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Purpose: This study aimed to evaluate the nutritional, immune, and inflammatory status of esophageal squamous cell carcinoma
(ESCC) patients before immunotherapy using blood-based biomarkers, and to develop and validate competing-risk nomogram models
to predict overall survival (OS) and progression-free survival (PFS).

Patients and Methods: This retrospective study enrolled 300 ESCC patients who received immunotherapy at the First Affiliated
Hospital of Zhengzhou University between January 2021 and December 2023, and randomly assigned them to a primary cohort (210
cases) and a validation cohort (90 cases) at a 7:3 ratio. We screened prognostic factors using least absolute shrinkage and selection
operator (LASSO) regression coupled with univariate and multivariate Cox regression analyses to construct a nomogram prediction
model. Model validation was performed using the following approaches: (1) Calibration curves were employed to evaluate the
agreement between predicted and observed outcomes; (2) Discrimination was assessed through the index of concordance (C-index),
time-dependent receiver operating characteristic (ROC) curves, and time-dependent area under the curve (AUC); (3) Clinical utility
and predictive accuracy were further assessed using net reclassification improvement (NRI), integrated discrimination improvement
(IDI), and decision curve analysis (DCA). Furthermore, the performance of the proposed nomogram was systematically compared with
the conventional tumor-node-metastasis (TNM) staging system and another published prediction model.

Results: Through comprehensive multivariate OS analysis conducted in the primary cohort, we established an innovative prognostic
nomogram combining systemic immunoinflammatory index (SII) and prognostic nutritional index (PNI). Compared with TNM
staging, our model demonstrated strong accuracy, discriminative ability, and clinical utility in the primary and validation cohorts.
Conclusion: This research confirms the prognostic value of SII and PNI in ESCC patients undergoing anti-PD-1 immunotherapy.
Given their significant correlation with clinical outcomes, these biomarkers show potential for pretreatment risk assessment in
immunotherapy candidates.

Keywords: systemic immunoinflammatory index, prognosis, nomogram, esophageal squamous cell carcinoma, immunotherapy

Introduction

Esophageal cancer (EC) is considered one of the malignant tumors characterized by high morbidity and aggressiveness
worldwide, seriously threatening human health,' of which approximately 90% of the pathological types are ESCC.? China
accounts for more than half of global EC cases. Given the insidious onset and lack of early specific symptoms, ESCC is
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frequently diagnosed at advanced or metastatic stages, leading to missed curative surgical resection in the majority of
cases.’ Unfortunately, conventional systemic therapies, including chemotherapy, provide limited survival benefit, with
5-year overall survival rates remaining below 15%.* Consequently, these limitations have prompted the emergence of
immune checkpoint inhibitors (ICIs) targeting programmed cell death protein 1 (PD-1) and its ligand PD-L1, which have
become promising treatment approaches.

Currently, a major variable impacting the prognosis of ESCC is the tumor-node-metastasis (TNM) stage, which is
generally applied to evaluate patient survival.” However, the TNM staging might not always be sufficient to capture the
heterogeneity of patient outcomes, highlighting the need for additional prognostic indicators. Although biomarker
detection has shown promise in refining prognosis, its widespread clinical use is often limited by cost and logistical
challenges.”™® Therefore, identifying simple, economical, and validated pre-treatment parameters to accurately estimate
ESCC prognosis remains an important focus of ongoing research, with the ultimate goal of improving patient manage-
ment and guiding therapeutic decisions.

Inflammation, as a crucial cancer feature driving tumorigenesis and development, is not only implicated in the initiation
of tumorigenesis but also fosters its ongoing development.” Since 1863, Rudolf Virchow et al first spotted the connection
between inflammation and cancer, extensive research has confirmed that local immune responses and systemic inflamma-
tion are instrumental in tumorigenesis and progression. Epidemiological data indicate that infections contribute to
approximately 2.2 million new cancer cases annually, representing 13% of the global cancer burden (excluding non-
melanoma skin cancers), a finding that further corroborates the centrality of the inflammatory microenvironment in
tumorigenesis.'® The systemic immunoinflammatory index (SII), which was initially proposed by Hu et al in 2014,"" has
significant clinical value in the field of inflammation-related biomarker research. By integrating peripheral blood neutro-
phil, platelet, and lymphocyte counts, the SII provides a comprehensive assessment of systemic inflammatory burden and
host immune status. This index has been proven to be a predictor of prognosis in patients with hepatocellular carcinoma,
gastric cancer, and lung cancer.'' "> Remarkably, patients with terminal tumors are often experience a progressive
deterioration of their nutritional status, with significant interactions between nutritional parameters and inflammatory
indicators."* In this context, Buzby et al'> proposed the prognostic nutritional index (PNI) in 1980 as a straightforward
dietary measure based on serum albumin and lymphocyte levels. Several clinical studies have confirmed its significant
correlation with survival outcomes in patients with diverse malignant tumors.'®'”

Numerous recent studies have explored and established the correlation between tumor prognosis, immune response,
inflammatory processes, and nutritional factors.'®'® For instance, SII,***' platelet-to-lymphocyte ratio (PLR), lympho-
cyte-to-monocyte ratio (LMR), neutrophil-to-lymphocyte ratio (NLR),?*?* and PNI** are correlated with the prognosis of
patients with EC. However, a singular blood biomarker fails to capture a patient’s overall nutritional, immune, and
inflammatory status. Therefore, this study undertakes a thorough analysis of the prognostic role of SII and PNI levels in
ESCC patients before receiving immunotherapy. Additionally, a nomogram model was established and validated to
predict post-treatment individual survival, thus helping clinicians provide better individualized treatment regimens and
follow-up strategies for patients with advanced ESCC.

Materials and Methods

Study Design and Participant Selection Criteria

This retrospective study included 300 patients with advanced or metastatic ESCC treated at the First Affiliated Hospital of
Zhengzhou University between January 2021 and December 2023. The inclusion requirements were as follows: (1) age > 18
years; (2) availability of comprehensive clinicopathological and pretreatment laboratory data; (3) Eastern Cooperative Oncology
Group performance status (ECOG-PS) of 2 or less, with at least one measurable lesion at baseline as defined by Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1; (4) completion of a minimum of two immunotherapy cycles;
(5) receipt of anti-PD-1 therapy with or without other therapy, anti-PD-1 therapies included Sintilimab, Nivolumab,
Penpulimab, Camrelizumab, Tislelizumab, Toripalimab, or Pembrolizumab, while chemotherapy regimens encompassed albu-
min-bound paclitaxel, cisplatin, paclitaxel, and carboplatin. The exclusion criteria included patients with second malignancies,
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systemic immune system diseases, severe comorbidities, connective tissue diseases, or psychiatric disorders that could impede
treatment compliance.

Based on the specified inclusion and exclusion criteria, 300 patients were ultimately registered and randomly assigned
to the primary cohort (210 cases) and the validation cohort (90 cases), including 220 males and 80 females. This study
was approved by the Ethics Committee for Research and Clinical Trials of the First Affiliated Hospital of Zhengzhou
University and conducted in accordance with the Declaration of Helsinki (Approval No. 2025-KY-0777-002). Informed

consent was obtained in writing from the individual participants or their guardians.

Clinicopathologic Variables Collection and Follow-Up

The demographic and clinical characteristics data of all patients, including gender, age, smoking and drinking history, TNM stage,
number of metastases, ECOG PS, and peripheral blood markers, were collected from hospital records. Within one week before
immunotherapy, the levels of neutrophil count (NEUT), platelet count (PLT), lymphocyte count (LYC), monocyte count
(MONO), hemoglobin (Hb), and albumin (ALB) were assessed. Additionally, we defined the inflammatory and nutritional
markers, including SII, PNI, NLR, PLR, SIRI, LMR, and NMR, based on peripheral blood cell counts and albumin, as detailed in
Figure 1B and C. Treatment response was assessed according to RECIST version 1.1 and iRECIST, with progressive disease (PD)
confirmed by iRECIST to exclude pseudoprogression. Chemotherapy and immunotherapy were administered following standard
clinical guidelines and drug labels. Minor dose modifications due to toxicity were allowed at the discretion of treating physicians;
however, detailed individual adjustments were not consistently available owing to the retrospective nature of the study.

OS, defined as the time from patient randomization into groups until the end of the study or death from any
cause, represented the primary predictive outcome of this investigation. The definition of PFS was the time from
patient randomization to disease progression or death from any cause. Patients were monitored after discharge
from the hospital via telephone or outpatient clinic visits. During immunotherapy, assessments were performed
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Figure | Study overview and hematological indices characterization. (A) Flowchart of patient selection and study design. (B) Summary of the calculation methods for SlI,
PNI, and other hematological indices. (C) Definitions of the integrated hematological indices used in the analysis.
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before each cycle, with comprehensive evaluations every 6—8 weeks using chest CT. After treatment completion,
follow-up occurred every 3 months in the first year, every 4-6 months in the second year, and every 6 months
from the third to fifth year, up to five years or until the cutoff date in April 2025.

Research Process

The patient cohort from the First Affiliated Hospital of Zhengzhou University was used to construct nomogram
models that incorporated TNM stage, SII, and PNI, and internal validation was performed on this cohort. The
optimal thresholds of NLR, PLR, SII, PNI, SIRI, NMR, and LMR assays in predicting OS were determined using
receiver operating characteristic (ROC) curves and the maximum Youden index (Youden’s index = sensitivity +
specificity - 1), and the patients were classified into high- and low-level groups based on each cutoff value. All
patients were randomized into primary and validation cohorts at a ratio of 7:3. The distribution of variables
between the two cohorts was compared using the chi-square (y2) test.

We performed univariate Cox regression analysis of clinicopathologic variables in the primary cohort. Variables with
p-values <0.05, along with features selected by Least absolute shrinkage and selection operator (LASSO) regression, were
incorporated into multivariate Cox regression analyses, and independent prognostic indicators of OS were identified using
the forward stepwise method. The identified indicators were subsequently utilized to construct the nomogram model.

Subsequently, internal validation of the model was performed. Time-dependent ROC curves and time-dependent AUC
were used to evaluate discriminative ability. The predictive performance of the model was considered poor, fair, acceptable
and good if the ROC and AUC values were 0.500-0.600, 0.600-0.700, 0.700-0.800, or >0.800, respectively. Calibration
ability was assessed using calibration curves (500 bootstrap resamplings), and the predictive ability of the nomogram for 1-,
2-, and 3-year OS and PFS was compared with actual OS and PFS using the 45-degree line as the reference for the optimal
model. Concurrently, decision curve analysis (DCA) was employed to assess its clinical utility at different time intervals,
and the integrated discrimination improvement (IDI) and net reclassification improvement (NRI) paired nomogram were
compared with TNM staging and another predictive model, which further demonstrated the superiority of our model in
terms of clinical benefits. Furthermore, we also used restricted cubic spline (RCS) to flexibly model the nonlinear
relationships between SII, PNI, and HRs of OS and PFS.

In completion, a risk plot was utilized to illustrate the variation in distribution of study indicators, survival durations, and
population proportions between high-risk and low-risk groups based on ROC-derived cutoff values. Survival curves were
generated using the Kaplan-Meier method, and the Log rank test was employed to evaluate OS and PFS in the different groups.

Statistical Analysis

Categorical variables were expressed using distributions of numbers and percentages, with intergroup comparisons per-
formed using chi-square (y?) tests. Optimal threshold values for hematologic indicators were identified using the pROC
package of R (version 4.3.2), and the hematologic markers were stratified into high- and low-level groups based on these
thresholds. Univariate and multivariate Cox regression analyses, as well as LASSO regression, baseline table, nomogram,
calibration curve, DCA, time-dependent ROC, time-dependent AUC, RCS, KM plots, and risk plots, were conducted or
constructed utilizing R packages including “glmnet”, “tableone”, “survival”, “rms”, “timeROC”, “dcurves”, “ggrisk”, and
“survminer”. DCA was performed using the “dcurves” package without bootstrapping or confidence interval estimation,
consistent with the standard implementation. The variance inflation factor (VIF) and tolerance were used to identify collinear
independent variables. Hazard ratios (HRs) and 95% confidence intervals (Cls) were employed to quantify the correlation
between predictors and survival, with P<0.05 indicating statistical significance at a. = 0.05.

Results
Comparative Analysis of Cohort Characteristics and Determination of Optimal

Biomarker Thresholds
The study design is shown in Figure 1 A, and 300 patients with advanced ESCC were ultimately enrolled based on predefined
inclusion criteria. The included dataset was randomly partitioned into a primary cohort (n=210) and a validation cohort (n=90)
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at a 7:3 ratio. Baseline clinical and pathological features of both cohorts are summarized in Table 1, with no statistically
significant differences between groups (P > 0.05) and most standardized mean differences (SMDs) less than 0.2, indicating
comparable distributions between the two groups. The majority of patients were male and under 65 years of age; had no
history of smoking or drinking; exhibited pathological stage IV; ECOG PS <2; and had number of metastatic <2.

Table | The Clinicopathologic Characteristics of Advanced ESCC Patients in the Primary and Validation Cohorts

(n=300)
Variables Total Validation Cohort | Primary Cohort | Statistic P SMDs
(n =300) (n=90) (n=210)
Gender, n(%) x?=0.08 0.776 0.036
Female 80 (26.67) 25 (27.78) 55 (26.19)
Male 220 (73.33) 65 (72.22) 155 (73.81)
Age, n(%) ¥*=0.05 0.820 0.029
<65 157 (52.33) 48 (53.33) 109 (51.90)
265 143 (47.67) 42 (46.67) 101 (48.10)
Smoking history, n(%) x*=0.62 0.433 0.098
No 190 (63.33) 54 (60.00) 136 (64.76)
Yes 110 (36.67) 36 (40.00) 74 (35.24)
Drinking history, n(%) x>=2.87 0.090 0.210
No 226 (75.33) 62 (68.89) 164 (78.10)
Yes 74 (24.67) 28 (31.11) 46 (21.90)
TNM stage, n(%) x?=0.23 0.630 | 0.06l
n 133 (44.33) 38 (42.22) 95 (45.24)
\% 167 (55.67) 52 (57.78) 115 (54.76)
Number of metastatic, n(%) x*=0.10 0.756 0.039
<2 184 (61.33) 54 (60.00) 130 (61.90)
22 116 (38.67) 36 (40.00) 80 (38.10)
ECOG PS, n(%) ¥2=0.14 0.704 | 0.048
<2 135 (45.00) 42 (46.67) 93 (44.29)
>2 165 (55.00) 48 (53.33) 117 (55.71)
NLR, n(%) ¥2=0.50 0.479 | 0.090
<3.056 164 (54.67) 52 (57.78) 112 (53.33)
>3.056 136 (45.33) 38 (42.22) 98 (46.67)
PLR, n(%) ¥2=0.66 0418 | 0.102
<177.672 136 (45.33) 44 (48.89) 92 (43.81)
>177.672 164 (54.67) 46 (S51.11) 118 (56.19)
SIl, n(%) ¥2=0.13 0.718 | 0.046
<798.421 182 (60.67) 56 (62.22) 126 (60.00)
>798.421 118 (39.33) 34 (37.78) 84 (40.00)
PNI, n(%) ¥2=0.02 0.900 | 0.016
<45.775 155 (51.67) 46 (51.11) 109 (51.90)
245.775 145 (48.33) 44 (48.89) 101 (48.10)
SIRI, n(%) ¥*=0.70 0.404 0.105
<l1.154 161 (53.67) 45 (50.00) 116 (55.24)
>].154 139 (46.33) 45 (50.00) 94 (44.76)
LMR, n(%) ¥*=0.83 0.361 0.116
<3.261 132 (44.00) 36 (40.00) 96 (45.71)
23.261 168 (56.00) 54 (60.00) 114 (54.29)
NMR, n(%) x*=1.88 0.171 0.173
<10.438 168 (56.00) 45 (50.00) 123 (58.57)
=10.438 132 (44.00) 45 (50.00) 87 (41.43)

Abbreviations: SMDs: Standardized mean differences; TNM, Tumor-node-metastasis; ECOG PS, Eastern Cooperative Oncology Group perfor-
mance status; NLR, Neutrophil-to-lymphocyte ratio; PLR, Platelet-to-lymphocyte ratio; Sll, Systemic immunoinflammatory index; PNI, Prognostic
nutritional index; SIRI, Systemic inflammation response index; LMR, Lymphocyte-to-monocyte ratio; NMR, Neutrophil-to-monocyte ratio.
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The optimal thresholds for predicting death with the highest sensitivity and specificity were analyzed using ROC
curves. The optimal threshold values for NLR, PLR, SII, PNI, SIRI, LMR, and NMR were 3.056, 177.672, 798.421,
45.775, 1.154, 3.261, and 10.438, respectively. The corresponding sensitivity and specificity values for each biomarker

are summarized in Table 2.

Screening of Predictor Variables and Correlation Analysis

In a primary cohort of advanced ESCC patients, a Cox regression model was applied to evaluate factors correlated with
OS. The univariate analysis, as demonstrated in Table 3, indicated that age, ECOG PS, TNM stage, NLR, PLR, SII, PNI,
SIRI, and LMR were significant prognostic variables associated with OS. Figure 2A displays correlations among the
seven immune, inflammatory, and nutritional biomarkers. The correlation heatmap indicated high correlations among
NLR, SII, and SIRI (correlation coefficients >0.7). To evaluate whether multicollinearity could affect model stability,
collinearity among all variables selected for LASSO regression was assessed (Supplementary Table S1). All VIFs were

below 3, and tolerances were above 0.35, indicating negligible multicollinearity.

Table 2 Diagnostic Value of the Parameters

Parameters | Cutoff Value | Sensitivity | Specificity | AUC 95% CI

NLR 3.056 0.717 0.708 0.755 | 0.699-0.811
PLR 177.672 0.628 0.808 0.789 | 0.739-0.840
NI 798.421 0.822 0.717 0.826 | 0.778-0.874
PNI 45.775 0.711 0.858 0.816 | 0.768-0.865
SIRI 1.154 0.678 0.675 0.692 | 0.629-0.754
LMR 3.261 0.694 0.642 0.689 | 0.627-0.750
NMR 10.438 0.611 0.517 0.560 | 0.494-0.627

Abbreviations: NLR, Neutrophil-to-lymphocyte ratio; PLR, Platelet-to-lymphocyte ratio; SlI,
Systemic immunoinflammatory index; PNI, Prognostic nutritional index; SIRI, Systemic inflammation
response index; LMR, Lymphocyte-to-monocyte ratio; NMR, Neutrophil-to-monocyte ratio.

Table 3 Univariate Cox Regression Analyses on Variables for the Prediction
of OS in ESCC Patients

Variables Category Univariate Analysis
HR (95% CI) P-value

Gender Female vs Male 0.869 [0.537, 1.407] | 0.568
Age <65 vs 265 1.598 [1.035, 2.467] | 0.035
Smoking history No vs Yes 0.959 [0.605, 1.522] | 0.86
Drinking history No vs Yes 1.105 [0.661, 1.846] | 0.704
TNM stage llvs IV 7.279[4.006,13.225] | <0.001
Number of metastatic | <2 vs 22 1.410 [0.914,2.175] | 0.12
ECOG PS <2 vs 22 2.014 [1.274, 3.184] | 0.003
NLR <3.056 vs 23.056 4.055 [2.506, 6.563] | <0.001
PLR <177.672 vs 2177.672 | 6.974[3.690,13.184] | <0.00I
N <798.42| vs 2798421 | 7.417[4.468,12.312] | <0.00I
PNI <45.775 vs 245.775 0.1'11 [0.059, 0.210] | <0.001
SIRI <1.154 vs 21.154 3.186 [2.011, 5.047] | <0.001
LMR <3.261 vs 23.261 0.275 [0.172, 0.439] | <0.001
NMR <10.438 vs 210.438 1.403 [0.910, 2.163] | 0.125

Abbreviations: TNM, Tumor-node-metastasis; ECOG PS, Eastern Cooperative Oncology Group
performance status; NLR, Neutrophil-to-lymphocyte ratio; PLR, Platelet-to-lymphocyte ratio; SlI,
Systemic immunoinflammatory index; PNI, Prognostic nutritional index; SIRI, Systemic inflalmma-
tion response index; LMR, Lymphocyte-to-monocyte ratio; NMR, Neutrophil-to-monocyte ratio.
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Figure 2 Factor selection using the LASSO Cox regression model. (A) The correlation heatmap of continuous variables. (B) Coefficient profiles of nine candidate variables
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**, F¥indicate statistical significance with p < 0.01, and p < 0.001, respectively.

Subsequently, variables with P < 0.05 in the univariate analysis were incorporated into the LASSO Cox regression
model, from which seven OS-related indicators (Age, TNM stage, ECOG PS, PLR, SII, PNI, LMR) were selected and
input into the multivariate Cox regression model (Figure 2B and C). Eventually, TNM stage, SII, and PNI were identified
as risk factors associated with OS, and the results of the multivariate Cox analysis were visualized using a forest plot
(Figure 2D).

Establishment of the Prognostic Nomogram

Based on independent risk factors filtered by multivariate Cox regression, nomograms were developed to predict 1-, 2-,
and 3-year OS (Figure 3A) and PFS (Figure 3B) in patients with advanced ESCC treated with ICIs. For convenient risk
assessment, the R package “nomogramFormula” outputted integer scores for each variable on the nomogram
(Supplementary Tables S2 and S3). To apply this nomogram, the first step is to identify the point of each factor variable

on its axis and project a perpendicular line to the point on the axis to assign its score. The scores of all predictors are then
summed to yield the total points. Finally, with this total point, we can determine the predicted risk value by drawing

a vertical line from the total point on the axis to the risk of esophageal malignancy.
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Figure 3 Development and validation of prognostic nomogram model for ESCC patients. (A) Nomogram predicting |-, 2-, and 3-year OS in the primary cohort. (B) Nomogram
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Efficacy of the Prognostic Nomogram

The C-indices for OS and PFS were 0.842 (95% CI: 0.803—0.880) and 0.687 (95% CI: 0.635-0.739) in the primary cohort, and
0.873 (95% CI: 0.819-0.920) and 0.706 (95% CI: 0.633—0.779) in the validation cohort, respectively. Calibration curves
further demonstrated concordance between predicted and observed survival results at 1-, 2-, and 3-year time points for OS
(Figure 3C-H) and PFS (Figure 31-N). The predicted AUCs of 1-, 2-, and 3-year OS and PFS for the primary cohort were
0.746 (95% CI: 0.677-0.816, P<0.001), 0.807 (95% CI: 0.734-0.880, P<0.001), 0.837 (95% CI: 0.762-0.912, P<0.001)
(Figure 4A) and 0.741 (95% CI: 0.671-0.812, P<0.001), 0.800 (95% CI: 0.727-0.873, P<0.001), 0.825 (95% CI: 0.749-0.900,
P<0.001) (Figure 4B), respectively; those for the validation cohort were 0.799 (95% CI: 0.694-0.904, P <0.001), 0.772
(0.650-0895, P<0.001), 0.819 (95% CI: 0.657-0.980, P<0.001) (Figure 4C) and 0.829 (95% CI: 0.729-0.929, P<0.001),
0.784 (95% CI: 0.670-898, P<0.001), 0.833 (95% CI: 0.697-0.968, P<0.001) (Figure 4D).

The TNM staging system is commonly applied in clinical practice to estimate the prognosis of advanced ESCC.
Therefore, to evaluate the added value of our nomogram, we compared its predictive performance with that of the TNM
staging system using time-dependent AUC and DCA. Both in the primary and validation cohorts, the time-dependent
AUC:s for predicting 3-year OS and PFS were both >0.6, indicating satisfactory discriminative ability of the nomogram
(Figure 4E-H), and DCA showed that the new nomogram model outperformed the TNM staging system in predicting
advanced ESCC prognosis (Figure 5). This finding indicates that the new nomogram model is more conducive to clinical
application in predicting individual survival outcomes.

Furthermore, we compared our model with the TNM staging system and another predictive model®® using IDI and NRI,
and used the C-index to compare their discriminatory abilities (Supplementary Table S4). Most of the NRI and IDI values of

the compared models were greater than 0, indicating positive improvement; several 95% Cls crossed zero, suggesting that the
observed reclassification improvements were not statistically significant in all instances and should be interpreted with
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caution. In contrast, the C-index values of the compared model were lower than those of our model. In addition, pairwise
comparison between the three AUCs in the primary and validation cohorts using the DeLong test is shown in Supplementary
Tables S5 and S6. These findings demonstrate that our model exhibits superior predictive accuracy and clinical applicability
compared to the TNM staging system and another predictive model.

Association of Sll and PNI with OS and PFS in Patients with Advanced ESCC

The Kaplan-Meier method was employed to construct survival curves for survival analysis, and intergroup differences
were evaluated using the Log rank test. Post-group survival curve analysis demonstrated that patients with low PNI and
elevated SII values exhibited significantly poorer prognoses in both the primary and validation cohorts (Figure 6A—H).
The relationship between SII, PNI, and patient HRs was determined using RCS curves, as shown in Figure 6I-L.
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Significant nonlinear associations were observed (P < 0.05), indicating that the effects of these variables on OS and PFS
HRs were not linear.

Influence of Systemic Inflammatory Indices on Clinical Outcomes

To evaluate the impact of different factors on the prognosis of ESCC, we established a nomogram-based risk stratification
system, and scatter plots were created to compare the levels of sample metrics and the corresponding OS in both the
primary and validation cohorts (Figure 7A and B), enabling classification of patients into distinct high-risk and low-risk
subgroups. As illustrated in Figure 7C and D, significant differences in OS were observed between the two risk
categories, with higher SII scores and reduced PNI being correlated with poorer prognosis, exhibiting a nonlinear
association with survival risk.
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Discussion

In recent years, immunotherapy has achieved remarkable progress in the treatment of advanced ESCC, but the objective
remission rate (ORR) of patients receiving immunotherapy is approximately 20%,*° with the median duration of
remission around 7 months.>’” KEYNOTE-590,?® ESCORT-1st,>® and ORIENT-15° studies show that the combination
of immunotherapy and chemotherapy significantly prolongs PFS and OS compared with chemotherapy alone in patients
with advanced ESCC. However, a considerable proportion of patients fail to benefit from immunotherapy, underscoring
the critical need to identify predictive biomarkers capable of selecting individuals most likely to respond to treatment.

Currently, TNM stage classification is the most widely utilized tool for stratifying, optimizing treatment, and
predicting survival in ESCC.> However, one weakness of the TNM staging described above is that it only considers
the characteristics of the cancer and ignores the potential impact that host factors such as inflammation, nutrition, and
immunity may have on the prognosis of the disease.’’ Compared to single hematologic parameters, accumulating
evidence in intrahepatic cholangiocarcinoma'® and hepatocellular carcinoma'® has demonstrated that integrating
immune, inflammatory, and nutritional markers provides superior prognostic value. However, there are few studies
examining the prognostic significance of these factors in ESCC patients before immunotherapy.

In this study, our analysis revealed significant alterations across all blood-derived indicators, with SII and PNI demonstrat-
ing superior prognostic relevance and being confirmed as independent predictors of survival. In addition, compared with
patients in the low PNI and high SII groups, patients with high PNI and low SII had longer individual survival times. These
results offer clinicians a biomarker-driven framework for pretreatment risk stratification in ESCC, facilitating precision
therapy optimization and immunotherapeutic preparedness. In addition, we further constructed nomograms including SII,
PNI, and TNM stage to predict the 1-, 2-, and 3-year OS and PFS. Higher scores on these nomograms are associated with an
increased likelihood of tumor recurrence or reduced OS. For instance, a patient with stage I'V esophageal malignant tumors,
pre-immunotherapy SII >798.421, and pre-immunotherapy PNI < 45.775 would accumulate a total score of 272 points. This
score is composed of 100 points for tumor stage, 74 points for pre-immunotherapy SII, and 98 points for pre-immunotherapy
PNI. The projected OS rates for this individual are 73%, 25%, and 6% at 1, 2, and 3 years, respectively. Similarly, the predicted
probability of recurrence for this patient is 12%, 21%, and 30% at 1, 2, and 3 years, respectively. Compared with conventional
TNM staging and other previously published models,” our nomograms exhibited higher C-indices and generally positive NRI
and IDI values, suggesting improved discriminative ability and clinical utility. Although some metrics, particularly for PFS,
did not reach statistical significance in the validation cohort, this may be attributed to the influence of subsequent treatments.
Nevertheless, these results highlight the potential of integrating systemic immunoinflammatory and nutritional markers to
refine prognostic accuracy and guide patient management more precisely than models relying solely on TNM or single blood-
based indicators.

SII consists of three elements: neutrophils, platelets, and lymphocytes, which are all considered to function in the
regulation of inflammation.*> The elevated SII is typically the result of increased neutrophil and platelet counts and/or
decreased lymphocyte counts. Although the prognostic significance of SII in ESCC has been recognized, its underlying
biological mechanisms remain insufficiently elucidated. Several potential interpretations may account for this association.
Firstly, neutrophils secrete proteolytic enzymes such as matrix metalloproteinases (MMPs) and serine proteases,” which
facilitate tumor cell proliferation and extracellular matrix degradation. In addition, neutrophil-derived vascular endothelial
growth factor (VEGF) and matrix metalloproteinase-9 (MMP9) are critically involved in promoting tumor angiogenesis,3 3
and they also release tissue inhibitor of metalloproteinases-1 (TIMP-1), which induces epithelial-to-mesenchymal transition
(EMT), thereby enhancing tumor cell motility and invasive potential.>* Secondly, platelets drive tumor progression and
metastasis through multiple interrelated mechanisms: (1) aggregation with tumor cells, (2) induction of tumor growth, (3)
formation of protective barriers around circulating tumor cells (CTCs) to evade immune surveillance, (4) capturing of CTCs,
and (5) furthering angiogenesis to promote metastasis.>> Najafi et al*® proposed that tumor cells could modify circulating
platelets to develop pro-cancer “tumor-educated platelets (TEPs)”, which could accelerate tumor progression and dissemina-
tion. Thirdly, lymphocytes, as an essential component of the human immune system, can suppress tumor formation and
recurrence by generating cytokines and exerting cytotoxic effects, as well as regulating immune functions.’” Meanwhile,

lymphocytes also support adaptive immunity and mediate cancer immunosurveillance and immunoediting.*® Decreased
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lymphocyte numbers or functional deficits may allow tumor cells to escape immune surveillance, leading to worsened clinical
outcomes in cancer patients. Consequently, the SII emerges as a clinically relevant prognostic marker for ESCC, given these
mechanistic considerations.

Malnutrition is a prevalent complication among cancer patients, which correlates with adverse outcomes across multiple
malignancies,” including higher mortality, poorer survival, reduced treatment response, increased complications, extended
hospitalization, and increased medical burden.*” As a cumulative value of albumin levels and lymphocyte counts, PNI serves
as an indicator of the immune-nutritional status of the host. Our results demonstrate that patients with high PNI exhibited
markedly superior OS and PFS compared to those with low PNI levels. Consistent with our results, a pembrolizumab trial*'
in ESCC patients also demonstrated significantly improved PFS in the high-PNI subgroup versus the low-PNI subgroup.

Admittedly, this study is subject to several limitations. First, as a retrospective study with a restricted sample size, our
research is inherently susceptible to multiple sources of bias, and propensity score matching or formal sensitivity
analyses were not feasible. Second, although the present study employs strict inclusion and exclusion criteria, potential
confounders, like concurrent infections, medications, or nutritional interventions, may affect systemic inflammation and
nutritional status, warranting careful result interpretation. Third, the observed decline in AUC in the validation cohort,
along with a >10% prediction error in elderly patients, likely reflects underlying prognostic heterogeneity. This may be

4344 in immunological and nutritional

attributable to differences in treatment regimens*” as well as age-related variations
status. Notably, metastatic patients comprised less than two-thirds of the cohort, and the nomogram’s performance across
different metastatic sites was not evaluated, which was due to the retrospective design and the restricted sample size.
Fourth, the cut-off values discussed in this article are based on data from our center, which inherently limits the
generalizability of the results. Future prospective, large-scale, multicenter investigations involving diverse populations

and broader outcome measures are essential to refine the model’s robustness and clinical relevance.

Conclusions
Collectively, our results establish SII and PNI as independent predictors of outcomes in immunotherapy-treated ESCC
patients. Further validation through prospective, multicenter studies with larger cohorts is required.
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