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Purpose: Monocarboxylate transporter 4 (MCT4) can influence the amount of lactate in the tumor microenvironment and further
control cancer cell proliferation, migration, and angiogenesis. This study aimed to evaluate the predictive value of MCT4 for prognosis
and immunotherapy efficacy in advanced lung adenocarcinoma (LUAD).

Patients and methods: First, bioinformatics analysis was used to assess the relevance of MCT4 for survival and immunotherapy
outcomes in LUAD. Subsequently, we performed a retrospective study involving 126 patients with stage I1Ib to IV LUAD treated with
programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1) inhibitors. MCT4 expression in LUAD tissues was detected by
immunohistochemistry (IHC), then the patients were divided into high and low expression groups. The differences in the medical
records of the two groups were compared using the X? test. Kaplan-Meier (K-M) method was used for survival analysis. Univariate
and multivariate analysis were used to pinpoint independent predictors, and a nomogram was developed based on the significant
factors for overall survival (OS) in the multivariate analysis. The predictive ability of the nomogram was evaluated through C-index,
receiver operating characteristic (ROC) curve, calibration curve, and decision curve analysis (DCA).

Results: Both bioinformatics analysis and clinical study revealed that low MCT4 expression was associated with better prognosis and
immunotherapy efficacy. Multivariate analysis of clinical characteristics showed that age >65 years, stage IV, high MCT4 expression,
neutrophil-to-lymphocyte ratio (NLR)>3, lactate dehydrogenase (LDH)>250 (U/L) and carcinoembryonic antigen (CEA)>5 (ng/mL)
were significantly associated with poor prognosis on immunotherapy. These factors were subsequently incorporated into the
nomogram model. The C-index value of the model stood at 0.735 (95% CI= 0.662 ~ 0.807), indicating robust predictive performance
of the model. The DCA curve showed that the model had a notable clinical application value.

Conclusion: High expression of MCT4 is associated with poor prognosis and reduced efficacy of immunotherapy in patients with
advanced LUAD.
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Introduction

With nearly 2.5 million new cases and over 1.8 million deaths worldwide, lung cancer was the leading cause of cancer
morbidity and mortality in 2022. Among non-small cell lung cancer (NSCLC) subtypes, lung adenocarcinoma (LUAD)
stands out as the most prevalent, contributing significantly to cancer-related mortality."> Traditional treatments for
LUAD include surgery, radiotherapy, chemotherapy, and targeted therapy. However, their efficacy in advanced cases is
often restricted. Recently, immune checkpoint inhibitors, specifically targeting programmed death-1 (PD-1) and pro-
grammed death-ligand 1 (PD-L1), have emerged as a promising approach. These inhibitors have demonstrated notable
effectiveness, prolonging survival and enhancing quality of life for certain LUAD patients.> However, there are notable

inter-individual variations in patient with LUAD responses to immunotherapy, which may be attributed to a multitude of
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factors, including the genetic characteristics of the tumor, the tumor microenvironment and the patient’s immune
status.*> Hence, there is a pressing need to develop an accurate and personalized prognostic model to predict patient
with LUAD responses to immunotherapy and guide treatment decisions.

Tumor cells are recognized for inducing an immunosuppressive microenvironment through metabolic reprogram-
ming, wherein lactate, a byproduct of glycolysis, plays a crucial role.®® The monocarboxylic acid transporter (MCT)
family of proteins is responsible for the transport of lactate and other metabolic monocarboxylic acids. The MCT
family facilitates the transport of lactate and other metabolic monocarboxylic acids. Specifically, monocarboxylate
transporter 4 (MCT4) plays a crucial role in mediating the cellular efflux of lactate and H+. Overexpression of
MCT4 has been associated with unfavorable outcomes in patients with a variety of tumors, including breast cancer,
hepatocellular carcinoma and melanoma, suggesting that it is a promising biomarker for predicting cancer
prognosis.''® To date, studies on MCT4 in LUAD have primarily focused on its transcriptomic profile and the
metabolic level.'%'*'® However, there is a lack of systematic studies of its potential value for clinical applications to
comprehensively assess the potential value of MCT4 in predicting response to immunotherapy in patients with
LUAD.

Several routine laboratory parameters have been shown to correlate with an adverse prognosis in cancer
patients.'”?! These parameters include blood counts, neutrophil-to-lymphocyte ratio (NLR) and derived neutro-
phil-lymphocyte ratio (dINLR), lactate dehydrogenase (LDH), tumor biomarkers. Furthermore, these laboratory
tests are not only readily available, but are also routinely performed during each cycle of PD-1/PD-L1 inhibitors
therapy to facilitate continuous monitoring of the patient’s status. Thus, there is increasing research interest in
integrating these routine laboratory parameters with prognostic gene expression to improve predictive accuracy
beyond the use of prognostic genes alone. In this study, our objective is to develop a predictive model for
assessing prognosis and immunotherapy efficacy by integrating MCT4 expression with clinical features and

routine laboratory parameters.

Materials and Methods

Bioinformatics Analysis

To facilitate a comprehensive understanding of MCT4 expression, we analyzed pan-cancer expression data from The
Cancer Genome Atlas (TCGA) and plotted the expression pattern of MCT4 across various malignancies.”?** Using the
“TCGAplot” R package, we explored the correlation between MCT4 and somatic mutations in different cancer types.**
To investigate the prognostic role of MCT4 in LUAD, we conducted Kaplan—Meier and Cox regression analyses to
determine its impact on overall survival. Additionally, ROC analysis was used to further evaluate its predictive
performance. Immune cell infiltration was calculated for each individual based on seven currently popular algorithms
(XCELL, TIMER, QUANTISEQ, MCPCOUNTER, EPIC, CIBERSORT-ABS, CIBERSORT).>>° Then we analyze the
influence of MCT4 expression on the infiltration of immune cells in LUAD. Furthermore, we calculated the scores of
stromal and immune cells using the ESTIMATE algorithm. To investigate the effect of MCT4 expression on immu-
notherapy efficacy, we examined the association between MCT4 and immune checkpoint gene expression using the
Pearson method and evaluated the influence of MCT4 expression on the immunophenotype scores (IPS) of patients with
LUAD through the Cancer Immunome Atlas (TCIA) database.?’

Cell Lines and Cell Culture

Human lung cancer cell lines A549, NCI-H522, NCI-H23, and normal lung cells BEAS-2B were originally purchased
from the cell bank of the Chinese Academy of Sciences (Shanghai, China) and provided by the Department of
Hepatobiliary Surgery, The First Affiliated Hospital of Anhui Medical University. The use of the cell lines was approved
by the Medical Ethics Committee of the First Affiliated Hospital of Anhui Medical University (approval number:
2023494). All cells were cultured in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS,
Gibco, USA). The cell cultivation conditions were 37°C with 5% CO2.
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Study Population

This study retrospectively analyzed patients with stage IIIb to IV LUAD who were treated with PD-1/PD-L1 inhibitors at
the First Affiliated Hospital of Anhui Medical University from January 2020 to February 2024. Inclusion criteria were as
follows: (1) individuals aged 18 years or older; (2) patients with confirmed LUAD willing to provide tumor tissue for
immunohistochemical examination; (3) patients with clinical stage IIIb to IV; (4) patients receiving monotherapy or
combination therapy with a PD-1/PD-L1 inhibitor; (5) patients with a life expectancy greater than 3 months; (6) patients
meeting the Response Evaluation Criteria In Solid Tumors 1.1 (RECIST 1.1), with at least one measurable or evaluable
target lesion by CT or MRI; (7) Eastern Cooperative Oncology Group (ECOG) physical status score <2; (8) patients
capable of complying with the study protocol and follow-up. Exclusion criteria were as follows: (1) history of other
primary malignancies; (2) receipt of radiotherapy or surgical oncology within four weeks prior to immunotherapy; (3)
fewer than two courses of treatment with a PD-1/PD-L1 inhibitors; (4) conditions that may compromise the safety of
study treatment or compliance, such as psychiatric disorders, blood disorders, immune disorders, etc.; (5) incomplete
clinical data or absence of essential information. Informed consent was obtained from all patients or their families, and
this study was approved by the Ethics Review Committee of the First Affiliated Hospital of Anhui Medical University
[Reference number: Quick-PJ 2023-05-62].

Data Collection

In retrospective study, the baseline clinical characteristics of 126 patients with LUAD were collected, including sex, age,
clinical stage, lymphatic metastasis status, treatment regimens and smoking history. Serological index test results were
obtained within 2 weeks before receiving antitumor therapy, including white blood cell count (WBC), neutrophil count
(N), lymphocyte count (L), LDH, carcinoembryonic antigen (CEA), cytokeratin 19 fragment (CYFRA 21-1), and
neuron-specific enolase (NSE). The calculation formulas were as follows: NLR = N/L; dNLR = N/(WBC-N). The cut-
off values for both NLR and dNLR were defined as greater than 3, consistent with existing literature.'®*® The normal
ranges of CEA, NSE, and CYFRA21-1 were 0-5 ng/mL, 0-15 ng/mL, and 0—4 ng/mL, respectively, with an upper limit
of normal (ULN) set at 250 U/L for LDH. All patients were divided into high- and low-level groups based on whether
they were above or below the upper limit of normal as determined by the institutional laboratory.

Immunohistochemistry

Paraffin-embedded samples of LUAD and paracancerous tissues were sectioned at 4-um thickness and baked at 60°C for
40 minutes. Sections were then deparaffinized in xylene and dehydrated through an ethanol gradient. Antigen retrieval
was performed by boiling the samples in ethylenediaminetetraacetic acid (EDTA) buffer (pH 9.0) in a microwave for
15 minutes. Immunohistochemical staining utilized the streptavidin-peroxidase (SP) method, with initial blocking of
endogenous peroxidase activity using 3% hydrogen peroxide. Sections were subsequently incubated overnight at 4°C
with a primary antibody against MCT4 (rabbit anti-MCT4 polyclonal antibody, 22787-1-AP, diluted 1:800, Proteintech).
The next day, sections were incubated with a horseradish peroxidase-conjugated secondary antibody (GB23302, diluted
1:200, Servicebio) for 50 minutes at room temperature. After treatment with 3,3’-diaminobenzidine tetrahydrochloride
(DAB) for 5 minutes, sections were counterstained with hematoxylin, dehydrated through an ethanol gradient, and
mounted with neutral gum. Staining results were observed using a white light microscope, where hematoxylin-stained
nuclei appeared blue, and positive DAB staining appeared yellow.

Western Blot

Samples were extracted using RIPA buffer (Beyotime, Shanghai, China). Subsequently, the proteins were combined with
SDS-PAGE loading buffer (Invitrogen) and heated to 85 °C for 5 minutes. Equal amounts of cell lysates were resolved by
SDS-polyacrylamide gel electrophoresis (PAGE) and transferred on a polyvinylidene difluoride (PVDF) membrane
(Millipore, Bed-ford, MA, USA) followed by incubating with primary antibodies against MCT4 (rabbit anti-MCT4
polyclonal antibody, 22787-1-AP, diluted 1:800, Proteintech), as well as anti-rabbit secondary antibodies (1:3000;
SA00001-4; Proteintech). The results were captured using a CLINX ChemiScope 5000 imaging system.
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Semi-Quantitative Method

The expression levels of MCT4 protein in LUAD samples were assessed through semi-quantitative immunohistochem-
ical (IHC) analysis based on staining intensity and the percentage of positively stained cells. Two independent
investigators evaluated staining intensity on a scale of 0-3 (0 = no staining, 1 = weak, 2 = moderate, 3 = strong). The
percentage of positive cells was calculated using Image J software and categorized as follows: 0 for <5%, 1 for 5-25%, 2
for 26-50%, 3 for 51-75%, and 4 for >75%. The staining intensity score was multiplied by the percentage score to
determine MCT4 expression level. Scores of 0—4 indicated low expression, while >4 indicated high expression.?**%-3
This scoring system was developed to establish a standardized and reproducible method for evaluating MCT4 protein

expression.

Follow-Up

Patients’ survival was monitored through inpatient, outpatient, and telephone follow-ups until death from any cause or
the study cut-off date (May 31, 2024). Enrolled patients received PD-1/PD-L1 inhibitors in 21-day treatment cycles and
target tumor lesions were imaged after 2 cycles. Tumor response was assessed according to the Immunotherapy Response
Evaluation Criteria In Solid Tumors (iRECIST), categorizing responses as progressive disease (PD), stable disease (SD),
partial remission (PR), and complete remission (CR).*" The primary endpoint was overall survival (OS), with secondary
endpoints including progression-free survival (PFS) and disease control rate (DCR). OS was defined as the time from the
start of first-line immunotherapy to death from any cause or loss to follow-up. PFS was defined as the time from the start
of first-line immunotherapy to tumor progression, death from any cause, or loss to follow-up. DCR was calculated as the
sum of CR, PR, and SD cases divided by the total number of patients. The objective response rate (ORR) was calculated
as the sum of CR and PR divided by the total number of patients.

Statistical Analysis

IBM SPSS Statistics (version 27.0) and R software (4.4.0) were used for data analysis and graphing. Categorical
variables were represented by cases and ratios and compared by chi-square or Fisher’s exact test. Serial numbers with
non-normal distribution were expressed as median with interquartile range. To reduce biases inherent to retrospective
studies, double data entry was independently validated, strict inclusion and exclusion criteria were applied, and outcomes
were assessed by blinded investigators. Missing data were handled using multiple imputation with the “mice” package.
For survival analyses, the Kaplan-Meier method (K-M) was employed. The methodology employed for estimating
survival functions and for comparing differences in survival curves between groups was the log-rank method. Univariate
and multivariate analysis were used to pinpoint independent predictors, and a nomogram was developed based on the
results of the overall survival (OS) multivariate Cox model. The model was evaluated through C-index, receiver
operating characteristic (ROC) curve, calibration curve, and decision curve analysis (DCA). No multiple testing
corrections were applied, as the study focused on model development and exploratory hypothesis generation rather
than formal hypothesis testing. A P-value <0.05 indicated that the difference was statistically significant.

Results
Correlation of MCT4 to Survival and Immunotherapy Efficiency Based on

Transcriptome Data
Firstly, we utilized The Cancer Genome Atlas (TCGA) project to analyze the expression status of MCT4 in various
cancers. As shown in Figure 1A, MCT4 expression was dysregulated in most tumors, with elevated expression in many
types of cancers except Kidney Renal Cell Carcinoma (KICH) and primary cardiac tumor (PRCAD). We then compared
the MCT4 expression levels with tumor mutational burden (TMB) and microsatellite instability (MSI) across various
cancers. The results illustrated that MCT4 expression was linked to TMB and MSI in 8 and 6 cancer types, respectively
(Figure 1B).

Subsequently, we comprehensively investigated the potential role of MCT4 in LUAD. Our further expression analysis
showed that at both mRNA and protein levels, MCT4 was abnormally up-regulated in LUAD tissues compared to
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Figure | The expression level of monocarboxylate transporter 4 (MCT4) and its prognostic predictive performance. (A) MCT4 expression levels in 2| pan-cancer samples
compared to corresponding paracancerous samples; (B) Correlation of MCT4 expression with tumor mutational burden (TMB) and microsatellite instability (MIS) across 33
pan-cancers; (€) Comparison of MCT4 RNA and protein levels in lung adenocarcinoma (LUAD) samples versus corresponding paracancerous samples; (D) Association
analysis of MCT4 expression with clinical features; (E) Kaplan-Meier curve comparing low- and high-expression groups of MCT4; (F) Results of univariate and multivariate
Cox regression analyses examining MCT4 expression and clinical features; (G) Receiver operating characteristic (ROC) curve evaluating the diagnostic performance of
MCT4 expression for LUAD in The Cancer Genome Atlas (TCGA) cohort.

Notes: ns as no significance, * as p <0.05, ** as p <0.01, *** as p <0.001.

corresponding paracancerous tissues (Figure 1C). Moreover, MCT4 expression was associated with age, gender, and
stage in patients with LUAD (Figure 1D). We then investigated its prognostic value using Kaplan—-Meier and Cox
analyses. The results of the survival analysis demonstrated that increased expression of MCT4 was linked to poor overall
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survival (Figure 1E and F). Additionally, ROC analysis showed strong performance for MCT4 to discriminate between
patients with and without LUAD (Figure 1G).
To understand the impact of MCT4 on the tumor immune microenvironment, we estimated the infiltration of immune

cells and the tumor microenvironment (TME) score in LUAD. As shown in Figure 2A, MCT4 expression levels were

positively related to CD4+ T cells and macrophage M1, while negatively related to CD8+ T cells, B cells, and
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Figure 2 The correlation of MCT4 with the immune microenvironment landscape and immunotherapy response; (A) Bubble map showing the correlation of MCT4
expression with various immune cell types; (B) Tumor microenvironment (TME) scores (including stromal score, immune score, and ESTIMATE score) in MCT4 low- and
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Notes: *** as p <0.001.
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macrophage M2. Furthermore, patients with lower MCT4 levels had higher TME scores (Figure 2B). These findings
indicate the important role of MCT4 in the tumor immune microenvironment. Finally, to investigate the potential role of
MCT4 in immunotherapy efficacy, we analyzed the association of MCT4 with immune checkpoint genes. Our data
showed a positive relationship between MCT4 and the expression of most immune checkpoint genes except CD40LG
and TNFSF15 (Figure 2C). The subsequent IPS estimation revealed that in four patient cohorts (CTLA4-/PD1-, CTLA4
+/PD1-, CTLA4-/PD1+, CTLA4+/PD1+), those with high MCT4 expression displayed a poor response to immunother-
apy (Figure 2D).

The Correlation of MCT4 Expression and Clinical Variables

To further investigate the potential predictive value of MCT4 for prognosis and immune efficacy in LUAD, we
subsequently conducted a retrospective study. We initially conducted IHC assay to verify the MCT4 expression in
LUAD and paracancerous tissues. The results depicted in Figure 3A, MCT4 protein showed significant positive
staining in the cytomembrane and cytoplasm of tumor cells. MCT4 was found to be highly expressed in NSCLC
tissues and paracancerous tissues at a rate of 63.49% (80/126) and 20.00% (2/10), respectively. Consistently, our
western blot assay revealed the upregulated levels of MCT4 in lung cancer cell lines (including A549, NCI-H522,
NCI-H23) compared to BEAS-2B, a bronchial epithelial cell lines (Figure 3B). Based on the expression of MCT4
protein in LUAD tissues, all patients were divided into high and low expression groups. As shown in Table 1, our data
indicated correlations between MCT4 expression levels and lymph node metastasis (y*>=5.38, P=0.020), clinical stage
(¥*=5.48, P=0.019), and LDH (¥>=8.07, P=0.005) in patients with LUAD. In addition, MCT4 expression was
significantly correlated with the efficacy of immunotherapy (¥>=10.00, P=0.007). While MCT4 expression did not
correlate significantly with ORR (3>=0.07, P=0.786), it showed a significant correlation with DCR (¥*=9.42, P=0.002).
These findings suggest that MCT4 may serve as a potential biomarker for predicting the efficacy of immunotherapy
and prognosis in patients with advanced LUAD.

Impact of Clinicopathological Features on DCR

The significant correlation between MCT4 expression and DCR above inspired us to further investigate whether MCT4
could serve as a biomarker to predict the efficacy of immunotherapy in LUAD. To test this hypothesis, we first performed
a univariate logistic regression analysis of the above variables. The results revealed that MCT4 expression, LDH, CEA
and CYFRA 21-1 were all significantly associated with DCR. Then, the multivariate logistic regression analysis showed
that MCT4 expression and CEA were independent risk factors for DCR. And the patients with high MCT4 levels were
more likely to have poorer disease control than those with low MCT4 levels (HR = 9.01, 95% CI = 1.11 ~ 72.80,
P =0.039) (Table 2).

Influence of Clinicopathological Features on PFS

The overall mean follow-up period in this study was 24.43 (95% CI =22.37 ~ 26.48) months, and 65 patients died during
the follow-up period. The median PFS and OS periods of all patients were 11.00 (95% CI = 7.19 ~ 14.81) and 22.00
(95% CI =19.19 ~ 24.81) months, respectively.

Similarly, we performed univariate Cox regression analysis of the association of MCT4 expression and clinical
features with PFS. Univariate Cox regression analysis showed that MCT4 expression, clinical stage, LDH, and
CYFRA21-1 were significantly associated with PFS. Then the multivariate Cox regression analysis found that MCT4
expression, LDH and CEA remained significant on multivariate analysis. And the patients with high MCT4 levels were
0.94 times more likely to experience disease progression than those with low MCT4 levels (HR = 0.39, 95% CI = 0.23 ~
0.66, P < 0.001) (Table 3).

Kaplan-Meier analysis demonstrated a significantly higher PFS rate in patients with low MCT4 expression
compared to those with high MCT4 expression (P<0.001). Similar results were observed in the low LDH (P =
0.001), low CEA (P = 0.007), and low CYFRA21-1 (P = 0.006) groups compared to their respective high expression
groups (Figure 3C).
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Figure 3 (A) Representative immunohistochemistry images showing the expression of MCT4 protein in paracancerous and tumor tissues. The magnification of the image is
%200, and the scale bars are 0.100 mm; (B) MCT4 protein expression in BEAS-2B normal lung cell and three lung cancer cell lines (A549, NCI-H522, NCI-H23) by Western blot
analysis; (C and D) Kaplan-Meier analysis of indicated factors with significant univariate Cox regression in progression free survival (PFS) (B) or overall survival (OS) (C).

Effect of Clinicopathological Features on OS
Also, given the significant correlation between MCT4 expression and the clinical stage of LUAD patients, we further
investigated whether MCT4 protein could serve as a predictor of LUAD prognosis. To this end, we first performed
univariate Cox regression analysis to assess the association of MCT4 expression and other clinicopathological char-
acteristics with OS. The univariate Cox regression analysis showed that age, clinical stage, MCT4 expression, NLR,
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Table | The Distribution of Clinical Variables Between the MCT4 high-Expression and
Low-Expression Groups

Variables Total High Low * P
(n =126) n (%) (n = 80) (n = 46)
Gender 0.27 0.601
Female 42 (33.33) 28 (35.00) 14 (30.43)
Man 84 (66.67) 52 (65.00) 32 (69.57)
Age (years)
Median (IQR) 65(57,70) 261 0.106
<65 62 (49.21) 35 (43.75) 27 (58.70)
265 64 (50.79) 45 (56.25) 19 (41.30)
Clinical stage 5.48 0.019*
1] 18 (14.29) 7 (8.75) 11 (23.91)
v 108 (85.71) 73 (91.25) 35 (76.09)
Lymphatic metastasis 5.38 0.020*
No 27 (21.43) 12 (15.00) 15 (32.61)
Yes 99 (78.57) 68 (85.00) 31 (67.39)
Treatment regimens 0.00 1.000
Combination therapy 114 (90.48) 72 (90.00) 42 (91.30)
Monotherapy 12 (9.52) 8 (10.00) 4 (8.70)
Smoking 0.18 0.673
No 77 (61.11) 50 (62.50) 27 (58.70)
Yes 49 (38.89) 30 (37.50) 19 (41.30)
Baseline NLR
Median (IQR) 2.98(2.14,4.21) 0.0l 0.920
<3 65 (51.59) 41 (51.25) 24 (52.17)
=3 61 (48.41) 39 (48.75) 22 (47.83)
Baseline dNLR
Median (IQR) 2.01(1.54,2.77) 0.22 0.637
<3 104 (82.54) 67 (83.75) 37 (80.43)
23 22 (17.46) 13 (16.25) 9 (19.57)
Baseline LDH
Median (IQR) 204(169,251) 8.07 0.005*
< ULN 94 (74.60) 53 (66.25) 41 (89.13)
> ULN 32 (25.40) 27 (33.75) 5 (10.87)
Baseline CEA
Median (IQR) 5.15(2.29,28.45) 243 0.119
<5 ng/mL 57 (45.24) 32 (40.00) 25 (54.35)
25 ng/mL 69 (54.76) 48 (60.00) 21 (45.65)
Baseline CYFRA2I-1
Median (IQR) 4.10(2.73,83) 3.07 0.080
<4 ng/mL 61 (48.41) 34 (42.50) 27 (58.70)
24 ng/mL 65 (51.59) 46 (57.50) 19 (41.30)
Baseline NSE
Median (IQR) 13.92 (11.12,17.13) 0.32 0.574
<I5 ng/mL 78 (61.90) 51 (63.75) 27 (58.70)
215 ng/mL 48 (38.10) 29 (36.25) 19 (41.30)
Efficacy 10.00 0.007*
PD 19 (15.08) 18 (22.50) 1(2.17)
PR 15 (11.90) 10 (12.50) 5 (10.87)
SD 92 (73.02) 52 (65.00) 40 (86.96)
ORR 15 (11.90) 10 (12.50) 5(10.87) 0.07 0.786
DCR 107 (84.92) 62 (77.50) 45 (97.83) 9.42 0.002*

Notes: * as p<0.05.

Abbreviations: IQR, interquartile ranges; NLR, neutrophil-to-lymphocyte ratio; dNLR, derived neutrophil-to-
lymphocyte ratio; LDH, lactate dehydrogenase; CEA, carcinoembryonic antigen; CYFRA 21-I, cytokeratin 19
fragment; NSE, neuron-specific enolase; PD, progressive disease; SD, stable disease; PR, partial remission; CR,
complete remission; ORR, objective response rate; DCR, disease control rate.
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Table 2 Univariate and Multivariate Logistic Regression Analysis for DCR

Variables Univariate Analysis Multivariate Analysis
B HR (95% CI) P B HR (95% CI) P
Gender
Female 1.00 (Ref.)
Man 0.18 1.20 (0.43 ~ 3.31) 0.725
Age (years)
<65 1.00 (Ref.)
265 0.4l I.51 (0.56 ~ 4.05) 0.413
Clinical stage
11l 1.00 (Ref.)
v —1.22 | 0.29 (0.04 ~ 2.35) 0.249
Lymphatic metastasis
No 1.00 (Ref.)
Yes —0.95 | 0.39 (0.08 ~ 1.79) 0.223
Treatment regimens
Combination therapy 1.00 (Ref.)
Monotherapy —0.71 | 0.49 (0.12 ~ 2.01) 0.321
Smoking
No 1.00 (Ref.)
Yes —0.41 | 0.66 (0.25 ~ 1.77) 0413
MCT4 expression
High 1.00 (Ref.) 1.00 (Ref.)
Low 2.57 13.06 (1.68 ~ 101.47) | 0.014* | 2.20 | 9.0l (I.1l1 ~72.80) | 0.039*
Baseline NLR
23 1.00 (Ref.)
<3 0.20 1.22 (0.46 ~ 3.24) 0.690
Baseline dNLR
>3 1.00 (Ref.)
<3 —0.14 | 0.87 (0.23 ~ 3.28) 0.835
Baseline LDH
= ULN 1.00 (Ref.) 1.00 (Ref.)
< ULN 1.19 3.29 (1.20 ~ 9.04) 0.021* | 0.90 | 2.46 (0.81 ~7.41) | O.I11
Baseline CEA
25 ng/mL 1.00 (Ref.) 1.00 (Ref.)
<5 ng/mL 1.69 5.43 (1.50 ~19.74) 0.010% | 1.48 | 4.41 (1.08 ~ 18.02) | 0.039*
Baseline CYFRA2I-1
24 ng/mL 1.00 (Ref.) 1.00 (Ref.)
<4 ng/mL 1.12 3.07 (1.03 ~ 9.14) 0.043* | 042 | 1.52 (0.44 ~ 5.18) | 0.506
Baseline NSE
2|5 ng/mL 1.00 (Ref.)
<15 ng/mL 0.45 1.57 (0.59 ~ 4.19) 0.369

Notes: * as p<0.05.

LDH and CEA were associated with OS. Then the multivariate Cox regression analysis confirmed that that age, clinical
stage, MCT4 expression, NLR, LDH and CEA were independent risk factors for OS. And the patients with high MCT4
levels were 0.85 times more likely to experience disease-related death than those with low MCT4 levels (HR = 0.43, 95%
CI=0.23 ~ 0.78, P = 0.006) (Table 4).

Kaplan-Meier analysis revealed a significantly higher OS rate in patients with low MCT4 expression compared to
those with high MCT4 expression (P<0.001). The results were similar in the high NLR, high LDH and high CEA groups
compared to the low NLR (P=0.035), low LDH (P=0.005) and low CEA groups(P=0.012) (Figure 3D).
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Table 3 Univariate and Multivariate Cox Regression Analysis for PFS

Variables Univariate Analysis Multivariate Analysis
B HR (95% CI) P B HR (95% CI) P
Gender
Female 1.00 (Ref.)
Man —0.25 | 0.78 (0.50 ~ 1.21) | 0.260
Age (years)
<65 1.00 (Ref.)
265 0.11 1.12 (0.73 ~ 1.71) | 0.608
Clinical stage
1] 1.00 (Ref.) 1.00 (Ref.)
v 0.66 1.94 (1.01 ~ 3.78) | 0.050* 0.64 1.91 (0.97 ~ 3.76) | 0.063
Lymphatic metastasis
No 1.00 (Ref.)
Yes 0.24 1.27 (0.74 ~ 2.19) | 0.387
Treatment regimens
Combination therapy 1.00 (Ref.)
Monotherapy 0.28 1.33 (0.66 ~ 2.66) | 0.424
Smoking
No 1.00 (Ref.)
Yes 0.31 1.37 (0.88 ~ 2.14) | 0.165
MCT4 expression
High 1.00 (Ref.) 1.00 (Ref.)
Low —1.00 | 0.37 (0.22 ~ 0.60) | <0.001* | —0.94 | 0.39 (0.23 ~ 0.66) | <0.001*
Baseline NLR
23 1.00 (Ref.)
<3 —0.34 | 0.71 (047 ~ 1.09) | 0.118
Baseline dNLR
>3 1.00 (Ref.)
<3 —0.39 | 0.68 (0.40 ~ 1.15) | 0.150
Baseline LDH
= ULN 1.00 (Ref.) 1.00 (Ref.)
< ULN —0.74 | 0.48 (0.30 ~ 0.76) | 0.002* —0.69 | 0.50 (0.31 ~0.83) | 0.007*
Baseline CEA
25 ng/mL 1.00 (Ref.) 1.00 (Ref.)
<5 ng/mL —0.57 | 0.56 (0.37~0.87) | 0.010*% —0.53 | 0.59 (0.36 ~ 0.96) | 0.033*
Baseline CYFRA2I-I
24 ng/mL 1.00 (Ref.) 1.00 (Ref.)
<4 ng/mL —0.57 | 0.56 (0.37 ~ 0.87) | 0.009* —0.36 | 0.70 (0.43 ~ 1.13) | 0.141
Baseline NSE
2|5 ng/mL 1.00 (Ref.)
<15 ng/mL —0.27 | 0.77 (0.50 ~ 1.17) | 0.221

Notes: * as p<0.05.

Nomogram Development and Model Validation

We constructed a nomogram model using the 6 independent risk factors (age >65 years, stage IV, high MCT4 expression,

NLR>3, LDH>250 U/L, and CEA>5 ng/mL) based on univariate and multivariate Cox regression analyses (Figure 4A).
In the OS model, the C-index value was 0.735 (95% CI=0.662 ~ 0.807) (Figure 4B), and the area under the ROC

curve (AUC) of the one-year and two-year for predicting OS were 0.757 (95% CI=0.652 ~ 0.861) and 0.841 (95%

CI=0.750 ~ 0.932) (Figure 4C), respectively. Furthermore, the calibration curves of the nomogram showed a high degree

of agreement between predicted and observed survival probabilities (Figure 4D), and DCA analysis showed that

nomogram has great potential for clinical decision making (Figure 4E).
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Table 4 Univariate and Multivariate Cox Regression Analysis for OS

Variables Univariate Analysis Multivariate Analysis
B HR (95% CI) P B HR (95% CI) P
Gender
Female 1.00 (Ref.)
Man —0.24 | 0.79 (047 ~ 1.30) | 0.350
Age (years)
<65 1.00 (Ref.) 1.00 (Ref.)
265 0.50 1.65 (1.01 ~2.70) | 0.049* 0.66 1.93 (1.12 ~ 3.32) | 0.017*
Clinical stage
1] 1.00 (Ref.) 1.00 (Ref.)
v 1.45 4.26 (1.33 ~ 13.60) | 0.015*% 1.24 3.45 (1.06 ~ 11.21) | 0.039*
Lymphatic metastasis
No 1.00 (Ref.)
Yes 0.36 1.43 (0.76 ~ 2.68) | 0.266
Treatment regimens
Combination therapy 1.00 (Ref.)
Monotherapy —0.15 | 0.86 (0.37 ~ 2.00) 0.727
Smoking
No 1.00 (Ref.)
Yes 0.26 1.29 (0.79 ~ 2.13) | 0310
MCT4 expression
High 1.00 (Ref.) 1.00 (Ref.)
Low —1.14 | 0.32 (0.18 ~ 0.57) <0.001* | —0.85 | 0.43 (0.23 ~0.78) | 0.006*
Baseline NLR
=3 1.00 (Ref.) 1.00 (Ref.)
<3 —0.51 | 0.60 (0.37 ~0.98) | 0.041* | —0.54 | 0.59 (0.35 ~0.99) | 0.044*
Baseline dNLR
>3 1.00 (Ref.)
<3 —0.28 | 0.75 (0.40~ 1.42) 0.380
Baseline LDH
2ULN 1.00 (Ref.) 1.00 (Ref.)
<ULN —0.74 | 0.48 (0.28~ 0.81) 0.006* | —0.60 | 0.55 (0.30 ~ 0.99) | 0.047*
Baseline CEA
25 ng/mL 1.00 (Ref.) 1.00 (Ref.)
< 5 ng/mL —0.63 | 0.53 (0.32 ~0.89) | 0.015% | —0.77 | 0.46 (0.27 ~ 0.79) | 0.005*%
Baseline CYFRA2I-I
24 ng/mL 1.00 (Ref.)
<4 ng/mL —0.50 | 0.61 (0.37~ 1.00) 0.050
Baseline NSE
2|5 ng/mL 1.00 (Ref.)
<15 ng/mL —0.13 | 0.87 (0.53 ~ 1.43) | 0.593

Notes: * as p<0.05.

The risk score for individual patient was calculated based on the nomogram. Patients were then divided into high-risk
or low-risk group according to the median risk score.**** Kaplan-Meier OS curves demonstrated that the high-risk group
of patients has poor survival overall compared to that in low-risk group (P < 0.001) (Figure 3D). These results show that
patients with a higher risk score tend to have a worse prognosis. Our findings have important implications for clinical
treatment decisions, supporting the use of a nomogram to stratify patients by risk, guiding the selection of treatment

strategies and promoting personalized, precision medicine.
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Figure 4 Construction and verification of nomogram for predicting prognosis. (A) Prognostic nomogram to estimate their probability of survival at |-year and 2-year; (B)
The C-index for the established model was 0.735 (95% CI=0.662 ~ 0.807); (C) The ROC curve of |-year and 2-year OS; (D) The calibration curve of nomogram for |-year
and 2-year OS (bootstrap 1000 repetitions); (E) The decision curves analysis of nomogram for |-year and 2-year OS.

Discussion

The MCT4 protein is predominantly expressed on the plasma membrane of cells and functions as a principal transporter
of lactate, playing a pivotal role in lactate metabolism.'>'® The findings indicated that the expression of MCT4 protein in
LUAD tissues and lung cancer cells was higher than that in paracancerous tissues and normal lung cells. Furthermore, it
correlated with the clinical stage and lymph node metastasis, suggesting that MCT4 may be implicated in the develop-
ment and progression of LUAD. Further multivariate regression analysis demonstrated that high MCT4 expression was
associated with poorer PFS and OS, indicating that MCT4 expression level has significant prognostic value in LUAD
patients treated with PD-1/PD-L1 inhibitors. Additionally, a nomogram based on MCT4 and clinicopathological para-
meters was successfully developed and validated for predicting the prognosis of LUAD patients.

More and more evidences demonstrated that MCT4 is highly expressed in a range of tumors, including breast cancer,
hepatocellular carcinoma and melanoma. Consequently, it is regarded as a promising biomarker for predicting cancer
prognosis.'? Notably, Tao et al observed a significant elevation in MCT4 expression in LUAD relative to normal tissue,
which was markedly correlated with a poor prognosis.** These findings corroborate the conclusions drawn from this
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study: elevated expression of the MCT4 protein is linked to the malignant biological behaviors and unfavorable
prognosis in LUAD.

Lactate, a glycolysis byproduct, plays a crucial role in inducing an immunosuppressive microenvironment in tumor
cells.®” MCT4, a key protein mediating cellular efflux of lactate and H+, potentially influences the tumor-induced
immunosuppressive microenvironment.'' This study analyzed the association between MCT4 expression, immune
microenvironment, and immunotherapy efficacy using TCGA-LUAD RNAseq data. Results indicate that MCT4 corre-
lates with a tumor-promoting immune microenvironment and is significantly associated with poor immunotherapy
efficacy. Furthermore, in our retrospective study cohort, MCT4 emerged as an independent prognostic factor for DCR
in patients with LUAD, highlighting its predictive value in assessing immunotherapy efficiency.

NLR serves as a critical biomarker, indicating systemic inflammatory responses, with elevated levels commonly
linked to adverse cancer outcomes.>>® Such increases in NLR may serve as a reflection of the inflammatory environ-
ment within the tumor microenvironment, thereby suggesting a potential correlation with tumor invasiveness and
metastatic capabilities. In addition to its function as an indicator of tumor burden, serum LDH has been identified as
a multifaceted biomarker with a complex relationship to the activation of oncogenic signaling pathways and the
metabolic, invasive, and immunogenic properties of numerous cancers. This makes it an attractive target for therapeutic
intervention.”'>” CEA is a well-known tumor marker with broad-spectrum capabilities. It is elevated in a number of
cancers, including colorectal, gastric, lung, and breast. Its elevation is associated with the presence, progression, and
relapse of the disease in these cases. Furthermore, it can be employed for the monitoring of treatment responses and the
assessment of prognosis.”®>° Our research substantiates that lower baseline levels of NLR, LDH, and CEA are correlated
with superior responses to immunotherapy and enhanced clinical prognoses.

This research demonstrates a correlation between MCT4 and LDH in LUAD, indicating that they have a synergistic
function within the tumor’s metabolic pathways. MCT4, which functions as a lactate transporter, facilitates the efflux of
lactate from the cell, while LDH plays a pivotal role in the generation of lactate. This synergism may enable tumor cells
to evade immune detection and promote tumor growth.'®*® A comprehensive understanding of the mechanisms under-
lying the roles of MCT4 and LDH in LUAD is crucial for the development of novel therapeutic strategies. Furthermore,
the investigation of dual-target therapies for MCT4 and LDH offers promising prospects for the introduction of new
treatment options for patients with LUAD.

The area under the ROC curve (AUC) is a key metric for assessing the accuracy of a model in predicting patient
prognosis.*' We integrated all the essential information of a series of prognostic models in lung cancer, including
author, year, and model characteristics, and the constructed AUC to verify the diagnostic performance of the model. After
comparison, we found that the AUC of our model was 0.757 and 0.841 at 1 and 2 years, respectively, which was
significantly than most predictive models (Table 5).4* 4

In our study, the model we constructed can be considered a suitable prognostic signal and its mechanism of action in
lung cancer deserves further investigation and verification. MCT4 levels are determined using the widely accepted IHC
scoring system, which ensures standardized and reproducible results. The blood test indicators included in our model are
routine and easily accessible, enhancing the practicality of the model. Overall, the improved predictive performance and

Table 5 Comparative AUC Analysis of Prognostic Models in Lung Cancer

Article Year | Model Characteristics AUC

Our model 2024 | Tumor microenvironment 0.757 (l-year), 0.841 (2-year)
Sun Q et al, 2024* 2024 | Circadian rhythm 0.710 (I-year), 0.667 (3-year)
Zeng | et al, 2023*% 2023 | Endoplasmic reticulum stress | 0.725 (3-year), 0.740 (5-year)
Huang P et al, 2022** | 2022 | Tumor microenvironment 0.720(1-year), 0.679 (3-year)
Chang W et al, 2022* | 2022 | Copper metabolism 0.734 (l-year), 0.735 (3-year)
Zhai WY et al, 2022 | 2022 | Inflammation 0.745 (l-year), 0.690 (3-year)

Abbreviations: AUC, area under the ROC curve.
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clinical applicability of our model will enable more accurate prognostic assessments and personalized treatment
strategies, ultimately leading to better patient outcomes.

It should be acknowledged that this study has certain limitations. Firstly, as a retrospective study, it is subject to
inherent bias, and some patients did not reach the pre-specified endpoints, necessitating extended follow-up.
Additionally, the study sample lacks diversity in ethnicity, geographical representation, and clinical stages. Expanding
the sample in future study to include a broader patient population through multicenter studies and additional validation
cohorts could help address these limitations.

Conclusion

This study is one of the few that analyzed the correlation between MCT4 expression and prognosis in LUAD patients
treated with PD-1/PD-L1 inhibitors. The study found that the expression level of MCT4 of patients was negatively
correlated with DCR, PFS and OS. In addition, this study also demonstrated for the first time that the expression level of
MCT4 was positively correlated with the clinical stage, lymph node metastasis and the expression level of LDH. The
nomogram model incorporating age, clinical stage, MCT4 expression, NLR, LDH, and CEA may improve the predictive
accuracy for the prognosis of LUAD patients treated with PD-1/PD-L1 inhibitors.
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