerland). Antibodies
used were: CD8 clone C8/144B (Dako #M7013, 1:1600, Mouse,
Opal690); FoxP3 clone 22510 (Abcam #ab22510, 1:5000, Mouse,
Opal570); CD163 clone 10D6 (Biocare Medical #CM353AK, 1:200,
Mouse, Opal520). Nuclei were stained using DAPIL

Imaging was performed using the Vectra® 3 automated
quantitative pathology imaging system (Akoya Biosciences, USA).
Whole slide scans were viewed using Phenochart® (Akoya
Biosciences, USA), and multispectral regions were selected and
scanned at 20x magnification. Multispectral image analysis was
performed using inForm® software (Akoya Biosciences, USA).
Tissue segmentation was performed for tumour epithelium,
stroma, and normal epithelium using matched annotated H&E
slides. Cell segmentation and cellular phenotyping were performed
for each marker. Cell densities were calculated as cells per mm?.

To calculate tumour core (TC) and tumour margin (TM)
immune cell infiltration, the location of each cell type was
assessed using their distance from the infiltrative border of the
tumour toward the centre of the tumour at 50 um intervals. TC cells
were defined as cells greater than the given distance from the
tumour border towards the tumour centre (>50 um, >100 pm and
>150 pum), and TM cells were defined as cells within the given
distance from the tumour border only (<50 pum, <100 pm, <150
um). The proportion of the total number of cell type of interest to
total cell number at each given distance was calculated.

2.4 PD-L1 immunohistochemistry staining
and data acquisition

Immunohistochemistry was performed on matched pre- and
post-NAT FFPE sections from 95 patients. After deparaffinization,
hydration and antigen retrieval (Dako pH 9.0, 120°C, 8 minutes),
sections were treated with peroxidase and then blocked. Slides were
stained using PD-L1 clone E1L3N® (Cell Signalling Technology
#13684, 1:100, Rabbit), and bound antibody was detected using
DAB. Human tonsil sections were stained as a positive control.

Whole slides were scanned at 20x magnification using an
Olympus VS200 slide scanner (Olympus, Japan). The
Visiopharm® Image Analytical System (Version 2017.2.4.3387)
was used to quantify staining (Visiopharm, Denmark). Regions of
tumour and stroma were selected using matched annotated H&E
slides and PD-L1 quantification was performed using the embedded
Visiopharm workflow. PD-L1 staining levels were reported as
percentage of marker positivity of the assessed area.

2.5 HLA-typing

HLA-typing was performed using available whole genome
(WGS) or whole exome sequencing (WES) data as described in a
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previous study (22). Briefly, Class I HLA genotypes were
determined for matched tumour-normal pairs using OptiType
(v1.3.1) with default parameters (34).

2.6 Assessment of tumour-antigen-specific
T cell responses

PBMCs from HLA-A*02 patients or healthy donors were
thawed at 37°C and rested overnight in complete-RPMI (cRPMI:
RPMI-1640 + 10% FBS + 1% penicillin/streptomycin; Gibco, USA)
in a humidified incubator at 37°C, 5% CO,. 1-2 x 10° PBMCs were
cultured in cRPMI with tumour antigen epitopes presented by the
common HLA-A*02:01 molecule: survivin (Surl M2,
LMLGEFLKL), telomerase (hTERT-540, ILAKFLHWL), MAGE-
A3 (MAGE-A3,,, 279, FLWGPRALV), NY-ESO-1 (NY-ESO-1,s5,.
165 SLLMWITQC) (all 10 pg/mL), and CytoStim' = (Miltenyi
Biotec, Germany) or a CEF pool (2 pg/mL/peptide) and a mock
condition (CRPMI + 0.5% DMSO) as positive and negative
controls. PBMCs were cultured for 8 hours with 1ug/mL
GolgiPlugTM (BD Biosciences, USA) and CD107a (AF488, 1:400,
BD biosciences, USA), then kept at 4°C overnight prior to antibody
staining and flow cytometry assessment. Cells were stained with
LIVE/DEAD AquaTM (1:1000, ThermoFisher, USA) for 20 minutes
at room temperature (RT). Cell membrane staining was performed
using CD3 (BUV395, 1:200, BD Biosciences), CD4 (BUV737, 1:150,
BD Biosciences), and CD8 (BV785, 1:200, BD Biosciences) for 30
minutes at RT. Cells were fixed and permeabilised using CytoFix/
CytoPerm® (BD Biosciences) according to manufacturer’s
instructions. Intracellular staining was then performed for IFNy
(BV421, 1:100, BD Biosciences), TNFa (PE, 1:50, BD Biosciences),
and IL-2 (BV650, 1:40, BD Biosciences) for 30 minutes at 4°C. Data
acquisition was performed on a LSRFortessa X20 cytometer (BD
Biosciences). Downstream analyses were performed using FlowJo
software (version > 10.2, Tree Star Inc., USA). Due to limitations in
available PBMC numbers, only one biological replicate was able to
be performed.

2.7 Statistical analysis

All statistical analyses were performed using R statistical
software (version >3.6.4), and RStudio (version >1.2.5033).
Associations between categorical variables were performed using
chi-square tests. Associations between continuous variables were
performed using the Wilcoxon signed-rank test, or Kruskal-Wallis
test. For survival analyses, variables were first dichotomised using
maximally selected rank statistics (35) or defined cut-offs as detailed
in figure legends. Dichotomised variables were compared using
Kaplan-Meier estimates and log-rank tests. Hazard ratios (HR)
were calculated using Cox proportional hazard models. A p-value
<0.05 was considered statistically significant. The Benjamini-
Hochberg procedure was utilised to correct for multiple testing. P
values are reported as: p > 0.05 (n.s., non-significant); *, p <0.05; **,
p <0.01; ***, p <0.001; ****, p <0.0001.
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3 Results
3.1 Patient cohort

107 patients were included in the study (demographic
characteristics of these patients are described in Supplementary
Table S1). 54/107 (50.5%) received nCRT, and 53/107 (49.55%)
received nCT. Overall, 31/107 (29%) achieved MPR, and 59/107
(55%) of patients were pathologically lymph node negative (NO).
Median progression free survival (PFS) was 21 months (range 2 -
89), and median OS was 25 months (range 4 - 89). Median follow
up for survivors was 39 months (range 4 - 89).

3.2 The pre-treatment immune landscape
in OAC

NanoString mRNA gene expression was used to profile the
TME of 44 patients: 17/44 (38.6%) were treated with nCT and 27/44
(61.4%) with nCRT. Unsupervised hierarchical clustering of cell-
type scores revealed three immune clusters: immune-inflamed,
myeloid-Treg enriched, and immune-desert (Figure 1A).
Differences in OS between clusters trended towards significance,
with patients with immune-inflamed tumours showing significantly
improved survival compared to those with myeloid-Treg enriched
tumours (p = 0.048; Figure 1B).

Immune-inflamed tumours showed higher enrichment of
immune cells with anti-tumour potential (including T cells, CD8"
T cells, B cells, natural killer cells, and Th1 cells) compared to the
other two clusters (Figure 1C) and had significantly higher scores
related to relative anti-tumour cell scores and signalling pathways
(Supplementary Figures S1A, B).”. Myeloid-Treg enriched OACs
had high infiltration of CD45" cells mainly with
immunosuppressive properties, including macrophages,
neutrophils, and Tregs, with the lowest CD8" T cell and B cell
infiltration and lowest ratio of anti-tumour immune cells
(Figure 1C; Supplementary Figure S1A). Immune-desert OACs
had generally lower immune cell infiltration with the lowest levels
of exhausted CD8" T cells, macrophages, and neutrophils of the
three clusters. However, these tumours displayed the highest ratio
of B cells to tumour infiltrating lymphocytes (TILs), and CD8" T
cells to exhausted T cells (Supplementary Figure S1A).

Congruent with OS and immune infiltration findings, the
immune-inflamed group had the highest proportion of NO (p =
0.103) and MPR (p = 0.007) patients following NAT (Figure 1D).
Interestingly, although the immune-desert cluster had a
significantly higher proportion of patients treated with nCRT,
they were least likely to achieve MPR (Figure 1D). Patients with
MPR showed a profile consistent with higher anti-tumour cellular
responses, along with higher antigen processing and cytotoxicity
pathway scores, while non-MPR patients showed higher numbers of
mature, cytolytic, weakly cytokine producing CD56"™ NK cells
compared to total TILs (p = 0.034; Figure 1E). Differential gene
expression analysis comparing MPR and non-MPR cases revealed 9
differentially expressed genes (Supplementary Figure S1C): the 8
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FIGURE 1

The pre-treatment immune landscape of OAC using mRNA expression. NanoString mRNA expression profiling was used to profile the TME in 44
pre-treatment OAC samples. (A) Unsupervised hierarchical clustering of NanoString-derived cell types revealed three clusters: Immune-inflamed,
Myeloid-Treg enriched, and Immune-desert. The top bars show the immune clusters and clinicopathological variables. (B) Overall survival for each
cluster showed the best survival for Immune-inflamed, and worst survival for Myeloid-Treg enriched. (C) Significant differences were seen between
NanoString cell type scores between each immune cluster. (D) Significant differences were seen between clinicopathological variables for each
immune cluster. (E) MPR was associated with NanoString-derived cell type scores and pathways. Survival analyses were performed using Kaplan-
Meier survival estimates with log-rank tests. Boxplots show the median (centre bar), the 1°* and 3™ quartiles (upper and lower limit of boxes), and the
largest and smallest value that is < 1.5 times the interquartile range (whiskers). Comparisons were made using Wilcoxon rank-sum tests, or Chi-
square tests as appropriate. P values are indicated or represented by: n.s., non-significant; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. C|,
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upregulated genes are involved in adaptive immune cell recruitment
and activation including TNFSFI3B, Ly9, CXCL11/CXCR3 and
SLAMF?7. Interestingly, CCL18 was also upregulated in MPRs.
CCL18 is secreted by tumour-associated macrophages and was
associated with cancer progression in other cancer types (36, 37).
The Treg chemoattractant CCL22 was downregulated in MPRs.
Opverall, these findings indicate an increased likelihood of treatment
response in patients with a functional, immune-inflamed TME.

3.3 Spatial landscape of immune infiltration
in OAC

To investigate the spatial contexture of the TME, we used a mIF
panel in 95 tumours to focus on CD8" T cells, FoxP3" Treg cells, and
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CD163" M2-macrophages, and single-stain IHC of PD-L1, which
have been shown to influence therapy response and outcomes in
OAC patient subgroups (17-19). Pre-treatment samples had an
average tissue area of 2.67 mm? (range 0.59 - 6.03; Figure 2A). The
average area of tumour epithelium (“tumour”) in each sample was
1.67 mm? (range 0.12 - 5.12), with an average area of peri-tumoural
stroma (“stroma”) of 0.63 mm? (range 0 - 2.57) and normal
epithelium (“normal”) of 0.37 mm?> (range 0 - 2.84). There was a
significantly greater area of tumour tissue compared to stroma (p <
0.001; Figure 2A). Median cell densities are shown in Figure 2B. In
line with previous studies, the stromal compartment contained a
higher density of all immune cell types compared to tumour
(Figure 2B), providing further evidence for an overall immune-
excluded phenotype of OAC (16, 17). For PD-L1 expression no
difference was seen between compartments (Figure 2C).
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FIGURE 2

The pre-treatment spatial immune landscape of OAC and associated survival outcomes using multiplex/single colour immunohistochemistry.
Multiplex/single stain IHC of 95 pre-NAT samples was used to profile the spatial distribution of CD8" cells, CD163" cells, FoxP3* cells and PD-L1"
cells. (A) The area of tumour tissue was significantly higher than stroma. (B) A significantly higher density of immune cells was seen in the stromal
compartment compared to tumour. In tumour a higher density of CD8 * cells and CD163 * cells was seen compared to FoxP3 * cells, while no
difference was seen between CD8 * and CD163 * cells. In stroma only a higher density of CD163" cells was seen compared to FoxP3 * cells. (C) No

difference was seen in PD-L1 expression between tumour and stroma. PD-

L1 staining is reported at the percentage area of marker activity for a total

region. (D) Overall survival based on intra-tumoural cell density, PD-L1" expression, or cell type ratios. (E) Overall survival based on stromal cell
density, PD-L1" expression, or cell type ratios. For survival estimate cut-offs, maximally selected rank statistics were used to dichotomise patients
into high and low groups. For PD-L1 staining a cut-off of 1% was used. For cell type ratios a cut-off of 1 was used to dichotomise patients into high
and low groups. Survival analyses were performed using Kaplan-Meier survival estimates with log-rank tests. Boxplots show the median (centre bar),
the 15 and 3" quartiles (upper and lower limit of boxes), and the largest and smallest value that is < 1.5 times the interquartile range (whiskers).
Comparisons were made using Wilcoxon rank-sum tests. P values are indicated or represented by: n.s., non-significant; *p <0.05; **p <0.01; ***p
<0.001; ****p <0.0001. IHC, immunohistochemistry; NAT, neoadjuvant therapy; n.s., non-significant.

3.4 Survival outcomes based on spatial
immune cell distribution in
pre-treatment samples

We assessed the correlation of immune cell markers with the
survival of all patients investigated (Figure 2D, Supplementary
Table S2). Intra-tumoural CD8" cell density was associated with a
trend towards improved OS (p = 0.064; Figure 2D), and higher
stromal CD8" cell density was associated with improved OS (p =
0.041; Figure 2E). CD163" cell density in the tumour compartment
(p =0.0067), but not in stroma (p = 0.17), was associated with worse
OS (Figures 2D, E). PFS was similar to OS for CD8" and CD163"
cells (Supplementary Table S3). Neither FoxP3" density or PD-L1
expression were associated with survival (Figures 2D, E;
Supplementary Table S3).

To explore the relationship between CD8" cells and
immunosuppressive CD163" and FoxP3" cells, we next assessed
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their ratios within each compartment (17). High intra-tumoural
CD8"/CD163" ratio was associated with improved OS (HR 0.45,
log-rank p = 0.029; Figure 2D) and PFS (HR 0.49, log-rank p =
0.044; Supplementary Table 3), and a high stromal ratio
significantly correlated with better OS (HR 0.42, log-rank p =
0.03; Figure 2E) but not PFS (HR 0.57, log-rank p = 0.12;
Supplementary Table 3). No significant association with
survival was seen for the CD8"/FoxP3" ratio (Figures 2D, E;
Supplementary Table 3).

Next, we sought to determine whether the intra-tumour
distribution of immune cells based on infiltration into the TC or
location at the TM were associated with clinical outcomes (Figure 3,
Supplementary Figure S2). We reasoned that infiltration of effector
cells into the tumour core should favour improved outcomes, while
immune excluded tumours should have a less favourable prognosis.
We found high TC CD8" (p = 0.022) and FoxP3" (p = 0.039) cell
infiltration was associated with improved survival (Figure 3A,
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Supplementary Figure S2). Further analysis revealed that patients
with both high CD8" and high FoxP3™ cell infiltration had the best
outcomes, while low infiltration of both was the least favourable
(p = 0.018; Figure 3C).

A high proportion of CD8" cells at the TM was associated with
OS (p = 0.029), while in contrast to the tumour core a high
proportion of FoxP3+ cells at the TM was associated with
impaired survival (p = 0.069; Figure 3B). Although intra-
tumoural density of CD163" cells was associated with impaired
survival (Figure 2D), no survival difference was seen based on TC
infiltration (p = 0.65, Figure 3A). When focussing on cells located at
the TM however, we found high CD163" correlated with worse OS
(p = 0.013; Figure 3B). Combined with TM CD8" cells, high TM
CD8"/low CD163" infiltration correlated with improved OS (p =
0.01; Figure 3D). These findings provide further evidence for the

10.3389/fimmu.2023.1220129

role of immunosuppressive cell types such as CD163" and FoxP3"
cells in mediating local immunosuppression and provide evidence
towards a potential mechanism of tumour exclusion facilitated by
TM CD163" cells.

3.5 Survival and pathological outcomes
after stratification for treatment modality

We next undertook exploratory analyses examining how NAT-
modality affects survival and MPR based on the pre-treatment
immune landscape. Although treatment-specific survival
outcomes generally aligned with results of the whole-cohort
analyses (Supplementary Figures S3, S4), distinct differences were
seen in some subgroups. Interestingly, for patients with an
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Immunohistochemistry based analysis of immune cell spatial distribution in the tumour core or at the tumour margin. Multiplex
immunohistochemistry was used to determine the distance of immune cells from the tumour margin in OAC tumours. Cell location for each marker
was assessed using 50 pm distances from tumour margin to determine the proportion of cells at a given distance from the tumour margin to the
tumour core (tumour core cells), or within a given distance from the tumour margin (tumour margin cells). (A) Overall survival based on the
proportion of tumour core immune cells >150 pm from the tumour margin. (B) Overall survival based on the proportion of tumour margin immune
cells <50 pm from the tumour margin. (C) Overall survival based on co-infiltration of tumour core CD8" and FoxP3* cells. Dichotomised cell types
were combined into high/high, high/low, low/high and low/low groups. (D) Overall survival based on co-infiltration of tumour margin CD8" and
CD163" cells. Dichotomised cell types were combined into high/high, high/low, low/high and low/low groups. For survival estimate cut-offs,
maximally selected rank statistics were used to dichotomise patients into high and low groups. Survival analyses were performed using Kaplan-Meier

survival estimates with log-rank tests.
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immunosuppressive TME, represented by low CD8" cell
infiltration, high CD163" cell infiltration or a low CD8"/CD163"
cell ratio, NAT with nCRT was associated with improved survival
compared to nCT (Figure 4A). We explored these findings further
by stratifying patients into long-term or short-term survivors, based
on a 24-month cut-off, which showed additional evidence that a
pro-tumour TME is associated with short-term survival for patients
treated with nCT (Figure 4B). For MPR, we found that in patients
treated with nCRT, tumour and stroma CD163" cell densities were
significantly higher in patients who achieved MPR, while no
associations were observed in nCT patients (Figure 4C).

3.6 Comparison of the pre- and post-NAT
immune landscape

We next assessed temporal changes in the TME under the effect
of NAT using matched post-treatment samples. 63/107 (58.9%) of
patients had a post-treatment sample which contained residual
tumour; of which, 27/63 (42.9%) received nCRT, and 36/63
(57.1%) received nCT. Cell marker density and PD-L1 expression
followed the same pattern as the pre-treatment samples (Figures 5A,
B). In nCT and nCRT treated patients, CD8" and CD163" cell density
was higher in the post-treatment samples in both tumour and stroma,
while no difference was seen for FoxP3" or PD-L1* (Figure 5C). In
post-NAT samples, no differences in cell density or PD-L17*
expression was detected between treatment groups (Supplementary
Figure S5).

>

10.3389/fimmu.2023.1220129

In the cohort of 44 patients used for pre-treatment NanoString
mRNA profiling, 18/44 (40.9%) had post-treatment samples with
residual tumour. 2/18 (11.1%) were from the pre-treatment
immune-inflamed cluster, 8/18 (44.4%) from myeloid-Treg
enriched, and 8/18 (44.4%) from immune-desert (Figure 6A). The
majority (17/18) of patients were poor responders, with only one
(OESO_6422) achieving MPR. Overall immune infiltration as
represented by CD45 cells and total TILs was unchanged from
pre to post therapy for both nCT and nCRT treated patients
(Supplementary Figures S6A, B). Despite this, nCT treated
patients showed a trend towards higher CD8" cells post-therapy
(p = 0.062), with less exhausted CD8" T cells compared to CD8" T
cells and TILs post therapy (p = 0.013, and p = 0.0077, respectively;
Figure 6B). nCRT patients had an increased macrophage (p =
0.0074) and dendritic cell signature (p = 0.023), as well as a
decreased T cell to TIL ratio post treatment (p = 0.014;
Figure 6B). Both nCT and nCRT treated patients showed
increased macrophage numbers compared to TILs (p = 0.036, and

p = 0.018, respectively; Figure 6B). Differential gene expression
analyses revealed that, following nCRT, most genes were
upregulated, with an admixture of pro- and anti-tumour genes
reaching significance (Supplementary Figure S6C). Notably this
included pro-tumour and negative immune regulatory genes such
as KIR inhibiting subgroup 2, CXCL12, CXCR4, and CD163. nCT
treated patients had more highly expressed genes pre-treatment,
including immune-checkpoints CD274, and IDOI. The same
pattern of regulation was seen for pathway signatures analysis,
with nCT mostly down-regulating and nCRT mostly upregulating
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FIGURE 4

Major Pathological Response

Clinicopathological outcomes based on the pre-treatment spatial immune landscape and neoadjuvant therapy type. Using the spatial immune
landscape of pre-treatment samples, survival and clinicopathological outcomes were determined based on NAT-type. (A) Overall survival and
progression free survival for low tumour CD8" cell density, low tumour core CD8" cells, low tumour core FoxP3* cells, low tumour CD8*/CD163*
cell ratio, tumour PD-L1" expression <1%, and high tumour margin CD163™" cells. (B) In patients treated with nCT, high intra-tumoural CD163" cells
results in significantly lower rates of long term survival, which was defined as survival >24 months. (C) In patients treated with nCRT, high tumoural
and stromal CD163™ cells resulted in increased rates of MPR. For survival estimate cut-offs, the maximally selected rank statistic was used to
dichotomise patients into high and low groups. For PD-L1"* staining a cut-off of 1% was used. Survival analyses were performed using Kaplan-Meier
survival estimates with log-rank tests. Boxplots show the median (centre bar), the 15 and 3" quartiles (upper and lower limit of boxes), and the
largest and smallest value that is < 1.5 times the interquartile range (whiskers). Comparisons were made using Wilcoxon rank-sum tests. IHC,
immunohistochemistry; NAT, neoadjuvant therapy; nCRT, neoadjuvant chemoradiotherapy; nCT, neoadjuvant chemotherapy; TC, tumour core; TM,

tumour margin.
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FIGURE 5

The spatial contexture of the tumour immune landscape following neoadjuvant therapy. Multiplex/single stain IHC from matched tumour containing
post-NAT samples. In line with pre-NAT samples, higher densities of cell types was seen in stromal tissue compared to tumour (A), with no difference
seen for PD-L1 * expression (B). PD-L1 staining is reported as the percentage area of marker activity for a total region. (C) When stratifying for treatment
type, increases in tumoural and stromal CD8 * and CD163 * density was seen for nCT and nCRT, while no difference was seen for FoxP3* density and
PD-L1 * expression. Boxplots show the median (centre bar), the 1 and 3" quartiles (upper and lower limit of boxes), and the largest and smallest value
that is < 1.5 times the interquartile range (whiskers). Comparisons were made using Wilcoxon rank-sum tests. P values are indicated or represented by
n.s., non-significant; **p <0.01; ***p <0.001; ****p <0.0001. nCRT, neoadjuvant CRT; nCT, neoadjuvant CT; n.s., non-significant.

pathways (Figure 6C). Compared to nCRT, post-treatment samples
following nCT showed lower total B cells (p = 0.0069), and B cells
compared to TILs (p = 0.041; Figure 6D). nCT however, showed
higher T cells compared to TILs and lower CD56%™ NK cells than
nCRT patients post therapy (p = 0.067, and p = 0.032, respectively;
Figure 6D). These findings indicate that NAT modalities result in
the modulation of different immune signalling pathways, but overall
decreased adaptive immune cell function, increased immunosuppressive
myeloid functions and increased cell cycle signatures can be seen in
treatment resistant tumours.

3.7 Functional responses to tumour
antigens in OAC

Finally, we sought to assess tumour antigen responses in OAC.
Using PBMCs from HLA-A*02 patients, we assessed the presence of
poly-functional CD8" T cell responses to HLA-A*02 restricted
tumour antigens (Figure 7). Prior to performing patient assays,
HLA-A*02 healthy donor PBMCs were used to confirm the ability
of the assay to produce cytokine responses to positive control
stimuli (Supplementary Figure S7). This confirmed the ability of
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the assay to produce responses to both CytoStimTM and CEF. Due to
being a more physiological stimulus, CEF was used in patient assays
as a positive control. 5 HLA-A*02 patients had available PBMCs
taken following NAT, 3 received nCRT (OESO_0048, OESO_0098,
and OESO_0120), and 2 received nCT (OESO_0105, and
OESO_6518). 1 patient (OESO_6518) had PBMCs from pre- and
post-NAT. PBMCs from all patients showed detectable CD8" T cell
responses against the pool of viral antigens (CEF) used as a positive
control, confirming the functional suitability of these cells
(Figure 7). In nCRT patients, heterogeneous poly-functional
responses to tumour antigens were identified in all 3 patients,
although their extent was lower when compared to stimulation
with the CEF peptide pool. In post-treatment PBMCs, only 1/2 nCT
patients (OESO_6518) showed detectable tumour antigen specific
CD8" T cell responses, which again was attenuated compared to
CEF. Of note, when we assessed pre-NAT PBMCs in OESO_6518,
poly-functional cytokine responses were identified to multiple
tumour antigens together with the expression of the CD107a
degranulation marker indicating cytotoxic activity.

OESO_0120 had low intra-tumoural CD8" cells in both pre-
and post-tumour tissues, along with low intra-tumoural CD163*
and FoxP3" cells in pre- tumour tissue, consistent with a likely
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FIGURE 6

The post-treatment immune landscape of OAC using mRNA expression. NanoString mRNA expression profiling was used to profile the TME in 18
tumour-containing matched post-treatment OAC samples. (A) Unsupervised hierarchical clustering of NanoString-derived cell types. The top bars
show the pre-treatment immune cluster and clinicopathological variables. (B) Cell score changes from pre to post therapy in chemotherapy and
chemoradiotherapy treated patients. (C) Trend plots comparing gene expression pathway scores between pre and post-NAT. (D) Cell score
differences between nCT and nCRT patients. Significant pathways are highlighted. Boxplots show the median (centre bar), the 15t and 3 quartiles
(upper and lower limit of boxes), and the largest and smallest value that is < 1.5 times the interquartile range (whiskers). Comparisons were made
using Wilcoxon rank-sum tests. P values are indicated in all plots. DC, dendritic cell; Exh, exhausted; NAT, neoadjuvant therapy; nCRT, neoadjuvant
CRT; nCT, neoadjuvant CT; NK, natural killer; TIL, tumour infiltrating lymphocyte.

immune desert phenotype. OESO_0105 which displayed only IL-2
responses to tumour antigens, had high intra-tumoural CD8" cells
in pre-NAT samples, but low CD8" infiltration following therapy.
Interestingly, OESO_0105, OESO_0120 and OESO_6518 were non-
MPRs, raising the possibility that reduced or dysfunctional T cells
responses to tumour antigens or low CD8" T cell infiltration may be
associated with failure to respond to NAT in OAC; however, this
requires further testing in a larger cohort of samples.

4 Discussion

To improve outcomes for OAC patients, rational personalisation
of therapeutic approaches is necessary. Biomarkers based on the
underlying biological features of the tumour and its TME could be
potential indicators of the likelihood of treatment response and
patient survival and must account for the underlying vulnerabilities
and resistance mechanisms that can affect treatment efficacy. It is
well documented that immune-inflamed tumours have better
clinical outcomes when treated with both standard therapies and
immunotherapy compared to immune-altered (excluded or
immunosuppressed) or immune-cold phenotypes (38). However,
to date, only limited studies have investigated these critical
biomarkers of therapy response in OAC. Using mRNA expression
profiling, we found a subgroup of OAC patients with an immune-
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inflamed TME, replete with a functional adaptive immune response
that was associated with improved clinicopathological outcomes and
survival. The worst survival was seen for patients with a myeloid-
Treg enriched TME. The influence of myeloid cell populations and
Tregs on immunosuppression and poor clinicopathological
outcomes are documented in OAC and other cancers, and
function via various tumour and immune cell mechanisms (16, 17,
20). Recent evidence has shown that in other cancer types ferroptotic
neutrophils can promote immunosuppression via T cell inhibition
(39), while MYC pathway activation, which was found in T cell
depleted OACs has been shown to promote macrophage and
neutrophil infiltration, with loss of T cell, B cell, and NK cell
infiltration (16). We also identified an immune-desert cluster that
showed the lowest rate of MPR, but not the worst survival.
Interestingly, this cluster also had a significantly higher rate of
NAT with nCRT. Overall, these findings suggest that, in the
absence of an inflamed TME, the balance of anti- and pro-tumour
immune cells within the TME impacts the quality of functional
immune responses and may influence patient outcomes.
Furthermore, regardless of the NAT regimen used, patients with
an underlying anti-tumour immune response appear more likely to
achieve treatment response and long-term survival.

Using the underlying principles of the immune contexture, we
aimed to determine the relevance of spatial immune cell
distribution in patient outcomes. We found that a high density of
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FIGURE 7

Functional cytokine responses to immunogenic tumour antigens. PBMCs from OAC patients were cultured in the presence of known immunogenic
tumour antigens (NY-ESO-1, MAGE-A3, Survivin, Telomerase), or with a CEF pool or mock as control. Antigen specific functional responses were
assessed using flow cytometry measurement of CD107a, IFNy, IL-2, and TNFa: release. The percentage of cytokine positive CD8" cells are shown for

each antigen in each patient following mock subtraction.

CD8" T cells both within and surrounding tumours was associated
with improved survival, which is in line with previous studies (27,
30, 40). In addition, high CD163" cell density was associated with
shorter survival, also supporting findings of previous studies (18, 26,
28). FoxP3" Treg cell density had no influence on outcomes in our
cohort. Of note, the prognostic relevance of FoxP3" cells shows
contrasting results in the literature (19, 20, 27, 41), suggesting that
the role FoxP3™ cells play within the TME needs to be considered in
the context of other stromal or infiltrating immune cells and their
functional interactions. Supporting our mRNA expression findings,
high anti-tumour/pro-tumour immune cell ratios were associated
with favourable survival outcomes. Two recent studies have
demonstrated that a high CD8"/CD163" cell ratio was associated
with treatment response in OAC patients (17, 19). Interestingly,
neither of these studies demonstrated a survival benefit, likely due to
their limited sample sizes. When assessing TC and TM immune cell
location, we found that CD8" cell location reflected our findings of
overall intra-tumoural immune cell infiltration, with improved
survival in high TC and TM patients. For FoxP3" cells, in
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contrast to overall intra-tumoural infiltration, we found that high
TC infiltration was associated with improved OS, especially in the
setting of high TC CD8" infiltration. This may reflect
the homeostatic role of Tregs which accompany effector T cells in
the setting of an active anti-tumour immune response (12), however
could also be due to FoxP3 expression as a result of T cell activation
(42, 43).0f note, high TM, but not TC, CD163" cell infiltration was
associated with poor survival, which was evident even in the
presence of high TM CD8" cell infiltration. These findings are
similar to those of a previous study (18), however the authors also
demonstrated poor survival for cases showing high TC M2-
macrophage infiltration. M2-macrophages have been shown to
promote tumour development through multiple mechanisms (44).
In the tumour periphery, M2-macrophages can exert inhibitory
effects on CD8" T cells and the broader anti-tumour immune
responses, impairing tumour cell killing and negatively impacting
survival (45). As discussed, OAC has been shown to have a largely
immune-excluded/immunosuppressed phenotype (16, 17), and the
additional analyses reported here support these findings with higher
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densities of all immune cells seen in stroma compared to tumour in
both pre- and post-treatment samples. Immune-excluded tumours
are associated with impaired outcomes, and although the host
immune system can mount T-cell mediated responses, these cells
are unable to penetrate the tumour, effects that our results suggest
are driven in part by the presence of M2-macrophages at tumour
margins. A potential confounder with these results is lack of
standard definition for a tumour core and margin zone, and the
heterogeneity in tumour area between samples. This heterogeneity
may result in inter-sample differences in the area of measured
tumour core between samples, thus these findings, although
encouraging, require further confirmation in larger data sets to
prove their clinical significance.

In OAC, nCRT results in higher rates of MPR, but not OS Given
the significant difference in MPR rates but not survival between
nCRT and nCT, we stratified patients by treatment modality and
performed exploratory analyses to determine how the pre-
treatment immune landscape impacts treatment response and
outcomes. Previous reports have indicated that, in addition to
directly inducing cancer cell death, RT may invoke immunogenic
cell death and promote an in situ tumour vaccination effect,
resulting in immune-mediated tumour clearance (24, 46). In our
study, the addition of RT improved survival for patients with
evidence of an immunosuppressive TME prior to therapy. In
patients with high CD163" cell infiltration, treatment with nCT
resulted in a significantly worse survival compared to patients
treated with nCRT. This was supported by the presence of high
CD163™ cell infiltration and related functional responses in pre-
treatment biopsies of nCRT-treated patients who achieved MPR.
Overall, these findings suggest that RT may ameliorate the effects of
an underlying immunosuppressive TME compared to
chemotherapy. Mechanisms underpinning the observed clinical
benefits for RT compared to chemotherapy in the setting of high
CD163™ cell infiltration are, however, difficult to decipher. This is
due to the high phenotypic plasticity of TAMs and their inherent
radioresistance (47, 48). In preclinical settings, RT has been shown
to re-program the pro-tumour TAM phenotype towards the anti-
tumour MI-phenotype when administered at low- to moderate-
dose regimens (48). However, RT dosing for clinical treatment of
OAC uses high-dose regimens, which is reported to induce M2-
polarisation in multiple cancer types (48). The pathways and
external factors involved in TAM polarisation are highly complex,
and to date are incompletely understood, especially in the context of
the anti-tumour immunogenic effects of RT. More research is
required to determine both the biological effects mediated by
TAM-infiltration on the TME, as well as the mechanistic effects
of RT and chemotherapy on TAM phenotypes in OAC (24, 46-48).

We next focused on the post-treatment immune landscape.
When stratified for treatment type, both nCT and nCRT groups
resulted in higher CD8" and CD163" cell density in tumour and
stroma, with no difference seen for FoxP3" density and PD-L1*
expression. Two previous studies have investigated changes in cell
density following CRT in OAC with conflicting results; one found an
increase in CD8" cell density and no change in FoxP3" cell density
(27), while another reported significantly lower FoxP3" and CD163"
cell density, and no change in CD8" cell density (19). For nCT

Frontiers in Immunology

12

10.3389/fimmu.2023.1220129

patients, a previous study also reported increased intra-tumour CD8"
T cell density, but decreased FoxP3" cell density post therapy (29).
Direct comparisons with other studies is somewhat limited however
by the observed heterogeneity in patient characteristics and treatment
regimens. Furthermore, a lack of uniform cell markers and need for
multiple markers for accurate cell representation is also a limitation
that can lead to divergent results between studies. Post-NAT mRNA
expression data supported our mIF findings, showing an increase in
the proportion of macrophages in both nCT and nCRT patients and
increases in CD8" cells post-nCT. Post-nCRT patients displayed
lower T cells vs. total TILs compared to both pre-NAT samples
and post-nCT samples, possibly reflecting the radiosensitivity of T
cells. Differential gene expression and functional pathway
comparison from pre- to post-therapy, showed general
upregulation of immune genes and most pathways in nCRT
patients, with the opposite effect seen in nCT patients, giving
further insight into the immunomodulatory effects of RT in OAC.
For nCT patients, the significant upregulation of immune-checkpoint
targets in the pre-NAT TME provides the rationale for nCT + ICB
combination therapies in these patients, and results of the
KEYNOTE-585 and MATTERHORN trials assessing these
combinations are anticipated (49, 50).

It is worth noting that only post-NAT samples with residual
tumour were assessed. It is plausible that a treatment resistance
mechanism in these tumours stems from poor tumour
immunogenicity, and immune-resistance, which may be due to
immune escape from mechanisms such as immunoediting (51, 52),
or allele-specific HLA loss (53). Surprisingly, no difference was seen
in post-NAT immune cell densities between NAT-types suggesting
potential common mechanisms of immune-resistance in these
tumours, an avenue that requires further exploration.
Understanding the TME of tumours post-NAT is clinically
relevant given the results of the CheckMate-577 trial where
patients with residual tumour were given Nivolumab following
nCRT and surgery (10). In CheckMate-577, disease-free survival
(DES) was significantly prolonged in a subset of OAC patients. One
potential area of interest underpinning these results is the role of B
cells and tertiary lymphoid structures (TLSs) in treatment response
and outcome. In our study, post-CRT patients displayed higher B
cell signatures compared to pre-treatment. A recent study using
IHC identified the presence of B cells and TLSs in both the pre- and
post-treatment TME of OAC tumours (54). In contrast to our
findings, however, both were decreased following therapy. We
found that TNFSFI13B, which encodes for B cell activating factor
(BAFF) was upregulated in the pre-treatment TME of MPR
patients. BAFF enhances B cell functions and has been shown to
attenuate immunosuppressive myeloid cell infiltration and PD-L1
expression in melanoma (55). Furthermore BAFF has also been
shown to augment the antitumor immune response in melanoma
via T cell activation, T helper 1 cell polarisation, and promotion of a
memory phenotype, with patients with high BAFF expression
showing improved OS (56). B cells and TLSs have been shown to
be prognostically significant in patients treated with immunotherapy
in other cancers (57), and thus further investigation of the roles of B
cells and TLSs in OAC may inform both patient selection, and timing
of ICB in future OAC trials.
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Finally, we assessed for the presence of peripheral circulating
tumour antigen-specific T' cells. Detection of responses to known
tumour antigens provides evidence for efficient tumour
immunogenicity due to efficient tumour presentation and T cell
recognition of these antigens. Our results suggest patients who
achieved MPR had tumour-specific circulating T cells showing
overall better cytokine responses than non-MPR patients. Although
the level of activation seen for these responses were low compared to
CEF, this result is not unexpected as pre-expansion of antigen specific
T cells wasn’t performed. Given this, one limitation of our study is the
low PBMC response seen to CEF stimulation, which may be
improved in future experiments through assay modification. We
also note that heterogeneity was seen among treatment modality,
response rates, and timepoint, highlighting the complexities of the
tumour antigen presentation pathways by tumours and the associated
immune cell responses. Our study is limited in that only a limited
number of samples as well as a limited number of PBMCs from HLA-
A*02 patients were available. This precluded statistical comparison
and indicates that a larger series should be investigated to more
conclusively highlight clinically relevant correlations.

In summary, with the current one-size-fits-all approach a
plateau in treatment effect has occurred, and personalisation of
therapy is required to improve outcomes. Here, we have shown that
in patients with an immune-inflamed TME, treatment with
conventional nCT or nCRT is associated with favourable
outcomes. However, in OAC patients with immunosuppressed or
excluded TMEs, which appears to be driven by CD163" cells,
treatment with nCRT appears to confer benefit. Extrapolation of
our data to results of the CheckMate-577 trial, which essentially
assessed ICB in nCRT non-responders suggests that
immunosuppressive changes in the TME can be ameliorated with
ICB to improve DES in a subset of patients. However, the degree of
treatment response required to achieve clinical benefit from ICB is
currently unknown, and future translational studies are required to
determine which patients will benefit. Overall, our results indicate
that assessment of the pre-treatment TME in OAC patients may
identify those who will response best to different NAT regimens.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Ethics statement

The studies involving humans were approved by Metro South
Health Research Ethics Committee, The University of Queensland
Ethics Committee, and the QIMR Berghofer Human Research
Ethics Committee. The studies were conducted in accordance
with the local legislation and institutional requirements. The

Frontiers in Immunology

13

10.3389/fimmu.2023.1220129

participants provided their written informed consent to
participate in this study.

Author contributions

Study design: JL, NW, RD, and AB. Sample Collection and
processing: AB, VB, LA, KP, and AGITG DOCTOR Investigators.
Experimental procedures and data analyses: JL, VB, LA, IB, SS, GL,
VA, LK, and SW. Original draft: JL, RD, and AB. Review and
editing: all authors. All authors contributed to the article and
approved the submitted version.

Group member of AGITG DOCTOR
Investigators

Trial Management Committee:

Andrew Barbour, John Simes, Euan Walpole, Gang Tao Mai,
David Watson, Chris Karapetis, Val Gebski, Liz Barnes, Martijn
Oostendorp, Kate Wilson

National Health and Medical Research Council Clinical Trial
Centre, Sydney, NSW, Australia:

John Simes, Val Gebski, Louse Barnes, Martijn Oostendorp,
Kate Wilson

Calvary Mater Hospital, Newcastle, NSW, Australia:

Stephen Ackland

Nepean Hospital, Sydney, NSW, Australia:

Jenny Shannon

Sydney Adventist Hospital, Sydney, NSW, Australia:

Gavin Marx

Royal Brisbane and Women’s Hospital, Brisbane,
QLD, Australia:

Matthew Burge, Robert Finch

Princess Alexandra Hospital, Brisbane, QLD, Australia:

Andrew Barbour, Euan Walpole, Janine Thomas

Townsville Hospital, Townsville, QLD, Australia:

Suresh Varma

Flinders Medical Centre, Adelaide, SA, Australia:

Chris Karapetis, David Watson

Royal Hobart Hospital, Hobart, TAS, Australia:

Louise Nott

Funding

This project has received funding support from the Metro South
Health Research Support Scheme (RSS_2019_027). JL is supported
by an Australian Government Research Training Program
Scholarship and the University of Queensland Professor Philip
Walker Surgery Research Scholarship. LA received funding from
the National Health and Medical Research Council of Australia

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1220129
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lonie et al.

(NHMRC) Early Career Fellowship (APP1109048). LA is supported
by a University of Queensland Amplify fellowship. SB received
funding from a Cancer Australia Priority-driven Collaborative
Cancer Research Scheme (2010313) and the Metro South Health
Research Support Scheme (RSS_2022_039). NW is supported by an
NHMRC Senior Research Fellowship (APP1139071). The Cancer
Evolution Biobank was supported by the PA Research
Foundation (RSS_2020_040).

Acknowledgments

Immunofluorescence and Immunohistochemistry staining was
performed at the histology core facility at the QIMR Berghofer
Medical Research Institute, Brisbane, QLD, Australia.
Immunofluorescence analysis was performed at the microscopy
core facility at the QIMR Berghofer Medical Research Institute,
Brisbane, QLD, Australia. Immunohistochemistry analysis was
performed at the microscopy core facility at the Translational
Research Institute, Brisbane, QLD, Australia. Flow cytometry
experiments and analysis was performed at the flow cytometry
core facility at the Translational Research Institute, Brisbane,
QLD, Australia.

References

1. Thrift AP. The epidemic of oesophageal carcinoma: Where are we now? Cancer
Epidemiol (2016) 41:88-95. doi: 10.1016/j.canep.2016.01.013

2. Lordick F, Mariette C, Haustermans K, Obermannova R, Arnold D, Committee
EG. Oesophageal cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment
and follow-up. Ann Oncol (2016) 27(suppl 5):v50-v7. doi: 10.1093/annonc/mdw329

3. van Hagen P, Hulshof MC, van Lanschot JJ, Steyerberg EW, van Berge
Henegouwen MI, Wijnhoven BP, et al. Preoperative chemoradiotherapy for
esophageal or junctional cancer. N Engl ] Med (2012) 366(22):2074-84. doi: 10.1056/
NEJMoal112088

4. Cunningham D, Allum WH, Stenning SP, Thompson JN, Van de Velde CJ,
Nicolson M, et al. Perioperative chemotherapy versus surgery alone for resectable
gastroesophageal cancer. N Engl | Med (2006) 355(1):11-20. doi: 10.1056/
NEJMoa055531

5. Ychou M, Boige V, Pignon JP, Conroy T, Bouche O, Lebreton G, et al.
Perioperative chemotherapy compared with surgery alone for resectable
gastroesophageal adenocarcinoma: an FNCLCC and FFCD multicenter phase III
trial. J Clin Oncol (2011) 29(13):1715-21. doi: 10.1200/JC0O.2010.33.0597

6. van den Ende T, Hulshof M, van Berge Henegouwen MI, van Oijen MGH, van
Laarhoven HWM. Gastro-oesophageal junction: to FLOT or to CROSS? Acta Oncol
(2020) 59(2):233-6. doi: 10.1080/0284186X.2019.1698765

7. Reynolds JV, Preston SR, O’Neill B, Lowery MA, Baeksgaard L, Crosby T, et al.
Neo-AEGIS (Neoadjuvant trial in Adenocarcinoma of the Esophagus and Esophago-
Gastric Junction International Study): Preliminary results of phase III RCT of CROSS
versus perioperative chemotherapy (Modified MAGIC or FLOT protocol).
(NCT01726452). J Clin Oncol (2021) 39(Suppl 15):4004. doi: 10.1200/
JCO.2021.39.15_suppl.4004

8. Sjoquist KM, Burmeister BH, Smithers BM, Zalcberg JR, Simes R], Barbour A,
et al. Survival after neoadjuvant chemotherapy or chemoradiotherapy for resectable

oesophageal carcinoma: an updated meta-analysis. Lancet Oncol (2011) 12(7):681-92.
doi: 10.1016/S1470-2045(11)70142-5

9. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science
(2018) 359(6382):1350-5. doi: 10.1126/science.aar4060

10. Kelly R], Ajani JA, Kuzdzal ], Zander T, Van Cutsem E, Piessen G, et al. Adjuvant
nivolumab in resected esophageal or gastroesophageal junction cancer. New Engl ] Med
(2021) 384(13):1191-203. doi: 10.1056/NEJMo0a2032125

Frontiers in Immunology

10.3389/fimmu.2023.1220129

Conflict of interest

NW is a founder of genomiQa Pty Ltd and members of
its Board.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1220129/full#supplementary-material

11. Bruni D, Angell HK, Galon J. The immune contexture and Immunoscore in
cancer prognosis and therapeutic efficacy. Nat Rev Cancer. (2020) 20(11):662-80. doi:
10.1038/s41568-020-0285-7

12. Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune set
point. Nature (2017) 541(7637):321-30. doi: 10.1038/nature21349

13. Galon J, Angell HK, Bedognetti D, Marincola FM. The continuum of cancer
immunosurveillance: prognostic, predictive, and mechanistic signatures. Immunity
(2013) 39(1):11-26. doi: 10.1016/j.immuni.2013.07.008

14. Pages F, Kirilovsky A, Mlecnik B, Asslaber M, Tosolini M, Bindea G, et al. In situ
cytotoxic and memory T cells predict outcome in patients with early-stage colorectal
cancer. J Clin Oncol (2009) 27(35):5944-51. doi: 10.1200/JC0O.2008.19.6147

15. Lonie JM, Barbour AP, Dolcetti R. Understanding the immuno-biology of
oesophageal adenocarcinoma: Towards improved therapeutic approaches. Cancer
Treat Rev (2021) 98:102219. doi: 10.1016/j.ctrv.2021.102219

16. Derks S, de Klerk LK, Xu X, Fleitas T, Liu KX, Liu Y, et al. Characterizing
diversity in the tumor-immune microenvironment of distinct subclasses of
gastroesophageal adenocarcinomas. Ann Oncol (2020) 31(8):1011-20. doi: 10.1016/
j-annonc.2020.04.011

17. Goedegebuure RSA, Harrasser M, de Klerk LK, van Schooten TS, van Grieken
NCT, Eken M, et al. Pre-treatment tumor-infiltrating T cells influence response to
neoadjuvant chemoradiotherapy in esophageal adenocarcinoma. Oncoimmunology
(2021) 10(1):1954807. doi: 10.1080/2162402X.2021.1954807

18. Cao W, Peters JH, Nieman D, Sharma M, Watson T, Yu J. Macrophage
subtype predicts lymph node metastasis in oesophageal adenocarcinoma and
promotes cancer cell invasion in vitro. Br J Cancer (2015) 113(5):738-46. doi:
10.1038/bjc.2015.292

19. Gobel HH, Buttner-Herold MJ, Fuhrich N, Aigner T, Grabenbauer GG, Distel
LVR. Cytotoxic and immunosuppressive inflammatory cells predict regression and
prognosis following neoadjuvant radiochemotherapy of oesophageal adenocarcinoma.
Radiother Oncol (2020) 146:151-60. doi: 10.1016/j.radonc.2020.02.003

20. Gao Y, Guo W, Geng X, Zhang Y, Zhang G, Qiu B, et al. Prognostic value of
tumor-infiltrating lymphocytes in esophageal cancer: an updated meta-analysis of 30
studies with 5,122 patients. Ann Transl Med (2020) 8(13):822. doi: 10.21037/atm-20-
151

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1220129/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1220129/full#supplementary-material
https://doi.org/10.1016/j.canep.2016.01.013
https://doi.org/10.1093/annonc/mdw329
https://doi.org/10.1056/NEJMoa1112088
https://doi.org/10.1056/NEJMoa1112088
https://doi.org/10.1056/NEJMoa055531
https://doi.org/10.1056/NEJMoa055531
https://doi.org/10.1200/JCO.2010.33.0597
https://doi.org/10.1080/0284186X.2019.1698765
https://doi.org/10.1200/JCO.2021.39.15_suppl.4004
https://doi.org/10.1200/JCO.2021.39.15_suppl.4004
https://doi.org/10.1016/S1470-2045(11)70142-5
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1056/NEJMoa2032125
https://doi.org/10.1038/s41568-020-0285-7
https://doi.org/10.1038/nature21349
https://doi.org/10.1016/j.immuni.2013.07.008
https://doi.org/10.1200/JCO.2008.19.6147
https://doi.org/10.1016/j.ctrv.2021.102219
https://doi.org/10.1016/j.annonc.2020.04.011
https://doi.org/10.1016/j.annonc.2020.04.011
https://doi.org/10.1080/2162402X.2021.1954807
https://doi.org/10.1038/bjc.2015.292
https://doi.org/10.1016/j.radonc.2020.02.003
https://doi.org/10.21037/atm-20-151
https://doi.org/10.21037/atm-20-151
https://doi.org/10.3389/fimmu.2023.1220129
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lonie et al.

21. Bagaev A, Kotlov N, Nomie K, Svekolkin V, Gafurov A, Isaeva O, et al.
Conserved pan-cancer microenvironment subtypes predict response to
immunotherapy. Cancer Cell (2021) 39(6):845-65.¢7. doi: 10.1016/j.ccell.2021.04.014

22. Naeini MM, Newell F, Aoude LG, Bonazzi VF, Patel K, Lampe G, et al. Multi-
omic features of oesophageal adenocarcinoma in patients treated with preoperative
neoadjuvant therapy. Nat Commun (2023) 14(1):3155. doi: 10.1038/s41467-023-
38891-x

23. Zitvogel L, Apetoh L, Ghiringhelli F, Kroemer G. Immunological aspects of
cancer chemotherapy. Nat Rev Immunol (2008) 8(1):59-73. doi: 10.1038/nri2216

24. Grassberger C, Ellsworth SG, Wilks MQ, Keane FK, Loeffler JS. Assessing the
interactions between radiotherapy and antitumour immunity. Nat Rev Clin Oncol
(2019) 16(12):729-45. doi: 10.1038/s41571-019-0238-9

25. Kelly R], Zaidi AH, Smith MA, Omstead AN, Kosovec JE, Matsui D, et al. The
dynamic and transient immune microenvironment in locally advanced esophageal
adenocarcinoma post chemoradiation. Ann Surg (2018) 268(6):992-9. doi: 10.1097/
SLA.0000000000002410

26. Jeremiasen M, Borg D, Hedner C, Svensson M, Nodin B, Leandersson K, et al.
Tumor-associated CD68(+), CD163(+), and MARCO(+) macrophages as prognostic
biomarkers in patients with treatment-naive gastroesophageal adenocarcinoma. Front
Oncol (2020) 10:534761. doi: 10.3389/fonc.2020.534761

27. Soeratram TT, Creemers A, Meijer SL, de Boer OJ, Vos W, Hooijer GK, et al.
Tumor-immune landscape patterns before and after chemoradiation in resectable
esophageal adenocarcinomas. J Pathol (2022) 256(3):282-96. doi: 10.1002/
path.5832

28. Svensson MC, Svensson M, Nodin B, Borg D, Hedner C, Hjalmarsson C, et al.
High infiltration of CD68+/CD163- macrophages is an adverse prognostic factor after
neoadjuvant chemotherapy in esophageal and gastric adenocarcinoma. J Innate Immun
(2022) 14(6):615-28. doi: 10.1159/000524434

29. Christina Svensson M, Lindén A, Nygaard ], Borg D, Hedner C, Nodin B, et al. T
cells, B cells, and PD-L1 expression in esophageal and gastric adenocarcinoma before
and after neoadjuvant chemotherapy: relationship with histopathological response and
survival. OncoImmunology (2021) 10(1):1921443. doi: 10.1080/2162402X.
2021.1921443

30. Humphries MP, Craig SG, Kacprzyk R, Fisher NC, Bingham V, McQuaid S, et al.
The adaptive immune and immune checkpoint landscape of neoadjuvant treated
esophageal adenocarcinoma using digital pathology quantitation. BMC Cancer.
(2020) 20(1):500. doi: 10.1186/512885-020-06987-y

31. Barbour AP, Walpole ET, Mai GT, Barnes EH, Watson DI, Ackland SP, et al.
Preoperative cisplatin, fluorouracil, and docetaxel with or without radiotherapy after
poor early response to cisplatin and fluorouracil for resectable oesophageal
adenocarcinoma (AGITG DOCTOR): results from a multicentre, randomised
controlled phase II trial. Ann Oncol (2020) 31(2):236-45. doi: 10.1016/
j.annonc.2019.10.019

32. Sihag S, Nobel T, Hsu M, Torre S, Tan KS, Janjigian YY, et al. Survival following
trimodality therapy in patients with locally advanced esophagogastric adenocarcinoma:
does only a complete pathologic response matter? Ann Surg (2020) 276(6):1017-22.
doi: 10.1097/SLA.0000000000004638

33. Becker K, Mueller JD, Schulmacher C, Ott K, Fink U, Busch R, et al.
Histomorphology and grading of regression in gastric carcinoma treated with
neoadjuvant chemotherapy. Cancer (2003) 98(7):1521-30. doi: 10.1002/cncr.11660

34. Shukla SA, Rooney MS, Rajasagi M, Tiao G, Dixon PM, Lawrence MS, et al.
Comprehensive analysis of cancer-associated somatic mutations in class I HLA genes.
Nat Biotechnol (2015) 33(11):1152-8. doi: 10.1038/nbt.3344

35. Hothorn T, Lausen B. On the exact distribution of maximally selected rank
statistics. Comput Stat Data Analysis. (2003) 43(2):121-37. doi: 10.1016/S0167-9473
(02)00225-6

36. She L, Qin Y, Wang ], Liu C, Zhu G, Li G, et al. Tumor-associated macrophages
derived CCL18 promotes metastasis in squamous cell carcinoma of the head and neck.
Cancer Cell Int (2018) 18:120. doi: 10.1186/s12935-018-0620-1

37. ChenJ, Yao Y, Gong C, Yu'F, Su S, Chen J, et al. CCL18 from tumor-associated
macrophages promotes breast cancer metastasis via PITPNM3. Cancer Cell (2011) 19
(4):541-55. doi: 10.1016/j.ccr.2011.02.006

38. Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours

with combination immunotherapies. Nat Rev Drug Discov (2019) 18(3):197-218. doi:
10.1038/s41573-018-0007-y

Frontiers in Immunology

15

10.3389/fimmu.2023.1220129

39. Kim R, Hashimoto A, Markosyan N, Tyurin VA, Tyurina YY, Kar G, et al.
Ferroptosis of tumour neutrophils causes immune suppression in cancer. Nature
(2022) 612(7939):338-46. doi: 10.1038/5s41586-022-05443-0

40. Stein AV, Dislich B, Blank A, Guldener L, Kroll D, Seiler CA, et al. High
intratumoural but not peritumoural inflammatory host response is associated with
better prognosis in primary resected oesophageal adenocarcinomas. Pathology (2017)
49(1):30-7. doi: 10.1016/j.pathol.2016.10.005

41. Wang M, Huang YK, Kong JC, Sun Y, Tantalo DG, Yeang HXA, et al. High-
dimensional analyses reveal a distinct role of T-cell subsets in the immune
microenvironment of gastric cancer. Clin Transl Immunol (2020) 9(5):e1127. doi:
10.1002/cti2.1127

42. Kmieciak M, Gowda M, Graham L, Godder K, Bear HD, Marincola FM, et al.
Human T cells express CD25 and Foxp3 upon activation and exhibit effector/memory
phenotypes without any regulatory/suppressor function. J Trans Med (2009) 7(1):89.
doi: 10.1186/1479-5876-7-89

43. Allan SE, Crome SQ, Crellin NK, Passerini L, Steiner TS, Bacchetta R, et al.
Activation-induced FOXP3 in human T effector cells does not suppress proliferation or
cytokine production. Int Immunol (2007) 19(4):345-54. doi: 10.1093/intimm/dxm014

44. Cao L, Che X, Qiu X, Li Z, Yang B, Wang S, et al. M2 macrophage infiltration
into tumor islets leads to poor prognosis in non-small-cell lung cancer. Cancer Manag
Res (2019) 11:6125-38. doi: 10.2147/CMAR.S199832

45. Peranzoni E, Lemoine J, Vimeux L, Feuillet V, Barrin S, Kantari-Mimoun C,
et al. Macrophages impede CD8 T cells from reaching tumor cells and limit the efficacy
of anti-PD-1 treatment. Proc Natl Acad Sci U S A. (2018) 115(17):E4041-E50. doi:
10.1073/pnas.1720948115

46. McLaughlin M, Patin EC, Pedersen M, Wilkins A, Dillon MT, Melcher AA, et al.
Inflammatory microenvironment remodelling by tumour cells after radiotherapy. Nat
Rev Cancer. (2020) 20(4):203-17. doi: 10.1038/s41568-020-0246-1

47. Tsai CS, Chen FH, Wang CC, Huang HL, Jung SM, Wu CJ, et al. Macrophages
from irradiated tumors express higher levels of iNOS, arginase-I and COX-2, and
promote tumor growth. Int J Radiat Oncol Biol Phys (2007) 68(2):499-507. doi:
10.1016/j.ijr0bp.2007.01.041

48. Genard G, Lucas S, Michiels C. Reprogramming of tumor-associated
macrophages with anticancer therapies: radiotherapy versus chemo- and
immunotherapies. Front Immunol (2017) 8:828. doi: 10.3389/fimmu.2017.00828

49. Bang Y-J, Van Cutsem E, Fuchs CS, Ohtsu A, Tabernero J, Ilson DH, et al.
KEYNOTE-585: Phase III study of perioperative chemotherapy with or without
pembrolizumab for gastric cancer. Future Oncol (2019) 15(9):943-52. doi: 10.2217/
fon-2018-0581

50. Janjigian YY, Van Cutsem E, Muro K, Wainberg Z, Al-Batran SE, Hyung WJ,
et al. MATTERHORN: phase III study of durvalumab plus FLOT chemotherapy in
resectable gastric/gastroesophageal junction cancer. Future Oncol (2022) 18(20):2465—
73. doi: 10.2217/fon-2022-0093

51. Luksza M, Sethna ZM, Rojas LA, Lihm J, Bravi B, Elhanati Y, et al. Neoantigen
quality predicts immunoediting in survivors of pancreatic cancer. Nature (2022) 606
(7913):389-95. doi: 10.1038/s41586-022-04735-9

52. Rosenthal R, Cadieux EL, Salgado R, Bakir MA, Moore DA, Hiley CT, et al.
Neoantigen-directed immune escape in lung cancer evolution. Nature (2019) 567
(7749):479-85. doi: 10.1038/s41586-019-1032-7

53. McGranahan N, Rosenthal R, Hiley CT, Rowan AJ, Watkins TBK, Wilson GA,
et al. Allele-specific HLA loss and immune escape in lung cancer evolution. Cell (2017)
171(6):1259-71.e11. doi: 10.1016/j.cell.2017.10.001

54. Schlosser HA, Thelen M, Lechner A, Wennhold K, Garcia-Marquez MA, Rothschild
SI, et al. B cells in esophago-gastric adenocarcinoma are highly differentiated, organize in
tertiary lymphoid structures and produce tumor-specific antibodies. Oncoimmunology
(2019) 8(1):e1512458. doi: 10.1080/2162402X.2018.1512458

55. Liu W, Stachura P, Xu HC, Varaljai R, Shinde P, Ganesh NU, et al. BAFF
attenuates immunosuppressive monocytes in the melanoma tumor microenvironment.
Cancer Res (2022) 82(2):264-77. doi: 10.1158/0008-5472.CAN-21-1171

56. Yarchoan M, Ho WJ, Mohan A, Shah Y, Vithayathil T, Leatherman J, et al.
Effects of B cell-activating factor on tumor immunity. JCI Insight (2020) 5(10). doi:
10.1172/jci.insight.136417

57. Helmink BA, Reddy SM, Gao ], Zhang S, Basar R, Thakur R, et al. B cells and
tertiary lymphoid structures promote immunotherapy response. Nature (2020) 577
(7791):549-55. doi: 10.1038/s41586-019-1922-8

frontiersin.org


https://doi.org/10.1016/j.ccell.2021.04.014
https://doi.org/10.1038/s41467-023-38891-x
https://doi.org/10.1038/s41467-023-38891-x
https://doi.org/10.1038/nri2216
https://doi.org/10.1038/s41571-019-0238-9
https://doi.org/10.1097/SLA.0000000000002410
https://doi.org/10.1097/SLA.0000000000002410
https://doi.org/10.3389/fonc.2020.534761
https://doi.org/10.1002/path.5832
https://doi.org/10.1002/path.5832
https://doi.org/10.1159/000524434
https://doi.org/10.1080/2162402X.2021.1921443
https://doi.org/10.1080/2162402X.2021.1921443
https://doi.org/10.1186/s12885-020-06987-y
https://doi.org/10.1016/j.annonc.2019.10.019
https://doi.org/10.1016/j.annonc.2019.10.019
https://doi.org/10.1097/SLA.0000000000004638
https://doi.org/10.1002/cncr.11660
https://doi.org/10.1038/nbt.3344
https://doi.org/10.1016/S0167-9473(02)00225-6
https://doi.org/10.1016/S0167-9473(02)00225-6
https://doi.org/10.1186/s12935-018-0620-1
https://doi.org/10.1016/j.ccr.2011.02.006
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.1038/s41586-022-05443-0
https://doi.org/10.1016/j.pathol.2016.10.005
https://doi.org/10.1002/cti2.1127
https://doi.org/10.1186/1479-5876-7-89
https://doi.org/10.1093/intimm/dxm014
https://doi.org/10.2147/CMAR.S199832
https://doi.org/10.1073/pnas.1720948115
https://doi.org/10.1038/s41568-020-0246-1
https://doi.org/10.1016/j.ijrobp.2007.01.041
https://doi.org/10.3389/fimmu.2017.00828
https://doi.org/10.2217/fon-2018-0581
https://doi.org/10.2217/fon-2018-0581
https://doi.org/10.2217/fon-2022-0093
https://doi.org/10.1038/s41586-022-04735-9
https://doi.org/10.1038/s41586-019-1032-7
https://doi.org/10.1016/j.cell.2017.10.001
https://doi.org/10.1080/2162402X.2018.1512458
https://doi.org/10.1158/0008-5472.CAN-21-1171
https://doi.org/10.1172/jci.insight.136417
https://doi.org/10.1038/s41586-019-1922-8
https://doi.org/10.3389/fimmu.2023.1220129
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The oesophageal adenocarcinoma tumour immune microenvironment dictates outcomes with different modalities of neoadjuvant therapy – results from the AGITG DOCTOR trial and the cancer evolution biobank
	1 Introduction
	2 Materials and methods
	2.1 Cohort and samples
	2.2 NanoString mRNA expression analysis
	2.3 Multiplex immunofluorescence and data acquisition
	2.4 PD-L1 immunohistochemistry staining and data acquisition
	2.5 HLA-typing
	2.6 Assessment of tumour-antigen-specific T cell responses
	2.7 Statistical analysis

	3 Results
	3.1 Patient cohort
	3.2 The pre-treatment immune landscape in OAC
	3.3 Spatial landscape of immune infiltration in OAC
	3.4 Survival outcomes based on spatial immune cell distribution in pre-treatment samples
	3.5 Survival and pathological outcomes after stratification for treatment modality
	3.6 Comparison of the pre- and post-NAT immune landscape
	3.7 Functional responses to tumour antigens in OAC

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Group member of AGITG DOCTOR Investigators
	Funding
	Acknowledgments
	Supplementary material
	References


