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ABSTRACT

The tumor microenvironment (TME) of esophageal squamous cell carcinoma (ESCC) impacts tumor
progression but is poorly understood. We obtained tumor tissues from 279 patients after esophagectomy
and characterized the TME in intraepithelial and stromal regions using multiplex fluorescent immunohis-
tochemistry (mflHC). A heterogeneous immune population infiltrating tumor and the uninvolved eso-
phageal tissue were observed. The infiltration of intraepithelial programmed death ligand 1 (PD-L1)-
positive tumor-associated macrophages (TAMs) and stromal granzyme B* activated cytotoxic T cells
(aCTLs) correlated with both prolonged overall survival (OS) and disease-free survival (DFS). The intrae-
pithelial memory T cell infiltration predicted longer OS, while intraepithelial and stromal regulatory T cell
(Treq) infiltration was associated with shortened OS and DFS, respectively. Multivariate models combining
immune infiltrates and clinicopathological factors outperformed tumor-node-metastasis (TNM) stage in
predicting OS and DFS at 3 and 5 years. The infiltration of Treg inversely correlated with that of the
antitumor effectors including CTLs, aCTLs, and natural killer (NK) cells. Intraepithelial memory T cell
infiltration also negatively correlated with PD-L1 expression. In spatial analysis, intraepithelial dendritic
cell (DC)-memory T cell engagement increased in high PD-L1* TAM infiltration group. The characterization
of the TME revealed a complex interplay between immune populations and may be employed to stratify
patient for prognosis prediction and immunotherapy.
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Introduction
immune populations, these infiltrates are highly specialized,

Esophageal cancer is the sixth leading cause of cancer death
worldwide, and esophageal small cell carcinoma (ESCC) is the
most common type of esophageal cancer predominant in East
Asia. Standard therapy includes endoscopic or surgical resection
as well as chemoradiotherapy, but the 5-year survival rate
remains very poor at approximately 20%." Traditionally, clinical
diagnoses and treatment strategies are primarily based on the
assessment of tumors, such as the tumor-node-metastasis
(TNM) staging system. However, large variations in clinical
outcomes have been reported in patients with the same disease
stage, suggesting that the present staging system is inadequate
for evaluating prognosis and does not reflect the biological
heterogeneity of ESCC. Based on tumor cell gene expression,
various biomarkers have been reported to be associated with
treatment responses and prognoses in ESCC.>™* However,
tumors have increasingly been recognized as organs whose com-
plexity approaches containing a repertoire of recruited, ostensi-
bly normal cells that contribute to the tumor microenvironment
(TME) in addition to cancer cells.” Mainly composed of host

transcriptionally dynamic and extremely heterogeneous in
regards to their phenotypes and functions, and have been impli-
cated in each step of tumor development.®™® Therefore, infiltrat-
ing immune cells in the TME have become a focus of cancer
research and pharmaceutical development.’

Based on the immune landscape, cancer cells with high
immunogenicity are considered to induce antitumor immunity
in the early stage of tumor development. Natural killer (NK)
cells control tumor growth and mediate a robust anti-metastatic
effect by antibody-dependent cellular cytotoxicity, as well as
cytokine and chemokine secretion.'® Dendritic cells (DCs) initi-
ate all adaptive immune responses by uptaking, processing, and
presenting tumor antigens to activate CD8" and CD4" T cells."!
CD8" cytotoxic T cells (CTLs) play pivotal role in cytotoxic
activity toward tumor cells, where activated CTLs (aCTLs)
release cytotoxic granules leading to target cell death.'> CD4"
helper T cells (Ths) are comprised of distinct subsets, mediating
either pro- or anti-cancer immune response.”> Following the
effector phase, a pool of antigen-experienced cells expanded as
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memory T cells, persisting to provide durable immunological
memory.'* Meanwhile, cancer cells can also over-express inhi-
bitory molecules such as programmed death ligand 1 (PD-L1)
and induce regulatory cells such regulatory T cells (Tregs) to
impair the antitumor immunity. PD-L1 can bind to pro-
grammed death-1 receptor (PD-1) on T cells and causes T cell
anergy and apoptosis, renders tumor cells resistant to CTL-
mediated lysis.'> Tregs are capable of suppressing a wide
range of antitumor immune responses, accelerating tumorigen-
esis, and enhancing metastasis.'® Tumor-associated macro-
phages (TAMs), however, exist on a phenotypic spectrum,
ranging from anti-tumoral M1 and pro-tumoral M2 state.'”'®

Given that these tumor-infiltrating populations might affect
the outcome of cancer to different extent, an increasing number
of studies have explored the prognostic significance of host
infiltrating immune populations; however, their clinical implica-
tions remain controversial in ESCC. For instance, Wang et al.
reported that patients with high level of CTL had better overall
survival (OS),'” whereas others found that patient survival was
independent of the level of CTL.*° Similarly, Th infiltration was
reported to be associated with better outcomes by Chen et al.,,!
while Hao et al. revealed that Th infiltration had no prognostic
correlation.”” Though Tregs possess immunosuppressive capa-
cities in cancer immunity, Yoshioka claimed that Treg infiltra-
tion was not a factor to predict patient prognosis.”> Although
memory T cell infiltration levels were employed to predict prog-
nosis in colorectal and breast cancers,’*?> there are limited
available data about memory T cell infiltration in ESCC.***® As
for PD-L1, while some studies have reported that PD-L1 expres-
sion was associated with poor prognosis,”’ others suggested that
PD-L1 expression increased survival in ESCC patients.”** And
prognostic significance of NK cell, DC, and TAM infiltration is
insufficient in ESCC, which requires further exploration. It is
noted that the numbers of cases were limited in some previous
studies, which may bias the evaluation of statistical difference
between groups. In addition, only one or two immune cells were
determined in a single study, lacking complete evaluation of the
complicated immune contexture of ESCC TME.

Due to the biological importance and controversial clinical
implications of these markers and cells types, in this study, we
used a novel tyramide signal amplification (TSA) multiplexing
technique® and immunolabeled cells with pancytokeratin
(panCK), CD68, CD11c, CD45R0, PD-L1, CD4, CD8A, CD56,
granzyme B and forkhead box P3 (FoxP3) in the TME of
resected human ESCC and peritumoral uninvolved esophageal
tissue samples. Based on this, the associations of immune infil-
trates including TAMs, DCs, memory T cells, CTLs, aCTLs, Ths,
Tregs and NK cells in intraepithelial and stromal regions with
ESCC patient clinicopathological features and outcomes were
explored. Spatial analysis was also employed to explore the
spatial distribution of immune infiltrates in addition to their
infiltration levels.

Methods
Patients

A total of 279 pathological Stage Ib-IIIc ESCC patients (the 8th
edition AJCC TNM staging system) who underwent complete

esophagectomy at the Department of Thoracic Surgery from
September 2002 to August 2012 were enrolled. Informed con-
sent was received from patients. The patients were followed up
every month for the first 3 months, every 3 months for the
first year, every 6 months for the next 2 years, and then
annually. OS was defined as the time from surgery to death,
censoring patients who were still alive at the time of the last
follow-up, and disease-free survival (DFS) as the time from
surgery to the time with any signs or symptoms of ESCC.
Tissue microarrays (TMAs) were constructed with formalin-
fixed paraffin-embedded (FFPE) blocks of archived tumor spe-
cimens from the above 279 ESCC cases and 43 uninvolved
esophageal epithelial specimens as described previously.”
Two 1-mm cores from representative areas of each tumor or
uninvolved esophageal epithelial sample were punched and
arrayed on a recipient paraffin block.

Multiplex fluorescent immunohistochemistry (mfIHC)
staining

Two 4-pm sections from TMA blocks were subjected to m{THC
using the PANO Multiplex IHC kit (0004100100, Panovue,
Beijing, China) to examine specific cell markers including
CD11c (ab52632, Abcam), CD45RO (55618, Cell Signaling),
CD68 (ZM0060, ZSGB-Bio), panCK (4545, Cell Signaling), and
PD-L1 (13684, Cell Signaling) in panel A, and CD4 (BX50023,
biolynx), CD8A (70306, Cell Signaling), CD56 (3576, Cell
Signaling), FoxP3 (320202, Biolegend), and granzyme
B (ab4059, Abcam) in panel B. Different primary antibodies
were sequentially applied, followed by horseradish peroxidase-
conjugated secondary antibody incubation and TSA. The slides
were microwave heat-treated after each TSA operation. Nuclei
were stained with 4'-6'-diamidino-2-phenylindole (DAPI,
D9524, Sigma-Aldrich) after all the human antigens had been
labeled.

Multispectral imaging

Imaging was performed using a Vectra Multispectral Imaging
System (PerkinElmer). One image per core was captured at 200
x magnification. Each 200 x multispectral image cube was
created by combining images obtained every 10 nm of the
emission light spectrum across the range of each emission filter
cube. Five filter cubes were used for each image capture,
including DAPI (440-680 nm), FITC (520-680 nm), CY3 (-
570-690 nm), CY5 (670-720 nm), and Texas Red
(580-700 nm).

Image analysis

We used inForm Cell Analysis software (PerkinElmer) to batch
analyze all images obtained from available cores. A library was
made using single-antigen staining for each fluorophore, and
multispectral images were unmixed with color-based identifi-
cation. An algorithm was trained to segment tissue into intrae-
pithelial and stromal regions based on panCK staining. Each
cell was segmented into the nucleus, cytoplasm, and membrane
compartments and assigned with specific spatial coordinates.
Cells were phenotyped as tumoral or normal epithelial cells



(ECs) (panCK"), TAMs (CD68"), DCs (CD11c"), memory
T cells (CD45RO™), CTLs (CD8A'CD4 CD567), granzyme
B* aCTLs (granzyme B*CD8A'CD4 CD567), Ths
(CD4"FoxP3"CD8A™), Tregs (CD4"FoxP3"CD8A™), and NK
cells (CD56"), and the intensity for each marker in all com-
partments was recorded. All phenotyping and analysis were
conducted while blinded to sample identification and clinical
outcomes.

Spatial analysis

Each image with phenotyped cells was considered a bivariate
planar marked point pattern, which can be characterized by the
K-function using the spatstat R package. Ripley defined the
K-function for a stationary point process so that K(r) is the
expected number of other points of the process within
a distance r of a typical point of the process.”> The
K-function is defined as follows:

K(r) = %E[n(X AP, I\ (s} )| € X]

Theoretically, the value of the K-function is K(r) = nr?, with
cells of two types independent of each other satisfying the
Poisson hypothesis.

A commonly used transformation of K is the L-function,
which transforms the Poisson K-function to the straight line
Lpois(r) = r, making the visual assessment of the graph much
easier. The square root transformation also approximately
stabilizes the variance of the estimator, making it easier to
assess deviations. The L-function is defined as follows:

For each image, the L-function was estimated for a range of
r from 0 to 20 pum, and the corresponding area under curve
(AUC) was calculated to estimate intercellular engagements.
Higher AUC value corresponded to higher engagement level.

Statistics

Statistical analyses of mfIHC data were performed with SPSS
25.0 (IBM Corporation). Statistical analyses of immunobhisto-
chemical quantifications were performed using a Student’s
t-test or analysis of variance, as appropriate. ESCC patients
were stratified into high or low immune infiltration groups
based on the cutoff value defined by X-tile, which was substi-
tuted with the median value when X-tile suggested 0 for the
cutoff value. The correlation between immunohistochemical
quantifications and clinicopathological parameters were deter-
mined by chi-square analysis. For survival analysis, significant
differences were evaluated with the log-rank test and plotted
with Kaplan-Meier analysis. Factors with a P value < .1 in the
log-rank test that satisfied Cox proportional hazard assump-
tions were included in multivariate Cox regression analysis
with forward selection. Notably, when the correlation coeffi-
cient of various factors was larger than 0.8, only factors with
lower P values in the log-rank test were included in the multi-
variate Cox regression analysis. The prognostic accuracies of
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the Cox models were evaluated using a time-dependent recei-
ver operating characteristics (ROC) with timeROC R package.
Coefficients of Spearman’s rank correlation or Pearson’s cor-
relation were computed to describe associations among factors.
A P value < .05 from a two-sided test was considered statisti-
cally significant.

Study approval

Collection of samples for this study and experiments per-
formed were approved by the Ethics Committee of Sun Yat-
sen University Cancer Center (GZR2020-275).

Results

Heterogeneous immune populations infiltrate ESCC and
uninvolved esophageal tissue

Samples of tumor cores from 279 patients with ESCC after
esophagectomy and uninvolved esophageal tissue specimens
from 43 patients were obtained for TMAs. With a novel multi-
plex immunolabelling protocol using opal fluorophores, we
evaluated the ESCC immune microenvironment by staining
FFPE tissue sections for panCK, CD68, CD11c, CD45RO, PD-
L1, CD8A, CD4, CD56, granzyme B and FoxP3 (Figure 1a and
b), respectively. Based on these markers and the morphology,
cells were phenotyped as tumoral or normal ECs (panCK"),
TAMs (CD68™), DCs (CD11c"), memory T cells (CD45RO™),
CTLs (CDS8A*CD4 CD567), aCTLs (granzyme
B"CD8A*CD4™CD567), Ths (CD4"FoxP3"CD8A™), Tregs
(CD4"FoxP3"CD8A"), and NK cells (CD56") (Figure 1c and
d). Tissues were segmented into intraepithelial and stromal
regions (Figure 1le) and cells were segmented into the nucleus,
cytoplasm, and membrane compartments (Figure 1f). For each
immune population, the ratio of the cell count to total cell
count was calculated in intraepithelial and stromal regions
separately, based on tissue segmentation, and each cell was
visualized by cell segmentation for analysis. For comparison,
cores of uninvolved esophageal tissue were also stained with
the same protocol as tumor cores for panel A (Figure 1g) and
panel B (Figure 1h). Corresponding hematoxylin-eosin (HE)
staining images of the tumor and uninvolved tissue were
shown in Supplementary Figure 1. The average percentage of
cell counts was calculated per patient when there were two
TMA cores available. Cores were excluded if no tissue was
analyzable due to inaccurate sampling position or tissue loss
in processing. As a result, tumor cores from 269 and 220
patients for intraepithelial regions, and 268 and 224 patients
for stromal regions were analyzed in panel A and panel B,
respectively. Uninvolved tissue cores from 42 and 35 patients
for intraepithelial regions, and 42 and 32 for stromal regions
were analyzed in panel A and B, respectively.

The immune infiltration level was compared between ESCC
and peritumoral uninvolved esophageal epithelial tissues.
There was positive expression of the immune checkpoint PD-
L1 in both tumor and peritumoral tissues, and PD-L1" cells in
intraepithelial regions were present at a higher ratio in unin-
volved tissue (74.28%) than in tumor tissue (32.59%, P < .001,
unpaired t-test), while no significant difference was found in
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Figure 1. Opal multiplex analysis of human ESCC identifies different immune subpopulations. (a and b) Representative images displaying the same TMA cores of tumor
after multispectral merged imaging for panel A (a) and panel B (b). (c) Magnified subsection of the core outlined in (a) (green, CD11¢; red, CD45R0; magenta, CD68; cyan,
panCK; orange, PD-L1 and blue, DAPI). (d) Magnified subsection of the core outlined in (b) (yellow, CD4; orange, CD8; cyan, CD56; red, FoxP3; green, granzyme B and
blue, DAPI). (e and f) Composite image subjected to tissue segmentation (e) and cell segmentation (f). (g and h) Representative images displaying the same TMA cores of
uninvolved tissue after multispectral merged imaging for panel A (g) and panel B (h). All scale bars equal 200 pym.

PD-L1" cell infiltration in stromal regions between tumor
tissue and uninvolved tissue (Figure 2a). Considering that
ECs and TAMs were the major components that expressed PD-
L1 in the TME, we also calculated the PD-L1" EC/EC and PD-
L1" TAM/TAM ratios. The results revealed that there was no
significant difference in the PD-L1" EC/EC ratio between
tumor tissue and uninvolved tissue (Figure 2b), and the same
pattern was also observed for the PD-L1" TAM/TAM ratio in
both intraepithelial and stromal regions (Figure 2c). TAMs

were more abundant in both the intraepithelial (14.29% vs.
0.43%, P < .001) and stromal regions (16.33% vs. 7.54%,
P < .001) of tumors than in corresponding regions of unin-
volved tissues (Figure 2d). We also observed elevated levels of
both DCs and memory T cells infiltrating the intraepithelial
regions of tumor tissue (0.88% and 4.01% for DCs and memory
T cells, respectively) compared to that of the uninvolved tissues
(0.01%, P < .001 for DCs and 0.25%, P < .001 for memory
T cells, respectively), while no such difference was found in
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Figure 2 ESCC tissue samples display heterogeneous populations of immune cell infiltrates. (a-f) Pairwise comparisons of the ratio of immune subpopulations in

intraepithelial regions and stromal regions per patient for PD-L1* cells (a), PD-L1*

EC/EC ratio (b), PD-L1" TAM/TAM ratio (c), TAMs (d), DCs (e) and memory T cells (f)

between tumoral (n=269 for IE, =268 for ST) and peritumoral uninvolved esophageal tissue samples (n=42 for IE and ST). (g-k) CTLs (g), aCTL/CTL ratio (h), Ths (i), Tregs
(j) and NK cells (k) between tumoral (n=220 for IE, n=224 for ST) and peritumoral uninvolved esophageal tissue samples (n=35 for IE, n=32 for ST). Significance was
determined by an unpaired t-test. Data are presented as the mean =+ standard deviation (s.d.). ***P<0.001, NS, not significant. IE, intraepithelial. ST, stromal.

stromal regions (Figure 2e and f). CTLs also infiltrated tumor
tissue at a higher level in both intraepithelial (14.08% vs. 3.65%,
P <.001) and stromal (14.54% vs. 4.43%, P < .001) regions than
in uninvolved tissue (Figure 2g). However, the aCTL/CTL ratio
decreased in tumor stromal regions (45.65%) as compared to
that in uninvolved tissue (68.18%, P < .001), while the ratio was
similar in intraepithelial regions of tumor tissue and tissues
(Figure 2h). The Ths (Figure 2i) and Tregs (Figure 2j) were
equally distributed in intraepithelial and stromal regions of
both tumor and uninvolved tissues. In regard to the innate
immune effectors, NK cells consistently decreased in both the
intraepithelial (13.31% vs. 28.50%, P < .001) and stromal
regions (8.73% vs. 37.29%, P < .001) of the tumor as compared
to uninvolved tissue (Figure 2k).

Association between immune infiltration and
clinicopathological factors

The association of immune infiltration levels in intraepithelial
(Supplemental Table 1) and stromal regions (Supplemental
Table 2) with clinicopathological parameters was analyzed.
The data revealed that intraepithelial NK cell infiltration cor-
related with sex (P = .002, chi-square test) and stromal NK cell
infiltration correlated with age (P =.007). The infiltration levels
of various immune subsets, including intraepithelial CTLs
(P = .038), aCTLs (P = .030) and Ths (P = .015), as well as
stromal PD-L1" TAMs (P = .020), TAMs (P = .032), DCs
(P = .014) and Ths (P = .012), were associated with tumor
length. The differentiation degree was associated with the TAM

infiltration level in intraepithelial regions (P = .006). No corre-
lation was found between TNM stage and the immune infiltra-
tion level in either intraepithelial or stromal region.

Immune infiltration correlates with ESCC patient survival

According to the cutoff value defined by X-tile, patients were
stratified into high or low immune infiltration groups. For OS,
high infiltration levels of memory T cells (P = .004 for intrae-
pithelial regions; P = .009 for stromal regions, Kaplan-Meier
analysis with the log-rank test) (Figure 3a and b) and CTLs
(P = .007 for intraepithelial regions; P = .028 for stromal
regions) (Figure 3c and d) in both intraepithelial and stromal
regions were associated with better clinical outcomes. Though
the difference was not significant in intraepithelial regions
(P=.062) (Figure 3e), increased granzyme B* aCTL infiltration
in stromal regions was also significantly correlated with longer
OS (P =.002) (Figure 3f). The high infiltration level of Tregs in
stromal regions (P = .029) (Figure 3g), but not in intraepithelial
regions (P = .064) (Figure 3h), correlated with a significant
decrease in patient OS. A high ratio of PD-L1" ECs was
significantly associated with worse clinical outcomes for OS
(P = .046) (Figure 3i), whereas patients who had high PD-L1*
TAM infiltration in intraepithelial regions had a prolonged OS
time compared to those with low infiltration level, though the
difference was not significant (P = .067) (Figure 3j). For DEFS,
the intraepithelial PD-L1* TAM infiltration (P = .011) (Figure
4a) and stromal aCTL infiltration (P = .012) (Figure 4b) corre-
lated with prolonged survival time, while Treg infiltration in
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Figure 3. Immune cell infiltration in intraepithelial and stromal regions stratifies patient OS. (a-j) Overall survival analysis of patients based on the percentage of cell
numbers per patient of intraepithelial (n=170 for low, n=99 for high) (a) and stromal memory T cells (n=222 for low, n=46 for high) (b), intraepithelial (n=92 for low,
n=128 for high) (c) and stromal CTLs (n=110 for low, n=114 for high) (d), intraepithelial (=110 for low, n=110 for high) (e) and stromal aCTLs (n=77 for low, n=147 for
high) (f), stromal Tregs (n=179 for low, n=45 for high) (g) and intraepithelial (n=110 for low, n=110 for high) (h), PD-L1* ECs (n=210 for low, n=59 for high) (i) and
intraepithelial PD-L1* TAMs (n=220 for low, n=49 for high) (j). Significance was determined using the log-rank test and Kaplan-Meier survival curves are presented. IE,
intraepithelial. ST, stromal. OS, overall survival. DFS, disease free survival.

stromal region (P = .022) (Figure 4c) predicted shortened DFS As for clinicopathological parameters (Table 1), only the
in univariate analysis. There was no significant correlation TNM stage had a significant impact on OS (P < .001) and DFS
between the infiltration level of TAMs, DCs, Ths, or NKs and (P = .007) by Kaplan-Meier analysis with the log-rank test.
OS or DEFS in this cohort of patients. The results of univariate Patients in the younger group had a longer OS time than those
survival analyses with the log-rank test are presented in in the elderly age group, but the difference was not significant
Supplemental Tables 3 and 4. (P =.075).
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Figure 4. Immune cell infiltration in intraepithelial and stromal regions stratifies patient DFS. (a-c) Disease free survival analysis of patients based on the percentage of
cell numbers per patient of intraepithelial PD-L1" TAM (n=220 for low, n=49 for high) (a), stromal aCTLs (n=77 for low, n=147 for high) (b) and Tregs (n=179 for low,
n=45 for high) (c). High and low infiltration groups were divided based on the cutoff value suggested by X-tile or the median percentage of the ratio when X-tile
suggested 0 for the cutoff value. Significance was determined using the log-rank test and Kaplan-Meier survival curves are presented. IE, intraepithelial. ST, stromal. DFS,

disease free survival.

Table 1. Univariate analysis of clinicopathological factors for overall survival and disease free survival in ESCC.

Overall survival

Disease free survival

Patient Mean Median Mean Median
Variables numbers (Months) (Months) pA (Months) (Months) pA
Sex 0.668 0.543
Male 217 92.2 90.5 103.9 -
Female 62 88.8 111.2 99.3 -
Age (years) 0.075 0.563
< 58" 142 101.0 - 103.4
> 58 137 80.2 69.8 98.5
TNM stage <0.001° 0.007 °
-l 150 109.9 - 1144 -
1l 129 72,6 34.6 90.3 -
Tumor length (cm) 0.748 0.997
<35¢ 141 84.5 90.5 95.2 -
> 35 136 95.8 - 105.1 -
Tumor differetiation 0.301 0.289
W/D 54 97.5 - 108.5 -
M/D 154 92.2 90.5 102.7 -
P/D 71 79.9 67.1 91.5 111.2

AKaplan-Meier method, log-rank test. ® Mean age. © Median tumor length. ° Statistically significant.

W/D, well-differentiated; M/D, moderately differentiated; P/D, poorly differentiated.

To investigate whether immune infiltrates were indepen-
dent prognostic factors, a multivariate analysis with a Cox
regression model was performed. Notably, the correlation
coefficient of intraepithelial and stromal aCTL infiltration
was larger than 0.8; therefore, only stromal aCTL infiltra-
tion, with a lower P value in the log-rank test, was included
in multivariate Cox regression analysis for OS. As shown in
Table 2, the infiltration of memory T cell [hazard ratio
(HR) = 0.514, 95% confidence interval (CI): 0.323-0.818,
P =.005], Treg (HR = 1.525, 95%CI: 1.023-2.274, P = .038),
and PD-L1* TAM (HR = 0.416, 95%CIL: 0.225-0.769,
P = .005) in intraepithelial regions, and granzyme B"
aCTL in stromal regions (HR = 0.655, 95%CI: 0.434-0.987,
P = .043) were associated with OS independently of the
TNM stage (HR = 2.391, 95%CI: 1.594-3.587, P < .001) and
age (HR = 1.548, 95%CI: 1.033-2.319, P = .034). And the

Table 2. Multivariate survival analysis of immune infiltration level and clinico-
pathological factors for overall survival.

intraepithelial PD-L1* TAM infiltration (HR = 0.37, 95%CI:
0.169-0.811, P = .013), stromal aCTL (HR = 0.559, 95%CI:
0.352-0.888, P = .014) and Treg infiltration (HR = 1.729,
95%CI: 1.031-2.900, P = .038) correlated with DFS inde-
pendent of the TNM stage (HR = 1.99, 95%CI: 1.256-3.152,
P = .003) (Table 3). As shown in Figure 5, the multivariate
models combining immune infiltrates and clinicopathologi-
cal factors outperformed the models with TNM staging
only for both OS and DFS at 3 and 5 years with statistical
significances.

Prognostic associations of immune infiltration in
subgroups of TNM stage

The prognostic associations of immune infiltrates with sig-
nificant difference in above univariate and multivariate
survival analyses were further analyzed in subgroups of
TNM stage. In Kaplan-Meier analysis, decreased level of

Variables HR 95% Cl pA Table 3. Multivariate survival analysis of immune infiltration level and clinico-
5 pathological factors for disease free survival.

Age (> 587 vs < 58) 1.548 1.033-2.319 0.034 -

TNM stage (Ill vs I-1I) 2391 1.594-3.587 <0.007 Variables HR 95% P

IE memory T cell (High vs Low) 0.514 0.323-0.818 0.005 TNM stage (Il vs 1-11) 1.990 1.256-3.152 0.003

IE Treg (High vs Low) 1.525 1.023-2.274 0.038 IE PD-L1" TAM (High vs Low) 0.370 0.169-0.811 0.013

IE PD-L1* TAM (High vs Low) 0.416 0.225-0.769 0.005 ST aCTL (High vs Low) 0.559 0.352-0.888 0.014

ST aCTL (High vs Low) 0.655 0.434-0.987 0.043 ST Treg (High vs Low) 1.729 1.031-2.900 0.038

AMultivariate Cox regression analysis with forward selection. ® Mean age.
HR, hazard ratio; Cl, confidence interval; IE, intraepithelial; ST, stromal.

AMultivariate Cox regression analysis with forward selection.
HR, hazard ratio; Cl, confidence interval; IE, intraepithelial; ST, stromal.
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Figure 5. AUC comparison between Cox models of immune infiltration and clinicopathological factors combined and TNM stage only for ESCC prognosis prediction.
(a-c) ROC curves of prognostic models combing immune infiltrates and clinicopathological factors or TNM stage only for OS at 1 year (a), 3 years (b) and 5 years (c). (d-f)
ROC curves of prognostic models combing immune infiltrates and clinicopathological factors or TNM stage only for DFS at 1 year (d), 3 years (e) and 5 years (f). ROC,
receiver operating characteristics; AUC, area under curve. TNM, tumor-node-metastasis. OS, overall survival. DFS, disease free survival.

PD-L1" ECs (P = .031) and increased levels of intraepithe-
lial memory T cell (P = .018) and CTL infiltration
(P = .049) as well as stromal aCTL infiltration (P = .003)
were associated with prolonged OS in Stage I-II cases, but
not in Stage III ones. A similar differential prognostic
association was observed that increased intraepithelial PD-
L1* TAM infiltration (P = .045) and stromal aCTL infiltra-
tion (P = .049) as well as decreased stromal Treg infiltration
(P = .041) correlated with longer DFS in Stage I-II patients,
but not in Stage III ones. Notably, memory T cell infiltra-
tion level in stromal region was associated with prolonged
OS in Stage III patients (P = .029), but not Stage I-II one.
The results of univariate analyses of OS and DFS in sub-
groups of TNM stage are summarized in Supplemental
Table 5 and 6. Multivariate Cox analyses were performed
to determine the independent prognostic factors for
patients in Stage I-II and Stage III, respectively. As shown
in Supplemental Table 7, the infiltration of intraepithelial
PD-L1* TAMs (HR = 0.37; 95%CI: 0.142-0.965, P = .042),
memory T cells (HR = 0.292; 95%CI: 0.126-0.673,
P = .004), and stromal aCTLs (HR = 0.451; 95%CI: 0.240--
0.847, P = .013) were independent prognostic factors for OS
in Stage I-II cases, while the intraepithelial PD-L1" TAM
infiltration (HR = 0.43; 95%CI: 0.192-0.963, P = .04) and
age (HR = 2.028, 95%CI: 1.192-3.448, P = .009) were
associated with OS in Stage III cases. However, no immune
infiltrate remains significantly associated with DFS in any
subgroup of TNM stage. Therefore, the prognostic associa-
tion of immune infiltration was more significant in Stage I-
II patients as compared to Stage III ones.

Treg infiltration correlates with decreased antitumor
immune effector infiltration

The microenvironment of ESCC is characterized by both anti-
tumoral and regulatory immune subsets, such as Tregs, which
impair antitumoral immunity and promote tumor
progression.>>> Our results revealed that patients in the high
Treg infiltration group had a significantly lower infiltration of
several antitumor immune effectors, including the CTLs (10.91%
vs. 17.26%, P = .02, unpaired t-test) (Figure 6a), aCTLs (4.63%
vs. 9.41%, P = .002) (Figure 6b), and NK cells (10.13% vs.
16.48%, P = .008) (Figure 6¢) in intraepithelial regions. Similar
results were observed in stromal regions, where the infiltration
levels of CTLs (11.12% vs. 15.41%, P = .012) (Figure 6d), aCTLs
(3.48% vs. 6.84%, P < .001) (Figure 6e) and NK cells (5.67% vs.
9.50%, P = .006) (Figure 6f) significantly decreased in the high
stromal Treg infiltration group.

Memory T cell infiltration is positively correlated with DC
infiltration but negatively correlated with PD-L1
expression

In addition to immune effectors in the TME, the role of
memory T cells is also essential in the adaptive immune
response to cancer. Correlation analyses revealed positive asso-
ciations of infiltration levels between memory T cells and
several effector T lymphocytes, including CTLs (r, = 0.286,
P < .001) (Figure 7a), Ths (r; = 0.380, P < .001) (Figure 7b)
and Tregs (r; = 0.148, P = .030) (Figure 7¢) in intraepithelial
regions. The correlations are partly because that the same
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Figure 6. Tregs are associated with decreased antitumor effector infiltration. (a-c) Pairwise comparisons of the percent of cell counts for CTLs (a), aCTLs (b) and NK cells
(c) between the high (n=110) and low Treg infiltration groups (n=110) in intraepithelial regions per patient. (d-f) Pairwise comparisons of the percent of cell counts for
CTLs (d), aCTLs (e), and NK cells (f) between the high (n=45) and low Treg infiltration groups (n=179) in stromal regions per patient. Significance was determined by an
unpaired t-test. Data are presented as the mean + standard error of the mean (s.e.m.). *P<0.05, **P<0.01, ***P<0.001. IE, intraepithelial. ST, stromal.

markers are shared by the subpopulations of memory and
effecctor T cells during stepwise cell differentiation.'***
Interestingly, the infiltration level of memory T cells was
found to be positively correlated with that of the DCs (r,
= 0.195, P = .001) (Figure 7d), but negatively with that of PD-
Ll-expressing subpopulations, including PD-L1% cells (r,
= -0.304, P < .001) (Figure 6e), PD-L1* ECs (r, = —0.310,
P < .001) (Figure 7f) and PD-L1"™ TAMs (r, = -0.245,
P < .001) (Figure 7g) in intraepithelial regions, respectively.
However, there was no significant association of the infiltration
levels of memory T cells with DCs or any PD-L1-expressing
subpopulation in the stromal regions.

DC-memory T cell engagement increased in high
intraepithelial PD-L1* TAM infiltration group

In addition to the negative association with memory T cell
infiltration as shown in Figure 7g, the infiltration level of PD-
L1" TAM also correlated positively with Treg infiltration (r;
= 0.148, P = .03 for intraepithelial regions; r, = 0.240, P < .001
for stromal regions) (Figure 8a and b), but negatively with that
of aCTL/CTL ratio in both intraepithelial (r, = —0.176, P = .01)
and stromal regions (r; = —0.24, P < .001) (Figure 8c and d).
This is consistent with previous reports that TAMs could
impair the T cell response by directly expressing PD-L1 on
the membrane and recruiting infiltrating Tregs into the TME."”
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However, the PD-L1" TAM infiltration level was positively
associated with DC infiltration in intraepithelial regions (r;
= 0.180, P = .003) (Figure 8e). Regarding that the immune
subsets may present distinct spatial distribution pattern in the
TME where close proximity allows for effective cellular inter-
actions (Figure 8f and g),”> we performed spatial analysis with
the engagement level as a quantitative index to better interpret
cellular interactions. Spatial analysis revealed a significantly
increased engagement level of memory T cells within 20 pum
around DCs in the high PD-L1* TAM infiltration group com-
pared to the low PD-L1* TAM infiltration group (P = .040)
(Figure 8h).

Discussion

Since tumor progression has been considered a result of the
dynamic balance between an invasive tumor process and
a defense system, with patient prognosis and responses to
immunotherapy effectively dictated by the abundance, compo-
sition, activity, and spatial distribution of immune infiltrates
and molecules, the consensus has grown that TME compo-
nents, particularly immune infiltrates, should be evaluated in
standard tumor pathological scoring.’**” Immune cell types
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are easier to quantify with well-characterized markers and cell
counting can be performed faster with digital pathology.*®
Though traditional chromogenic IHC visualizes cellular mor-
phology and the relative distribution, inaccurate phenotyping
and inconsistent interpretation among investigators exist.
Other methods, such as flow cytometry, enhance the accuracy
of phenotyping but inevitably lose information about intercel-
lular distance and interactions in situ. As a novel methodology,
mfTHC combines the merits of multi-antigen recognition and
intact tissue structure retention, allowing for the comprehen-
sive characterization of the complex immune milieu of tumor
tissues. mfIHC also avoids overestimating the abundance of
immune infiltration when markers are not specific to one
phenotype. To examine the complex TME of ESCC, we applied
mflHC to TMAs comprised tumor and paired uninvolved
tissues obtained from ESCC patients after esophagectomy,
and the analysis was performed in intraepithelial and stromal
regions, respectively, for that the histological location and
specific microenvironment may contribute to immune cell
heterogeneity.'”

We found diverse cell populations infiltrating the microen-
vironment of ESCC, including antitumor subsets that activate
inflammation and promote survival as well as regulatory
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subsets that attenuate antitumor immunity and support
tumorigenesis. Among various proinflammatory populations,
CTLs are the robust immune effectors against tumors, and
their infiltration level in both regions of the tumor was elevated
compared to that in uninvolved tissue and was significantly
correlated with prolonged OS. Similarly, the infiltration level of
the aCTLs in stromal regions, a subpopulation of CTLs elim-
inating tumor cells by releasing cytotoxic granules, was signifi-
cantly correlated with prolonged ESCC survival. This result
highlighted the significant role of stromal aCTL in antitumor
response, as more T cells need to be activated outside the
tumor and trafficked into tumor tissue to control tumor
growth.” Despite these infiltrating antitumor effectors, failed
immunosurveillance and tumor rejection outlined that there
were immunosuppressive populations as counteracting forces
in the TME. High infiltration of the immunosuppressive Tregs
in stromal regions was identified to be correlated with
a significant decrease in ESCC patient survival in our study.
Furthermore, the significantly decreased infiltration of several
antitumor immune effectors, including CTLs, aCTLs and NK
cells, was observed in patients in the high Treg infiltration
group compared to the low infiltration group, in both intrae-
pithelial and stromal regions. These results provided evidences
for the notion that Tregs function to suppress anti-tumoral
immunity in ESCC.

In the tumor-specific adaptive immune responses, effector
cells are short-lived cells, while memory cells have the potential
for long-term survival and rapidly eliminate cancer cells during
antigen re-encounter after immunization with antigens pre-
sented by antigen-presenting cells such as DCs.***’ In our
study, the infiltration level of memory T cells and DCs signifi-
cantly increased in tumoral epithelia compared to uninvolved
tissue. And memory T cell infiltration is positively correlated
with DC infiltration, but negatively with PD-L1" subpopula-
tion infiltrations, in the intraepithelial regions of ESCC speci-
mens. In tumor immunity, DCs re-stimulate established
primed T cells in TME leading to efficient killing of tumor
cells and the consequent linear differentiation of these T cells
gives rise to diverse memory cell subsets.'" These results high-
light the importance of DC cells in boosting the generation of
memory T cells, which could be antagonized by PD-LI-
expressing cells.'>*"** It is interesting that the positive correla-
tion between the infiltration levels of memory T and DC cells
was only observed in intraepithelial but not stromal regions,
probably because that more tumor antigens could be taken up
and presented to T cells by DCs cells in intraepithelial regions.
By uni- and multivariate survival analyses, increased memory
T cells infiltration in tumoral epithelial regions was identified
as an independent prognostic factor for prolonged OS in ESCC
patients, underlying the importance of memory T cells as
a long-term protector against tumor re-challenge.

In our study, there was no significant difference of PD-L1*
TAM distribution in either intraepithelial or stromal regions
between tumor and uninvolved tissues. But the infiltration
level of PD-L1* TAMs was correlated negatively with aCTL/
CTL ratio, while positively correlated with Treg infiltration in
both intraepithelial and stromal regions, suggesting an
immuno-suppressive role of PD-L1* TAM in ESCC. This is
consistent with previous reports that PD-L1* TAMs exerted
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a negative impact on antitumor responses by inhibiting CTL
function, inducing CTL apoptosis and recruiting Treg infil-
trates into the TME.”>** However, we also find that the DC
infiltration positively correlated with intraepithelial PD-L1*
TAM infiltration and the engagement of DC-memory T cell
in the intraepithelial regions was significantly increased in high
PD-L1* TAM infiltration group as compared to low PD-L1*
TAM group. Increased DC-memory T cell engagement may
suggest an elevated level of memory T cell hyper-proliferation
and augmented effector responses, which are biological fea-
tures for hot tumors characterized by high degree of T cell
infiltration and checkpoint activation.** However, the correla-
tions with DC-memory T cell engagement were not observed
for TAMs. TAMs are historically defined as M1 and M2 in vitro
as pro-inflammatory or anti-inflammatory, respectively.'”
Yang et al.” reported that PD-L1 was highly expressed in the
pro-inflammatory TAM M1 subtype, rather than M2, in an
ESCC mouse model. Our results revealed that the presence of
PD-L1* TAMs, though characterized by their immunosuppres-
sive capacity, might be implicated in the interaction of preex-
isting proinflammatory and memory subsets and be indicative
of a more immunogenic TME. This observation was consistent
with our survival analysis result that enhanced intraepithelial
PD-L1" TAM infiltration predicted favorable outcomes in
ESCC, which could be the complicated manifestation of its
both immunosuppressive and pro-inflammatory capacities.

With diverse immune infiltrates showing prognostic impli-
cation, prognostic models have been constructed in combina-
tion of essential immune populations to tailor therapies to the
tumor microenvironment. For instance, the Immunoscore was
proposed combining the evaluation of CTL and memory T cell
infiltration in the tumor.”**> Though Immunoscore showed
substantial prognostic power for some types of cancer, it may
be too simplistic to provide a thorough evaluation of the TME,
for that only survival-favorable immune phenotypes were
included and the impact of inhibitory subsets and molecules
was overlooked. Furthermore, as we found in this study,
immune infiltrates from different regions of tumor specimens
had different prognostic roles and it requires finer region divi-
sion to analyze immune infiltration levels. Based on this, we
constructed multivariate models combining regional immune
infiltrations and clinicopathological factors. Our models sig-
nificantly outperformed TNM staging at 3 and 5 years for OS
and DFS prediction of ESCC. There, the ESCC immune infil-
trates provided prognostic value complementing that of clin-
icopathological features.

We have to admit that there were deficiencies in our study.
Firstly, there was an inevitable disadvantage for TMA’s suscept-
ibility to errors caused by tissue heterogeneity, which may result
in missing rare events or inaccurately quantifying histological
characteristics. However, TMA allows for analyzing presump-
tive candidate biomarkers in tissue specimens from a large
number of different patients simultaneously, offering a high
level of experimental uniformity and providing a judicious use
of precious tissue. In our study, two tissue cores were taken to
represent the TME for each case to reduce the impact of tissue
heterogeneity. More importantly, it should be noted that TMA
are intended to estimate the prevalence of selected markers
within a large population of samples, rather than to provide
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a detailed analysis at the level of single specimen. A lot of studies
have taken full advantages of TMA to characterize TME.*®
Further studies on the whole tissue section would aid in show-
ing the heterogeneity of ESCC TME. Secondly, we performed
the multicolor staining in two panels separately, which forbade
the spatial analysis of phenotypes in different panels, such as
EC-CTL engagement level. The incomplete spatial analysis
requires further improvement in future study.

In summary, our study reveals the immune infiltrates in
ESCC. The prognostic implication of certain immune pheno-
types in different regions and interrelationships among several
adaptive immune cells highlight the complicated immune con-
texture of ESCC TME. Among these immune cells, the intrae-
pithelial PD-L1" TAM, memory T cell, Treg as well as stromal
aCTL and Treg demonstrate clinical significance and could be
potential biomarkers incorporated in to clinical routine for
prognostic prediction. Our study offers insights into the
tumor immunity in ESCC and can be harnessed toward effec-
tive immunotherapy strategies.
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