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Abstract

In this study, we aimed to explore immune markers predicting locoregional
recurrence/distant metastasis (R/M) for patients with esophageal squamous cell
carcinoma (ESCC) post-surgical intervention by using a novel high-throughput spatial
tool to quantify multiple immune proteins expressed in ESCC and lymphocytes in
tumor microenvironment (TME-L). First, formalin-fixed paraffin-embedded tissues
from surgical patients with ESCC (n=94) were constructed on a microarray, which
were then divided into discovery (n=36) and validation cohorts (n=58). Using a newly
developed GeoMx digital spatial profiling tool, 31 immune proteins in paired ESCC
and TME-L, morphologically segmented by PANCK and CD45, respectively, from the

discovery cohort were quantified, releasing 2232 variables. Next, the correlation



matrix was analyzed using the Corrplot package in R Studio, resulting in six closely
correlated clusters. The Least Absolute Shrinkage and Selection Operator regression
scoring model predictive of R/M risk with superior specificity was successfully
established based on three hierarchically clustered immune proteins: ARG1 in
ESCC/PANCK+, STING and IDO1 in TME-L/CD45+. Moreover, the expression of
IDO1 in TME-L, rather than in ESCC, significantly predicted the R/M risk score with
an area under curve of 0.9598. Besides, its correlation with R/M status was further
validated by dual immunohistochemistry staining of IDO1 and CD45 in discovery and
validation cohorts. Above all, our findings not only provide a more accurate scoring
approach based on quantitative immune proteins for the prediction of R/M risk, but
also propose that IDO1 in TME-L potentially plays a driving role in mediating R/M in
ESCC.

Keywords: esophageal squamous cell carcinoma; digital spatial profiling; PanCK;
CD45; recurrence/distant metastasis prediction; tumor microenvironment
Introduction

Esophageal squamous cell carcinoma (ESCC) is the predominant pathological type
of esophageal cancer (EC) in China (1). Despite advances in diagnosis, prognosis,
and improvements in neoadjuvant and adjuvant treatments, the overall 5-year
survival rate of patients with ESCC is only 40%, with locoregional recurrence and/or
distant metastasis (R/M) post-surgical intervention as the primary causes (1). The

pathological TNM stage and treatment regimen have been proposed as risk-based



strategies for relapse prediction (2). To our knowledge, the equation developed by
Wang et al. is the only scoring model for predicting postoperative recurrence in
patients with ESCC (3). However, its predictive accuracy is not superior to that of
TNM stage. Additionally, it is of limited clinical importance in guiding early
interventions to prevent relapse. Thus, a more accurate R/M predictive model based
on quantifiable targeted molecules is urgently required.

Multiple immune proteins have been suggested as prognostic markers for patients
with ESCC in different clinical scenarios. A C-index based on the semiquantitative
levels of four immune markers in different regions of ESCCs , including CD8 and
FOXP3 in tumor infiltrating lymphocytes (TIL), CD33 in myeloid-derived suppressor
cells (MDSC), and PD-L1 in ESCC, has shown superior precision in predicting 5-year
overall survival (OS) compared to the TNM staging system (4), suggesting that the
spatial distribution of immune proteins, known as the immune context (5), has
different clinical significance. Unfortunately, no predictive R/M models have been
established based on immune proteins identified using quantitative high-throughput
spatial analysis.

GeoMx digital spatial profiling (DSP) is a newly developed methodology that
combines high-throughput sequencing, photochemistry, digital light projection, and
microfluidic technologies to advance semiquantitative immunohistochemistry (IHC)
and RNA in situ hybridization techniques. It has been commonly used to assess the

spatial distribution of proteins and RNA in formalin-fixed paraffin-embedded tissues



(FFPE) (6). For instance, Kulasinghe et al. has recently employed this tool to study
the differentially expressed immune and PI3K/AKT signaling proteins between
patients with and without relapse, and uncover that NF1 in tumor compartment as well
as ERa in stromal compartment were significantly indicative of therapy response in
triple-negative breast cancer (TNBC) (7).

Thus, in the present study, we used this platform to quantitatively detect a panel of 31
immune proteins, including 13 immune cell markers, 8 immune activation markers,
and 10 immunotherapy targets, in ESCC and lymphocytes in tumor microenvironment
(TME-L), which were morphologically segmented by positive staining of PANCK
(PANCK+) and CD45 (CD45+), respectively. Next, the correlation matrix of all
variables revealed six closely correlated clusters, which were subsequently used to
construct the R/M risk scoring model using a Least Absolute Shrinkage and Selection
Operator (LASSO) regression method. Interestingly, a three-protein-based R/M risk
scoring model with better specificity and positive predictive value (PPV) than the
UICCS8 staging system was successfully established. Moreover, the IDO1 expression
in TME-L was not only linearly related to above R/M risk score, but also specifically
predicted it with an area under curve (AUC) of 0.9598. Besides, results from dual IHC
staining of CD45 and IDOL1 in discovery and validation cohorts confirmed its close
correlation with R/M status. Above all, findings in our study not only provide a more
accurate scoring approach based on quantitative immune proteins for the prediction

of R/M risk, but also propose that IDO1 in TME-L potentially plays a driving role in



mediating R/M in ESCC.

Materials and Methods

Study population and ethics

94 patients with ESCC, who underwent radical surgery without neoadjuvant therapy
at Huashan Hospital of Fudan University between September 2012 and November
2017 were included in the study. The annual follow-up visits of patients’ survival and
disease progression including R/M were conducted by clinicians. Of note, the R/M
here is defined as patients who were diagnosed with locoregional recurrence and/or
distant metastasis after surgical intervention. The median follow-up duration was 58
months (range, 2-72 months). This study was approved by the Institutional Research
Ethics Committee of Huashan Hospital (protocol no. KY2022-614). All the procedures
were performed in accordance with the 1975 Declaration of Helsinki.

Tissue microarray construction

FFPE tissue slides of 94 ESCC patients receiving surgical interventions were stained
with haematoxylin and eosin (H&E), and pathologists circled the tumor regions to
construct the tissue microarray (TMA) with one core per patient. Then, the TMA block
with a core diameter of 2.0 mm was constructed by Outdo Biotech (Shanghai) and
arranged in a 12-column, 8-row format. Subsequently, the TMA block was
continuously sliced for downstream assays.

GeoMx digital spatial profiling

A total of 42 markers tested by the GeoMx digital spatial profiling (DSP) tool with



nCounter system (Table S1) (8), categorized as background controls (n=6),
housekeeping controls (n=3), morphological markers (n=2), immune cell markers
(n=13), immune activation status markers (n=8), and immune oncology (IO) drug
targeted markers (n=10), were performed by FynnBio (Shandong). Briefly, the TMA
slide was co-stained with oligo-conjugated antibodies (Nanostring, Seatle, US)
targeting the above markers and the nuclei were counterstained with SYTO13
(NanoString, Seatle, US). Subsequently, the slide was scanned to select regions of
interest (ROI) in the paired ESCC/PANCK+ and TME-L/CD45+ compartments from
the same patient. 36 samples were randomly selected from the overall study cohort to
from the discovery cohort. The protein oligos in the ROIs were then UV-photocleaved
and capillary-aspirated into a 96-well collection plate, followed by sealing with
Fluoromount G mounting medium (Northern Biotech, Waltham, US) and hybridization
of the probe with the Hyb Code pack master mix (NanoString, Seatle, US). The
samples were then automatically prepared by the nCounter Prep Station and counted
using the nCounter Analyzer. In particular, the original nCount data from all ROIs were
quality checked and normalized to housekeeping proteins according to the
commercially established pipeline (NanoString, Seatle, US) prior to downstream
analysis.

Bioinformatics analysis of DSP data

The correlation matrix analysis of immune proteins (n=31) in the PANCK+ and CD45+

compartments of 36 samples was performed in R Studio using the Corrplot package



(version 0.92) with specific arguments (sig.level=0.05, insig="blank’, order="hclust’).
Next, hierarchically clustered immune proteins were used to establish the LASSO
regression model in R Studio using the glmnet package (version 4.1-4) to predict R/M

risk in patients with ESCC after surgery. The risk score was calculated following the
formula: risk score= Z;‘ Coef (i) = exp (i), with Coef (i) meaning the coefficient of each

variable and exp (i) representing the expression level of corresponding variable.
Single and dual immunohistochemistry staining and interpretation

The TMA block was sliced into 3 um-thick slides and automatically stained with the
indicated antibodies on a Benchmark Ultra instrument (Roche, USA), accompanied
with their corresponding negative and positive controls according to the
manufacture’s protocol. Finally, for single-marker staining, the antibodies were
stained brown with horseradish peroxidase (HRP)-mediated 3,3-diaminobenzidine
(DAB). For dual-marker staining, CD45 was stained brown with HRP-mediated DAB,
and IDO1 or STING was stained pink with alkaline phosphatase-mediated Fast Red
conversion. The slides were then scanned as digital images using a NanoZoomer
S60 scanner (Hamamatsu Photonics, Japan) with an NDP Scanner. Representative
results were obtained by exporting selected regions from the NDP.view2 software
(version 2.8.24). The antibodies used for IHC staining are summarized in Table S2.
To interpret the staining signals of STING and cGAS, the percentage of positive
signals (cytoplasmic brown) and their intensity in ESCC/PANCK+ and TME-L/CD45+

cells, respectively, was independently and blindly evaluated by two pathologists. In



accordance with previous scoring methods (9), the IHC score was calculated by
multiplying the staining intensity score with the percentage score to obtain a value
between 0 and 12. Regarding to the interpretation of dual staining signals, the
percentage of cells with pink staining was evaluated in ESCC/PANCK+ and
TME-L/CD45+ cells. STING was considered low or high with signals of <20% or =
20%, whereas IDO1 was defined as low or high with signals of <1% or =1%.
Statistics

Continuous data were analyzed and graphically illustrated as mean + SD using
GraphPad Prism 8.0 (GraphPad, La Jolla, CA, USA), while categorical data were
analyzed with Pearson's chi-square test using SPSS statistics (version 25.0).
Kaplan-Meier curves were analyzed using the logrank test (Mantel-Cox). Independent
OS prognostic markers were analyzed using the univariate and multivariate Cox
regression tests according to the rule of ten events per variable (10). Statistical
significance was considered when p<0.05, which was further classified into the
following four groups: p<0.05, p<0.01, p<0.001, and p<0.0001.

Results

Demographic data of patients in the discovery and validation cohorts

A total of 94 patients with ESCC without neoadjuvant therapy were included in this
study, whose FFPE blocks were used for TMA construction with one core per patient.
To establish the R/M risk-scoring model, the overall cohort was randomly divided into

a discovery cohort with 36 patients and a validation cohort with 58 patients. A detailed



workflow chart of this study is shown in Figure 1.

The discovery cohort included 25 men (69.4%) and 11 women (30.6%) with a median
age of 67 years at diagnosis. Up to 38.9% of the tumors (14/36) were pathologically
diagnosed as having at least one metastatic lymph node lesion (LNMY®$), Similarly,
38.9% of the patients were clinically diagnosed with UICCS8 stage IlI/IV (11). During
the postoperative follow-up period, 30.6% (11/36) of patients were diagnosed with
R/M, which was clinically confirmed according to the Chinese Society of Clinical
Oncology (CSCO) guidelines (12). Similarly, the demographics of patients in the
validation cohort were not significantly different from those in the discovery cohort.
The detailed clinical characteristics of the two cohorts are summarized in Table S3.
No patient received immunotherapy during postoperative treatment.

Differential expression of immune proteins in ESCC and TME-L

In this study, we used a newly developed GeoMx DSP tool with nCounter system (6)
that simultaneously profiled multiple proteins in a quantitative manner in FFPE tissues
to investigate the distribution of immune proteins (n=31) in ESCC (PANCK+) and
TME-L (CD45+) in the discovery cohort (Table S1) (8). Representative paired ROIs in
PANCK+ and CD45+ compartments from the same patient are shown in Figure 2A.
After normalization, 2232 variables (Table S4) were used for downstream analysis.
Interestingly, most immune proteins were highly expressed in TME-L/CD45+ cells,
compared to ESCC/PANCK+ cells (Figure 2B), with exception for four 10 drug

targeting markers (TIM3, ARG1, IDO1, and LAG3) and one immune activation marker



(CD127). The tumor cell-intrinsic expression of cGAS and STING, which are known to
modulate adaptive immune response (13), has been recently uncovered to remodel
the TME by inducing infiltration of CD8" T cells and expression of type | interferon in
radiation treated ESCC (14), implicating that cGAS and STING play a critical role in
ESCC. Therefore, to confirm the reliability of the DSP tool for distinguishing the
differential expression of immune proteins in ESCC and TME-L, we semi-quantified
the cGAS and STING in the validation cohort using single IHC staining. As shown in
Figure 2C and D, STING expression was significantly higher in TME-L/CD45+ tissues
than that in ESCC/PANCKH+ tissues. Consistently, as reported in previous studies (15),
STING was significantly correlated with cGAS in TME-L cells (r=0.3698, p=0.0288),
although cGAS was not differentially expressed in ESCC and TME-L cells. In
summary, our high-throughput profiling using the DSP tool reliably provided initial
evidence that several immune proteins are highly expressed in the TME-L of ESCC
tissues.

The R/M risk scoring model was established based on three closely correlated
immune proteins in ESCC

The findings from the above correlation analysis between STING and cGAS
prompted us to explore the mutual correlation among all immune proteins profiled in
PANCK+ and CD45+ compartments. As shown in Figure 3A, proteins in the CD45+
compartment, including ARG1, LAG3, CTLA4, PDL2 (PD-L2), FN1 (fibronectin 1),

PD1 (PD-1), CD137, CD56, GITR, B7H3 (CD276) and CD25, were significantly
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positively correlated (Table S5, cluster 1). Similarly, CD40, beta-2-microglobulin
(B2M), CD4, CD3 and CDS8, expressed in the CD45+ compartment, were also
significantly positively correlated with each other (Table S5, cluster 2), indicating a
specific subpopulation of T cells in the TME of ESCC. Alternatively, the proteins
expressed in the PANCK+ compartment were also closely correlated. For example,
GZMB, ICOS, CD27, FN1, CD56, CD137, LAG3, PDL2, CD20, PD1, B2M (Table S5,
cluster 3), B2M, STING, VISTA, and OX40L (Table S5, cluster 4). Furthermore, some
proteins expressed in ESCC/PANK+ cells were significantly associated with proteins
expressed in the TME-L/CD45+ cells. For example, CD68 and CD11c expressed in
TME-L positively correlated with PDL1, B7H3, CD127, CD4, CD40, CD68, CD3, and
CD8 expression in ESCC (Table S5, cluster 5), and CD80 and ARG1 expressed in
ESCC correlated with IDO1, PDL1, ICOS, CD127, CD80, GZMB, OX40L, STING, and
TIM3 expressed in TME-L cells (Table S5, cluster 6). As suggested by the relationship
between STING and cGAS, we speculated that these six closely correlated groups
may play vital roles in the response of patients to adjuvant therapies after radical
surgery, and warrant further mechanistic studies.

Notably, there were also some negatively correlated immune proteins in CD45+ and
PANCK+ compartments. For example, CD80 in ESCC, PD1 in TME-L cells, LAG3 in
ESCC, and the T cell markers CD3, CD8, and CD4 indicated the presence of a
negative cross-talk between ESCC and TME-L mediated by these immune proteins.

However, the 10 drug-targeting marker VISTA in TME-L was negatively correlated
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with CD20 and CD11c, both of which were also expressed in TME-L, implicating a
negative regulation of VISTA in the ESCC signals presented by dendritic cells
(CD11c+) to B lymphocytes (CD20+) in the TME of ESCC (16).

Recurrence, including R/M after primary tumor surgical resection, is a well-known
cause of poor prognosis in patients with ESCC (3) and cannot be specifically
predicted for early prevention (3). Therefore, unlike prognostic models (4), we
attempted to establish a LASSO model that predicted R/M risk based on correlated
clusters identified above. Finally, according to the tuning parameter lamda,we
successfully established the best LASSO model composed of three immune proteins:
ARG1 in PANCK+ (ARG1_PANCK), STING, and IDO1 in CD45+ (STING_CD45,
IDO1_CD45), with an intercept of 1.18 (Figure 3B). And the risk score formula is
4.37x10* x (IDO1_CD45) -9.13x10°6 x (STING_CD45)-7.44x10"5 x (ARG1_PANCK).
R/M risk scores specifically predicted the incidence of R/M for patients with
ESCC after surgical resection

The R/M risk score from above LASSO model was further evaluated for the predictive
accuracy using the ROC analysis. As shown in Figure 4A, the area under the curve
(AUC) was 0.7455 when 1.493 was used as the best cut-off value of R/M risk score
(p=0.0204), and the sensitivity and specificity were 63.6% and 96.0%, respectively
(Table S6). Furthermore, we calculated its negative predictive value (NPV) and
positive predictive value (PPV), which are 85.7% and 87.5%, respectively (Table S6).

According to previous studies (4), LNM and UICC8 tumor stages, which are

12



independent prognostic factors in most solid tumors, are closely correlated with tumor
recurrence and, to some extent, are used as predictive factors for R/M status in the
clinical setting. Therefore, to evaluate the superiority of our R/M risk scoring model,
we further compared its predictive validity with the status of the LNM and UICCS8
stages in the discovery cohort. As shown in Table S6, all three predictors had similar
NPV. However, although the sensitivity of our R/M risk score was slightly lower than
that of the UICCS8 stage and LNM, it showed better PPV and specificity, suggesting
that it can more specifically predict patients with ESCC to truly undergo R/M, as well
as not to undergo after surgical interventions.

As indicated above, relapse always leads to a poor prognosis. Therefore, we
investigated whether the R/M risk score was an independent prognostic marker in the
discovery cohort. Interestingly, of all the immune proteins profiled using the DSP tool,
high levels of CD44 in ESCC (CD44_PANCK) independently predicted poorer OS
with a hazard ratio (HR) of 5.654 (Figure 4B, p=0.003), which was also supported by
previous studies using a semiquantitative IHC staining method (17). Furthermore,
R/M risk score was also an independent prognostic marker in ESCC (Figure 4B,
p=0.002, HR=5.479). The 5-year OS rate of patients with high R/M risk scores
(>1.493, R/M risk score"d") was significantly lower than that of patients with low R/M
risk scores (<1.493, R/M risk score'®V) (Figure 4C, 12% vs 70%, p=0.0118,
HR=4.993). Notably, IDO1, ARG1 and STING proteins, which were included in the

R/M risk scoring model, expressed in ESCC/PANCK+ and TME-L/CD45+ cells, were
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not prognostic markers for patients with ESCC (Figure 4B). Together, our immune
proteins-based scoring model is superior to LNM and TNM stages in predicting R/M
status for patients with ESCC after radical surgery.

IDO1 expressed in TME-L accurately predicted the R/M risk for ESCC patients
To simplify the clinical translation of our model and alleviate the economic burden for
patients, we further analyzed the correlation of the R/M risk score with the expression
of three immune proteins, namely IDO1_CD45, STING_CD45, and ARG1_PANCK,
which were used to construct the LASSO model. Surprisingly, we found that
IDO1_CD45 was linearly correlated with R/M risk score (Figure 5A, R=0.5556,
p<0.0001), whereas STING_CD45 and ARG1 PANCK were not significantly
correlated (Figure 5B and C, p>0.05). Furthermore, the ROC curve constructed to
evaluate the predictive validity of IDO1_CD45 for R/M risk score demonstrated an
AUC of up to 0.9598 (Figure 5D, p<0.0001) when taking 708.9 as its best cut-off value.
Specifically, IDO1 expressed in PANCK+ (IDO1_PANCK) could not predict R/M risk
score (Figure 5E), although its expression in TC has previously been reported to be a
prognostic marker for patients with ESCC (18).

Subsequently, dual IHC staining of markers in the validation cohort was used to
confirm the above findings in the discovery cohort, representative data of which are
shown in Figure 5F. As expected, results from the dual IHC staining showed that the
expression of IDO1 in TME-L, rather than in ESCC, was significantly correlated with

R/M status, while the STING protein, expressed in ESCC and TME-L, was not
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associated with R/M status (Table 1). Besides, the expression of IDO1_CD45, shown
as nCount data, was also significantly different in patients with or without R/M status
(Figure 5G, p=0.0273). Taken together, our findings suggest that IDO1 in TME-L cells,
either quantitatively detected by DSP or semi-quantitatively tested by dual IHC
staining, is highly associated with R/M in ESCC.

Discussion

With advances in technologies involving spatial evaluation of tumor features, an
increasing number of studies have focused on identifying transcriptional immune
characteristics by combining single cell transcriptomic sequences, RNA sequences,
and high-plex DSP transcriptomic sequences in different molecular stratified
subgroups (19, 20). However, to the best of our knowledge, no study has reported the
landscape of immune proteins in ESCC and TME-L using high-plex spatial technology.
In this study, we used a newly developed DSP tool to spatially quantify a panel of 31
immune proteins, including factors participating in immune cell activation, immune
checkpoints (IC) that influence the crosstalk between TC and immune cells, and
immune cell markers, in ESCC and TME-L. Interestingly, our findings revealed that
some ICs, such as TIM3, LAG3, and IDO1, were not differentially expressed in ESCC
and TME-L. IDOL1 is an intracellular enzyme catalyzing tryptophan degradation into
kynurenine, and its expression has been shown to increase in the stroma of multiple
cancers, inducing negative feedback for cancer evasion from immunosurveillance

(21). Upregulation of LAG3, also known as CD223, is required to control overt
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activation and prevent the onset of autoimmunity, which has been recognized as the
third inhibitory receptor for targeted cancer immunotherapy beyond CTLA4 and
PD1-PDL1 (22). Taken together, we speculate that TIM3, LAG3 and IDO1 might not
participate in tumorigenesis by suppressing immune responses in ESCC.

In this study, CD40 in the CD45+ compartment was closely correlated with B2M,
which participates in antigen presentation, in the CD3+/CD4+/CD8+ T lymphocyte
subpopulation, suggesting that it may interact with its ligand CD40L to transform
non-activated antigen-presenting cells into cells that are potent inducers of T cell
immunity, thus priming tumor immunity in the TME (23). Furthermore, the expression
of ICs including CTLA4, PD-L2, PD-1, CD137, B7TH3, ARG1, CD137, and LAG3 in the
TME-L was highly correlated with CD56, a marker of natural killer (NK) cells, and may
represent a specific immune feature of exhausted NK cells in the TME (24), which
may possibly mediate the immune evasion of ESCC during treatment (25). Above all,
it is reasonable to speculate that these six newly identified, closely correlated clusters
of immune proteins may provide a rationale for pharmaceutical companies to develop
more precise immunotherapies for patients with ESCCs in the future.

The recurrence rate for patients with ESCC who undergo radical resection surgery
without neoadjuvant therapies is as high as 45.8%, the distant metastasis rate of
which is approximately 23.3% (26), which poses a high risk of poor survival for these
patients. In this study, based on the hierarchical clusters above, we successfully

established an R/M predictive scoring model with superior specificity and PPV, which
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were better than those of LNM and UICCS stages (2, 3). In particular, IDO1 in TME-L
was linearly correlated with the R/M risk score and specifically predicted the risk
score with an AUC of 0.9598, demonstrating that quantitative examination of IDO1 in
TME-L/CDA45+ is sufficient to predict the R/M risk for patients with ESCC after radical
surgery. Furthermore, this finding suggests that IDO1 in TME-L potentially plays a
driving role in mediating R/M in ESCC. To detect IDO1 in TME-L more easily in a
clinical setting and alleviate the economic burden for patients, we developed a dual
IHC staining approach and the results showed that IDO1 in CD45+ cells was
significantly correlated with the R/M status in discovery and validation cohorts.
Notably, the independent prediction of IDO1 in CD45+ cells for R/M status is less
superior to the R/M risk score, with sensitivity and specificity of 50% and 85%,
respectively. Besides, it is not an independent prognostic marker in ESCC, whereas
the R/M risk score independently predicts the poor survival for ESCC patients. Taken
together, we propose that the highly correlated factors IDO1_CD45, STING_CD45
and ARG1_PANCK which are used to construct the R/M risk predictive model
possibly interact with each other, with IDO1_CDA45 as the driver, to co-regulate the
R/M process in ESCC, thus leading to poor survivals. However, further mechanism
studies will facilitate our understanding of their exact roles in regulating R/M. Above
all, our findings not only provide a more accurate scoring approach based on
guantitative immune proteins for the prediction of R/M risk, but also propose that

IDO1 in TME-L potentially plays a driving role in mediating R/M in ESCC.
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However, our study had some limitations. First, the sample size of the discovery
cohort was relatively small, and the predictive performance of the LASSO model must
be further verified in larger cohorts using the same quantitative strategy. Second, we
did not intensively study the clinical significance of the six closely correlated immune
protein groups. More mechanistic and clinical studies are needed to broaden their
applications in predicting OS and immunotherapeutic responses in ESCC. Third, the
development of a quantitative evaluation of the results from dual IHC staining using a
more economical strategy will facilitate the clinical translation of our findings in the
future. In summary, our findings not only provide a more accurate approach based on
guantitative expression of immune proteins for the prediction of R/M incidence, but
also shed a novel insight into spatially distributed IDO1 in mediating R/M in ESCC.
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Table 1. Association of R/M status with clinicopathological factors and indicated

immune proteins in ESCC tissues from discovery and validation cohorts.

Discovery cohort ) Validation cohort )
Chi-square Chi-square
R/M R/M R/IM R/IM
test test
status" statusYes status"® statusyes
p-value p-value
N (%) 25(69.4%) 11 (30.6%) 41 (70.7%) 17 (29.3%)
Sex
Male 17 (68.0%) 8 (72.7%)) 35 (85.4%) 14 (82.4%)
Female 8 (32.0%) 3(27.3%) 1.000 6 (14.6%) 3 (17.6%) 1.000
Lesion site
Upper 5 (20.0%) 5 (45.5%) 9 (22.0%) 0 (0.0%)
Middle 16 (64.0%) 4 (36.4%) 20 (48.8%) 12 (70.6%)
Lower 4 (16.0%) 2 (18.2%) 0.240 12 (29.3%) 5 (29.4%) 0.092
Diameter
<2cm 10 (40.0%) 3 (37.5%) 11 (26.8%) 2 (11.8%)
>2cm 15 (60.0%) 5 (62.5%) 1.000 30 (73.2%) 15 (88.2%) 0.307
Differentiatio
n
Well/Moderat
17 (68.0%) 9 (81.8%) 31 (75.6%) 14 (82.4%)
e
Poor 8 (32.0%) 2 (18.2%) 0.688 10 (24.4%) 3 (17.6%) 0.736
LNM_status
No 18 (72.0%) 4 (36.4%) 26 (63.4%) 7 (41.2%)
Yes 7 (28.0%) 7 (63.6%) 0.067 15 (36.6%) 10 (58.8%) 0.120
UICCS8_stage
N 19 (76.0%) 3(27.3%) 29 (70.7%) 8 (47.1%)
nnv 6 (24.0%) 8(72.7%) 0.010 12 (29.3%) 9 (52.9%) 0.088
STING_PAN
CK
Low 18 (72.0%) 7 (63.6%) 22 (53.7%) 9 (56.3%)
High 7 (28.0%) 4 (36.4%) 0.703 19 (46.3%) 7 (43.8%) 0.860
STING_CD45
Low 13 (52.0%) 6 (54.5%) 11 (26.8%) 6 (37.5%)
High 12 (48.0%) 5 (45.5%) 0.888 30 (73.2%) 10 (62.5%) 0.523
IDO1_PANC
K
Low 16 (69.6%) 6 (60.0%) 34 (85.0%) 13 (86.7%)
High 7 (30.4%) 4 (40.0%) 0.696 6 (15.0%) 2 (13.3%) 1.000
IDO1_CD45
Low 13 (59.1%) 1 (10.0%) 32 (80%) 7 (46.7%)
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High
PD-L1
Negative

Positive

9 (40.9%)

22 (88.0%)
3 (12.0%)

9 (90.0%)

9 (81.8%)
2 (18.2%)

0.019

0.631

8 (20.0%)

35 (94.6%)
2 (5.4%)

8 (53.3%)

15 (93.8%)
1 (6.3%)

0.022

1.000
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Figures

Figure 1. Workflow chart of the study.

Figure 2. Expression of immune proteins is significantly higher in CD45+
compartments than that in PANCK+ compartments of ESCC tissues. A.
Representative ROIs in paired PANCK+ compartment (green) and CD45+
compartment (pink) from the same specimen selected for the GeoMx DSP assay. The
nuclei were stained with SYTO13 (blue). B. Differential expression of immune
proteins in paired PANCK+ compartment and CD45+ compartment of ESCC tissues
in the discovery cohort. Data are shown as mean + SD and statistically analyzed
using two-sided Student’s t-test. C. The bar plot showing the differential expression of
immune proteins indicated as IHC scores in the validation cohort, which are shown as
mean = SD and statistically analyzed using two-sided Student’s t-test. Statistical
significance was shown as p<0.05 (*). ns, non-significant. D. Representative single
IHC staining of indicated proteins in the validation cohort. Scale bars, 100 um and
250 um. H&E, hematoxylin and eosin stain.

Figure 3. A R/M risk scoring model is successfully established based on three
immune proteins using the LASSO regression analysis. A. The correlation matrix
showing the mutual relationships among immune proteins expressed in PANCK+
compartment (green) and CD45+ compartment (pink) of ESCC tissues in the
discovery cohort. Corr_r, correlation coefficient. B. The tuning parameter (lamda)

selected to establish the best R/M risk predictive scoring model.
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Figure 4. The R/M risk score specifically predicts the R/M status for ESCC
patients in the discovery cohort. A. The ROC curves of R/M risk score predictive of
R/M status with an AUC of 0.7455. B. The forest plot showing the univariate and
multivariate Cox regression survival analysis used to identify the independent
prognostic markers in the discovery cohort. C. The Kaplan-Meier survival curves
showing the differential survival ratio between patients with Risk score'¥ (<1.493) and
Risk scoreMdh (>1.493). Cl, confidence interval, HR, Hazard ratio.

Figure 5. The expression of IDO1 in CD45+ compartment is highly correlated
with R/M status in ESCC. A-C. The linear correlation analysis of R/M risk score with
protein levels, shown as nCount data, of IDO1 in CD45+ compartment (IDO1_CDA45,
A) and STING in CD45+ compartment (STING_CD45, B), ARG1 in the PANCK+
compartment (ARG1_PANCK, C) in the discovery cohort. D-E. The ROC curves of
IDO1_CD45 (D) and IDO1_PANCK (E) expression, shown as nCount data, predictive
of R/M risk score in the discovery cohort. F. Representative images of dual IHC
staining of indicated proteins in ESCC tissues from patients with (R/M status¥®s) or
without (R/M status™) R/M in the validation cohort. Scale bar, 100 um. G. The bar plot
showing the differential expression of IDO1_CD45 and STING_CD45, indicated as

nCount data, in ESCC patients with or without R/M.
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