ONCOIMMUNOLOGY
2021, VOL. 10, NO. 1, €1954807 (12 pages)
https://doi.org/10.1080/2162402X.2021.1954807

Taylor & Francis
Taylor &Francis Group

ORIGINAL RESEARCH

8 OPEN ACCESS ’ W) Check for updates

Pre-treatment tumor-infiltrating T cells influence response to neoadjuvant
chemoradiotherapy in esophageal adenocarcinoma

R.S.A. Goedegebuure*, M. Harrasser**”, LK. de Klerk®*<, T.S. van Schooten®?, N.C.T. van Griekend, M. Eken?, M.
S. Grifhorst?, N. Pocorni?, E.S. Jordanova®, M.l. van Berge Henegouwen', R.E. Pouws?, H.M.W. Verheul", J.J. van der Vliet*,
H.W.M. van Laarhoven @), V.L.J.L Thijssenk, A.J. Bass¢, T.D. De Gruijl**, and S. Derks®°*

2Amsterdam UMC, Location VUMC, Department of Medical Oncology, Cancer Center Amsterdam, Amsterdam, The Netherlands; "Oncode Institute,
Utrecht, The Nederlands; “Dana-Farber Cancer Institute, Department of Medical Oncology, Boston, MA, USA; “Amsterdam UMC, Location VUMC,
Department of Pathology, Cancer Center Amsterdam, Amsterdam, The Netherlands; °Amsterdam UMC, Location VUMC, Department of Obstetrics and
Gynecology, Center for Gynecologic Oncology Amsterdam, Amsterdam, The Netherlands; fAmsterdam UMC, Location VUMC, Department of Surgery,
Cancer Center Amsterdam, University of Amsterdam, Amsterdam, The Netherlands; YAmsterdam UMC, Location VUMC, Department of
Gastroenterology, Cancer Center Amsterdam, Amsterdam, The Netherlands; "Radboud UMC, Department of Medical Oncology, Nijmegen, The
Netherlands; ‘LAVA Therapeutics, Utrecht, The Netherlands; IDepartment of Medical Oncology, Cancer Center Amsterdam, Amsterdam UMC,
University of Amsterdam, Amsterdam, The Netherlands; “Amsterdam UMC, Location VUMC, Department of Radiation Oncology, Cancer Center
Amsterdam, Amsterdam, The Netherlands; 'Cancer Program, the Broad Institute of MIT and Harvard, Cambridge, MA, USA

ARTICLE HISTORY
Received 16 June 2021
Revised 8 July 2021
Accepted 8 July 2021

ABSTRACT

Esophageal adenocarcinoma (EAC) is a disease with dismal treatment outcomes. Response to neoadjuvant
chemoradiation (CRT) varies greatly. Although the underlying mechanisms of CRT resistance are not
identified, accumulating evidence indicates an important role for local antitumor immunity. To explore
the immune microenvironment in relation to response to CRT we performed an in-depth analysis using
multiplex immunohistochemistry, flow cytometry and mRNA expression analysis (NanoString) to generate
a detailed map of the immunological landscape of pretreatment biopsies as well as peripheral blood
mononuclear cells (PBMCs) of EAC patients. Response to CRT was assessed by Mandard’s tumor regression
grade (TRG), disease-free- and overall survival. Tumors with a complete pathological response (TRG 1) to
neoadjuvant CRT had significantly higher tumor-infiltrating T cell levels compared to all other response
groups (TRG 2-5). These T cells were also in closer proximity to tumor cells in complete responders
compared to other response groups. Notably, immune profiles of near-complete responders (TRG 2)
showed more resemblance to non-responders (TRG 3-5) than to complete responders. A high CD8:CD163
ratio in the tumor was associated with an improved disease-free survival. Gene expression analyses
revealed that T cells in non-responders were Th2-skewed, while complete responders were enriched in
cytotoxic immune cells. Finally, complete responders were enriched in circulating memory T cells. pre-
existing immune activation enhances the chance for a complete pathological response to neoadjuvant
CRT. This information can potentially be used for future patient selection, but also fuels the development
of immunomodulatory strategies to enhance CRT efficacy.
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Introduction apparent which biological factors contribute to the variability
in response, but accumulating evidence points toward a role for
local anti-tumor immunity.>®

Over the last decades, it has become recognized that radio-
therapy influences the local anti-tumor immune response via
several mechanisms,” including enhanced T cell priming
through immunogenic cell death and sensitization of cancer
cells to T cell-mediated killing by upregulation of Fas and
MHC-1.*° The efficacy of radiotherapy, however, is also influ-
enced by the composition of the preexisting tumor microen-
vironment (TME).'®'"" In vivo mouse studies have identified

In esophageal adenocarcinoma (EAC) and gastroesophageal
junction adenocarcinomas, treatment with neoadjuvant che-
moradiotherapy (CRT) with paclitaxel, carboplatin and con-
current radiotherapy followed by surgical resection has
improved overall survival'. However, the treatment responses
are highly variable, with only 19% of EACs achieving
a complete histopathological response after CRT.” Incomplete
response is a strong predictor of disease recurrence and
reduced survival following surgical resection.> Tt is still not
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that pre-treatment T cell features contribute to the efficacy of
radiotherapy.'>"” For example, in B16-F10 bearing mice irra-
diation increases antigen presenting capability along with more
IFNy-producing T cells within tumor-draining lymph nodes
when compared to nonirradiated mice.'* In another mouse
model, preexisting intratumoral T cells survived irradiation
up to 20 Gy and showed an improved effector function after-
ward, being able to control tumor growth without new infil-
trating T cells.'” On the other hand, immunosuppressive cell
types such as Th2-skewed CD4 + T cells, regulatory T cells, M2
macrophages and myeloid-derived suppressor cells (MDSCs)
can induce radiotherapy resistance by hampering CD8+ cyto-
toxic T cells, which are crucial for an effective radiotherapy-
induced antitumor immune response.'®

How these findings translate to CRT efficacy in EAC is
currently unknown. We have previously demonstrated that
EACs are mostly immune cell excluded, although some degree
of T cell infiltration was identified.'” As EAC typically develops
within a chronically inflamed and immunosuppressive envir-
onment characterized by PD-L2 expressing tumor cells, PD-L1
expressing immune cells, Th2-skewing and presence of tumor-
promoting M2 macrophages and MDSCs,'®" they might be
resistant to CRT by nature.

In this study, we aimed to decipher the immunological
characteristics of EAC in relation to response to CRT, and
found that pre-treatment tumor infiltrating activated T cells
were associated with a complete pathological response to
neoadjuvant CRT. Given recent developments in immune
modulating drugs,” these data may not only be useful for
selecting patients who may most benefit from neoadjuvant
CRT, but may also guide research and implementation of
novel immunomodulatory strategies to improve outcome in
localized EAC.

Materials and methods
Patient material

Patient material, as well as data on patient characteristics and
disease outcome were collected as part of an IRB-approved
clinical trial (METC-VUmc identifier 2013.074). Patients
with histologically confirmed, stages 2 and 3 esophagus- or
gastroesophageal junction tumors were eligible for inclusion
in this study. After obtaining informed consent, snap frozen,
formalin-fixed paraffin embedded and fresh primary tumor
biopsies were collected from the patients prior to neoadju-
vant chemoradiation (paclitaxel, carboplatin and concurrent
radiotherapy of 41.4 Gy in 23 fractions) during endoscopy.
When possible, a heparin blood sample was obtained for
isolation of plasmas and PBMCs. Only patients with adeno-
carcinoma who had completed the entire treatment regime
(including surgery) and had sufficient quality tissue obtained
were selected for further analysis. In addition, nine archival
pre-treatment FFPE specimen from similar patients (pre-
viously collected for genetic profiling’') were included.
Histology was assessed by an expert pathologist (NvG) on
H&E stains from all biopsies and representative tumor areas
were carefully annotated prior to processing for downstream
applications.

Response evaluation

Response to neoadjuvant CRT was evaluated by Mandard’s
tumor regression grade (TRG) system using the post-
treatment resection specimen. The Mandard’s TRG score
ranges from 1 (no residual cancer) to 5 (absence of regressive
changes).”” A complete pathological response was defined as
TRG 1.

Multiplex immunohistochemistry

Multiplex immunofluorescence staining was performed with
the OPAL 7-color fluorescence immunohistochemistry (IHC)
kit (Akoya Biosciences, USA) on 43 slides from formalin-fixed
paraffin embedded tumor biopsies in 2 batches. After depar-
affinization and rehydration, endogenous peroxidase was
blocked with 0.3% H,0O, (VWR chemicals) in methanol for
20 minutes. Subsequently, an extra fixation step was included
for 20 minutes with 10% neutral buffered formalin (Reagecon),
followed by 2 minute rinses in Mili-Q water, then in 0.05%
Tween 20 in Tris-buffered saline (TBST). The following pri-
mary antibodies were used: CK clone AE1/AE3 (Dako), CD8
clone C8/144B (Dako), CD3 polyclonal (Dako), FoxP3 clone
236A/E7 (Abcam), CD163 clone 10D6 (Novocastra) and Ki67
clone SP6 (Abcam). The following steps were repeated for each
primary antibody; slides were heated in 0.05% ProClin300/
Tris-EDTA buffer at pH 9.0 in an 800 W standard microwave
at 100% power until boiling point (260 seconds), followed by
15 minutes at 30% power (240 W). Thereafter, slides were
allowed to cool down, washed for 2 minutes in Milli-Q at 30
rounds per minute (rpm) and 2 minutes 1x TBST at 30 rpm
and then blocked with Antibody Diluent/Block (Perkin Elmer)
for 10 minutes at room temperature (RT). After that, the slides
were incubated with primary antibody diluted in Antibody
Diluent/Block. Next, the slides were washed 3 x 2 minutes in
TBST at RT and 30 rpm and were subsequently incubated with
OPAL secondary antibody working solution for 15 minutes at
RT. Afterward, slides were washed (same as above) and incu-
bated with Opal fluorochromes (Opal520, Opal650, Opal570,
Opal540 Opal620, and Opal690) diluted in amplification buffer
for 10 minutes at RT. Slides were then washed as above. Finally,
a microwave treatment with AR6 buffer was performed and the
slides were rinsed for 2 minutes in Milli-Q, then in TSBT.
Spectral DAPI working solution was applied for 5 minutes at
RT and the slides were rinsed again in TSBT and Milli-Q, and
then mounted under coverslips with ProLong Diamond anti-
fade mounting medium (Life Technologies, USA). Slides were
stored at 4°C until imaging.

Imaging was done on the Vectra® Polaris™ multispectral
scanning microscope (Akoya Biosciences, USA). Whole slide
scans were reviewed with Phenochart® (Akoya Biosciences,
USA) for selection of multispectral regions. These regions
were selected based on H&E stains from the same FFPE sec-
tions annotated for representative tumor areas by an expert
pathologist (NvG). Three samples were excluded from further
analysis because of substandard staining or tissue quality.

Multispectral images were analyzed per case in INFORM®
(Akoya Biosciences, USA). First, trainable tissue segmenta-
tion based on expression of CK and DAPI was used to



identify areas with tumor, stroma and no tissue. Second,
adaptive cell segmentation was performed and single positive
phenotypes (CD3+, CD8+, FoxP3+, CD163+, Ki67+, CK+
and Other) were identified by two researchers (ME and
TvS) and reviewed by two other researchers (RG and MH);
discrepancies were compared to a positive control tonsil slide
and corrected upon mutual agreement between both
reviewers. Third, data was exported for quantitative- and
spatial analysis with the phenoptrReports package (Akoya
Biosciences, USA) in RStudio version 1.2.5033 (RStudio,
Inc., Boston, MA, USA). Cell densities were calculated and
reported as cells per squared millimeter and cell-to-cell dis-
tances were compared in median micrometers. Of note, in the
tumor area 55.7% (15.1-79.0%) of all cells were CK positive
tumor cells, in contrast to 0.6% (0.0-2.5%) in the stromal
region, confirming adequate tissue segmentation (data not
sown). Heatmaps were generated by hierarchical agglomera-
tive clustering using the Ward’s minimum variance method
by the Pheatmap package in RStudio version 1.2.5033
(RStudio, Inc., Boston, MA, USA).

Tumor dissociation and flow cytometry

Fresh primary tumor biopsies were collected in DMEM with
10% Fetal Calf Serum (FCS) on ice and immediately processed.
After macro-dissociation with a scalpel, biopsy fragments were
dissociated to a single-cell suspension on a magnet stirrer for
45 minutes at 37 C in the DMEM with 10% Fetal Calf Serum
(FCS), DNAse type I (50 pg/ml final concentration, Roche) and
Collagenase type IV (100 U/ml final concentration, Life
Technologies). After 45 minutes this procedure was repeated
with a fresh medium after which cells were incubated with red
blood cell lysis for 5 minutes at 4°C. After the washing step,
cells were resuspended in PBS and dead cells stained with
trypan blue and counted on a hemocytometer before dividing
the cells into FACS tubes for staining.

Peripheral blood mononuclear cells (PBMCs) from hepar-
inized blood were isolated by standard Ficoll-Hypaque density
centrifugation, counted and immediately frozen in FBS+10%
DMSO. On the day of flow cytometry staining, PBMCs were
thawed at 37°C, then incubated in RPMI+10% FCS and DNAse
(final concentration 10 pg/ml) for 10 minutes at RT. After
a washing step, viable cells counted and 500,000 cells/FACS
tube were used. For extracellular staining, the cells were imme-
diately incubated with antibodies for 30 minutes at 4°C. For
intracellular staining (T cell panel), cells were first permeabi-
lized using the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience). The list of antibodies can be found in Table S10.
Data acquisition was performed on a LSRFortessa flow cyt-
ometer (BD Biosciences, CA, USA). Downstream analyses
were performed using FlowJo™ Software for Windows
Version 10.2.

For the PBMC analysis, 8,000 random events were collected
from each sample from the manual live single cells gate
(DownSampleV3 plugin) and combined together in one fcs
file. Next, Phenograph was ran to determine the number of
metaclusters to be created using FlowSOM plugin. Finally,
tSNE algorithm was ran to visualize differences based on
response and/or for each cell population. Graphs were made
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using GraphPad Prism version 8.2.1 (GraphPad Software, San
Diego, CA, USA).

NanoString

RNA was isolated from tumor biopsies using the Qiagen
RNeasy FFPE or AllPrep DNA/RNA FFPE kit (Qiagen,
Germantown, MD). RNA was analyzed using the nCounter®
PanCancer Immune Profiling panel (NanoString Technologies,
Seattle, WA), which includes 770 genes that cover markers of
different immune cell types and populations, recognized cancer
antigens, and markers of key immune responses. The resulting
data were analyzed with NanoString’s nSolver software (ver-
sion 4.0). All samples passed quality control (imaging QC,
binding density QC, positive control linearity QC, and limit
of detection QC). The nCounter Advanced Analysis 2.0 plugin
was used for normalization, generation of gene set scores (cell
types and pathways) and differential gene expression analysis.
The normalization module utilizes the geNorm algorithm?” for
selection of the optimal amount of the most stable reference
(housekeeping) genes. Gene sets defining cell types, signatures,
and pathways can be found in Table S8 and S9. The total
leukocytes (TLs) score is the average of the B, CD45+, cyto-
toxic, macrophage, and T cell scores. Gene Set Enrichment
Analysis was performed on the normalized count data, using
the pathway gene sets as defined by NanoString.**

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
for Windows (Version 25.0. Armonk, NY: IBM Corp.).
Baseline characteristics were compared with either an indepen-
dent samples t test, chi-square test or chi-square test for trend.
Median cell densities and percentages were compared with
a Mann-Whitney U-test. Associations between cell type and
pathway gene expression scores (NanoString) were tested with
an independent samples t test or Mann-Whitney U-test where
appropriate. For Kaplan-Meier survival analysis, multiplex
IHC variables were dichotomized based on median and
upper quartile range and subsequently compared with
a logrank test. A two-sided p-value < 0.05 was considered
statistically significant.

Results

Multiplex IHC identifies more abundant T cell infiltrates in
complete responders

To assess the relationship between local tumor immunity and
sensitivity to neoadjuvant chemoradiotherapy (CRT), multi-
color immunohistochemistry (mIHC) was performed on
a series of pretreatment biopsies of 40 EAC patients under-
going neoadjuvant CRT. Baseline characteristics are presented
in Table S1. Pathological response to neoadjuvant CRT was
evaluated by the Mandard tumor regression grading (TRG)
using the post-treatment resection specimen;** 30.8% of all
patients had a complete histopathological response after
neoadjuvant CRT (TRG 1), while 46.2% showed partial
response (TRG 2-3) and 23.1% had limited to no response at
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all (TRG 4-5). Median disease-free survival (DFS) and overall
survival (OS) were 38.5 and 67.2 months, respectively.

An average tissue area of 1.44 mm? from the pre-treatment
biopsies, containing both tumor and stroma, was available for
analysis (Supplementary Figure S1a). The cell densities (cells
per mm?) of T cell subtypes (CD3, CD8 and FoxP3), myeloid
cells (CD163) and tumor cells (pancytokeratin (CK)), as well as
their proliferation status (Ki67) and spatial distribution in
tumor and stroma compartment (segmentation based on CK
expression) were evaluated. Principal component analysis, per-
formed to assess a potential batch effect between stained sam-
ples, identified one extremely inflamed outlier, which was
excluded from further analyses (Supplementary Figure S1b).
This outlier did not have microsatellite instability (MSI) or
Epstein Barr virus positivity as potential explanation for its
inflammatory state. Interestingly, the corresponding post-
treatment resection specimen showed a large immunologically
cold tumor with the absence of regressive changes (TRG 5).
The discrepant results before and after CRT raise the potential
for selective outgrowth of a region of tumor lacking immune
infiltration.

Quantitative analysis of immune cell phenotypes identified
a large variation in the distribution of both T cells and CD163"
myeloid cells. The median density was 47 cells/mm? (range 0-
831) for CD8" T cells (CD3"CD8") and much higher, 509 cells/
mm? (range 117-4573), for CD8™ T cells (CD3"CD8" cells,
which are mostly, but not necessarily limited to CD4" T cells).
In addition, median density for regulatory T cells (Tregs,
CD3"CD8 FoxP3") was 182 cells/mm” (range 51-1009) and
for CD163" myeloid cells 285 cells/mm? (range 34-851)
(Supplementary Figure Slc). Of note, median T cell counts
were on average 2-3 times higher in the stroma than in the
tumor area, indicating an immune-excluded phenotype as
described before.'”

Since immune cells coordinately influence local immunity,
unsupervised clustering analysis of cell densities was done for
both tumor and stromal regions, which identified two distinct
clusters; cluster A, characterized by a T cell dominant immune
infiltrate, and cluster B, characterized by a relative immune cell
sparsity in general, except for a higher intratumoral CD163"
density in 4 out of 24 cases (Figure la). Interestingly, the
complete responders (CR; TRG 1) were overrepresented in
cluster A (7/13 in cluster A vs. 5/26 in cluster B, P = .027,
Table S2), suggesting a role for T cells in response to CRT.
None of the other baseline characteristics, including DFS or
Os, differed significantly between patients in the two clusters.

The association between T cells and response to CRT was
explored further, showing that patients with a complete histo-
pathological response (TRG 1) had significantly higher intra-
tumoral T cell densities in the pre-treatment biopsies
compared to those with a non-complete response (nCR; TRG
2-5) (P =.005 for CD3", P =.010 for CD3"CD8™ and P = .031
for CD3"CD8"; Figure 1b+i and Table S$3). Of note, neither the
stromal T cell densities (Figure 1b) nor the percentage of
CD3"CD8” and CD3"CD8" relative to CD3 differed signifi-
cantly between response groups (Figure 1c). We therefore
questioned whether T cells were more active in complete
responders but no differences in activation state was observed
by assessing the proliferation marker Ki67, except for a trend

toward higher intratumoral levels of proliferating CD8" T cells
in CR compared to nCR (P = .083; Figure 1d and
Supplementary table S3).

Focusing on immune suppressive cells, which might ham-
per response to CRT, we found that the densities of Tregs,
proliferating Tregs and CD163" myeloid cells in the tumor and
stromal compartments did not correlate with response
(Figure le and Table S3). However, when comparing myeloid
cells relative to (proliferating) T cells, increased intratumoral
CD3"CD8"(Ki67)":CD163" ratios in CR versus nCR were
observed (P = .036 for Ki67~ and P = .011 for Ki67" CD8"
T cells; Figure 1f and Table S3). Moreover, the intratumoral
ratio of CD3:CD163 exceeded 1.0 in all complete responders
and was strongly associated with a favorable Mandard score
(P = .001; Figure lf+iand Table S3), pinpointing that the
balance between more pro-inflammatory and suppressive
cells might be indicative for achieving a histopathological CR.

Next, the spatial relationship between tumor and immune
cells was assessed by comparing the median distances from any
CK" tumor cell to immune cells, as well as cell counts within
a 15 um radius of any CK" tumor cell, i.e. adjacent ‘touching’
cells; an indicator of increased anti-tumor immunity. In
tumors of patients with CR, (proliferating) T cells were found
to be in closer proximity of tumor cells compared to T cells of
patients with nCR (P = .026 for CD3" and P = .042 for
CD3"Ki67"; Figure 1g and Table S3). The same was observed
for the number of proliferating T cells adjacent to CK" tumor
cells (P = .025 for CD8™ T cells, and P = .031 for CD8" T cells;
Figure 1h, Supplementary Figure S2b and Table S3). For the
Tregs and CD163" myeloid cells no differences were seen
(Supplementary Figure S2a).

As additional measurement of success of CRT,>** we
compared immune scores to disease-free survival (DFS) and
overall survival (OS) and identified that a high (upper quartile)
CD8":CD163" ratio in the tumor was associated with an
improved DFS (P = .050; Supplementary Figure S3). Also,
high T cell densities showed a trend toward improved DFS
(P = .082 for CD8™ T cells and P = .054 for CD8" T cells;
Supplementary Figure S3). For Tregs and CD163" myeloid
cell densities no association was found. No correlations with
OS were identified.

Phenotypic immune profiling with flow cytometry reveals
high interpatient variability independent of response

As multicolor IHC analyses allowed analyses of only a limited
number of immune cell types, we decided to perform a more
detailed analyses of the tumor immune microenvironment
using 13-color flow cytometry performed on fresh pretreat-
ment tumor biopsies of patients with CR (TRG 1, n = 9) and
nCR (TRG 2-5, n = 21). Median cell viability was 69.8% (range
22.9-93.9%), resulting in a median of 12602 live single cells per
patient (range 1099-133065). Based on the biopsy size, 20/30
samples were profiled by an extended T cell and myeloid panel.

Using this method, high heterogeneity in the composition of
the tumor immune microenvironment between patients was
observed. By looking at infiltrating immune cell subsets, we
found two predominant cell populations in EAC tumors:
CD11b"CD14 CD15" (granulocytic) gMDSCs with an overall
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Figure 1. Multicolor IHC shows increased T cell infiltrate and importance of spatial distribution in the tumor of complete responders. Multicolor IHC panel with CD3, CDS8,
FoxP3, CD163, Ki67 and CK on 39 pre-treatment biopsies is shown. Unsupervised clustering analysis of cell densities for both tumor and stromal regions in (a) displays
two distinct clusters (A and B), with TRG score (1 to 5) and response (CR, nCR) color coded. Median cell densities (cells/mm?) were calculated and compared for
CD3*CD8™ and CD3*CD8" cells in (b). Frequencies of CD8~ and CD8™ T cells relative to CD3 are shown in (c) and the frequencies of proliferating (Ki67*) CD8~ and CD8"
T cells are shown in (d). Densities for CD163* myeloid cells and regulatory T cells (CD3*CD8 FoxP3*), as well as the frequency of proliferating (Ki67") regulatory T cells
are shown in (e). In (f) the CD3*CD8*Ki67+:CD163* and CD3*:CD163™ ratios are shown. A CD3*:CD163* ratio exceeding 1.0 is strongly associated with a favorable
Mandard score. The distance (in um) of T cells and proliferating T cells from CK* tumor cells is shown in (g); cell numbers adjacent to CK+ tumor cells are shown in (h).
Panel (i) are representative pictures of multicolor IHC images, with from left to right tumor infiltrating CD8™ T cells, CD8* T cells and a low CD3*:CD163™ ratio. * P < .05,
** P < .005, *** P < .001. All graphs show medians. Abbreviations: CR; complete responders, nCR; non-complete responders.
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Figure 2. Flow cytometry on pre-treatment biopsies did not identify any response-specific immune signatures. Flow cytometry was performed on freshly processed pre-
treatment biopsies. Patients were color coded based on TRG score (TRG 1 = CR, white circles; TRG2-5 = nCR; color-coded). Immune cell frequencies relative to CD45
+ cells are shown for each patient in (a). The following markers were used: CD3 for T cells, CD19 for B cells, CD11b* CD14* HLADR™ for mMDSC, CD11b* CD14~ CD15* for
gMDSC, CD14* CD15™ for macrophages, further subdivided into M1-like (CD80") and M2-like (CD163"), CD11 ¢~ CD14"9" CD19™ CD1c¢* for DCs. Ratio of CD3+ to CD163
+ cells (frequencies relative to live cells) with medians is shown in (b). Mann-Whitney U was performed, all P values were > 0.1.

median of 25% (range 1.9-70%, dark green bars, Figure 2a), and
T cells with an overall median of 16.8% (range 5-40%, pink bars).
In 11/20 patients gMDSCs were the most frequently occurring
population, in 8/20 patients T cells were the most frequent popu-
lation. gMDSC or T cell dominancy did not correlate with patho-
logical response.

The third most frequent cell type was CD163" M2 macro-
phages, with a median of 5.7% (range 1.7-19.8%, dark blue bars).
Other cell types identified were mMDSCs, M1 macrophages,
Dendritic cells (DCs) and B cells, all with low frequencies. Non-
annotated CD45" cells are likely granulocytes and neutrophils
for which no antibodies were added to our panel. None of the
immune cell subtypes was specifically enriched in CR or nCR.

Different from the mIHC findings, CR had a lower (but not
significant) CD3:CD163 cell ratio compared to nCR
(Figure 2b). Same results were found for CD8:CD163 ratios
(SupplementaryFigure S4a).

We next analyzed potential enrichment of T cell subtypes in
CR or nCR and confirmed the general enrichment of CD4"
T cells in 22 out of 30 patients (CD4:CD8 ratios >I,
SupplementaryFigure S4b and Table S4). Furthermore, we
identified central/effector memory dominance (high memory:
naive ratios, SupplementaryFigure S4b) as well as proliferation
(Ki67 expression) and activation in most CD4 and CD8 T cell
subset (SupplementaryFigure S4c). However, none of these
T cell subtypes were enriched in one of the response groups.
Additionally, (activated)Tregs were identified in 17/20 patients
(>10% relative to CD4 + T cells, SupplementaryFigure S4c),
with a CD8Treg ratio <1 in 13/30 patients
(SupplementaryFigure S4b) although once again, we found no
associations with histopathological response (Table $4).

mRNA expression analysis identified cytotoxic gene
expression signatures in complete responders

To further investigate differences in local immunity between
patients with a differential response to CRT, NanoString
mRNA gene expression analysis was performed on 25 pre-
treatment biopsies. Since partial responders (TRG 2 and 3)
did not show a distinct immune profile in our multiplex IHC
data, the opposite ends of the histopathological response spec-
trum were compared (TRG 1, complete responders (CR),
n = 14 vs. TRG 4-5, non-responders (NR), n = 11,
Supplementary Figure S5a). First, analysis of the cellular
immune composition relative to total leukocytes (TLs; see
Table S5 for definitions) confirmed a significant enrichment
of cytotoxic cells (P = .026, t-test) in CR compared to NR
(Figure 3a and Supplementary Figure S5b). Moreover, there
was a trend toward higher Th2-polarized CD4" T cell signature
expression relative to total T cells in NR compared to CR
(P =.059, t-test) (Figure 3b).

Next, a differential gene expression analysis comparing CR and
NR revealed a total of 40 significantly differentially expressed
genes (Figure 3c and Table S6). Although none of the associations
remained significant after multiple comparison correction, it is
striking that among genes upregulated in CR were several cyto-
toxicity-associated genes, such as granulysin, CD8A, perforin 1,
granzyme H and granzyme B, as well as several interferon-
induced cytokines associated with T cell chemotaxis such as
CXCL9, CXCL10, and CXCL11, and their common receptor,
CXCR3. Irrespective of response, CXCL9, CXCL10, and
CXCL11 correlated positively with cytotoxic cells relative to TLs,
and correlated negatively with Th2 cells relative to TLs, with Th2
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Figure 3. NanoString analysis shows an more cytotoxic cells complete responders than non-responders. NanoString gene expression analysis on mRNA from patients
that were grouped based on TRG score: TRGT = CR, TRG4-5 = NR. Cytotoxic cells relative to total leukocytes (TLs) are plotted by response (a). Th2 signature relative to
T cells plotted by response (b) Volcano plot of the differential gene expression analysis, with genes with a log2 fold change between CRs and NRs greater than 1 or

smaller than —1 highlighted in red (c). Gene set pathway scoring analyses (d).

cells relative to T cells and with Tregs relative to TLs (Table S7).
This suggests that CXCL9, CXCL10 and CXCL11 do indeed
attract cytotoxically active T cells into the tumor. Among the
genes upregulated in NR were several myeloid cell attractants
such as CCL3L1 and CCL4 (both attract macrophages and DCs
through interaction with CCR5) and neutrophil-attractant IL8.
Moreover, NRs were enriched with antigens commonly found in
myeloid cells, such as CD157 (bone marrow stromal antigen 1
(BST1); stimulator of pre-B-cell growth) and the innate pattern
recognition receptor MARCO (macrophage receptor with col-
lagenous structure) found in macrophages. Interestingly,
CLECA4A, a suppressive C-type lectin expressed in DCs upon
TLR signaling, was also enriched in NRs.

Gene set pathway scoring showed a higher pathogen defense
gene set score (P = .021, t-test) in CRs, while NRs had a higher
toll-like receptor signaling gene set score (P = .031, t-test,
Figure 3d), thereby confirming the association between activa-
tion of an innate immune response and resistance to CRT.
Additional gene set enrichment analysis identified
a significant enrichment of the interleukin gene set in NR
(Supplementary Figure S5c and Table $8-9).

Enrichment for circulating CD8 memory T cells in complete
responders

Considering the challenges of studying the tumor immune
microenvironment using fresh tumor tissue (e.g. limited mate-
rial and an invasive procedure), we evaluated whether

peripheral blood mononuclear cells (PBMCs) can be used as
indicator of local response to CRT. Therefore, PBMCs, col-
lected before the start of CRT, from eight complete responders
(CR; TRG 1) and 18 non-complete responders (nCR; TRG 2-5)
were assessed with an extensive phenotypical immune analysis
using multicolor flow cytometry.

The collected data were combined and subjected to
a t-distributed Stochastic Neighbor Embedding (tSNE) analysis
to compare CRs versus nCRs. Next, FlowSOM was applied to
identify myeloid subsets (Figure 4a and Supplementary Figure
S6¢ for FlowSOM heatmaps and population frequencies). The
most frequent myeloid subsets included monocytes (classical,
intermediate-like) and neutrophils. While some populations
were clearly differentially expressed between response groups
(in black, purple and light green, Figure 4a and Supplementary
Figure S6b-c), with manual gating we did not find correlations
with histopathological response.

Next, we focused on the T cell component and identified that
CRs had visually enriched EM CD8 + T cells in CR, while nCR
had enriched naive CD8 + T cells. With manual gating, both
populations resulted significantly enriched in CRs and nCRs,
respectively (P = 0,019 for EM and P = 0,016 for naive;
Figure 4b-c).

Discussion

Accumulating evidence shows that the chance to respond to
immunotherapy and conventional therapy, such as chemo- or
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Figure 4. Flow analysis on circulating cells shows enriched CD8* memory T cells in complete responders. Flow cytometry was performed on thawed PBMCs isolated
from the blood of pre-treated patients, which were grouped based on TRG score (TRG 1 = CR, white circles; TRG 2-5 = nCR, color coded in grayscale); median is shown.
The tSNE algorithm was performed on all samples for T cell panel and Myeloid panel following down-sampling (8,000 live cell events/sample) and concatenation. Next,
FlowSOM was used to generate populations that were named based on MFI of fluorochromes used. tSNE plots of CR vs nCR showing the identified myeloid cell subsets
(a). Markers: CD14"CD16~ classical monocytes, CD14"" CD6" non-classical monocytes, CD14* CD1 6" intermediate monocytes, CD16~ CD14/low/+ Macrophages and/or
DCs, CD11b* CD14™ CD16™ for gMDSC, CD16™ CD14~ CD11b* Neutrophils). tSNE plots of CR vs nCR are showing the memory status for both CD4* and CD8* T cells (b).
Ratio of CD4:CD8 frequencies relative to CD3™ T cells, CD8 and CD4 T cell activation stage, relative to CD4/8" T cells (markers: CD27*CD45RA™ naive, CD27"CD45RA™ CM,
CD27"CD45RA™ EM, CD27 CD45RA* Effector) and ratio of memory (sum of CM+EM) and naive cell % relative to CD4/8" T cells are all shown in (c). *P < .05, **P < .005.

radiotherapy, increases when there is preexisting immune cell
activation in the tumor microenvironment.'®'>*° T cells have
been shown to be pivotal for effective radiotherapy and here we
explore if this is also the case for EAC. Previous work in the

context of esophageal cancer showed that high levels of tumor
infiltrating T cells were associated with a favorable
prognosis.””*° Using several complementary assays to charac-
terize the pre-treatment tumor immune microenvironment of



EACs, we found that localized immunity and T cell activation
are associated significantly with the efficacy of therapy.

Specifically, the TME of complete responders (TRG 1) to
CRT differed from non-complete responders (TRG 2-5) by
having significantly higher numbers of tumor-infiltrating
T cells (TILs). Recently, Gobel et al. identified low intratumoral
FoxP3":CD8" ratio, high peritumoural CD163":CD68" ratio
and high intratumoral TAM densities in EAC to be associated
with poor tumor regression upon CRT.” In line with these
findings we report an association between high intratumoral
numbers of actively proliferating CD8" T cells and low num-
bers of CD163" M2 macrophages and CR and extended DFS.
These results are in accordance with findings by DeNardo
et al., who showed that a low CD68:CD8 ratio was associated
with CR after neoadjuvant chemotherapy in breast cancer.*®
Although in this small series no associations with OS could be
established, ‘immunologically hot’ EACs have been reported to
have an increased OS compared to ‘cold’ tumors after neoad-
juvant chemotherapy.’® Interestingly, in our study activated/
proliferating T cells were also in closer proximity to tumor cells
in complete responders and higher frequencies of memory
T cells were present in peripheral blood as compared to non-
complete responders. The location of TILs has been previously
shown to positively affect prognosis in EAC* as well as in
other tumor types such as colorectal cancer,” suggesting that
their location could be associated with their effector function
and clinical impact.

Infiltrating regulatory T cells, higher numbers of which have
been associated with advanced disease stage before treatment’
and worse survival following CRT** by others, did not show
correlation with pathological response in our cohort. These are
all findings indicative of an enhanced preexisting activated
immune response in complete responders.

The flow cytometry results on pretreatment biopsies high-
lighted high variability in immune microenvironment between
patients but in contrast to mIHC results no association with
response to CRT. This discrepancy can potentially be explained
by selective cell death of specific immune cell subsets during
tumor dissociation and the lack of spatial context of immune
cells, which is lost using flow cytometry.

Remarkably, near-complete pathological responders
(TRG 2) displayed immune signatures resembling those of
patients with a particularly unfavorable response (TRG 3-5)
more than those of complete responders (TRG1), despite hav-
ing a prognosis often comparable to TRG 1. Future studies
should further elucidate how local immunity differs between
near-complete- (TRG 2) and non-responders (TRG4-5).

For instance, the future possibility of early identification of
patients likely to achieve a complete pathological response to
CRT raises the question of whether surgery could be omitted in
selected patients. Additionally, immune signatures could be
used to select patients for immune interventions to modulate
the TME before CRT in order to improve response to therapy
and therefore outcome. One potential immunomodulatory
strategy would be to combine (chemo)radiotherapy with
immune checkpoint blockade (ICB) to obtain a synergistic
effect®>*® and reinvigorate T cells. Indeed, the benefits of RT
and ICB combinations have been reported in several cancer
settings;37’38 some with remarkable results. In the PACIFIC
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trial for example, non-small cell lung cancer patients receiving
PD-L1 blockade after CRT had significantly prolonged survival
compared to those receiving placebo.”® In the context of EAC,
the PERFECT study showed that compared to a propensity
matched cohort of the Dutch Cancer Registry, good responders
(CR) seemed to have an additional survival benefit from
neoadjuvant checkpoint inhibition combined with CRT,
while in NRs there was no difference in survival compared to
patients receiving CRT only.*’

Recently, very promising results of the trial Checkmate-577
(adjuvant PD-1 blockade following resection of EC/Esophageal
of the gastric junction cancer (EGJC) in patients with residual
pathologic disease) were the first to show a statistically signifi-
cant and clinically meaningful improvement in disease free
survival compared to placebo (and a well-tolerated safety pro-
file) in patients with resected EC/GEJC, who have received
neoadjuvant CRT.*' Additionally, the randomized, global
phase III study CheckMate 649 showed that first-line GC/
GEJC/EAC patients that received PD-1 blocking NIVO +
chemo had a statistically significant improvement in OS and
PES vs chemo only (when tumors expressed PD-L1).** Unlike
the squamous subtype,43 results from other clinical trials
reported less exciting responses to PD-1 and other ICB thera-
pies in the context of EAC (KEYNOTE-180 trial of PD-1
blockade for heavily pretreated patients with advanced, meta-
static esophageal cancer,** KEYNOTE-061 trial, with PD-1
blockade versus paclitaxel in patients with advanced gastric
or GEJC that progressed on first-line chemotherapy with pla-
tinum and fluoropyrimidine* and anti-CTLA-4 versus best
supportive care (BSC) among patients with advanced/meta-
static gastric or GEJC who achieved at least stable disease
with first-line chemotherapy*®). These contrasting responses
to ICB could be linked to the pre-treatment status of these
patients and highlight that it is not readily apparent how to
enhance antitumor immune responses in EAC.

In our analysis, we observed consistent expression of PD-1
and CTLA-4 by T cells in the TME; the latter was also reported
by others.*”** The combination of PD-1 and CTLA-4 blockade
before CRT could be beneficial for non-complete responders.
The same might be true for other immune checkpoint proteins
for which the expression was not assessed in the current study;
this could be mapped out in the future research.

Gene expression analyses highlighted an enrichment of
a Th2 signature in patients with a poor response (TRG 4-5),
whereas a more cytotoxic environment correlated with com-
plete response. Th2 skewed cells are generally associated with
the infiltration of myeloid-derived suppressor cells (MDSCs)
and M2-polarized macrophages'” that can suppress antitumor
immunity. Moreover, tumors from non-responders were
enriched in genes linked to immune suppression like
CLEC4A (encoding for the suppressive receptor DCIR
expressed in DCs upon TLR signaling)*® and IL8, which pro-
motes angiogenesis and inhibits CD8" T cell functions.”® These
findings provide a rationale to test additional therapeutic stra-
tegies, such as shifting the balance from Th2 to Thl (for
example through inhibition of Notch signaling®"?), which
can in turn affect MDSC and M2 macrophage development,
or targeting M2 macrophages (for example, through CXCR2
blockade™) that could ultimately improve response to CRT.
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Together, these findings demonstrate that local immunity,
and in particular T cell location, skewing and activation status,
is associated with response to neoadjuvant CRT in EAC
patients. Future research is needed to complement these find-
ings and investigate prospectively whether the preexisting
immune infiltrate can be used as a biomarker for selection of
patients that might benefit from CRT, as well as whether
neoadjuvant immunomodulatory strategies can be used to
improve the outcome for patients with this deadly disease.
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