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Abstract
Purpose This study aimed to investigate the relationship between the interferon-gamma (IFN-γ) pathway in different tumor 
microenvironments (TME) and patients' prognosis, as well as the regulatory mechanisms of this pathway in tumor cells.
Methods Using RNA-seq data from the TCGA database, we analyzed the predictive value of the IFN-γ pathway across 
various tumors. We employed a univariate Cox regression model to assess the prognostic significance of IFN-γ signaling 
in different tumor types. Additionally, we analyzed single-cell RNA sequencing (scRNA-seq) data from the Gene Expres-
sion Omnibus (GEO) database to examine the distribution characteristics of the IFN-γ pathway and explore its regulatory 
mechanisms, highlighting how IFN-γ influenced cellular interactions within the TME.
Results Our analysis revealed a significant association between the IFN-γ pathway and adverse prognosis in pan-cancer 
tissues (P < 0.001). Interestingly, this correlation varied regarding positive and negative regulation across different tumor 
types. Through a detailed examination of scRNA-seq data, we found that the IFN-γ pathway exerted substantial regulatory 
effects on stromal and immune cells. In contrast, its expression and regulatory patterns in tumor cells exhibited diversity 
and heterogeneity. Further analysis indicated that the IFN-γ pathway not only enhanced the immunogenicity of tumor cells 
but also inhibited their proliferation. Cell–cell interaction analysis confirmed the pivotal role of the IFN-γ pathway within 
the overall regulatory network. Moreover, we identified HMGB2 (high mobility group box 2) in T cells as a potential key 
regulator of tumor cell proliferation.
Conclusions The IFN-γ pathway exhibited a dual function by both suppressing tumor cell proliferation and enhancing their 
immunogenicity, positioning it as a pivotal target for refined cancer diagnosis and cancer strategies.
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Introduction

The advent of tumor immunotherapy marks a pivotal evolu-
tion in oncology, introducing innovative strategies to har-
ness the body's immune system in the fight against cancer 
[1]. Despite its promising therapeutic potential, the practical 
deployment of immunotherapy faces significant challenges. 

These include limitations in specificity and effectiveness, 
tumor immune evasion, undesirable side effects, drug resist-
ance, and the absence of reliable predictive biomarkers [2, 
3].

Recent advancements in understanding the tumor micro-
environment (TME) and identifying immune-centric thera-
peutic targets have paved the way for innovative interven-
tions. These include strategies to alter the tumor milieu with 
mesenchymal stem cells and their derivatives, as well as 
techniques to amplify immune responses by activating the 
cGAS/STING pathway [4–6]. The advent of combination 
therapies has broadened the spectrum of available treat-
ments, leading to improved outcomes for a wider range of 
patients. However, the complexity of these therapies and 
the potential for adverse side effects require a measured and 
cautious approach [7]. Ongoing research and technological 
innovation are essential to refine these treatments, enhancing 
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their effectiveness and making them more accessible to a 
wider patient population.

Interferon-gamma (IFN-γ) plays a crucial and multifac-
eted role within the TME, acting as a critical catalyst for the 
immune system's response to cancer through its complex 
regulatory functions [8]. It initiates the immune response 
by activating natural killer (NK) cells and enhancing the 
effectiveness of  CD8+T cells, thereby significantly bolster-
ing both humoral and cellular immunity to facilitate the 
direct elimination of tumor cells [9, 10]. Additionally, IFN-γ 
finely the activity of immune cells, notably by inhibiting the 
functions of regulatory T (Treg) cells [11] and suppressive 
macrophages [12]. This action helps dismantle the immu-
nosuppressive environment, fostering conditions that boost 
immune system vigor and enhance tumor immune surveil-
lance and attack.

Moreover, IFN-γ induces tumor cells to upregulate the 
expression of major histocompatibility complex (MHC)-
I molecules, thereby enhancing their antigen presentation 
capabilities and rendering them more detectable and sus-
ceptible to the immune system's attack [13, 14]. Ultimately, 
IFN-γ transforms the TME from a state of immunosuppres-
sion to one of immunostimulation, curbing tumor growth 
and spread while promoting the involvement of additional 
immune cells. This establishes a synergistic immune net-
work that effectively combats the tumor. However, research 
also indicates that IFN-γ may contribute to tumor cells' 
immune evasion tactics [15, 16]. Thus, the intricate regula-
tory role of IFN-γ in cancer immunotherapy underscores its 
significance as a therapeutic target. A deep understanding 
of its mechanisms holds the potential for developing novel 
and more effective treatment approaches.

This investigation aimed to uncover the intricate roles 
of IFN-γ signaling pathways within the TME, evaluating 
their implications for patients' outcomes and elucidating 
their regulatory functions within tumor cells. By leverag-
ing RNA-seq and single-cell RNA sequencing (scRNA-seq) 
data from public databases, our study highlighted the criti-
cal role of IFN-γ within the TME, emphasizing its pivotal 
importance in modulating the microenvironmental dynam-
ics during tumor immunotherapy processes. This research 
significantly advanced our understanding of the complex 
interactions within the TME, providing essential insights 
for the development of novel therapeutic strategies.

Materials and methods

Public data sources

The Cancer Genome Atlas (TCGA) pan-cancer RNA-seq 
data were obtained from the UCSC Xena website (https:// 
xena. ucsc. edu/), encompassing 11,768 samples with 

pan-cancer gene expression matrices and survival infor-
mation. During data curation, samples adjacent to tumors 
and those lacking survival information were excluded. This 
refinement led to the selection of 11,506 samples, which 
were used for further survival analyses. RNA-seq data for 
mRNA expressions in pre-treatment melanomas undergoing 
anti-PD-1 checkpoint inhibition therapy were acquired from 
the GEO database (GEO: GSE78220), which contained 14 
responsive and 14 non-responsive melanomas.

scRNA-seq data for patients with low-grade glioma 
(LGG) and melanoma were obtained from the Gene Expres-
sion Omnibus (GEO) database (GEO: GSE182109 and 
GSE115978) [17, 18]. The dataset for patients with LGG 
included four untreated tumor samples, while the melanoma 
dataset contained 33 tumor samples, with 15 of these being 
from melanomas unresponsive to treatment.

RNA‑seq data analysis

Gene sets corresponding to the IFN-γ signaling pathway 
and cell cycle pathways were acquired from the MSigDB 
database (https:// www. gsea- msigdb. org/ gsea/ msigdb). 
Enrichment scores of pathways were computed using the 
gene set variation analysis (GSVA) method within the GSVA 
package. According to the median value, the proportions 
of scores were divided into two groups: “low” and “high”. 
Subsequently, Kaplan–Meier survival curves and univariate 
Cox regression analyses were performed. Cox regression 
analysis was conducted using the coxph function from the 
R package survival. The results were visualized using the R 
package forestplot.

scRNA‑seq data analysis

Utilizing the officially recommended analysis workflow by 
Seurat, we conducted a standardized analysis on the down-
loaded scRNA-seq data. Each cell cluster was meticulously 
annotated in accordance with cell population marker genes 
identified in the literature. The IFN-γ signaling pathway's 
score was determined by the AddModuleScore function, 
while the scores for the S phase and G2M phase were 
calculated with the CellCycleScoring feature, leveraging 
Seurat's integrated gene sets. Differential expressed genes 
(DEGs) analysis was performed using the FindMarkers func-
tion. Subsequently, the fgsea package was employed for the 
enrichment analysis and visualization of selected DEGs.

Immune infiltration analysis

The FindAllMarkers function was applied to identify sig-
nature genes for each cluster within scRNA-seq datasets. 
Subsequently, scores for each cluster in melanoma and LGG 
RNA-seq datasets are scored using the gsva function within 
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the GSVA package. The Pearson correlation coefficient 
among clusters and IFN-γ signaling pathway's score was 
computed using the cor function, and the results are visual-
ized by pheatmap package.

Cell–cell interactions analysis

The scRNA-seq data from and melanoma samples were 
employed to infer cell–cell interactions. To identify poten-
tial ligand/receptor interactions, we utilized the NicheNetr 
package with default parameters. The identified interactions 
identified were subsequently visualized using the p_ligand_
target_network function from NicheNetr.

Statistical analysis

All statistical analyses were performed using R-4.2.3 soft-
ware, with the relevant R packages sourced from the official 
websites of CRAN and Bioconductor. Specific details about 
the significance testing are provided in the corresponding 
figure legends.

Results

Survival analysis of the IFN‑γ pathway in pan‑cancer

Utilizing the TCGA database, we embarked on an extensive 
survival analysis of the IFN-γ pathway across a broad spec-
trum of cancers. Our results strikingly revealed that elevated 
IFN-γ pathway score were markedly associated with poorer 
overall survival rates in patients (P < 0.001) (Fig. 1A). This 
underscored the pivotal role of the IFN-γ pathway in con-
tributing to adverse outcomes across multiple cancer types. 
Delving deeper, univariate Cox regression model analysis 
across 33 cancer types demonstrated a nuanced picture. 
In four distinct cancers, adrenocortical carcinoma (ACC: 
P = 0.018), ovarian cancer (OV: P = 0.022), sarcoma (SARC: 
P = 0.044), and melanoma (SKCM: P < 0.001), higher IFN-γ 
pathway scores were associated with a favorable prognosis. 
Conversely, in three other cancers, acute myeloid leukemia 
(LAML: P = 0.012), LGG (P < 0.001), and uveal melanoma 
(UVM: P = 0.003), higher scores were linked to a poorer 
prognosis (Fig. 1B). Further analysis illuminated the diverse 
impact of the IFN-γ pathway on patient survival across dif-
ferent cancer types. Notably, melanoma patients with higher 
IFN-γ scores showed significantly improved outcomes 
(P < 0.001) (Fig. 1C), whereas LGG patients exhibited a sig-
nificant correlation with adverse outcomes (P < 0.001) (due 
to insufficient numbers, UVM patients were not included in 
further analysis) (Fig. 1D). These insights underscore the 
critical role of the IFN-γ pathway in pan-cancer survival, 

highlighting its significant biological influence and its vari-
able impact across different cancer types.

scRNA‑seq data analysis of IFN‑γ pathway 
in melanoma and LGG

To further elucidate the differential activity of the IFN-γ 
pathway across various tumors, we extensively analyzed 
scRNA-seq data from the GEO database. This approach 
allowed us to investigate the regulatory effects of the IFN-γ 
pathway on diverse cellular components within TME. Our 
analysis of scRNA-seq data from LGG patients revealed 
that the IFN-γ pathway exhibited lower activity in glioma 
cells and oligodendrocytes compared to stromal and immune 
cells (Fig. 2A–C, Supplemental Fig. 1A). Extending this 
investigation to melanoma patients, we observed a similar 
pattern: the activity of IFN-γ pathway in melanoma cells 
was diminished relative to that in stromal and immune cells 
(Fig. 2D–F, Supplemental Fig. 1B). Based on the cluster-
ing results of scRNA-seq data, we quantified the infiltra-
tion scores for each cell type within the TCGA database and 
conducted a correlation analysis among various cells and 
IFN-γ pathway. Our findings revealed a significant negative 
correlation between glioma tumor cells and the IFN-γ path-
way (Fig. 2G). Conversely, melanoma tumor cells exhibited 
no notable correlation with the IFN-γ pathway (Fig. 2H).

While the IFN-γ pathway showed lower expression levels 
in melanoma tumor cells compared to other immune and 
stromal cells, it nonetheless displayed an upward trend when 
contrasted with glioma tumor cells. This finding indicated 
its dynamic regulatory role within the TME.

The role of the IFN‑γ pathway in melanoma tumor 
cells

Through sophisticated differential analysis, we success-
fully isolated genes exhibiting distinct expression profiles 
between melanoma tumor cells characterized by high ver-
sus low IFN-γ pathway activity, revealing significant dis-
parities between these cohorts (Fig. 3A). Subsequent gene 
set enrichment analysis (GSEA) of these DEGs provided a 
detailed mapping of the regulatory landscape of the IFN-γ 
pathway within melanoma cells. The GSEA results revealed 
that melanoma tumor cells with high IFN-γ pathway activ-
ity showed a significant upregulation in key immune-related 
pathways, including those related to IFN, tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6), and the comple-
ment system. This highlighted the crucial role of the IFN-γ 
pathway in immune regulation and the activation of numer-
ous immune response genes. In contrast, melanoma tumor 
cells with low IFN-γ pathway activity demonstrated notable 
enhancement in pathways linked to cell cycle progression, 
such as MYC, E2F, and G2M. This finding suggested that 
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the IFN-γ pathway might play a role in inhibiting melanoma 
cell proliferation (Fig. 3B).

Upon further investigation, we evaluated the cell cycle 
dynamics by calculating cell cycle scores in melanoma 
tumor cells. In groups with elevated IFN-γ pathway activ-
ity, there was a notable rise in the scores for both the S phase 
and G2M phase (P < 0.001). This suggested a possible link 
between IFN-γ pathway activation and precise control of cell 
cycle mechanisms in melanoma cells (Fig. 3C). By examin-
ing the observed versus expected (o/e) ratio for cell cycle 
scores, our analysis shed light on nuanced variations. Spe-
cifically, the dominance of the S phase and G2M phase was 
significantly higher in melanoma cells with reduced IFN-γ 
pathway activity, while a tendency toward an increased G2M 
phase was evident in cells with heightened IFN-γ pathway 
activity (Fig. 3D). This detailed analysis further clarified the 
varied impact of the IFN-γ pathway on cell cycle regulation 

within melanoma tumor cells, emphasizing its intricate and 
multifaceted role in cancer biology.

Survival analysis of cell cycle‑related pathways 
in pan‑cancer

Our examination of melanoma tumor cells revealed a pro-
found association between cell cycle-related signaling path-
ways and the degree of tumor malignancy. To deepen our 
understanding of their potential implications for patient 
outcomes, we meticulously explored four pathways related 
to the cell cycle: MYC targets V1 and V2, E2F, and G2M. 
By calculating the scores of these pathways and employing 
the median score as a threshold, we categorized patients into 
groups with high or low expression levels and generated 
Kaplan–Meier survival curves. The survival analysis results 
revealed a notable negative correlation between pan-cancer 

Fig. 1  Survival analysis based on IFN-γ pathway's score based on 
the TCGA database. A Kaplan–Meier analysis of the IFN-γ pathway 
score among pan-cancer, based on the TCGA database. B Univariate 
Cox's regression model analysis of the IFN-γ pathway score across 
pan-cancer. C Kaplan–Meier analysis of the IFN-γ pathway score in 
cancer types with better prognosis. D Kaplan–Meier analysis of the 

IFN-γ pathway score in cancer types with worse prognosis. The high 
and low expression groups are defined by the median value of the 
IFN-γ pathway's score, the Kaplan–Meier analysis was used to calcu-
late the P value, and univariate Cox's regression model analysis was 
used to calculate the hazard ratio (HR) and 95% confidence interval 
(95% CI)
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cell cycle-related pathway scores and patient prognosis 
(Fig. 4A–D). This pattern was consistently evident in both 
LGG (Fig. 4E–H) and melanomas (Fig. 4I–L), strongly indi-
cating the widespread importance of cell cycle-related path-
ways in determining cancer survival rates. These findings 
highlighted the critical role of cell cycle-related pathways in 
determining patient outcomes across various cancer types, 
emphasizing the need for further research into their potential 
as therapeutic targets.

Differences in the IFN‑γ pathway in melanoma 
tumor cells of non‑responding patients

IFN-γ stimulation resulted in increased expression of 
major histocompatibility complex-I (MHC-I) molecules 
in tumor cells, enhancing the processing and presentation 
of internal antigens and making tumor cells more suscepti-
ble to recognition by  CD8+T cells. Simultaneously, IFN-γ 
could also trigger the expression of MHC-II molecules, 

Fig. 2  scRNA-seq data analysis reveals diverse expression patterns of 
the IFN-γ pathway's score among the TME. A–C LGG. D–F mela-
noma. A and C UMAP analysis showing the clustering results of dif-
ferent cell populations. B and E UMAP analysis showing the s IFN-γ 
pathway scores in different cell populations. C and F Violin plots 

show the IFN-γ pathway scores in different cell populations. G and H 
Heatmaps show scores of cell populations and IFN-γ pathway on the 
TCGA database, calculated by clustering results in scRNA-seq analy-
sis. G Represents low-grade glioma and H represents melanoma
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augmenting the recognition of tumor cells by  CD4+T cells 
and further strengthening immunogenicity. By modulating 
the expression of MHC molecules, IFN-γ could influence 
the interactions between tumor and immune cells, thereby 
enhancing the efficacy of immunotherapy. Given the piv-
otal role of the IFN-γ pathway in cancer immunotherapy, 
we examined its specific mechanisms within melanoma. 
Analysis of scRNA-seq data from melanomas resistant to 
immunotherapy revealed that the IFN-γ pathway scores 
were either elevated or remained constant in nearly all 
cells after treatment (Fig. 5A and B). However, a decrease 
in IFN-γ pathway scores in melanoma tumor cells follow-
ing treatment indicated a critical role of the IFN-γ pathway 
within these cells. By examining DEG expression pre- and 
post-treatment, we identified a widespread downregulation 
of genes related to the IFN-γ pathway, including numer-
ous HLA molecules associated with antigen presentation 
(Fig. 5C). Enrichment analysis further revealed a signifi-
cant upregulation of cell cycle-related pathways after treat-
ment (Fig. 5D). These findings supported the idea that 

IFN-γ not only boosted the immunogenicity of tumor cells 
but also enhanced the efficacy of immunotherapy by inhib-
iting cell proliferation capabilities.

To further elucidate the relationship between IFN-γ and 
the immune response in melanoma patients, we analyzed 
RNA-seq data from melanoma patients categorized by 
their response status in the GEO database. We calculated 
scores for both IFN-γ and cell cycle-related pathways. 
Our analysis revealed that the IFN-γ pathway score was 
higher in complete responsive patients, while it was lower 
in those with partial or progressive disease. Conversely, 
scores for cell cycle-related pathways were lower in com-
plete responsive patients and higher in those with partial 
or progressive disease (Fig. 5E). This discovery provided 
a new perspective on understanding the mechanistic role 
of the IFN-γ pathway in cancer treatment, highlighting 
its potential impact on patient outcomes and its signifi-
cance in modulating the immune response and cell cycle 
dynamics.

Fig. 3  The impact of the IFN-γ pathway on melanoma tumor cells. 
A Heatmap showing the differential expression of the IFN-γ pathway 
score in melanoma tumor cells. B Enrichment analysis results of the 
IFN-γ pathway in melanoma cells with high and low expression. C 
Violin plots showing the scores of cell cycle S phase and G2M phase 
in high and low expression of the IFN-γ pathway. D Heatmap show-

ing the ratio of o/e values for cell cycle phases G1, S, and G2M under 
high and low expression conditions of the IFN-γ pathway.The dif-
ferences in scores for the S phase and G2M phase of the cell cycle 
between high and low expression of the IFN-γ pathway were calcu-
lated using the Wilcoxon test, ***P < 0.001
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Cell–cell communication analysis between immune 
cells and melanoma tumor cells on the IFN‑γ 
pathway

To examine the impact of immune cells within the TME on 
the IFN-γ pathway, we employed the NicheNetr package for 
our analysis. Initially, we identified highly expressed ligands 
in T cells and myeloid cells, then constructed a ligand–target 
gene regulatory network to investigate the potential effects of 
these ligands on the IFN-γ pathway in tumor cells (Fig. 6A 
and C). The analysis of T cells revealed that the regula-
tory modes of many ligands aligned with the IFN-γ path-
way, including TNF, Fas ligand (FASLG), CD40 ligand 
(CD40LG). These ligands not only increased the expression 
of genes related to MHC molecules in tumor cells but also 
enhanced the expression of the cell cycle inhibitory gene 
CDKN1A (p21). Conversely, the target genes of HMGB2 
exhibited a different pattern, involving the expression of 
cell cycle-related genes such as CDK1 (Fig. 6A and B). 
Analysis of myeloid cells showed that the regulatory modes 
of most ligands were consistent, promoting the immuno-
genicity of tumor cells and inhibiting their proliferative 
capabilities (Fig. 6C and D). This finding suggested that 
immune cells within the tumor microenvironment positively 
influence the IFN-γ pathway in tumor cells by modulating 

the ligand–target gene network. This study provides valu-
able insights into understanding the complex regulatory 
mechanisms within the TME, highlighting the pivotal role 
of immune cell–tumor cell interactions in modulating the 
IFN-γ pathway.

Discussion

When leveraging the IFN-γ pathway for tumor treatment, a 
pronounced anti-proliferative effect is observed, demonstrat-
ing a complex modulation of tumor cell behavior through 
various mechanisms. Initially, IFN-γ markedly restricts 
the proliferation rate of tumor cells by altering cell cycle 
dynamics, particularly slowing the G1/S phase transition 
and reducing DNA synthesis [19, 20]. Moreover, IFN-γ 
orchestrates the suppression of tumor cell growth by finely 
regulating gene expression, including the downregulation 
of genes associated with proliferation and the activation of 
oncogene suppressors [21, 22]. Additionally, IFN-γ induces 
apoptosis in tumor cells, further inhibiting their prolifera-
tion [23]. Overall, the robust anti-proliferative efficacy of 
IFN-γ underscores its potent therapeutic potential in tumor 
treatment, highlighting its role in the intricate modulation 
of cellular proliferation processes.

Fig. 4  Survival analysis based on cell cycle-related pathway scores 
from the TCGA database. A–D Pan-cancer. E–H LGG. I–L Mela-
noma. A, E and I E2F pathway. B, F, and J G2M pathway. C, G, and 
K MYC targets V1 pathway. D, H, and L MYC targets V2 pathway. 

The high expression group and the low expression group are defined 
by the median value of percentage, using the Kaplan–Meier test to 
calculate the P value for the difference between the high and low 
expression groups
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IFN-γ plays a pivotal role in the modulation of MHC mol-
ecule expression. It induces the upregulation of MHC class 
I molecules on the surface of tumor cells, enhancing the 
processing and presentation of endogenous antigens, thereby 
rendering tumor cells more readily identifiable by  CD8+T 
cells [13]. Additionally, IFN-γ may trigger the expression 
of MHC class II molecules, enhancing tumor cell suscep-
tibility to  CD4+T cells [24–26]. This regulatory effect not 
only amplifies the immunogenicity of tumor cells but also 
facilitates the immune system's targeted response against the 
tumor. Through the strategic modulation of MHC molecule 

expression, IFN-γ intricately influences the interactions 
between tumor cells and immune cells, thereby enhancing 
the impact of immunotherapeutic strategies. The regulation 
of MHC molecule expression by IFN-γ is critical for the 
recognition and clearance of tumor cells by the immune 
system [26, 27]. This improvement in antigen presentation 
efficacy on the tumor cell surface significantly strength-
ens the immune system's ability to detect and eliminate 
tumor cells, underscoring the indispensable role of IFN-γ 
in immune regulation and the orchestration of anti-tumor 
immune responses.

Fig. 5  The impact of the IFN-γ pathway on melanoma tumor cells in 
non-responsive patients. A UMAP showing the IFN-γ pathway scores 
in melanoma patients with immunotherapy. B Violin plot showing the 
IFN-γ pathway scores in melanoma patients with immunotherapy. C 
UMAP showing the differential genes related to the IFN-γ pathway's 
score in melanoma tumor cells before and after immunotherapy. D 
UMAP showing the enriched signaling pathways in melanoma tumor 

cells before and after immunotherapy. E Box plots showing scores 
of IFN-γ pathway and cell cycle-related pathway, based on RNA-seq 
from melanoma patients treated with immunotherapy. The differ-
ences in IFN-γ pathway's scores among cell populations before and 
after treatment were calculated using the Wilcoxon test, *P < 0.05 and 
***P < 0.001
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In certain scenarios, IFN-γ exhibits a tendency to 
enhance the immunosuppressive capabilities of tumor cells 
[16, 28]. This can be evidenced by its ability to suppress 
the expression of MHC class I molecules, impairing the 
immune system's recognition of tumor cells. Additionally, 
IFN-γ can induce the production of immunosuppressive 
agents such as PD-L1, leading to diminished activity of 
immune cells [29, 30]. Furthermore, IFN-γ may influence 
the functionality of immune cells, thereby reducing their 
impact on tumor cells [31]. The intricate and multifac-
eted role of IFN-γ involvement in the regulation of tumor 
immunity is influenced by the influence of various factors, 

including the type of tumor, its microenvironment, and the 
prevailing immune state.

The IFN-γ signaling pathway has emerged as a promis-
ing therapeutic target, poised to play a pivotal role within 
the TME by intricately modulating immune responses and 
cell cycle regulation. This research not only establishes a 
novel theoretical framework but also significantly bolsters 
the foundation for the personalized design of future clinical 
interventions. Delving into the multifaceted effects of the 
IFN-γ pathway holds the potential to drive groundbreak-
ing advancements in cancer therapy, heralding a new era of 
innovation and development.

Fig. 6  Cell–cell communication between immune cells and mela-
noma cells on the IFN-γ pathway. A, B Showing the effect of T cells 
on the IFN-γ pathway in tumor cells, and C, D showing the effect of 
myeloid cells on the IFN-γ pathway in tumor cells. A Dot plot show-
ing potential T cell ligands driving the IFN-γ pathway in melanoma 

tumor cells. B Heatmap showing potential T cell ligands driving the 
IFN-γ pathway in melanoma tumor cells. C Dot plot showing poten-
tial myeloid cell ligands driving the IFN-γ pathway in melanoma 
tumor cells. D Heatmap showing potential myeloid cell ligands driv-
ing the IFN-γ pathway in melanoma tumor cells
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