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Abstract
Background Immunotherapy has largely improved clinical outcome of patients with esophageal squamous cell carcinoma 
(ESCC). However, a proportion of patients still fail to benefit. Thus, biomarkers predicting therapeutic resistance and under-
lying mechanism needs to be investigated.
Methods Transcriptomic profiling was applied in FFPE tissues from 103 ESCC patients, including surgical samples from 66 
treatment-naïve patients with long-term follow-up, and endoscopic biopsies from 37 local advanced ESCC cases receiving 
neoadjuvant immunotherapy plus chemotherapy. Unsupervised clustering indicated an aggressive phenotype with mesen-
chymal character in 66 treatment-naïve samples. Univariant logistic regression was applied to identify candidate biomarkers 
potentially predicted resistance to neoadjuvant immunotherapy within the range of mesenchymal phenotype enriched genes. 
These biomarkers were further validated by immunohistochemistry. Putative mechanisms mediating immunotherapy resist-
ance, as indicated by microenvironment and immune cell infiltration, were evaluated by transcriptomic data, and validated 
by multiplex immunofluorescence.
Results PLEK2 and IFI6, highly expressed in mesenchymal phenotype, were identified as novel biomarkers relating to non-
MPR in neoadjuvant immunotherapy cohort  [PLEK2high, OR (95% CI): 2.15 (1.07–4.33), P = 0.032;  IFI6high, OR (95% CI): 
2.21 (1.16–4.23), P = 0.016).  PLEK2high and IFI6 high ESCC patients (versus low expressed patients) further exhibit higher 
chance of non-major pathological remissions (90%, P = 0.004) in neoadjuvant immunotherapy cohort and high mortality 
(78.9%, P = 0.05), poor prognosis in retrospective cohort.  PLEK2high/IFI6high ESCC recapitulated mesenchymal phenotype, 
characterized by extracellular matrix composition and matrix remodeling. In addition,  PLEK2high or  IFI6high ESCC displayed 
an immune-unfavored microenvironment, represented by positive correlating with regulatory T cells, Helper 2 T cell as well 
as less infiltration of B cells, effector T cells and mast cells.
Conclusions PLEK2 and IFI6 was discovered of first time to identify a distinct ESCC subpopulation cannot be benefited 
from neoadjuvant immunotherapy and present a poor survival, which putatively associated with mesenchymal and immune-
suppressive microenvironment.
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IHC  Immunohistochemistry
KEGG  Kyoto encyclopedia of genes and genomes
MPR  Major pathological remission
MRD  Minimal/molecular residual disease
mIF  Multiplex immunofluorescence
NCRT   Neoadjuvant chemoradiotherapy
NAI  Neoadjuvant immunotherapy
OS  Overall survival
PD-1  Programmed death 1
PD-L1  Programmed death-ligand 1
PFS  Progression-free survival
ROC  Receiver operator characteristic
RFS  Recurrence-free survival
ROS  Reactive oxygen specials
ssGSEA  Single-sample gene set enrichment analysis
TME  Tumor microenvironment
TMB  Tumor mutation load
TPM  Transcripts per million
TLS  Tertiary lymphoid structures

Introduction

Esophageal squamous cell carcinoma (ESCC), the predomi-
nant form of esophageal cancer (EC), accounts for approxi-
mately 90% of patients in East Asia [1]. Even with great 
efforts and significant achievements regarding early diag-
nosis and multimodality treatments, ESCC is still a seri-
ous medical issue owing to its high morbidity and mortality 
[2]. It is well known that neoadjuvant chemoradiotherapy 
(NCRT) has been recommended as the golden standard for 
locally advanced ESCC by the National Comprehensive 
Cancer Network and European Society for Medical Oncol-
ogy guidelines [3, 4], whereas the clinical outcomes of 
patients remain unfavorable because of postoperative com-
plications caused by NCRT-associated toxicity. Fortunately, 
this situation was revolutionized due to the application of 
anti-programmed death 1 (PD-1)/programmed death-ligand 
1 (PD-L1) antibodies into clinical practice of ESCC from 
advanced stage to peri-operative stage, which represented a 
vital milestone in precision medicine [5–7].

Recently, neoadjuvant chemotherapy plus immune 
checkpoint inhibitors (ICIs) in ESCC patients with locally 
advanced disease demonstrated remarkable clinical efficacy 
with a major pathological remission (MPR) rate of around 
50.0% and pathological complete response (pCR) of approx-
imate 30% [8]. However, the treatment findings remained 
heterogeneous. For those who were intrinsically resistant to 
immunotherapy, this regimen may delay the patients’ condi-
tion, miss the opportunity of radical surgery, and ultimately 
lead to a worse prognosis. Thus, investigating resistant bio-
markers, rather than responsive biomarkers, sought to be 
more clinically urgent.

Previous investigations on resistant mechanisms of 
immunotherapy implied the essential roles of tumor micro-
environment (TME). Infiltration of immune-suppressive 
cells including regulatory T cells [9], M2-like monocyte/
macrophages and myeloid-derived suppressive cells may 
contribute to defect immune-surveillance resulting the 
failure of ICIs treatment [10]. Meanwhile, identification of 
the presence of massive fibrosis and deposition of extracel-
lular matrix, indicated an immune exclusive phenotype in 
tumors resistant to ICIs [11]. In ESCC, the chromosome 
11q13 amplification, as recently reported, was considered 
as a putatively negative predictor for immunotherapy in 
advanced ESCC patients [12]. For locally advanced ESCC 
patients received with neoadjuvant immunotherapy (NAI), 
the resistant mechanisms and predictive biomarkers were 
seldom studied. Most recently, a study reported that com-
bination of low PD-L1 expression and low tumor mutation 
burden (TMB) can identify potential non-responders [13]. 
However, the interpretation of TMB remained controver-
sial to date. To address this key problem, we integrated two 
independent cohorts for identifying potential biomarkers to 
predict resistance to NAI.

Herein, based on recognition of the biological characters 
of ESCC in Chinese population, we explored distinct sub-
types and associated features of TME by analysis of tran-
scriptomic data. Novel biomarkers, PLEK2 and IFI6, which 
specifically enriched in mesenchymal subtype, were found 
to have the potentials for predicting intrinsic resistance to 
immunotherapy, and patients with overexpression of both 
genes were more aggressive in nature. Altogether, we suc-
cessfully established a pre-treatment prediction model for 
locally advanced ESCC patients, which helped to develop 
individual treatment strategies.

Materials and methods

Participants and sample collection

103 formalin-fixed paraffin-embedded (FFPE) ESCC sam-
ples at Guangdong Provincial People’s Hospital between 
2015 and 2021 were collected. Among them, 66 treatment-
naive samples were retrospectively collected, and samples 
from 37 patients received neoadjuvant immunotherapy plus 
chemotherapy were prospectively collected. The clinico-
pathological characteristics were listed in Supplementary 
Table 1/2/3. The neoadjuvant regimen was nab-paclitaxel 
(250 mg/m2, day 1) and cisplatin (75 mg/m2, day 1) com-
bined with Tirelizumab (200 mg, day 1, 29 cases)/Pembroli-
zumab (2 mg/kg, 8 cases) in each 21-day cycle. All patients 
received three cycles of drug treatment before surgical resec-
tion. The Response Evaluation Criteria in Solid Tumors, 
version 1.1 was applied to define time to progression and 
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tumor response in individual patients. The cutoff date for 
the last follow-up was February 2022. This study was car-
ried out with approval from the Medical Ethics Committee 
of Guangdong Provincial People’s Hospital.

RNA extraction and library preparation

Total RNA was extracted from FFPE tumor specimens with 
an AmoyDx® FFPE RNA Extraction Kit. After quantify-
ing RNA concentration, it was fragmented based on the 
DV200 value estimated by an Agilent 2100 Bioanalyzer 
System. Subsequently, fragment length was assessed, RNA 
fragments underwent reverse transcription, complementary 
DNA synthesis and strand-specific library preparation using 
the NEBNext® Ultra™ II Directional RNA Library Prep Kit 
for Illumina®.

Hybrid capture and sequencing

Libraries were captured for RNA expression detection. 
Library size was assessed using an Agilent 2100 Bioana-
lyzer. After pooling, libraries were sequenced on an Illumina 
NovaSeq 6000 instrument (Illumina) with 2 × 150 bp paired 
end reads. The corresponding experimental operations were 
performed according to a set of established experimental 
and data quality control parameters. Then, sequencing data 
were analyzed and annotated through an in-house developed 
pipeline.

Gene expression estimation

We mapped RNA-seq paired-end reads to the Homo sapiens 
genome assembly GRCh37 (hg19) using STAR32 (version 
020,201) with transcriptome annotation (Genecode version 
20) and gene quantification was performed using RSEM 33 
(version v1.2.28). Taking different kinds of library prepara-
tion into consideration, we counted coding region reads to 
calculate transcripts per million (TPM) at the gene level.

Consensus clustering

Consensus Cluster Plus was utilized to identify different sub-
types based on the comparison of gene expression profile 
[14]. Measured by median absolute deviation (> 1), 5000 
genes with highly variable expression across samples were 
used for subsequent clustering. The cumulative distribution 
function (CDF) was constructed for a range from 2 to 10 
consensus clusters. CDF and consensus matrices were used 
to determine the optimal number of clusters.

Differential gene expression and pathway analysis

Differential expressed genes (DEGs) in each subtype was 
selected based on following criteria (Specific subtype vs 
other three subtypes, genes with  Log2FC ≥ 1 and adjusted 
p-values (padj) < 0.1 were defined as DEG) followed by 
enrichment analysis of Gene Ontology (GO), Kyoto Ency-
clopedia of Genes and Genomes (KEGG), Hallmark. ESTI-
MATE enrichment analyses were conducted to clarify the 
functional roles of subtypes.

Evaluation of infiltrating immune cells in the TME

Single-sample gene set enrichment analysis (ssGSEA) 
algorithm was used to evaluate the relative abundance of 
infiltration immune cells in the TME of ESCC. The marker 
gene set for TME infiltration immune cell type was obtained 
from Bindea et al. [15]. The enrichment scores calculated 
by ssGSEA were used to represent the relative abundance 
of each TME infiltrating cell in ESCC.

Immunohistochemistry (IHC) and multiplex 
immunofluorescence (mIF)

Both assays were performed as previously described [16]. 
FFPE tumor samples were analyzed by IHC using antibodies 
against Ki-67, PD-L1, PLEK2 and IFI6. TME characteris-
tics were further verified with the Akoya OpalTM five-color 
fluorescent platform. All slides were stained by the Opal 
Polaris 5 Color Automation IHC Detection Kit for the simul-
taneous detection and quantification of FCER1A, CD27, 
CD20, CD8 and DAPI. The degree of immunostaining was 
scored by two independent pathologists.

Statistical analysis

Unsupervised clustering was performed by R package 
“Consensus Cluster Profiler”. Differential gene expression 
was analyzed with R package “DESeq2”. (Single sample) 
gene set enrichment was conducted by R package “GSVA” 
and “clusterProfiler” respectively. The P value was cal-
culated via a hypergeometric test and corrected using the 
Benjamin-Hochberg method. Boxplot was generated by R 
package “ggplot2.” P values of differential expression and 
distribution comparisons were obtained with a two-sided 
Mann–Whitney U test. The “survival” and “survminer” 
packages in R were used to perform Kaplan–Meier analysis. 
The significance of disease-free survival (DFS) or overall 
survival (OS) of patients was tested by a two-sided log-rank 
test. Receiver operator characteristic (ROC)-area under the 
curve (AUC) analysis was performed by R package “pROC”. 
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Subtype prediction model was constructed trough R pack-
age “randomForest”. In this study, R software (V4.0.5) was 
applied.

Results

Baseline characteristics

In total, 103 patients with ESCC were included in this study 
(Fig. 1A), with 66 patients in retrospective cohort, and 37 
patients in perspective cohort.

In the retrospective cohort, the median age of the patients 
was 60.8 (range, 45.0–83.2) years, and 21.2% were women. 
All patients had undergone surgery and long-term follow-up 
data were available. At the end of follow-up period, 66.7% 
(44/66) of patients were alive with 44 cases in stage II and 
22 in stage III. Among these, 14 patients (21.2%) received 
adjuvant chemotherapy, and 5 cases (7.6%) received adju-
vant CRT (Fig. 1B and Table S1).

In the perspective cohort, 19 patients (51.4%) achieved 
MPR. Notably, the median combined positive score (CPS) 
of non-MPR and MPR patients were 20 (1.0, 60.0) and 4.25 
(0, 90.0), respectively (Fig. 1C and Table S2).

PLEK2 and IFI6, as novel mesenchymal 
subtype‑specific genes, associated with response 
to NAI

Mesenchymal subtype was identified via unsupervised clus-
tering of transcriptome data from 66 patients (Fig. S1A-E). 
As exhibiting higher stromal score, enrichment of extracellu-
lar matrix features (Fig. S2) and stromal, mesenchymal cell 
types and microenvironment (Fig. 2A-C), patients of mes-
enchymal subtype showed worse recurrence-free survival 
(RFS) than those in other groups (P = 0.0843) (Fig. 2D). 
Mesenchymal subtype-specific upregulated genes includ-
ing PLEK2 and IFI6 were significantly associated with the 
therapeutic efficacy of NAI (P < 0.05) in perspective cohort 
(Fig. 2E-F). Due to being closely related to cell apoptosis 
and invasion in ESCC, but seldom investigated in immu-
notherapeutic response, PLEK2 and IFI6 were further 
investigated.

PLEK2high or  IFI6high expression predicts poor 
prognosis and NAI efficacy

Median expressional level of these two genes in each cohort 
defined  PLEK2high/PLEK2low or  IFI6high/IFI6low groups. In 
perspective cohort, non-MPR rate was remarkably higher in 
 PLEK2high patients (13/19, 68.4%) than  PLEK2low patients 
(10/18, 27.8%) (P = 0.0321) (Fig. 3A). Similarly,  IFI6high 
patients had more probability of non-MPR (12/19, 63.2%) 
than IFI6 low patients (6/18, 33.3%), although it was not sta-
tistically significant (P = 0.138) (Fig. 3B). Moreover, at pro-
tein level, IFI6 or PLEK2 was highly expressed in non-MPR 
ESCC samples (Fig. 3C), and the AUC value of the two 
genes were 0.754 and 0.716 respectively, obviously superior 
to those of IFN-γ and Effector T cell related models reported 
previously (Fig. 3D). These data indicated that patients with 
 PLEK2high or  IFI6high expression presented poor immuno-
therapy response. In the retrospective cohort, PLEK2 high 
and IFI6 high patients displayed short-term survival (Fig. 3E). 
The Kaplan–Meier survival analysis further revealed that 
PLEK2 high was significantly associated with shorter RFS 
(P = 0.042), and a similar trend, but not significant, can be 
observed in IFI6 high group (P = 0.18) (Fig. 3F, G).

PLEK2high or  IFI6high ESCC associated 
with immunosuppressive context of tumor 
microenvironment

PLEK2high expression reversely correlated with immune-
activated features like memory CD8 + T cell, mast cell, 
(immature/activated) B cell and plasmacytoid dendritic cell 
(Fig. 4A, Fig. S3). And positive association with immune-
suppressive T cells (Regulatory T cells and Th2 cells) as 
well as mesenchymal phenotypes (Fig. S4).  IFI6high group 
was associated with higher levels of immune suppressive 
context characterized by negative regulation of immune 
function (Fig. 4B) and positive association with immune-
suppressive T cell subtypes (T helper 2 and 17 cells) and 
production of related interleukins (Fig. S5A). IFI6 upregu-
lation also associated as enrichment of type I/II interferon 
response (Fig. S5B). IFI6 high patients also showed elevated 
activated  CD4+ T cells and positively correlated with Regu-
latory T cells (Fig. S6A, B and E). In addition, IFI6 high reca-
pitulated the phenotype of mesenchymal by elevated level 
of “Matrix” and “Matrix remodeling” (Fig. S6C, D and F).

Relative abundance of the 28 immune cell populations in 
each sample using ssGSEA algorithm was estimated. Th17 
cells shows significant enrichment in No-MPR subgroup. 
We also found that, other immune cell types including CD8 
T cells (P = 0.052), T follicular helper cells (P = 0.028), 
mast cells (P = 0.085) and plasmacytoid dendritic cells 
(P = 0.0028) were also enriched in MPR subgroup (Fig. 4C).

Fig. 1  Schematic illustration of study design and the baseline charac-
teristics of patients. A Total of 103 patients from Guangdong Provin-
cial People’s Hospital between 2015 and 2021 were included and all 
formalin-fixed paraffin-embedded (FFPE) ESCC samples subjected to 
RNA expression profiling via RNA sequencing. Patients were divided 
into retrospective cohort (Resected ESCC with long-term follow-
up outcome; N = 66) and prospective cohort (Received neoadjuvant 
immuno-chemotherapy; N = 37) B–C. Heatmaps based on baseline 
characteristics of retrospective cohort and prospective cohort

◂
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Validation of distinct therapeutic response related TME 
features by mIF, and results showed that limited  CD20+/
CD27±,  CD8+/CD27±, and almost no Fc-epsilon+ cells 
in non-MPR patients (Fig. S7A). Similarly, patients with 
enhanced PLEK2 and IFI6 had less infiltration of immature/
activated B cells  (CD20+/CD27− and  CD20+/CD27+), and 
(memory) effector  CD8+ T cells  (CD8+/CD27±) (Fig. 4D). 
In contrast, patients with MPR to NAI displayed higher 
infiltration of immature/activated B cells, (memory) effector 
 CD8+ T cells and Fc-epsilon+ mast cells (Fig. 4E, Fig. S7B).

Combination of  PLEK2high and  IFI6high expression 
predicts poor resistance to NAI and poor prognosis 
in ESCC

Due to significant co-expression of PLEK2 and IFI6, it was 
hypothesized that whether combination of  PLEK2high and 
 IFI6high expression would improve the accuracy of predic-
tion of NAI efficacy and survival outcomes compared with 
either single biomarker.

Patients in perspective cohort were divided into 3 groups 
according to different PLEK2 and IFI6 status:  PLEK2high and 
 IFI6high group,  PLEK2high or  IFI6high group and  PLEK2low 
and  IFI6low group. In perspective cohort,  PLEK2high and 
 IFI6high patients (10/37, 27.0%) had significantly higher non-
MPR events (non-MPR 90% [9/10] vs MPR 10% [1/10], 
P = 0.004) (Fig. 5 A).  PLEK2high or  IFI6high patients (43.2%) 
had moderate non-MPR events (non-MPR 50% [8/16] vs 
MPR 50% [8/16]).  PLEK2low and  IFI6low patients (11/37, 
29.7%) benefited more from NAI (non-MPR 27.3% [3/11] 
vs MPR 72.7% [8/11]).

In retrospective cohort (N = 64, 2 patients with double pri-
mary malignant tumors were excluded), the Kaplan–Meier 
survival analysis revealed that patients with  PLEK2high 
and  IFI6high patients (27/64, 42.2%) had shorter RFS than 
those with  PLEK2low and  IFI6low expression (18/64, 28.1%) 
(P = 0.03), and a similar but not statistically significant 
(P = 0.10) outcome was observed in  PLEK2high or  IFI6high 
patients (19/64, 29.7%) (Fig. 5B). Mortality of  PLEK2high 
and/or  IFI6high patients was significantly higher (P = 0.05), 

78.9% (15/19) and 70.4% (19/27) in  PLEK2high and  IFI6high 
and  PLEK2high or  IFI6high patients respectively, than that 
of  PLEK2low and  IFI6low patients, 44.4% (8/18) (Fig. 5C). 
Recurrence and mortality rates in four different sub-groups 
were also similar (Fig.S8A and S8B).

Discussion

The conclusive evidence from neoadjuvant studies have 
confirmed that preoperative application of immunotherapy 
largely shrinks the tumor size in most patients with ESCC 
at localized advanced stage, which greatly improves the suc-
cess rate of radical surgery [13, 17]. Unfortunately, part of 
patients is resistant to immunotherapy by either intrinsic 
or adapted mechanisms. Accordingly, rather than select-
ing patients who may benefit from ICIs, predicting patients 
potentially resistant to ICIs are more clinically valuable. In 
this study, a systematic series of analyses and experiments 
were undertaken to screen a panel of candidate biomarkers 
for indicating therapeutic response, especially non-MPR in 
locally advanced ESCC patients.

Herein, a ‘biology-centric’ strategy was applied to pre-
cisely target potential biomarkers. As indicated by unsuper-
vised clustering using RNA-sequencing data generated from 
retrospective cohort, a significant inter-tumoral heterogene-
ity was discovered. Notably, mesenchymal, and immune-
enriched subtypes displayed the worst and the best prognosis 
respectively, which were in parallel with previous reported 
studies by bulk and single-cell RNA sequencing [18–20].

Due to the immune-suppressive features of mesenchy-
mal subtype, subtype-specific genes were selected as can-
didate “resistance” biomarkers. Among them, nine genes 
were remarkably associated with non-MPR in NAI cohort 
(N = 37). Specifically, because of being seldom reported 
in ESCC, PLEK2 and IFI6 were selected and validated. In 
NAI cohort, as defined by IHC, cancer cell expressed both 
PLEK2 and IFI6 displayed higher accuracy predicting thera-
peutic response than widely used IFN-γand  Teff signatures 
[21]. Upregulation of the two genes could recapitulate the 
mesenchymal features of “connective tissue development”, 
“Matrix” and “Matrix Remodeling”. Moreover, overexpres-
sion of IFI6 may increase cell cycle activity and induce an 
immunosuppressive microenvironment. As illustrated by 
Liu et al. [22], high level of IFI6 expression was correlated 
with aggressive ESCC phenotype and reduced apoptosis of 
cancer cells. Accumulated deposition of IFI6 in mitochon-
drial inner membrane of malignant cells can contribute to 
decreased production of mitochondrial Reactive Oxygen 
Specials (mtROS) via interrupting mitochondria calcium 
influx. It is well known that ROS may trigger and play vital 
roles in anti-tumor immunity such as activating M1-mac-
rophages, Th1 cells, B cells and cytotoxic T cells [23, 24]. 

Fig. 2  Identifying the differential genes in retrospective cohort and 
prospective cohort. A Differential gene expression analysis accord-
ing to major pathologic responders (MPR) (log2FC > 1, padj < 0.1). 
Red points represent highly expressed genes in mesenchymal sub-
type. B GSEA analysis of differentially expressed genes based on the 
GO-CC biological process enrichment. C Molecular functional por-
trait (potential targetable genes, signaling pathways, and cellular pro-
cesses related to each of 29 TME gene expression signatures created 
by Bagaev et al. [47]) of the mesenchymal subtype. D Comparison of 
recurrence-free survival between mesenchymal and non-mesenchy-
mal subtypes in retrospective cohort. E Univariate logistic regression 
analysis was performed and further identified 9 prognostic genes. F 
Forest plot for association between 9 genes and major pathological 
remission

◂
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Fig. 3  PLEK2high and  IFI6high expression predicts therapeutic efficacy 
and resistance to neoadjuvant immunotherapy in ESCC. A–B. In per-
spective cohort, stacked column graph showing the distribution of 
non-MPR and MPR patients in groups with different levels of PLEK2 
and IFI6 expression. C Patients who received neoadjuvant immuno-
therapy were analyzed using immunohistochemistry for PLEK2 and 

IFI6. D AUC values for different genes are shown. E PLEK2 and IFI6 
expression in retrospective cohort. F-G Kaplan–Meier analyses of 
RFS stratified by the expression of PLEK2 and IFI6 in retrospective 
cohort. Data were analyzed by log-rank test. MPR: major pathologi-
cal remission
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Accord with lately released data, addition to significantly 
associated with regulatory T cells which was a typical cell 
type mediating immune tolerance [25], increased IFI6 was 
also related with induction of a type 2/type 17 helper T cell 
skewing and production of immune-suppressive type 2 and 
17 related cytokines [26] like IL4, IL13 [27] and IL23 [28, 
29]. These results indicated multifaceted suppressive roles 
of IFI6 in modulating TME of ESCC. As supported, a recent 
released biomarker analysis of a phase I/II immunotherapy 
study in advanced ESCC suggested Th17 signature was 
associated with poor therapeutic response [30].

Also, PLEK2 overexpression decreased the mtROS pro-
duction through preventing translocation of cofilin induced 
ROS production [31]. In this study, negative correlation of 
PLEK2 upregulation with pro-inflammatory immune cell 
infiltrations (B cell, Follicular helper T cells, CD8 positive 

T cells) were observed. As shown in diverse types of cancers 
including ESCC [32, 33], the presence of tertiary lymphoid 
structures (TLS) consisting of B cells, follicular helper T 
cells etc. might aid the maturation of cytotoxic T cells and 
predict response to immunotherapy. Our outcomes confided 
this phenomenon, and showed depleted presence of effector/
memorial B cells (CD20, CD27) [34, 35] and activated cyto-
toxic T cells (CD8, CD27) [36, 37] in PLEK2 overexpressed 
ESCC samples. As internally validated, B cell and cytotoxic 
T cells was also enriched in patients with major pathologi-
cal response. PLEK2 was also observed to be an indicator 
for poor prognosis, which was in line with previous finding 
from Wang F et al. [38]. In addition, a recent study indi-
cated that PLEK2 was induced by TGF-βsignature through 
Smad2/3 manners[38]. Together with its downstream, 
LCN2, a secreted glycoprotein potentially heterodimerized 

Fig. 4  Characterization of the immune microenvironment of ESCC 
patients with  PLEK2high and  IFI6high expression. A Correlation map 
and heatmaps analyzing the association of PLEK2 and IFI6 genes 
to immune cell gene signatures in the 28 Immune Cells (Prospective 
cohort). Dot color represents the pearson correlation coefficient, dot 
size represents the absolute value of the correlation coefficient. *, **, 
and *** represent P < 0.05, P < 0.01, and P < 0.001, respectively. B 

The results of GO-BP biological process enrichment in IFI6 highly 
expressed samples. C Boxplots indicating the fraction of 28 immune 
cells in non-MPR and MPR group in 37 samples. D–E Representative 
H&E, immunohistochemistry, and multiplex immunofluorescence 
staining results of the patients from mesenchymal subtype. nuclei 
(DAPI, blue), CD8 (red), CD20 (green) and CD27 (purple). IO: 
Immunotherapy, MPR: major pathological remission
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with MMP-9 [39], PLEK2 may activate PI3K/AKT pathway 
promoting cell survival and progression [40, 41]. Particu-
larly, an unexpected, but interesting finding in our study is 
the potential contribution of tumor infiltrating mast cells to 
the response to ICIs, which was never reported before. While 
for the prognostic relevance of mast cell was controversial 
[42–44]. Mast cell infiltration has been observed in pre-
treated ESCC samples with MPR outcome, and its activation 
recruited effector T cells by secretion of CXCL10, predicting 
an good response to ICIs [45]. A study in gastric cancer also 
implicated that tumor infiltrated mast cell enhanced PD-L1 
expression in cancer cells, implying the sensibility to anti-
PD-L1 antibodies [46]. Here, our data showed PLEK2 was 
negatively correlated with mast cell in NAI cohort.

In short, all above evidence have corroborated the predic-
tive value of PLEK2 or IFI6 gene-expression for the diag-
nosis and treatment of ESCC. However, when two genes 
were co-expressed, a greater pro-tumor effect was founded, 
suggesting a synergistic interaction between the two genes. 
While no studies have shown cooperativity between PLEK2 
and IFI6 gene, this is certainly a possibility. Further stud-
ies are needed to determine the precise mechanism of the 
synergistic effect.

Nevertheless, several limitations should be taken into 
consideration. Firstly, the prospective cohort was composed 
of real-world patients which were eligible for NAI, and the 
therapeutic regimens were not uniformed including different 
anti-PD-1 disciplines. Secondly, sample size of both cohorts 
was limited. Typically, large sample size is often required 
to perform unsupervised clustering, and small samples 
were only eligible for analysis. Inspiringly, in this study, 

separation of four subtypes with distinct biological charac-
teristics indicated the accuracy of the clustering even limited 
sample size was applied. Thirdly, owing to the complexity 
of host-immune microenvironment, functional experiments 
disclosing molecular mechanisms and cellular interactions 
of our findings are needed.

Conclusions

Altogether, PLEK2 and IFI6, for the first time, acted as a 
combinatorial biomarker defined a subpopulation of ESCC 
patients with immunotherapeutic resistance and poor sur-
vival because of modulating mesenchymal and immune-
suppressive microenvironment by molecular-specific mecha-
nisms. Patients with  PLEK2high and  IFI6high expression may 
require closer follow-up and minimal/molecular residual dis-
ease (MRD) monitoring for disease progression and relapse. 
Validation by perspective, multi-center investigation with 
larger sample size is warranted and is under designing.
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