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ABSTRACT

The analysis of peripheral blood mononuclear cells (PBMCs) by flow cytometry holds promise as
a platform for immune checkpoint inhibition (ICl) biomarker identification. Our aim was to characterize
the systemic immune compartment in resectable esophageal adenocarcinoma patients treated with
neoadjuvant ICl therapy. In total, 24 patients treated with neoadjuvant chemoradiotherapy (nCRT) and
anti-PD-L1 (atezolizumab) from the PERFECT study (NCT03087864) were included and 26 patients from
a previously published nCRT cohort. Blood samples were collected at baseline, on-treatment, before and
after surgery. Response groups for comparison were defined as pathological complete responders (pCR)
or patients with pathological residual disease (non-pCR). Based on multicolor flow cytometry of PBMCs, an
immunosuppressive phenotype was observed in the non-pCR group of the PERFECT cohort, characterized
by a higher percentage of regulatory T cells (Tregs), intermediate monocytes, and a lower percentage of
type-2 conventional dendritic cells. A further increase in activated Tregs was observed in non-pCR patients
on-treatment. These findings were not associated with a poor response in the nCRT cohort. At baseline,
immunosuppressive cytokines were elevated in the non-pCR group of the PERFECT study. The suppressive
subsets correlated at baseline with a Wnt/pB-Catenin gene expression signature and on-treatment with
epithelial-mesenchymal transition and angiogenesis signatures from tumor biopsies. After surgery mono-
cyte activation (CD40), low CD8+Ki67+ T cell rates, and the enrichment of CD206+ monocytes were
related to early recurrence. These findings highlight systemic barriers to effective ICI and the need for
optimized treatment regimens.
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Introduction . .
after nCRT.? The hazard ratio for disease recurrence or death

The main treatment modality for locally advanced resectable
esophageal adenocarcinoma (rEAC) is a combination of che-
motherapy, radiotherapy, and surgery. In several countries the
neoadjuvant CROSS regimen is considered a standard of care
for rEAC." However, despite the benefit of neoadjuvant che-
moradiotherapy (nCRT) over surgery alone, 49% of patients
will develop disease recurrence within 5 years.” Recently, the
CheckMate 577 trial established the value of adjuvant nivolu-
mab (anti-PD-1 antibody) in patients with residual disease

was 0.69 (95% CI, 0.56 to 0.86) in favor of the nivolumab arm.

In a non-randomized phase II study (PERFECT) we inves-
tigated whether the addition of an immune checkpoint inhibi-
tor (ICI), atezolizumab (anti-PD-L1), to nCRT enhanced the
efficacy of neoadjuvant treatment.* Treatment was feasible but
there was no significant difference in response or survival
compared to a propensity matched nCRT cohort.* However,
there is a strong relationship between pathological complete
response (pCR) and long-term outcome, not only for

CONTACT Tom van den Ende @ t.vandenende@amsterdamumc.nl @ Department of Medical Oncology, Amsterdam UMC, University of Amsterdam, Meibergdreef 9,

Amsterdam 1105 AZ

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/2162402X.2023.2233403

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the

posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0003-2830-2310
https://doi.org/10.1080/2162402X.2023.2233403
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2023.2233403&domain=pdf&date_stamp=2023-07-13

2 (&) T.VAN DEN ENDE ET AL.

chemoradiation in esophageal cancer but also for neoadjuvant
ICL>° Identifying factors related to pathological response
could lead to better patient selection through biomarkers or
identify mechanisms of treatment resistance. In several tumor
types flow cytometry of peripheral blood mononuclear cells
(PBMC:s) has identified a number of checkpoint molecules and
cell types which are altered under the influence of systemic
therapy.”® In patients with lung cancer and melanoma treated
with anti-PD-1 or anti-CTLA-4 immunotherapy, complete and
partial radiological responders had higher expression of PD-1
on CD8+ on-treatment or more baseline CD69+ natural killer
(NK) cells compared to non-responders.”'® In poor responders
higher frequencies of inhibitory myeloid-derived suppressor
cells (MDSCs) or regulatory T cells (Tregs) were found in
patients treated with an anti-CTLA-4 antibody (melanoma)
or a bi-specific T cell engager (B-precursor acute lymphoblastic
leukemia).'"'* Flow cytometry of immune cells thus provides
important clues for response and resistance mechanisms in the
immunotherapy setting.

The abundance of certain PBMC subsets in different response
groups is most likely driven by inter-compartmental cross-talk
between the tumor microenvironment (TME), lymph nodes, and
the blood compartment.® Local immune evasion harnessed by
tumor cells can affect immune cell subsets within the TME and,
through the lymph nodes, may have a profound influence on the
PBMC compartment.*'> A relevant example of the aforemen-
tioned crosstalk in the context of esophageal cancer is the release
of TGF-P from cancer cells in response to radiation, which can
lead to the expansion of immunosuppressive Tregs in vitro.'* The
release of therapy-induced TGF-p has also been linked in rEAC to
epithelial to mesenchymal transition (EMT)."® EMT is character-
ized by the gradual transformation of epithelial cells to
a mesenchymal phenotype which endows them with more immu-
nosuppressive and migratory properties.'®'” However, it is not yet
known whether the immunosuppression associated with EMT in
the TME can be measured in the peripheral blood. Besides offering
novel prognostic or predictive parameters, this may have impor-
tant implications for the design of new therapeutic strategies based
on combined immunotherapeutic approaches. We hypothesize
that immunosuppressive pathways such as EMT activated within
the TME are reflected in PBMC subsets.

In this immune monitoring study, we aimed to identify differ-
ential immune profiles based on response status through 14-color
-flow cytometry phenotyping of PBMCs and serum cytokine
measurements of ICI + nCRT treated rEAC patients before and
throughout treatment. Flow cytometry results were compared
with an nCRT cohort to find signatures specific for the neoadju-
vant ICI combination. In addition, an exploratory analysis was
performed on the relationship between PBMC subsets and tran-
scriptomic signatures measured in tumor biopsies.

Patients and methods

This is a translational exploratory immune profiling substudy
of the previously published single-arm PERFECT trial
(NCT03087864) investigating the safety and efficacy of atezo-
lizumab, a PD-L1 antibody, combined with nCRT, and subse-
quent esophagectomy for patients with rEAC.* In this trial we
collected blood samples including heparin and serum tubes at

baseline (B), on-treatment in week 5 (OT), before surgery (S)
and 3 months after surgery (FU). From the heparin tubes,
PBMCs were isolated by gradient centrifugation for flow cyto-
metry analysis, and serum was stored at —80°C for cytokine
measurements. An exploratory comparison of the flow cyto-
metry results was performed with a previously published rEAC
cohort treated with nCRT without ICL.” Both cohorts included
histologically confirmed, stage IT and III esophageal- or gastro-
esophageal junction adenocarcinomas treated with nCRT
given according to CROSS." All patients provided written,
informed consent for study participation. This study was con-
ducted in accordance with the Declaration of Helsinki and the
international standards of good clinical practice.

Patient groups

A selection of 24 patients from the PERFECT trial were included
for this immune monitoring study based on response to neoadju-
vant treatment. Response was assessed after neoadjuvant therapy
by PET-CT to rule out pre-operative progression and for patients
who proceeded to surgery by the pathologist in the resection
specimen according to the tumor regression grade (TRG). In this
study we included the pathological complete responders (pCR;
ypTONO; n=9) and a representative selection of the non-pCR
patients (n = 15) with subtotal (ypTON+ or TRG2; n =5), partial
responders (TRG4; n = 5) and patients with pre-operative progres-
sion (n=>5). From the nCRT-only cohort all 26 patients were
included as exploratory comparator to the PERFECT study.”
From the 26 patients, seven had a pCR and 19 had residual disease
in the resection specimen (non-pCR).

PBMC isolation

PBMCs were isolated from heparinized blood (20 ml) and
cryopreserved until analysis, all as previously described.'® In
brief, a ficoll (Lymphoprep, STEMCELL technologies) gradient
centrifugation protocol was used to isolate the PBMC fraction.
The PBMC fraction was viable frozen with cell freezing med-
ium (25% dimethyl sulfoxide, 75% fetal calf serum) and stored
in liquid nitrogen until defrosted upon analysis.

Flow cytometry of PBMCs

Flow cytometry was performed on thawed PBMCs with multi-
color panels to characterize the frequency and activation status of
lymphocytic, dendritic, monocyte, and myeloid subsets as pre-
viously published.” The samples collected before, during, and
after treatment were stained according to customized panels
(Table S1) and measured on a flow cytometer (LSRFortessa,
BD). Due to a remarkably higher activation of monocytes in
patients with a poor outcome at FU, the samples were further
characterized by a panel based on different macrophage markers
(Table S2). Patients were stained in multiple batches in a random
order to make sure the response groups were not acquired
together. Standard compensations for every channel were made
and updated to ensure consistency in the obtained results.
Application settings were used to ensure the reproducibility of
the experiments. Non-lineage markers were gated against



a control tube without the fluorophores of interest. For gating
procedures in FCS Express Version 6, see Fig. S1-S3.

Serum cytokine measurements

Thawed serum samples were only available and used from the
PERFECT trial at baseline, on-treatment, and before surgery.
Serum samples were tested by enzyme-linked immunoassay
(ELISA; R&D Systems, DuoSet, Minneapolis, Minnesota) to mea-
sure latent and active TGF-P1 according to the instructions of the
manufacturer. A custom cytokine panel (IL-6, IL-8, IL10, CXCL9,
CXCL10, CCL2, CCL5, and VEGF) was used to measure serum
levels by cytometric bead array (CBA; BD, Flex-set, Franklin Lakes,
New Jersey) on the LSRFortessa according to manufacturer’s
instructions. Measurement of supernatant through CBA (IL-6,
IL-8, IL10, CXCL10, TNF, CCL2, and CCL5) from magnetic-
activated cell sorted CD14+ PBMCs from the FU time-point was
done before and 24 h after stimulation according to the following
conditions: M1 (100 ng/ml LPS and 20 ng/ml IFN-y) M2a (10 ng/
ml IL-4 and 10 ng/ml IL-10) and Poly IC (100 ug/ml).

RNA-sequencing data-set

The previously reported RNA-sequencing set with baseline
and on-treatment biopsies from PERFECT (GSE165252)
was used to correlate PBMC subsets to the MSigDB
Hallmark gene sets."” Moreover, exploratory sub-analyses
were performed based on a library of EMT signatures
(EMTome) and a canonical 16-gene EMT signature vali-
dated in a pan-cancer cohort of The Cancer Genome Atlas
(TCGA).***! This 16-gene EMT signature consists of 13
mesenchymal markers (VIM, CDH2, FOXC2, SNAII,
SNAI2, TWIST1, FN1, ITGB6, MMP2, MMP3, MMP9,
SOX10, GCS) and three epithelial marker genes (CDHI,
DSP, and OCLN).”" An EMT score per biopsy was calcu-
lated by adding up the values of the log2 transformed
values for the mesenchymal markers subtracted by the
epithelial markers. Changes between baseline and on-
treatment were calculated by the following calculation:
delta EMT = on-treatment EMT score minus baseline EMT
score. A validated three-gene signature (CCR8, MAGEH],
and LAYN) was used to estimate the abundance of intra-
tumoral Tregs by calculating a Z-score across biopsies, and
this was correlated with the MSigDB Hallmark gene sets.*”

Statistical analyses

The unpaired T-test (normal distribution) was used to com-
pare the pCR to the non-pCR group for each immune cell
subtype and the expression of surface proteins within subsets.
For the FU samples from PERFECT we compared patients with
a recurrence vs. no recurrence with the unpaired T-test (nor-
mal distribution). The Mann - Whitney U test was used to
compare changes between time-points and the cytokine levels
between the pCR and non-pCR groups as this data was not
normally distributed. Longitudinal analyses were tested
through a mixed-effects model to assess the overall change
over time. Correlations were assessed through the Pearson
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correlation coefficient. The Cox proportional-hazards model
including the logrank test was used to compare progression-
free survival (PFS) and disease-free survival (DFS). The appli-
cation Cutoff Finder or split on the median was used to stratify
patients in two groups for Kaplan - Meier analysis.”” Data
cutoff for the survival analyses was 04-01-2021. GraphPad
Prism version 9.1 and SPSS version 26.0 (IBM) were used for
statistical analyses. An a below 0.05 was regarded as statistically
significant. All statistical tests were conducted two-sided.

Results

The baseline characteristics and clinical outcomes of included
PERFECT trial patients (n=24) are described in Table 1.
Clinical characteristics from the nCRT-only cohort are also
given in Table 1 and were comparable to those of PERFECT
patients.” Baseline and on-treatment samples were available in
PERFECT from 24 patients, before surgery from 16 and 3
months after surgery from 15 patients. In the nCRT-only
cohort baseline samples were available from 26 patients, on-
treatment from six patients and before surgery from 13
patients.

Immunosuppressive PBMC profiles observed in
non-complete responders

Multicolor flow cytometry was performed on PBMCs of rEAC
patients to assess systemic immune changes before and
throughout treatment, Figure 1a. At baseline we observed dis-
tinct differences in the main immune cell subsets between the
response groups of the PERFECT trial (pCR vs. non-pCR) as
shown in a heatmap, Figure 1b. A higher mean % of immuno-
suppressive Tregs (3.48% vs. 4.60%, p = 0.02; Figure 1c) was
found in the non-pCR group, while the pCR group had
a higher % of type-2 conventional dendritic cells (cDC2;
0.45% vs. 0.27%, p = 0.003; Figure 1d). Two suppressive subsets
from the myeloid lineage were also more abundant in the non-
pCR group: intermediate monocytes (IM; CD14+CD16+,
1.94% vs. 3.68%, p=0.01; Figure le) and early myeloid-
derived suppressor cells (eMDSCs; lineage-CD14-HLA-DR-
CD33+CD11b+, 0.24% vs. 0.61%, p =0.04; Figure 1f). Next,
we assessed different immune stimulatory and suppressive
checkpoints on each subset. Only CTLA-4+ expression on
CD8+ T cells (pCR 2.75% vs. non-pCR 5.36%, p=0.01;
Figure 1g) and HLA-DR+ on CD16-CD56+ NK cells (pCR
52.80% vs. non-pCR 36.95%, p = 0.03; Figure 1h) differed sig-
nificantly between both response groups at baseline.
Additionally, we investigated if baseline PBMC subsets were
related to survival: a high percentage of Tregs (Log-rank p =
0.04) and low number of cDC2 (Log-rank p = 0.03) were both
associated with poor PFS while IM and eMDSCs were not,
Fig. S4.

In the PERFECT trial we evaluated the dynamics of the
following major PBMC subtypes: T cells (CD3), monocytes
(CD14), B cells (CD19), and NK cells (CD56) by a mixed-
effects model. A significant drop in T cells was observed
irrespective of response on-treatment (Figure 2a). This was
accompanied by an increase in the monocyte fraction
(Figure 2b). Moreover, on-treatment the % of B cells
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Table 1. Baseline characteristics and clinical outcomes from both patient

cohorts.

Variables

Age, years

Median

Range

Sex

Male

Female

Clinical tumor stage
cTx

12

73

cT4a

Clinical nodal stage
cNx

cNO

cN1

cN2

cN3

Tumor location

Mid

Distal

GEJ

Pathological response
pCR

ypT+ or ypN+ or progression
Recurrence

Yes

No

PERFECT nCRT-only
(n=24) (n=126)
66 67,5
(40-73) (42-79)
21 (87.5) 21 (80.8)
3(12.5) 5(19.2)

0 1(3.8)
6 (25) 2(7.7)
17 (70.8) 23 (88.5)
1(4.2) 0

0 1(3.8)
8 (33.3) 11 (42.3)
11 (45.8) 10 (38.5)
5 (20.8) 2(7.7)

0 2(7.7)
2(8.3) 0
17 (70.8) 21 (80.8)
5(20.8) 5(19.2)
9 (37.5) 7 (26.9)
15 (62.5) 19 (73.1)
15 (62.5) 12 (46.2)
9 (37.5) 14 (53.8)

Abbreviations: GEJ = gastroesophageal junction; nCRT = neoadjuvant
chemoradiotherapy; pCR = pathological complete response.

(Figure 2¢) and NK cells (Figure 2d) significantly dropped
and recovered in both response groups before surgery. These
findings are consistent with myelosuppression due to the co-
administration of chemotherapy in the PERFECT trial regi-
men. Next, we assessed if subsets and checkpoints differed
between response groups based on the on-treatment time-
point, Figure 2e. A higher percentage of total Tregs (4.13% vs.
6.15%, p=0.03) and activated Tregs (aTregs; CD45RA-
FOXP3++, 2.44% vs. 4.25%, p = 0.003; Figure 2f) was found
in the non-pCR group. In matched baseline and on-treatment
samples, the aTreg fraction significantly increased in the non-
pPCR group, p =0.02; Figure 2g. Interestingly, when we com-
bined a metric for T cell proliferation (CD8+Ki67+) and the
aTreg percentage into a ratio, we discovered that the pCR
group had a higher ratio compared to the non-pCR group
(5.66 vs. 2.79, p=0.02; Figure 2h), indicating less immune
suppression in the pCR group. Findings regarding the three
different monocyte subsets were comparable to baseline with
a higher percentage of CD14+CD16+/CD16++ (respectively
intermediate and non-classical) monocytes in the non-pCR
group (Figure 2e-i). Moreover, CD14+CD16- classical mono-
cytes were consequentially higher in pCR patients (p =0.01;
Figure 2j). Other significant findings on-treatment were
a higher CD16+CD56+NK cell fraction (p = 0.049; Table S3)
and a higher percentage of CD86+ B cells in the pCR group
(p =0.04; Table S3). Correlations between subsets and survi-
val revealed a low CD8Ki67/aTreg ratio on-treatment was
associated with poor PFS (Log-rank p=10.008), while the
aTreg delta or non-classical monocytes on-treatment were
not associated with long-term outcome, Fig. S4.

At the before-surgery time-point, the distribution of subsets
was again showing higher percentages of CD14+CD16+/CD16
++ monocytes but also CD4+CD45RA-CD27+ central mem-
ory cells in the non-pCR group. The higher percentage of
central memory CD4 T cells after neoadjuvant treatment in
non-pCR patients could be related to weak (co-)stimulation of
naive CD4 T cells and their consequent inability to switch to an
effector phenotype.”*?” For the main PBMC subsets we also
investigated if changes between baseline and on-treatment or
before surgery were associated with pathological response.
Besides the change in aTregs, between baseline and on-
treatment, there were no other statistically significant differ-
ences between response groups, Table S4. A full overview of
flow cytometry results from PERFECT can be found in Table
S$3. In summary based on flow cytometry immune profiling of
PBMCs, we observed a higher abundance of immunosuppres-
sive subsets in non-pCR patients.

We next questioned whether our findings were specific
for the anti-PD-L1 regimen combined with nCRT in the
PERFECT trial. Therefore, we compared our data with
results from 26 rEAC patients treated with nCRT-only
without ICI from a previously published immune monitor-
ing study.” In the nCRT-only cohort we assessed if there
was also a difference at baseline in PBMC subsets between
response groups, Fig. S5A. Only the percentage of CD8
T-cells was significantly higher in the pCR group (37.54%
vs. 21.81%, p=0.004; Fig. S5B). No significant difference
was found between the response groups based on the base-
line immunosuppressive subsets (Tregs, CD14+CD16+ IM
monocytes, eMDSCs) earlier identified in the PERFECT
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Figure 1. Baseline flow cytometry results of PBMC subsets in patients from the PERFECT trial. a) Treatment regimen with blood sampling schedule from patients treated
with anti-PD-L1 combined with neoadjuvant chemoradiotherapy. b) Heatmap of baseline PBMC subset frequencies divided by pCR and non-pCR. The response to
neoadjuvant therapy is given on the horizontal axis. Values were normalized between 0 and 100 within each subset based on percentages from singlets (CD3, NK,
B cells, cDC1, cDC2, pDC, CD14, MMDSC, eMDSC), parent CD3 (CD8, CD4), parent CD4 (Treg, aTreg, and rTreg) and parent CD14+ (NCM, IM, and CM). The asterisk behind
subsets denotes significant differences between the pCR and non-pCR groups. c-h) Baseline PBMC subset and marker frequencies with significant differences between
the pCR and non-pCR groups. The pCR and non-pCR groups were statistically tested with the unpaired t-test. Abbreviations: cDC = conventional dendritic cells;

CM = classical monocytes; eMDSC = early myeloid-derived suppressor cells; ICl =

immune checkpoint inhibitor; IM = intermediate monocytes; mMDSC = mature

myeloid-derived suppressor cells; NCM = non-classical monocytes; nCR = non-complete response; nCRT = neoadjuvant chemoradiotherapy; NK = natural killer cell; pCR
= pathological complete response; pDC = plasmacytoid dendritic cells; Tregs = regulatory T cells.

trial, Fig. S5C-E. Next, we assessed the dynamics in major
subsets which roughly resembled the changes seen in the
PERFECT trial with a decrease in T cells and an increase in
monocytes, Fig. S6A-B. This was accompanied by
a decrease in the % of B cells and a relatively stable % of
NK cells, Fig. S6C-D. For the on-treatment time-point, the
aTregs, CD8+Ki67+/aTreg ratio, aTregs delta, and non-

classical CD14+CD16++ monocyte graphs are given in the
supplementary for illustrative purposes, Fig. S6E-F.
Relatively few samples (n=6) were available for the on-
treatment time-point in the nCRT-only cohort, and there-
fore no formal statistics were performed. A full overview of
flow cytometry results from the nCRT-only cohort can be
found in Table S5. These findings suggest that baseline



6 e T. VAN DEN ENDE ET AL.

Figure 2. Longitudinal flow cytometry results of PBMC subset rates and marker expression in patients from the PERFECT trial. a) Longitudinal results of CD3+ T cells in
the pCR group (green) and the non-pCR group (red). b) Longitudinal results of CD14+ monocytes in the pCR group (green) and the non-pCR group (red). c) Longitudinal
results of CD19+ B cells in the pCR group (green) and the non-pCR group (red). d) Longitudinal results of CD56 natural killer cells in the pCR group (green) and the non-
pCR group (red). e) Heatmap of on-treatment PBMC subset rates between the pCR and non-pCR groups. Data were normalized within each subset. For some patients no
data were available from specific markers due to insufficient cells for flow cytometry analysis. This is marked by an empty box with a cross. Values were normalized
between 0 and 100 within each subset based on percentages from singlets (CD3, NK, B cells, cDC1, cDC2, pDC, CD14, mMDSC, eMDSC), parent CD3 (CD8, CD4), parent
CD4 (Treg, aTreg, and rTreg) and parent CD14+ (NCM, IM, and CM). The asterisk behind subsets denotes significant differences between the pCR and non-pCR groups.
f) Activated Treg frequencies on-treatment with the individual values for the pCR and non-pCR groups. The pCR and non-pCR groups were statistically tested with the
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Table 2. Main baseline flow cytometry findings compared between response groups in both cohorts.

non-pCR nCRT+ICI

pCR nCRT-only non-pCR nCRT-only

Immune subset/marker pCR nCRT+ICI
Baseline
CD8+ (of CD3) 25.79 (14.16-37.38)

Tregs (of CD4)

cDC2 (of singlets)
IM (of CD14)
eMDSCs (of singlets)

(
3.48 (2.46-5.37)*
0.45 (0.31-0.61)*
1.94 (0.41-3.74)*
0.24 (0-0.64)*

30.14 (15.19-57.41)

37.54 (15.48-60.3)* 21.81 (8.93-45.6)*

(
4.60 (2.92-6.44)* 3.91 (0.96-9.91) 2.67 (0.43-14.06)
0.27 (0.10-0.59)* 0.73 (0.11-1.75) 1.04 (0.07-2.96)
3.68 (1.50-8.33)% 2.26 (0.1-6.12) 3.79 (0.29-7.26)
0.61 (0.01-1.34)* 0.07 (0-0.23) 0.13 (0-0.9)

Mean and range are given for each group. An asterisk denotes statistical significance between both response groups (T-test). Abbreviations:
c¢DC2 =type-2 conventional dendritic cells; eMDSCs = early myeloid derived suppressor cells; ICl =immune checkpoint inhibitor; IM =inter-
mediate monocytes; nCRT = neoadjuvant chemoradiotherapy; pCR = pathological complete response; Tregs =regulatory T cells.

circulating immunosuppressive subsets are associated with
therapy resistance in the PERFECT trial but not in patients
treated with nCRT-only, Table 2.

Immunosuppressive cytokines elevated in serum of poor
responders

We measured several cytokines (TGF-B1, IL-6, IL-8, IL10,
CXCL9, CXCL10, CCL2, CCL5, and VEGF) in the serum of
patients to assess their relationship to the identified PBMC
subsets (observed by cytometry to be related to response) and
directly to response to treatment in the PERFECT trial at three
time-points: baseline, on-treatment and before surgery.
Correlations were assessed between baseline cytokines, Tregs,
cDC2, intermediate monocytes, and eMDSCs, Figure 3a. Only
activated TGF- B1 positively correlated with the PBMC Treg
percentage, r=0.58, p <0.01; Figure 3b. No correlation was
found between monocytes and cytokines in serum related to
monocyte functionality and recruitment, i.e. CCL2, CCL5,
VEGF, TGF-B1, and IL10. This indicates that monocytes are
not the sole producers or interactors with these molecules.
Comparing correlations between the aforementioned baseline
subsets, Tregs were negatively correlated with ¢cDC2 abun-
dance,r =-0.47, p=0.02, Figure 3a. On-treatment there was
no significant correlation between PBMC subsets such as (a)
Tregs or monocytes and cytokine serum levels, Fig. S7.

To assess if there was also a difference in serum markers
between response groups in the PERFECT trial, we compared
serum levels between pCR and non-pCR patients. At baseline
several cytokines showed higher levels in the non-pCR group
compared to the pCR group (IL-6 p =0.03, IL-8 p = 0.02, IL-10
p =0.03 and VEGF p = 0.08; Figure 3c-f). Interestingly, baseline
IL-6, IL-10, and VEGF serum levels also correlated with each
other, suggestive of a coordinated immune suppressive pro-
gram in the non-pCR group, Figure 3a, Table S6. The same
trend between cytokine levels and non-pCR was observed on-
treatment although the difference was not statistically signifi-
cant (IL-6 p=0.10, IL8 p=0.07, VEGF p =0.08; Fig. S8). At
surgery IL-8 (p =0.03), CCL5 (p =0.04) and VEGF (p=0.02)
were significantly higher in the non-pCR group, Fig. S8.

Immunosuppressive pathways correlate with circulating
PBMC subsets

From the PERFECT trial patients RNA-sequencing data was
available from baseline and on-treatment tumor biopsies. The
sequencing data was used to identify pathways correlating with
the abundance of the identified PBMC subsets differentially
present between pCR and non-pCR patients. Baseline percen-
tage of Tregs, cDC2, intermediate monocytes, and eMDSCs
were correlated with the MSigDB Hallmark gene sets of
matched baseline biopsies (1 = 20). The Wnt/B-Catenin signal-
ing pathway positively correlated with both Tregs and inter-
mediate monocytes, p <0.05, Figure 4a. Additionally, cDC2
negatively correlated with the pancreas beta cell pathway and
intermediate monocytes positively correlated with hedgehog
signaling and myogenesis, p <0.05, Figure 4a. The eMDSC
percentage correlated with the estrogen response and P53 path-
way, p < 0.05, Figure 4a. These pathways have all been linked to
the expansion of immunosuppressive immune cells or intratu-
moral immunosuppression.”® > A full overview of the baseline
correlations can be found in Table S7.

Next, we correlated the circulating aTreg percentage, as the
most significant finding on-treatment, to the Hallmark gene
sets of matched on-treatment biopsies (n =19). The top three
pathways positively correlating with aTregs were angiogenesis,
hedgehog, and TGFp signaling, Figure 4b. We subsequently
investigated if intratumoral Tregs were also associated with the
same pathways as circulating aTregs. An intratumoral Treg
signature (CCR8, MAGEH], and LAYN) positively correlated
in on-treatment biopsies (n = 31) with the following top three
pathways: UV response down, EMT, and angiogenesis,
Figure 4c. Thus, the angiogenesis pathway was positively cor-
related with both circulating aTregs and intratumoral Tregs.
Also, TGF-p signaling and EMT, which were previously found
to be related to each other, were at the top of positively
correlating pathways, Figure 4b-c, Table S8."> Further charac-
terization of the EMT phenotype was done by correlating
a library of EMT signatures across tumor types (EMTome) to
the circulating aTregs.>>*' Several EMT signatures positively
correlated with circulating aTregs, Table S9. From these signa-
tures we identified a 16-gene pan-cancer EMT signature

unpaired t-test. g) Changes (delta) between baseline and on-treatment rates of activated Tregs with the individual values for pCR and non-pCR groups. The pCR and
non-pCR groups were statistically compared with the Mann-Whitney U test. h) The proliferating (Ki67+) CD8 T-cell to activated Treg ratio between the pCR and non-pCR
groups on-treatment. The pCR and non-pCR groups were statistically tested with the unpaired t-test. i-j) The CD14+CD16++ non-classical monocytes and CD14+CD16-
classical monocytes on-treatment with the individual values for the pCR and non-pCR groups. The pCR and non-pCR groups were statistically tested with the unpaired
t-test. Abbreviations: CM = classical monocytes; ICI = immune checkpoint inhibitor; IM = intermediate monocytes; NCM = non-classical monocytes; non-pCR = non-
complete response; nCRT = neoadjuvant chemoradiotherapy; pCR = pathological complete response; Tregs = regulatory T cells.
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Figure 3. Cytokine levels in serum samples from patients treated in the PERFECT trial. a) Pearson correlation matrix between baseline subset rates and serum cytokine
levels. Statistically significant correlations are highlighted by black outlined squares, p < 0.05. b) Pearson correlation of CD4+ Tregs and activated TGF-B1 at baseline. c-f)
Serum concentrations of IL-6, IL-8, IL-10, and VEGF at the baseline of the pCR and non-pCR groups. The pCR and non-pCR groups were statistically compared with the
Mann-Whitney U test. Abbreviations: eMDSC = early myeloid-derived suppressor cells; IL = interleukin; IM = intermediate monocytes; non-pCR = non-complete
response; PB = peripheral blood; pCR = pathological complete response; TGF-B1 = transforming growth factor B1; Tregs = regulatory T cells.

previously validated in the TCGA dataset including in EAC
samples (see methods). This signature was used to estimate the
change in EMT between matched baseline and on-treatment
biopsies (n=15). There was a positive correlation between
induction of EMT and the change in circulating aTregs, r=
0.54, p =0.04; Figure 4d. Interestingly, the CD8Ki67/aTreg
ratio negatively correlated with the EMT signature, and based
on both markers, two subgroups could be demarcated (gray
lines: immunosuppressive low top-left corner vs. immunosup-
pressive high), r=-0.56, p=0.01; Figure 4e. Having estab-
lished that EMT and the CD8Ki67/aTreg ratio were related to
each other, we investigated if both were related to PFS. After
combining the on-treatment CD8+Ki67+/aTreg ratio and
EMT signature, a relationship with long-term outcome was
observed. Patients who were immunosuppressive low
(CD8Ki67/aTreg ratio >median 2.31 and EMT low <median
91.1) had better PFS compared to immunosuppressive high
(CD8Ki67/aTreg ratio <median 2.31 or EMT high >median
91.1), HR=0.32 95% CI 0.12-0.88, p =0.04; Figure 4f. The
combined analysis performed better than EMT alone (cutoff

median 91.1, log-rank p=0.57) but not better than the
CD8Ki67/aTreg ratio alone (cutoff median 2.31, log-rank p =
0.02). These findings suggest that immunosuppressive path-
ways such as EMT in the TME are related to intratumoral and
circulating (a) Tregs and together with the CD8Ki67/aTreg
ratio correlates with PFS.

PBMC subsets related to recurrence after surgery

For the 3-month time-point after surgery, we investigated if
PBMC subsets or related markers were associated with recur-
rence of disease in the PERFECT trial. Out of 15 patients with
data available from flow cytometry 11 experienced a recurrence
vs. four who remained disease-free after a median of 809 days
of follow-up. The % of CD8Ki67 positive T-cells was higher in
patients without recurrence (p = 0.04; Figure 5a). In contrast,
the % of intermediate monocytes was higher in patients who
developed a recurrence (p = 0.04; Figure 5b). Moreover, the %
of CD40+ monocytes in all three subsets was related to recur-
rence (Figure 5c-e). A full overview of flow cytometry results of
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Figure 4. Relationship between transcriptomic signatures in tumor biopsies and PBMC subsets in the PERFECT trial. a) Correlation between the MSigDB Hallmark gene-
sets from baseline tumor biopsies and baseline PBMC subsets. Statistically significant correlations are highlighted by black outlined squares, p < 0.05. b) Correlation
between the MSigDB Hallmark gene-sets from on-treatment biopsies and on-treatment circulating aTregs which reached a p value < 0.1. ¢) Correlation between the
MSigDB Hallmark gene-sets from on-treatment biopsies and on-treatment intratumoral Tregs which reached a p value < 0.1. d) Correlation between the delta EMT
signature between baseline and on-treatment and the delta aTregs measured by flow cytometry of PBMCs. ) Correlation between an EMT signature and the CD8+Ki67
+/aTreg ratio measured by flow cytometry of PBMCs on-treatment. The gray lines demarcate the immunosuppressive low (top left corner) and immunosuppressive high
groups from each other. f) Kaplan-Meier of PFS between patients with who were immunosuppressive low (CD8Ki67/aTreg ratio >median and EMT low <median)
compared to immunosuppressive high (CD8Ki67/aTreg ratio <median or EMT high >median). In case no biopsy was available to measure EMT (n = 5) the CD8+Ki67
+/aTreg ratio was used to classify patients. Abbreviations: aTreg = activated regulatory T cell; EMT = epithelial — mesenchymal transition; OT = on-treatment;

PB = peripheral blood; PFS = progression-free survival; Tregs = regulatory T cells.

the follow-up time-point can be found in Table S10. The
activation status (CD40 expression) of classical (HR =0.26
95% CI 0.08-0.88, p = 0.02; Figure 5f) and intermediate mono-
cytes (HR=0.31 95% CI 0.09-1.01, p =0.06; Figure 5g) was
related to DFS. Patients with low (<median) levels of expres-
sion showed superior DFS. To further explore the phenotype of
monocytes after surgery based on recurrence status, we devel-
oped a flow cytometry panel based on M1 and M2 macrophage
markers, Table S2. Only CD206 showed a statistically signifi-
cant difference between both groups with a higher % of CD14
+CD206+ M2-like monocytes in patients with a recurrence,
Figure 5h. In the CD14+CD206+ population a higher % of
CD163, CD169, PD-L1, and CD80 expression was found com-
pared to the CD14+CD206- group, Figure 5i. These findings
suggest that PBMC from patients with a recurrence are
enriched for monocytes with an M2-like suppressive

phenotype 3 months after nCRT/ICI treatment and surgery.
Functional stimulation of CD14+ isolated monocytes from
PBMCs with LPS/IFNy (M1-skewing cocktail), IL-4/IL-10
(M2a-skewing cocktail) or poly IC did not reveal any difference
in cytokine profile based on recurrence status, Fig. S9.

Discussion

In this immune monitoring sub-study of the anti-PD-L1/nCRT
PERFECT trial, we investigated circulating immune cells
through flow cytometry analysis and cytokine measurements
in patients with rEAC. The non-pCR group had higher per-
centages of immunosuppressive immune cells and elevated
cytokine levels compared to patients who had a pCR.
Notably, circulating Treg and monocyte subsets were more
abundant, while ¢DC2 cells were lower in the non-pCR
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Figure 5. PBMC flow cytometry results three-months after surgery from the PERFECT trial stratified according to eventual recurrence status. a-e) Subset rates and marker
expression levels from patients with and without a recurrence (unpaired t-test). Asterisk indicates statistical significance. f-g) Kaplan Maier of DFS between patients who
were high or low in their percentage of classical or intermediate monocytes with CD40 expression, based on the median (<median vs. >median). h) The percentage of

CD14+CD206+ cells in patients with and without a recurrence at FU. i) Macropha

ge markers across the CD206+ fraction and CD206- fraction from FU PBMC samples.

Abbreviations: CM= classical monocytes; FU= three-months after surgery; IM= intermediate monocytes.

group. Interestingly, this was not observed in a cohort of
nCRT-only treated patients. Several immunosuppressive path-
ways in tumor biopsies were positively correlated with circu-
lating Tregs and monocytes. Three months after surgery
monocyte activation status, related to an M2-like phenotype,
and a lack of CD8+Ki67+ T cells was predictive of recurrence.

By flow cytometry and serum analyses, we observed an
immunosuppressive subset profile in non-pCR patients. The
non-responders from the PERFECT trial had more Tregs at
baseline and an expansion of aTregs on-treatment reflected by
a greater increase in the non-pCR group versus the pCR group.
Tregs and a ratio for effector/regulatory T-cells have previously
been linked to poor response and prognosis in several tumor

18,33-35 . 1
types. Moreover, Tregs have been associated with inhi-

bition of cDC2 cells present in tumor draining lymph nodes.>®
The ¢DC2 cells are in this way not able to support
a conventional CD4 T-cell response to anti-PD-1 therapy.*
In our study we also observed a higher percentage of baseline
¢DC2 in responders with a relatively lower Treg population.
This response pathway related to cDC2 and CD4 anti-tumor
immunity might also play a crucial role in rEAC patients
treated with anti-PD-L1/nCRT and could be measurable in
peripheral blood. Other PBMC subsets related to response
were from the myeloid lineage the CD16+ monocytes and
eMDSCs which showed higher circulating percentages in the
non-pCR group. The presence and expansion of CD16-positive



monocytes has previously been established in several tumor
types and is an instrumental subset in the crosstalk between
tumor and immune-system, resulting in tumor progression
and immune suppression.”” ** In a recently published article,
the intermediate blood monocytes of ovarian cancer patients
were related to soluble immunosuppressive mediators and
peritoneal tumor burden.*' Another myeloid subset associated
with immunosuppressive regulation, the MDSCs were identi-
fied in our study as potential mediators of therapy resistance.
MDSCs have been linked to immunosuppression and therapy
resistance across different cancer types.***>*?

In line with these flow-cytometry findings, the analyses of
serum also provided evidence for systemic immune suppression
including higher levels of IL-6, IL-8, IL-10, and VEGF in non-pCR
patients. Across tumor types, these have all been related to cancer
stage, prognosis, and immune suppression.*’ Important to men-
tion is that the flow cytometry findings in our study seem to be
specific for the anti-PD-L1 combination regimen of the PERFECT
trial. Determinants of response in PERFECT were mostly immu-
nosuppressive subsets, while in the nCRT-only cohort CD8 T cell
abundance and previously identified enrichment for effector
memory CD8+ T cells were predictive of pathological response.”
It thus seems that in anti-PD-L1 non-responders there are specific
immunological barriers to mount an effective immune-response
both at baseline and throughout the course of treatment.

In the PERFECT patients we established correlations
between immunosuppressive pathways from RNA-
sequencing data of tumor biopsies and PBMC subsets. At base-
line Tregs and circulating monocytes positively correlated with
the Wnt/B-Catenin signaling pathway. This pathway can
actively regulate immune cell exclusion of the TME by inter-
acting with tumor-associated macrophages and enhance Treg
survival through Snail and B-catenin.”® Other pathways identi-
fied by us as positively correlating with intermediate mono-
cytes (hedgehog, myogenesis) and eMDSCs (estrogen, p53) or
negatively correlating with cDC2 (pancreas beta cells) have also
been linked to immune-cell exclusion and expansion of sup-
pressive immune cells in the TME.?">* Additionally, on-
treatment we identified overlap in pathways positively corre-
lating with circulating aTregs and a signature for intratumoral
Tregs. One of these was angiogenesis, which indeed can be
associated with Treg proliferation; in colorectal cancer VEGF-
A induced by the tumor can enhance circulating Treg prolif-
eration by binding to VEGFR2.** Moreover, anti-VEGF-A
(bevacizumab) treatment in colorectal cancer patients reduced
Treg proportions in peripheral blood.** Another interesting
observation was the correlation between the induction of
EMT and expansion of aTregs. The relationship between
EMT and immune suppression is well established across dif-
ferent tumor types.'” In esophageal cancer this relationship
may in part be due to the release of TGF-p by cancer cells
under the influence of chemoradiotherapy and the subsequent
conversion of CD4 T-cells into Tregs.'*'>* These Tregs are
also able to produce TGF-B and thereby even further promote
EMT as well as immune suppression.*® Interestingly in our
cohort, the induction of EMT due to nCRT was related not just
to a Treg signature in the TME, but also to a change in systemic
aTreg rates. The measurement of aTregs by flow cytometry of
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peripheral blood could serve as a marker for EMT induction.
New therapy combinations could be explored through on-
treatment monitoring and stratification based on a positive
delta threshold of aTregs or high CD8Ki67/aTreg ratio on-
treatment. Turn-around time from sample to result could be
available within 1 or 2 days. A potential clinical study design
could be based on a PD-1/PD-L1 chemoradiotherapy back-
bone and additional escalation in patients with aTreg expan-
sion on-treatment with anti-CTLA4/VEGF-A antibodies to
deplete Tregs or selective TGF-p targeting. Important ques-
tions do, however, need to be answered in future studies
regarding timing, dosing, toxicity, and biomarker validation.
Remarkably, 3 months after surgery, the expression of CD40
on monocytes was predictive for eventual disease recurrence in
the PERFECT trial. The CD40 costimulatory receptor can be
found on a broad variety of antigen-presenting cells including
monocytes.*” Activation of CD40 on monocytes can lead to the
induction of proinflammatory cytokines (IL-1a, IL-1b, TNF-a,
IL-6, and IL-12) and chemokines (IL-8, CCL2, CCL3, CCL4,
and CCL5).”” Depending on the context, CD40 on monocytes
can be pro-tumorigenic or tumoristatic.*” Evidence is emer-
ging that CD40 may be involved in the activation status of
tumor-associated macrophages and systemic
immunosuppression.*”** We also found less proliferating
CD8+ T-cells in patients with a recurrence indicating there
may be systemic barriers suppressing T-cell activity. The out-
growth of subclinical minimal residual disease into apparent
metastases could be related to systemic T-cell suppression
induced by monocytes and macrophages.*’ In our cohort we
found a CD206+ M2-like monocyte subset with potential sup-
pressive capacity (CD163+ and PD-L1+), although we could
not establish any functional cytokines which might be involved
in such T-cell suppression after M1/M2a stimulation of CD14+
macrophages.*”*® The latter might be related to the low fre-
quency of CD206+ cells or a different mechanism of action
through cell-cell interaction or paracrine signaling. Another
aspect relevant in this patient group is the relationship between
surgery, inflammation, and the release of immunosuppressive
factors.”' The recruitment of neutrophils and monocytes to the
wound bed can reeducate these cell types to become immuno-
suppressive and pro-tumorigenic.”' Although it must be noted
that surgery-related changes are usually transient, they could
nevertheless have created an immune suppressive window.”*>>
In conclusion, after additional validation, the expression of
CD40 on monocytes could be a new biomarker for recurrence.

Conclusions

Immuno-monitoring of peripheral blood from rEAC
patients by flow cytometry revealed distinct differences in
the systemic immune-profile between complete and incom-
plete responders of the neoadjuvant PERFECT trial. Non-
responders were defined by the presence of immunosup-
pressive subsets such as: Tregs, CD16+ monocytes and
eMDSCs as well as elevated levels of immune suppressive
cytokines. Pathways activated in the TME and associated
with immune-exclusion, including the Wnt/p-Catenin
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pathway, positively correlated with these subsets. The abun-
dance of aTregs on-treatment was associated with the angio-
genesis pathway and induction of EMT. After surgery
monocyte activation (CD40), low rates of CD8+Ki67+
T-cells and the enrichment of CD206+ monocytes were
related to early recurrence within 2 years. This study iden-
tified systemic immunosuppressive barriers to neoadjuvant
immuno-chemoradiotherapy and identified potential targets
for future clinical studies.
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