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Background

T-cell Activation GTPase Activating Protein (TAGAP) plays a role in immune cell regulation. This study aimed to investigate TAGAP’s expression and its potential impact on CD4+ T cell function and prognosis in lung adenocarcinoma (LUAD).





Methods

We analyzed TAGAP expression and its correlation with immune infiltration and clinical data in LUAD patients using multiple datasets, including The Cancer Genome Atlas (TCGA-LUAD), Gene Expression Omnibus (GEO), and scRNA-seq datasets. In vitro and in vivo experiments were conducted to explore the role of TAGAP in CD4+ T cell function, chemotaxis, and cytotoxicity.





Results

TAGAP expression was significantly lower in LUAD tissues compared to normal tissues, and high TAGAP expression correlated with better prognosis in LUAD patients. TAGAP was positively correlated with immune/stromal/ESTIMATE scores and immune cell infiltration in LUAD. Single-cell RNA sequencing revealed that TAGAP was primarily distributed in CD4+/CD8+ T cells. In vitro experiments showed that TAGAP overexpression enhanced CD4+ T cell cytotoxicity, proliferation, and chemotaxis. Gene Set Enrichment Analysis (GSEA) indicated that TAGAP was enriched in the JAK-STAT signaling pathway. In vivo experiments in a xenograft tumor model demonstrated that TAGAP overexpression suppressed tumor growth and promoted CD4+ T cell cytotoxicity.





Conclusions

TAGAP influences CD4+ T cell differentiation and function in LUAD through the STAT pathway, promoting immune infiltration and cytotoxicity. This study provides a scientific basis for developing novel LUAD immunotherapy strategies and exploring new therapeutic targets.





Keywords: TAGAP, CD4+ T cells, lung adenocarcinoma (LUAD), JAK-STAT signaling pathway, immunotherapy




1 Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide, with lung adenocarcinoma (LUAD) accounting for nearly 50% of all cases and a 5-year overall survival (OS) rate still below 20% (1, 2). In recent years, immunotherapy has become an established strategy in cancer treatment, including LUAD (3). The main difference between immunotherapy and traditional radio-chemotherapy or molecular targeted therapy is that immunotherapy can provide long-term and stable therapeutic effects for some patients, greatly improving their prognosis and quality of life (4). However, tumor heterogeneity and individual differences limit its practical application, as immune therapy benefits only a small group of patients due to the suppression of immune effects in some tumor microenvironments and the occurrence of drug resistance and adverse reactions (5).

Most antitumor immunotherapies focus on stimulating cytotoxic T lymphocytes (CTLs), the main T cell group that kills tumors. Current research suggests that activating CD8+ T cells is the primary way of antitumor immunity, while CD4+ T cells are also essential (6). In the context of cancer, multiple lines of evidence highlight the importance of CD4+ T cell recognition of tumor antigens for cancer immunotherapy responses. CD4+ T cells have complex immunoregulatory functions, with different subtypes exerting opposing effects on cancer progression (7, 8). However, research on CD4+ T cell differentiation and tumor regulation in LUAD tumor microenvironment is still insufficient.

Rho GTPases act as molecular switches in various cellular processes by transitioning between GTP-bound “on state” and GDP-bound “off state” (9). Rho GTPases reportedly coordinate the biochemical or cytoskeletal pathways that cause T cells to polarize towards antigen-presenting cells (APCs), and disruption of these pathways interferes with T cell responses to stimulation and affects effector T cell differentiation (10). The functions of most Rho GTPase-activating proteins (RhoGAPs) in T cells remain largely unexplored. The T cell-activated Rho GTPase activating protein (TAGAP) encodes a member of the RhoGAP superfamily, which participates in the Rho GTPase cycle.

TAGAP is highly expressed in the immune system, including T and B lymphocytes, dendritic cells, and natural killer cells, but mainly transiently expressed in activated T lymphocytes (11). As a GTPase-activating protein, TAGAP may be involved in T cell activation through its interaction with IL2, affecting the development of autoimmune diseases (12). TAGAP has been shown to be associated with immune cell infiltration in various cancers. In LUAD-related research, TAGAP was found to be a key gene affecting the tumor microenvironment and closely related to LUAD prognosis (13). However, the role of TAGAP in the progression of malignant tumors remains unclear.

In this study, we first analyzed the expression of TAGAP in LUAD patient tumor tissue samples using bioinformatics and collected corresponding tissue samples. We further investigated the essential role of TAGAP in CD4+ T cell immunoregulation through functional cellular experiments and validated that TAGAP overexpression promotes CD4+ T cell immune infiltration and cytotoxicity, slowing LUAD growth in animal models. Mechanistically, we preliminarily examined the JAK-STAT pathway-related proteins in CD4+ T cells with TAGAP overexpression and found that TAGAP overexpression activates the STAT pathway. In summary, our research provides initial insights into how TAGAP affects CD4+ T cell differentiation and function within the tumor microenvironment through the STAT pathway, thereby inhibiting LUAD malignancy progression. This study offers a scientific basis for developing novel LUAD immunotherapy strategies and exploring new therapeutic targets.




2 Materials and methods



2.1 Datasets and bioinformatics analyses

The RNA-seq expression, somatic mutation data, and clinical data of lung cancer patients were retrieved from The Cancer Genome Atlas (TCGA) (http://cancergenome.nih.gov/) (14). 535 LUAD samples were divided into high and low expression groups based on the median TAGAP expression. The “Limma” R package was used for differential expression analysis of RNA-seq data (15). The relationship between mRNA expression levels and overall survival (OS) of LUAD patients were analyzed using the “survival” R package. Gene expression profiling interaction analysis (GEPIA) was used for TAGAP survival and immune cell signature correlation analyses (16).




2.2 Immune infiltrates analysis

The high and low immune groups with median cutoff were studied with the “CIBERSORT” and “ESTIMATE” algorithms in TCGA samples to assess TAGAP expression levels in immune cells. CIBERSORT is based on a deconvolution algorithm that can be used to quantify 22 immune cell types.

The single cell RNA sequencing data (GSE99254) was downloaded from Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/). LUAD case samples were selected from the matrix for further analyses. A total of 9553 single-cell RNA sequencing samples (1,894 normal, 4274 tumor, and 3,385 peripheral blood samples) were collected from 11 LUAD cases. We used the “Seurat V4.0.4” R package to process the single-cell data expression matrix. First, “CreateSeuratObject” was used to screen gene expression data, “NormalizeData” to normalize gene expression data, and “FindVariableGenes” to confirm 2000 highly variable genes. Then, the principal component analysis (PCA) was performed using “RunPCA”. The PCs that could be used were screened by the “FJackStraw” function and grouped with “Find Clusters” at the highest resolution. Finally, “tSNA” was used for visualization. Moreover, we used the “Single R” and “celldex” R packages through “HumanPrimaryCellAtlasData” for the cell to perform the annotation. “Feature Plot” and “Vln Plot” were used to visualize TAGAP expression.

Tumor Immune Dysfunction and Exclusion (TIDE, http://tide.dfci.harvard.edu/) was utilized to investigate the relationship between TAGAP expression and immune cells, as well as to calculate immunotherapy response prediction (17). GEO datasets were included if the following criteria were met: the source of the dataset samples was non-small cell lung cancer or lung adenocarcinoma tissue specimens, each of which had a clear pathological diagnosis; and the dataset type was microarray or high-throughput sequencing data. Exclusion criteria: data analysis required the removal of all data in each dataset except for lung adenocarcinoma.




2.3 Gene set enrichment analysis

GSEA is a reliable molecular spectrum data analysis tool. It links previous knowledge with newly generated data and uses overlapping statistics to reveal gene behavior in health and disease states (18). In the present study, we used the GSEA 4.1.0 software to perform analyses based on the TAGAP expression matrix. The median of TAGAP expression was the cut-off value, divided into high- and low-expression groups. A thousand genome permutations were analyzed. We used p-value and normalized enrichment score (NES) to classify enriched pathways of each phenotype, and evaluate the correlation between TAGAP expression and immune expression-related factors.




2.4 Sample collection

From July 2020 to January 2021, 26 LUAD tissue samples were acquired from the Guangxi Medical University’s First Affiliated Hospital by surgical excision and preserved at -80°C. Two independent pathologists verified the LUAD diagnosis. The ethics committee of the Guangxi Medical University’s First Affiliated Hospital gave approved this investigation (2020-KY-NSFC-074).




2.5 Quantitative real-time polymerase chain reaction

We used qRT-PCR to predict the correlation between TAGAP and CD4 and CD8 expressions. After total RNA extraction, cDNA synthesis was performed using random hmers and SuperScript III reverse transcriptase for qRT-PCR. The results were estimated by the 2-Δ method. A p < 0.05 was considered statistically significant. The primer sequences were as follows: TAGAP Forward Sequence 5’-3’: GACAGACTTGAAAGCATCGC and Reverse Sequence 5’-3’: CTCCTGAATATCCCTTCCGTTG; CD8 Forward Sequence 5’-3’: GGACTTCGCCTGTGATATCTAC and Reverse Sequence 5’-3’: TTGTCTCCCGATTTGACCAC; CD4 Forward Sequence 5’-3’: GCCCTTGAAGCGAAAACAG and Reverse Sequence 5’-3’: CTCCTTGTTCTCCAGTTTCAAAC; GAPDH Forward Sequence 5’-3’: ACATCGCTCAGACACCATG and Reverse Sequence 5’-3’: TGTAGTTGAGGTCAATGAAGGG. GAPDH was used as an internal control.




2.6 Plasmid construction, cell transfection, and efficiency verification

The coding sequence (CDS) region of TAGAP was obtained by querying the NCBI website (https://www.ncbi.nlm.nih.gov/nuccore/NM_152133.3). Based on the sequence, the CDS region of TAGAP was inserted into the cloning vector LV5 (EF-1a/GFP&Puro), with the restriction enzyme sites NotI and BamHI used for digestion. The overexpression plasmid of TAGAP was successfully constructed, and sequencing and comparative analysis of the vector confirmed that the gene sequence matched the intended sequence, verifying the successful construction of the vector.

CD4 T cells were seeded in a 24-well plate and transfected with lentivirus carrying the expression vectors LV-TAGAP and LV-NC. After transfection, cells were collected, and RNA was extracted using the Trizol method. The RNA was dissolved in 30 μL of DEPC-treated water, and its quality was assessed using Nanodrop. Qualified RNA samples were stored at -80°C. The 2-ΔΔCt method was employed to calculate the relative gene expression normalized to GAPDH.




2.7 Cell culture

Peripheral blood mononuclear cells (hPBMC) from healthy individuals were purchased from ATCC (PCS-800-011). The Dynabeads® CD4 Positive Isolation Kit (cat. 11331D, Invitrogen™) was used for cell sorting, and Dynabeads™ Human T-Activator CD3/CD28/CD137 (cat. 11163D, Gibco™) were used to activate CD4 T cells.




2.8 Cell proliferation

CD4 T cells transfected with LV-NC and LV-TAGAP were collected and resuspended. The cell suspension was seeded in a 96-well plate at a density of 2000 cells per well in 90 μL of culture medium. The plate was incubated at 37°C with 5% CO2. On days 0, 1, 3, 5, and 7, the absorbance of each well was measured at 490 nm using an MTT assay kit.




2.9 Cell cytotoxicity assay

A549 cells are a human lung adenocarcinoma cell line, commonly used in non-small cell lung cancer research for its pathological relevance and chemoresistance traits. A549 cells (5000 cells per well) were seeded in a 96-well plate and incubated at 37°C with 5% CO2. After 24 hours, LV-NC and LV-TAGAP CD4 T cells were added to the wells at ratios of 1:2, 1:3, and 1:5. The co-cultures were incubated for 24 hours, and the absorbance of each well was measured at 490 nm using an LDH cytotoxicity assay kit.




2.10 Chemotaxis assay

A 5.0-μm pore size Transwell chamber was used for the experiment. 1×105 A549 cells in 600 μL of medium were added to the lower chamber, while 5×105 CD4 T cells in 100 μL of medium were added to the upper chamber. The chambers were incubated at 37°C for 24 hours. After incubation, the CD4 T cell suspension in the upper chamber was aspirated, and the remaining cells in the upper chamber were counted using a cell counting plate. The migrated cell number was determined, and the migration rate was analyzed.




2.11 Western blot analysis

In brief, protein extraction, quantification, and isolation were performed using 10% SDS-PAGE. Subsequently, the protein bands were transferred onto PVDF membranes (Bio-Rad, CA, USA). After blocking with 4% skim milk powder, the membranes were incubated overnight at 4°C with primary antibodies, followed by incubation with secondary antibodies (diluted 1:5000, Cell Signaling Technology, Beverly, MA, USA) for 2 hours. Finally, chemiluminescence was used for band detection. The antibody information used in the Western blot is provided in the Table 1 below.


Table 1 | Antibodies Used in the Study, Dilution Ratios, Manufacturers, and Species.






2.12 In vivo experiment

A total of 12 female NSG mice aged 4-5 weeks (Shanghai Southern Model Biological Technology Co., Ltd., China) were used to establish a subcutaneous tumor model of lung adenocarcinoma A549. Tumor volumes were determined using caliper measurements and calculated using the formula: V = 0.5 × L × W^2, where V represents the tumor volume, L indicates the longest diameter, and W stands for the width at the widest point perpendicular to the length. When the tumor volume reached 100 mm3, the mice were randomly divided into two groups. Stable TAGAP-expressing CD4+ T cells were intravenously injected into the mice, with each mouse receiving 1×107 CD4+ T cells. A control group was also included. Tumor volume was measured every three days, and the changes in volume were recorded to plot the tumor growth curve. After 30 days, the mice were euthanized, and the tumors were excised, photographed, and preserved in formalin for subsequent pathological experiments.




2.13 Immunohistochemistry

The anti-TAGAP (1:100) and anti-CD8/CD4 (1:100) were purchased from Solarbio-Beijing and ABclonal.The goat anti-rabbit secondary antibody was purchased from Beyotime Institute of Biotechnology.

Fixed tumor tissues were dehydrated, embedded in paraffin, and sliced into 4 μm sections. The sections were deparaffinized in two xylene baths for 20 minutes each, followed by hydration in a series of graded ethanol baths for 5 minutes each. Antigen retrieval was performed using EDTA antigen retrieval solution for 20 minutes. After PBS washing, the sections were incubated with a peroxidase-blocking reagent at room temperature for 10 minutes to block endogenous peroxidase activity. The sections were then blocked with normal goat serum for 30 minutes. CD4 antibody (ABCAM, USA) was added to the tissue sections and incubated overnight at 4°C. Afterward, the sections were incubated with HRP-conjugated goat anti-rabbit secondary antibody (Beyotime, China) at 37°C for 30 minutes, followed by 5-minute DAB staining. After PBS washing, the sections were counterstained with hematoxylin, dehydrated in graded ethanol and xylene, and mounted. Photographic documentation and analysis of the staining results were performed using an upright light microscope (Leica DM 4000B, Germany).




2.14 ELISA

The harvested tumor tissues were ground, and the expression levels of CD4+ T cell-related cytokines were measured using an ELISA kit according to the manufacturer’s instructions (Elabscience, China). The optical density (OD) values were measured at a wavelength of 450 nm using an ELISA reader.




2.15 Statistical analysis

Pearson or Spearman correlation coefficients were used to assess the correlation between TAGAP mRNA expression and the various categories of scores in the LUAD dataset. Differences in expression between normal and malignant samples were calculated for each tumor using the Wilcoxon test. p<0.05 was considered to be statistically significant.





3 Results



3.1 Expression level and prognostic significance of TAGAP in LUAD

We analyzed the TCGA-LUAD dataset (59 normal and 535 LUAD samples). A significantly low expression was observed in LUAD tissues compared to normal ones, similar to LUAD and paired paracancerous tissues (Figures 1A, B). The GEPIA survival analysis indicated that a higher TAGAP expression was related to a more favorable prognosis in LUAD patients (Figure 1C). Additionally, after excluding incomplete data, we analyzed the correlation between TCGAP and clinical data in 474 TCGA-LUAD samples. Univariate Cox regression analysis and multivariate Cox regression analysis showed that TAGAP expression and tumor stage were risk factors for overall survival in LUAD and were independent prognostic factors (Figure 1D). Furthermore, TAGAP mRNA expression levels in LUAD were significantly correlated with gender (p<0.001), pathological stage (p =0.015), and T stage(p =0.001), but not with N stage(p =0.132), M stage(p =0.216), or pathological subtype(p =0.54) (Figure 1E).




Figure 1 | Expression and prognostic role of TAGAP in LUAD. (A, B) Paired and unpaired differential expressions of TAGAP in LUAD and normal tissues. (C) TAGAP’s KM survival analysis curve in LUAD. (D) Univariate and multivariate regression analyses of TAGAP and LUAD’s clinicopathological characteristics. (E) Association between TAGAP expression and clinicopathologic characteristics.






3.2 Correlation of TAGAP expression levels with immune cell infiltration in LUAD

According to previous immune-related research, TAGAP is primarily engaged in the activation of antifungal signaling pathways in macrophages and DC, as well as directing T-helper cell differentiation and regulating thymocyte formation (11, 19). Given the known immune functions of TAGAP, it could be hypothesized that its expression might be associated with the immune landscape of LUAD. Using ESTIMATE, we first determined the stromal, immune, and ESTIMATE scores for each TCGA-LUAD tumor sample. These scores were then aggregated by median to depict the K-M survival analysis. According to these findings, high immune and ESTIMATE scores were linked to a positive LUAD prognosis, whereas the stromal score did not affect prognosis (Figure 2A). Then, we calculated the relationship between TAGAP expression and the abovementioned results. The TAGAP expression had a strong positive connection with stromal, immune, and ESTIMATE scores (Figure 2B).




Figure 2 | Correlation analysis of TAGAP and immune cell infiltration in LUAD. (A) Survival analyses of high- and low- ESTIMATE, immune, and stromal scores groups in LUAD. (B) Correlation analyses between TAGAP and ESTIMATE, immune, and stromal scores in LUAD. (C) Analyses of the difference in immune cell infiltration between the high and low TAGAP expression groups in LUAD by CIBERSORT. (D) Correlation analyses between TAGAP expression and different types of immune cell signatures in LUAD by GEPIA. (E, G) Cells were annotated in 4 and 12 clusters. (F, H) Expression and distribution of TAGAP in 4 and 12 clusters of immune cells.



To further explore the correlation between TAGAP and different immune cells, we used the CIBERSORT algorithm to infer the content of 22 immune cells in each LUAD sample. Results showed clear differences in the distribution of immune cell subpopulations in the TAGAP high and low expression groups. In the TAGAP high expression group, the expression of T cell CD8, T cell CD4 memory resting, T-cell CD4 memory activation, macrophage M1, and dendritic cells resting were significantly higher (Figure 2C).

Then, GEPIA was used to evaluate the association between TAGAP expression and immune cell signature genes of different tumor invasion types. The GEPIA correlation analysis results confirmed that, in LUAD, TAGAP expression was correlated with marker gene sets of different immune cells in different degrees. The gene markers affected by TAGAP expression included Naive T cells, Effector T cells, Memory T cells, Treg T cells, Neutrophils, Mast cells, NK cells, DCs, and Macrophages gene sets. TAGAP showed a significant positive correlation with all of the above gene sets (Figure 2D).

To validate the association between TAGAP and tumor-infiltrating lymphocytes, we analyzed publicly available single-cell RNA sequencing datasets of lung adenocarcinoma. After quality control and normalization, t-distributed stochastic neighbor embedding (tSNE) was performed on peripheral cells (PCs) to cluster cell populations. Subsequent immunophenotyping revealed an enriched expression of TAGAP in specific clusters. It’s important to note that similar names across different clusters were used to denote cells of similar type or state. For example, the same names in Figures 2E, G represent similar cellular populations, albeit the different number of clusters resulted from the level of granularity in the analysis. Immunophenotyping revealed enriched expression of TAGAP in CD4+ and CD8+ T cell clusters (Figures 2E-H).




3.3 TAGAP expression levels can predict immunotherapy responsiveness

We used the Tumor Immune Dysfunction and Exclusion (TIDE) framework to confirm TAGAP’s relevance to immune cells and determine whether it has predictive value for immunotherapy. Pearson correlation analysis was used to quantify the expression of TAGAP and the level of cytotoxic T lymphocytes (CTL) in GSE11969, GSE13213, and GSE31210. TAGAP expression levels and CTL were shown to be significantly correlated in above three GEO-LUAD datasets (Figure 3A). We compared the area under the ROC curve (AUC) for TAGAP expression to other biomarker signatures, such as CD8, CD274 (PD-L1), interferon gamma (IFNG), TIDE, and microsatellite instability (MSI) score, as a tool for predicting immunotherapy response. TAGAP had the greatest predictive performance in a NSCLC (20) cohort (Ruppin_PD1_NSCLC, positive=7, negative =15), comparable to CD8. TAGAP, CD8, and CD274 all had an AUC greater than 0.7, indicating a significant probability of a positive immunotherapy response (Figure 3B).




Figure 3 | TAGAP expression correlates with CTLs and immunotherapy response in NSCLC. (A) Correlation analysis of TAGAP expression and cytotoxic T lymphocytes (CTL) in GSE11969, GSE13213 and GSE31210 by TIDE (B) TIDE biomarker evaluation of TAGAP response to immunotherapy in NSCLC.






3.4 IHC and RT-qPCR experimental validation of TAGAP expression increases

The expression of TAGAP, CD8, and CD4 was detected in 26 LUAD tissues (Figures 4A, B). Results showed a significant positive correlation between TAGAP and the expression of CD8 (R2 = 0.6951, p < 0.0001) and CD4 (R2 = 0.6464, p < 0.0001). Additionally, we collected tumor tissues from 26 LUAD patients and performed immunohistochemical experiments to detect the proportion of positive cells for CD8 and CD4 surface antigen, and TAGAP in immune infiltrating cells. Results showed that the expression of TAGAP in immune cells was significantly and positively correlated with the expression of CD8 (R2 = 0.2027, p = 0.021) and CD4 (R2 = 0.1572, p = 0.0449). Altogether, these results suggested that TAGAP expression was also higher in tissues with more infiltration of CD8+ and CD4+ T cells.




Figure 4 | TAGAP enhances the cytotoxicity and chemotaxis of CD4+ T cells and activates the STAT pathway. (A) RT-qPCR and immunohistochemical correlation analyses of TAGAP with CD8 and CD4 in 26 pairs of LUAD tissues. (B) Representative images of CD8, CD4, and TAGAP immunohistochemistry in 26 pairs of LUAD tissues. (C) TAGAP expression in CD4+ T cells was detected; (D) LDH assay was used to determine the cytotoxicity of CD4+ T cells; (E) MTT assay was performed to assess the proliferation capacity of CD4+ T cells; (F) Transwell assay was conducted to measure the chemotaxis of CD4+ T cells. (G) GSEA pathway enrichment analysis was performed; (H) Expression of JAK/STAT pathway-related proteins was detected; ** p<0.01; ns, not significant.






3.5 Enhancement of CD4+ T cell chemotaxis and cytotoxicity by TAGAP

Although TAGAP expression showed a stronger correlation with CD8+ T cell infiltration, we focused on the impact of TAGAP on CD4+ T cell function in this study. CD4+ T cells play a central role in regulating anti-tumor immune responses by secreting cytokines to activate other immune cells such as CD8+ T cells and macrophages. Additionally, subsets of CD4+ T cells also combat tumors through various mechanisms including direct killing of tumor cells and regulation of inflammation within the microenvironment. Therefore, we sought to investigate whether TAGAP could modulate CD4+ T cell activity, which would imply an important role of TAGAP in orchestrating anti-tumor immunity. To investigate the impact of TAGAP on CD4+ T cell function, we first transfected CD4+ T cells with a lentiviral vector overexpressing TAGAP. The expression of TAGAP in CD4+ T cells was examined using qRT-PCR. The results showed a significant upregulation of TAGAP expression in CD4+ T cells of the LV-TAGAP group compared to the control group (Figure 4C). Subsequently, to assess the effect of TAGAP on CD4+ T cell cytotoxicity, we co-cultured tumor cells with activated CD4+ T cells at different target-to-effector cell (T:E) ratios of 1:2, 1:3, and 1:5. The cytotoxicity of CD4+ T cells was determined using an LDH assay. The results demonstrated that overexpression of TAGAP significantly enhanced the cytotoxicity of CD4+ T cells against lung adenocarcinoma cells compared to the control group, with the highest cytotoxicity observed at the T:E ratio of 1:5 (Figure 4D). Additionally, the effect of TAGAP on the proliferation of CD4+ T cells was evaluated using the MTT assay. The results revealed that overexpression of TAGAP significantly promoted the proliferation capacity of CD4+ T cells compared to the control group (Figure 4E). Lastly, a chemotaxis assay was performed to examine the impact of TAGAP on the chemotaxis of CD4+ T cells. The results showed that overexpression of TAGAP significantly enhanced the chemotaxis ability of CD4+ T cells compared to the control group (Figure 4F).




3.6 Activation of the STAT pathway by TAGAP overexpression

To further elucidate the specific molecular mechanisms through which TAGAP regulates CD4+ T cell function, we performed Gene Set Enrichment Analysis (GSEA) on TAGAP. The results revealed a significant enrichment of TAGAP in the JAK-STAT signaling pathway (Figure 4G). Subsequently, we examined the expression of JAK-STAT pathway-related proteins (JAK1, JAK2, STAT1, STAT3, p-JAK1, p-JAK2, p-STAT1, p-STAT3) in CD4+ T cells overexpressing TAGAP. The results demonstrated that TAGAP overexpression activated the STAT pathway signaling (Figure 4H).




3.7 In vivo validation of the impact of TAGAP on CD4+ T cell cytotoxicity

To validate the findings from the in vitro cell experiments, we utilized B-NSG severely immunodeficient mice and established a xenograft tumor model by subcutaneously injecting A549 cells. Subsequently, LV-NC and LV-TAGAP CD4+ T cells were intravenously injected via the tail vein. Tumor growth was monitored, and it was observed that LV-TAGAP significantly suppressed tumor growth (Figures 5A-C). Immunohistochemistry (IHC) results demonstrated that LV-TAGAP significantly enhanced the expression of CD4 (Figure 5D). Additionally, LV-TAGAP increased the levels of the cytokines IFN-γ, IL-4, and IL-17A secreted by CD4+ T cells (Figure 5E). Collectively, these findings suggest that TAGAP overexpression can promote the cytotoxicity of CD4+ T cells (Figure 5E).




Figure 5 | The effect of TAGAP on CD4+ T cell cytotoxicity was validated in a mouse xenograft tumor model. (A) Tumor size after different treatments; (B, C) Tumor volume and weight were measured in different treatment groups; (D) Immunohistochemistry staining was used to detect the expression of CD4; (E) Expression of cytokines IFN-γ, IL-4, and IL-17A secreted by CD4+ T cells was assessed.  * p < 0.05, ** p < 0.01, *** p <0.001, **** p <0.0001.







4 Discussion

With the recent advancements in immunotherapy, there has been increasing interest in the activation, differentiation, and function of immune cells and their relationship to the efficacy of immunotherapy (21). However, the majority of research has focused on CD8+ T cells, NK cells, and macrophages, while CD4+ T cells have received less attention due to their complex immunoregulatory roles (22–24). Our study presents novel insights into the critical role of TAGAP in Lung Adenocarcinoma (LUAD), emphasizing its prognostic potential, relationship with immune cell infiltration, influence on CD4+ T cell activity, and predictive value for immunotherapy responsiveness.

TAGAP is a T cell Rho-GTPase activating protein that is expressed when T cells are activated. In granulocytes, TAGAP induction in response to Mycobacterium tuberculosis infection involves enrichment of differential acetylation (DA) peaks (25). Moreover, dectin-induced signaling was linked to the activation of an effective T helper cell immune response during antifungal host defense and autoimmunity, with TAGAP participation (11). On the other hand, the function of TAGAP in cancer is currently unknown.

In the present study, we confirmed that TAGAP can be considered as a gene associated with the tumor microenvironment and LUAD’s overall survival. TAGAP is a novel biomarker associated with immune scoring in LUAD, and its low expression independently predicts poor outcomes in LUAD patients. Additionally, we found that different immunomarker groups and immune infiltration levels were positively correlated with TAGAP expression in LUAD. Previous studies have demonstrated that the tumor microenvironment can promote tumor progression and immune response through inflammation, angiogenesis, immunomodulatory, and therapeutic responses (26). Understanding the molecular composition and function of the tumor microenvironment is critical for the development of LUAD therapies targeting angiogenesis and recent immune checkpoints.

We extended our investigations to explore the influence of TAGAP on CD4+ T cell function, which is pivotal in orchestrating anti-tumor immune responses. The results revealed that TAGAP overexpression enhanced CD4+ T cell cytotoxicity and chemotaxis, bolstering the proliferation capacity of these cells. The activation of the JAK-STAT signaling pathway by TAGAP overexpression offers a plausible molecular mechanism underlying TAGAP’s impact on CD4+ T cell function, warranting further investigations. The JAK/STAT pathway is the main signal transduction mechanism of various cytokines and growth factors (27, 28). Its role in lung cancer has been confirmed by several previous studies. These results further supported the hypothesis that TAGAP plays a reliable role in the occurrence and development of LUAD.

Although studies have shown the relationship between TAGAP and the prognosis of LUAD patients, the detailed mechanism and immunoclustering distribution of TAGAP in NSCLC is still unclear. In the current study, the results of analysis of lung cancer samples from the GEO single-cell dataset, RT-qPCR, and immunohistochemical analysis showed that T CD4+/CD8+ cell expression was correlated to TAGAP. A previous study showed that cytokines released by T cells can influence the activation of STATs (29). We speculated that the regulation of TAGAP on the immune microenvironment, especially on T cells, can affect the release of cytokines, and ultimately promote the occurrence and development of tumor cells through the JAK-STAT pathway.

TAGAP has been discovered to have crucial effects through additional pathways and systems, in addition to studies in the tumor immune microenvironment. TAGAP-deficient macrophages had enhanced viral replication of herpes simplex virus type 1, lower expression of pro-inflammatory chemokines and cytokines, and lower production of IFN-β, according to Juan Liao et al., implying that TAGAP plays a significant role in antiviral cytokine production (30). TAGAP governs the cytoskeletal architecture of actin fibers via RhoA, which is required for cell contractility and the cycle of integrin attachment and separation required for directional migration of thymocytes, according to Jonathan S. Duke-Cohan et al (19). Given the widespread link of TAGAP with a variety of disorders, further research is needed to figure out how TAGAP works.

In terms of immunotherapy responsiveness, our study suggests that TAGAP expression levels can predict immunotherapy efficacy, with TAGAP outperforming established biomarkers such as PD-L1 in certain contexts. Finally, our in vivo and in vitro validation further strengthened the hypothesis of TAGAP’s role in enhancing CD4+ T cell cytotoxicity. These results suggest that TAGAP could be an effective therapeutic target to improve the antitumor immune response in LUAD, providing a novel angle for future research.

Altogether, our findings shed light on the multifaceted role of TAGAP in LUAD, emphasizing its prognostic and therapeutic potential. Further studies are warranted to fully elucidate the underlying mechanisms of TAGAP’s interaction with the tumor microenvironment and its potential clinical applications.
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