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INTRODUCTION 
 

Acute lymphoblastic leukemia (ALL) is a type of  

blood cancer that results from the overgrowth and 

accumulation of precursor cells of the immune system 

in the bone marrow or at the site other than bone 

marrow. ALL exhibits T-cell and B-cell phenotypic 
subpopulations [1]. More than half of new B-cell ALL 

cases occur in children. In recent decades, the treatment 

for pediatric ALL has been significantly improved, with 

contemporary chemotherapy regimens reaching 90% 

cure rate in numerous subpopulations [2]. Primary 

lymphocytes proliferate and accumulate abnormally in 

the bone marrow, which inhibits hematopoietic function, 

causes infection and anemia, and invades tissues outside 

the bone marrow [3]. Acute T-lymphoblastic leukemia 

(T-ALL) accounts for 15–25% of ALL cases, with a 
median onset age of o18 years old. T-ALL often occurs 

to males than females with a lower complete remission 

rate and a median survival of 11–17 months [4, 5].  
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ABSTRACT 
 

Background: Precursor T-cell acute lymphoblastic leukemia (Pre-T ALL) is a malignant neoplastic disease in 
which T-cells proliferate in the bone marrow. Single-cell sequencing technology could identify characteristic cell 
types, facilitating the study of the therapeutic mechanisms in Pre-T ALL. 
Methods: The single-cell sequencing data (scRNA-seq) of Pre-T ALL were obtained from public databases. Key 
immune cell subpopulations involved in the progression of Pre-T ALL were identified by clustering and 
annotating the cellular data using AUCell. Next, pseudo-temporal analysis was performed to identify the 
differentiation trajectories of immune cell subpopulations using Monocle. Copy number mutation landscape of 
cell subpopulations was characterized by inferCNV. Finally, cellphoneDB was used to analyze intercellular 
communication relationships. 
Results: A total of 10 cellular subpopulations were classified, with Pre-T ALL showing a higher proportion of 
NK/T cells. NK/T cells were further clustered into two subpopulations. Stem T cells showed a high expression of 
marker genes related to hematopoietic stem cells, Naive T cells had a high expression of CCR7, CCR7, RCAN3, 
and NK cells high-expressed KLRD1, TRDC. The cell proliferation was reduced and the activation of T cell was 
increased during the differentiation of stem T cells to Naive T cells. We observed interaction between stem 
T cells with dendritic cells such as CD74-COPA, CD74-MIF as well as co-inhibition-related interactions such as 
LGALS9-HAVCR2, TGFB1-TGFBR3. 
Conclusion: Stem T cells were involved in the development of Pre-T-ALL through the regulatory effects of 
transcription factors (TFs) KLF2 and FOS and multiple ligand-receptor pairs. 
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T-ALL could be subdivided into pre-T-cellular (Pre-T-

ALL) and mature T-cellular, however, the prognosis  

of Pre-T-ALL is not as favorable as that of the latter  

[6]. Currently, chemotherapeutic drugs are commonly 

used in clinical practice to treat T-ALL, but a high 

toxicity and side effects including neurotoxicity and 

drug tolerance of the drugs could all contribute to  

a poor prognosis of T-ALL [7]. Thus, exploring the 

pathogenesis of T-ALL and Pre-T-ALL is of great 

significance for the development of targeted therapeutic 

strategies. 

 

Cytotoxic T cells, Th1 cells, Th2, Th17 and regulatory 

T cells are the T cell subsets that influence the 

development of T-ALL [8]. Mechanistically, different  

T cell subsets influence ALL development through  

the release of cytokines, including myeloid cell 

development and maturation-associated factors ThPOK, 

IL-7, IL-3, GM-CSF, etc. [9]. Currently, therapeutic 

regimens using cytokines, especially interleukins, to 

treat T-cell-associated malignancies including T-ALL 

are now emerging [10, 11]. A study revealed that CD2 

deficiency downregulates the anti-tumor capacity of 

CAR-T cells in a xenograft mouse model, whereas 

treatment with exogenous interleukins could effectively 

reverse the anti-tumor effector capacity of immune 

cells, which supports the adjuvant therapeutic role of  

T-cell factor release in T-ALL [12]. Abnormal levels  

of several cytokines together with Treg are involved in 

the pathogenesis of leukemia. Study found that the 

proportion of Treg and the levels of IL-10 and TGF-β 

are higher in the peripheral blood of leukemia patients 

as compared to those of healthy control subjects,  

and confirmed that IL-10 and TGF-β produced by  

Treg could inhibit the proliferation of effector T cell 

proliferation in vitro [13]. In addition, IL-35 level in the 

bone marrow and peripheral blood of newly diagnosed 

leukemia patients is significantly elevated as compared 

to healthy subjects and its level is closely associated 

with treatment remission and relapses, suggesting that 

IL-35 is involved in the pathogenesis and prognosis  

of AML [14]. However, the mechanisms through  

which these T-cell subsets interacted with each other 

and bound to other immune cells to regulate T-ALL 

progression have not been adequately investigated. 

Moreover, in-depth characterization of crucial T-cell 

subsets in the regulation of T-ALL as well as their 

interactions with immune cells may contribute to the 

development of potential therapeutic targets and 

improvement of clinical outcomes for patients. 

 

Advances in single-cell sequencing technology [15] 

allow for more accurate identification of immune cell 
subsets closely associated with leukemia pathogenesis 

[16] and many other diseases [17, 18]. Previous study 

revealed the characteristics of the immune micro-

environment in high-risk B-cell acute lymphoblastic 

leukemia using single-cell transcriptome analysis, and 

analyzed the functional activation of NK cells and  

DC cell subsets as well as the specific expression of 

NF-κB, CD19, and Bruton’s tyrosine kinase during  

B-ALL progression [19]. Immune cell subpopulations 

crosstalk with the tumor immune microenvironment 

through ligand-receptor interactions, further leading to 

the remodeling of tumor immune microenvironment 

[20, 21]. The development of single-cell sequencing 

technology has greatly facilitated the analysis of 

immune cell subpopulations and corresponding ligand-

receptors, which was also employed in the present 

study. 

 

In this study, we analyzed scRNA-seq data from re-T-

ALL and healthy bone marrow samples to identify stem 

T cell subsets and key transcription factors and receptor/ 

ligand molecules involved in interactions during Pre-T-

ALL progression. In addition, we performed pseudo-

temporal analysis to explore stem T-cell differentiation 

trajectories and to uncover potential mechanisms 

underlying the developmental process of Pre-T-ALL. 

 

MATERIALS AND METHODS 
 

Data collection and processing 

 

We downloaded 2 Pre-T ALL samples and 3 healthy 

pediatric bone marrow mononuclear cells from 

GSE132509 in the Gene Expression Omnibus (GEO) 

website (https://www.ncbi.nlm.nih.gov/geo/). After 

removing mitochondrial, ribosomal and hemoglobin 

genes, the Read10X function in the Seurat package was 

used to read the scRNA-seq data of each sample to 

collect cells with a gene number of 200–6000 and a 

proportion of mitochondrial genes <10% [22, 23]. Next, 

the SCTransform function was used for normalization, 

and the harmony package [24] was used to remove the 

batch effect among different samples after principal 

component analysis (PCA) dimensionality reduction. 

Unified surface approximation and projection (UMAP) 

dimensionality reduction was performed using the 

RunUMAP function. Clustering was conducted 

applying the FindNeighbors and FindClusters functions 

with the parameters of dims=1:20, resolution=0.2 

(dims=1:15, resolution=0.1 for further subdivision of 

NK/T cells 1 and NK/T cells 2). Clustering analysis was 

conducted according to CellMarker2.0 (CellMarker or 

http://117.50.127.228/CellMarker/) database to annotate 

cell subpopulations with marker genes [25]. To explore 

the heterogeneity of gene expression patterns among 

cell subpopulations, the FindAllMarkers function was 
used to calculate the differentially expressed genes 

(DEGs) among each cell subpopulation with parameters 

of logfc.threshold=0.25, min.pct=0.25, only.pos=TRUE. 
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Functional enrichment analysis 

 

The expression data of DEGs were imported to the 

DAVID database (https://david.ncifcrf.gov/) to explore 

the enriched biological processes of these genes among 

the cellular subpopulations (P < 0.05). 

 

Pseudo-time analysis 

 

Pseudo-time analysis was performed using Monocle, 

which allows for the construction of dynamic trajectories 

of cell differentiation to help reveal the transition process 

between cell states [26, 27]. Advanced algorithms of 

Monocle support the inference of cell fate from complex 

data, which is critical to our exploration of how stem  

T cells evolve into native T cells and participate in 

pathological processes. For Monocle 3, we used the 

new_cell_data_set function to create CDS objects. The 

reduce_dimension function was applied to perform PCA 

and UMAP dimensionality reduction. The trajectory 

was developed using learn_graph function by setting the 

subpopulation of stem T cells as the starting point of  

the trajectory. Finally, the plot_genes_ in_pesudotime 

function was used to present changes in the expression 

level of the genes of interest with pseudotime. 

 

For monocle 2 [28], the newCellDataSet function was 

used to construct the object, the FindAllMarkers function 

was used to calculate the DEGs between stem T cells and 

Naive T cells 1 (avg_log2FC>0.25 and p_val_adj<0.01). 

Trajectories were downscaled and developed based  

on these genes applying the reduceDimension function 

(max_components=2, method=“DDRTree”). The 

orderCells function was employed to set the starting  

point of the trajectory with more states containing  

stem T cells. To identify the pseudotime-related genes  

(q-val < 0.01), the differentialGeneTest function 

(fullModelFormulaStr=“~sm.ns(Pseudotime)”) was used. 

Changes in the expression level of the genes of  

interest with the pseudotime were shown by the 

plot_pseudotime_heatmap function. 

 

The inferCNV analysis 

 

We used the inferCNV software to portray the landscape 

of copy number variation in genomic regions of stem  

T cells in the pre-T group [29], with B cells in the  

healthy control group as the reference. Other parameters 

were set to cluster_by_groups=TRUE, analysis_mode= 

“subclusters”, HMM_type=“i3”, denoise=TRUE, 

HMM_report_by=“subcluster”, HMM=TRUE. 

 

SCENIC analysis 

 

SCENIC is an innovative algorithm for GRNs developed 

specifically for single-cell data. SCENIC introduces gene 

co-expression networks inferred from the motif sequence 

validation statistics of transcription factors (TFs) to 

identify highly reliable TF-dominated GRNs [30]. 

Potential target genes for each TF were screened by the 

GENIE3 method, and the top 5 potential target genes 

were used to construct the TF regulatory networks. The 

TF-target gene relationship pairs were identified, and  

the AUCell function was used to calculate the degree  

of regulon activity in each cell. In this study, AUCell 

function was used for analysis due to its ability to 

efficiently assess the activity of specific sets of genes in 

individual cells, which helps determine the cells having 

active TF regulatory networks [31]. This was critical for 

understanding the role of stem cell T cells in Pre-T ALL. 

Finally, the SCENIC package was utilized to score the 

activity of each regulon in each cell. 

 

Cellular subpopulation interactions 

 

To explore the interactions between T cell 

subpopulations and other cell subpopulations in the  

Pre-T-ALL group, we first used cellphoneDB [32]  

to construct a network of ligand-receptor interactions 

between all cell subpopulations. Next, the ktplots 

package was used to show costimulatory, coinhibitory, 

chemokines, and regulatory-related ligand-receptor pairs 

between stem T cells and other cell subpopulations [32]. 

 

Statistical analysis 

 

The R package employed in this study was obtained 

from the Bioconductor R project. Data analysis was 

performed by R software (version: 4.1.1). The data were 

pre-processed in the SangerBox 3.0 (http://sangerbox. 

com/home.html). For all the statistical tests, p < 0.05 

was considered as statistically significant. 

 

Data availability statement 

 

The datasets generated and/or analyzed during the current 

study are available in the (GSE132509) repository, 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=G

SE132509). 

 

RESULTS 
 

Cell types in PT-ALL samples 

 

The scRNA-seq analysis was performed to investigate 

the cellular subpopulations and related molecular 

characteristics of Pre-T-ALL samples (grouped as PRE-

T) and healthy bone marrow samples (grouped as 

PBMMC). After cell data filtering, normalization,  
and downscaling and clustering analyses, a total of 

24,505 cells were obtained and clustered into 10  

cellular subpopulations (Figure 1A). The expression of 

13119

https://david.ncifcrf.gov/
http://sangerbox.com/home.html
http://sangerbox.com/home.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132509
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132509


www.aging-us.com 4 AGING 

the marker genes in cellular subpopulations were as 

follows: CLEC10A gene had a significantly high 

expression level and a high percentage expression in 

dendritic cells; IRF8 gene was also high-expressed  

in dendritic cells but with a slightly lower percentage  

of expression; CD34 gene was high-expressed in 

hematopoietic stem cells 1; AURKB gene was high-

expressed in proliferating cells and had a higher 

percentage of expression; GZMA and KLRB1 genes 

were significantly expressed in the NK/T cell 1

 

 
 

Figure 1. Single-cell mapping of pre-T childhood leukemia. (A) UMAP downscaling plot for clustering and annotation of pre-T 

leukemia and healthy control bone marrow mononuclear cells. (B) Bubble plots of marker gene expression profiles used for cell 
subpopulations. (C) Heatmap of marker gene expression profiles used to annotate cell subpopulations. (D) Proportion of each cell 
subpopulation between the two groups. (E) Proportion of each cell subpopulation within all cells. 
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subpopulation (Figure 1B, 1C). We found that the 

number of NK/T cells 1 and NK/T cells 2 were higher in 

the PRE-T group (Figure 1D, 1E). This suggested that 

NK/T cell function may be altered in pre-T ALL, and that 

these alterations could promote disease progression. 

 

Stem T-cell subpopulation clustering in Pre-T-ALL 

 

To characterize the heterogeneity of NK/T cells in Pre-

T-ALL, NK/T cells 1 were further divided into two 

subpopulations (stem T cells and Naive T cells 1) in this 

study (Figure 2A). Specifically, stem T cells high-

expressed hematopoietic stem cell-related marker genes 

ALDHA2, RUNX1, MSI2, MYB, and Naive T cells 1 

high-expressed CCR7 (Figure 2B). Interestingly, 2,385 

of all the stem T cells were found in the PRE-T group, 

while only 5 were found in the PBMMC group. The 

vast majority of stem T cells in the PRE-T group 

suggested a potential association between stem T and 

Pre-T-ALL pathogenesis and progression (Figure 2C). 

Next, we further divided NK/T cells 2 into two 

subpopulations (Figure 2D). Among them, Naive T 

cells 2 high-expressed CCR7 and RCAN3, while NK 

cells high-expressed marker genes such as KLRD1, 

TRDC, PRF1 (Figure 2E). Meanwhile, it was found that 

the proportion of Naive T cells 2 was higher in PRE-T 

group as compared to PBMMC (Figure 2F). These 

findings reveal potential distributional and functional 

differences between stem T cells and Naive T cells in 

leukemia, which could help improve the understanding 

of the complex microenvironment in leukemia. 

 

Evolution of differentiation of stem T cells to Naive 

T cells 

 

To further characterize the dynamic evolution of  

stem T cells to Naive T cells, we constructed  

cell differentiation trajectories using Monocle 3 and 

 

 
 

Figure 2. Identification of stem T cell subsets within the pre-T group. (A) UMAP plot of further subdivision of NK/T cells 1. (B) Violin 

plot of marker gene expression levels of NK/T cells 1 subpopulations. (C) Proportion of NK/T cells 1 subpopulation within pre-T and control 
groups, respectively. (D) UMAP plot of further subdivision of NK/T cells 2 subpopulation. (E) Violin plot of marker gene expression levels in 
the NK/T cells 2 subpopulation. (F) Proportion of NK/T cells 2 subpopulation within pre-T and control groups, respectively. 
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Monocle 2 (Figure 3A, 3C). It was found that the 

expression levels of genes related to cell proliferation 

such as CDKN2D, CDC25B, FGFR1, PSMB2, etc., 

were gradually downregulated during the differentiation 

of stem T cells to Naive T cells. The expression levels 

of T cell activation-related genes such as B2M, CD8B, 

CD74, CD44, TRAC, etc. were gradually upregulated 

(Figure 3B, 3D). These results indicated that the cell 

proliferation ability was gradually inhibited and the 

T cell activation and activation ability was promoted 

during the differentiation of stem T cells to Naive 

T cells, which was of great significance in revealing the 

pathogenesis of Pre-T-ALL. 

 

Landscape of copy number variation within stem  

T cells 

 

To further characterize the copy number variation of 

stem T cells in pre-T childhood leukemia, regions of 

amplification and deletion within 22 pairs of autosomes 

were identified using inferCNV. We found that stem  

T cells mainly had amplification of chr7q, chr11q, and 

 

 
 

Figure 3. Construction of a differentiation trajectory from Stem T cells to Naive T cells 1. (A) Differentiation trajectory from Stem 

T cells to Naive T cells 1 was constructed using Monocle 3. (B) Scatterplot of the expression levels of the genes of interest as a function of 
pseudotime. (C) Differentiation trajectory from Stem T cells to Naive T cells 1 constructed with Monocle 2. (D) Heatmap of the expression 
level of the gene of interest with pseudotime. 
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chr12p and deletions of chr6p and chr22p (Figure  

4A). Interestingly, the genes with the copy number 

amplification regions were all associated with cell 

cycle, proliferation, DNA replication, and cell growth 

(Figure 4B, 4C), while the genes with copy number 

deletion region were all related to T cell activation, 

apoptotic process, and T cell receptor signaling pathway 

(Figure 4D, 4E). These results suggested that enhanced 

proliferative capacity of stem T cells was associated 

with the amplification of chr7q, chr11q and chr12p and 

their declined immunoreactivity was associated with the 

deletion of chr6p and chr22p. 

Alterations in transcription factor activity in stem 

T cells in Pre-T-ALL 

 

To further identify the TFs in stem T cells associated 

with pre-T ontogeny, we constructed a TF regulatory 

network and used the AUCell algorithm to determine 

the degree of activity of each TF in each cell. The 

results showed higher activity scores for FOSB, KLF2, 

JUNB, JUN, KLF6 and YY1 in the pre-T group (Figure 

5A). Among them, KLF2 was significantly enriched in 

negative regulation of apoptotic process, intracellular 

signal transduction, regulation of cell proliferation, 

 

 
 

Figure 4. Inscription of copy number variation within Stem T cells. (A) Heatmap of copy number variation within Stem T cells 

analyzed by inferCNV. (B) BPs enriched for chr7p amplicons. (C) BPs enriched for chr11q and chr12p amplicons. (D) BPs enriched for chr6p 
deletions. (E) BPs enriched for chr22p deletions. 
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positive regulation of cell migration, and Ras protein 

signal transduction, while FOS was significantly enriched 

in cell migration, regulation of cell proliferation, and 

regulation of GTPase activity, Ras protein signal 

transduction, regulation of cell growth, and JAK-STAT 

cascade biological functions (Figure 5B, 5C). Overall, 

these results suggested that these factors may play an 

important role in regulating disease-related biological 

processes. 

Communication between stem T cells and other cells 

in the pre-T group 

 

To investigate the mechanism of stem T cells on  

the pathogenesis and progression of Pre-T-ALL, the 

interactions between stem T cells and other cell 

subpopulations in the bone marrow were analyzed 

employing CellPhoneDB. The cellular communication 

network showed multiple ligand-receptor pair 

 

 
 

Figure 5. SCENIC analysis within Stem T cells. (A) Degree of activity of each transcription factor within Stem T cells between pre-T and 

control. (B) Target genes of KLF2 enriched to BP. (C) Target genes of FOS enriched to BP. 
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interactions between stem T cells and other cells, for 

example, co-stimulation-related interactions between 

stem T cells and dendritic cells such as CD74-COPA, 

CD74-MIF and co-inhibition-related interactions such 

as LGALS9-HAVCR2, TGFB1-TGFBR3 (Figure 6). 
 

DISCUSSION 
 

This study analyzed scRNA-seq data from Pre-T-ALL 

and healthy bone marrow samples. Based on single-cell 

profiles, we found that NK/T cells were significantly 

upregulated in Pre-T-ALL. Studies have shown an 

interactive relationship between NK cells and cancer 

cells, and that upregulation of activated receptors  

on NK cells can exert anti-cancer cell effects [33]. 

However, abnormal aggregation of NK cells in the bone 

marrow could impair the hematopoietic function of the 

organism, and NK cells have a direct regulatory effect 

on the carcinogenesis of hematopoietic stem cells 

through the secretion of a series of pro-inflammatory 

factors, such as TNF-α and IFN-γ, which in turn will 

also contribute to the progression of Pre-T-ALL [34]. In 

terms of immune escape mediation, NK cells secrete 

immunomodulatory factors such as TGF-β and IL-10 to 

promote the immune escape of malignant hematopoietic 

stem cells [35, 36]. In addition, NK cells interact  

with tumor-associated macrophages, tumor-associated 

fibroblasts and regulatory T cells in the immune 

microenvironment, leading to the formation of an 

immunosuppressive microenvironment to further 

enhance the proliferation of malignant hematopoietic 

stem cells [37]. High levels of T-cell infiltration in Pre-

T-ALL are associated with the malignant progression  

of the disease, as leukemia cells originate from T-cell 

precursors, in particular, abnormal accumulation of 

immature T-cells in the bone marrow could promote

 

 
 

Figure 6. CellPhoneDB analysis of Stem T cells and other cells within the pre-T group. 
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disease progression through the secretion of pro-

inflammatory factors and immunosuppressive molecules 

[37, 38]. The high infiltration of NK cells and T-cells is 

an indicator of malignancy of Pre-T-ALL, providing a 

basis for the subsequent analysis of this study. 

 

NK/T cells were further clustered into Naive T cells  

and stem T cells. Specifically, several marker genes 

ALDHA2, RUNX1, MSI2, and MYB were upregulated 

and expressed in stem T cells, and these genes were 

closely related to the activation and proliferation of 

hematopoietic stem cells. As a class of stem cells with 

self-renewal ability in bone marrow and blood, stem  

T cells are mainly responsible for producing red  

blood cells, white blood cells and platelets [28]. The 

development of leukemia is often associated with 

abnormalities in hematopoietic stem cells, and genetic 

changes in hematopoietic stem cells during differen-

tiation can cause imbalance to the regulation of cell 

proliferation and differentiation, thereby inducing the 

formation of malignant proliferating leukocytes [39]. 

ALDHA2 belongs to the aldehyde dehydrogenase 

(ALDH) family. The aberrant expression of ALDHA2 

in stem T cells is mechanistically linked to the 

development of leukemia through elevating ROS 

activity, lipid peroxidation and platelet production. In 

particular, ALDHA2 promotes B-cell carcinogenesis and 

the development of multiple myeloma [40]. RUNX1 

activates the AP-1/GATA2 axis in the bone marrow 

microenvironment, thereby leading to the aberrant 

proliferation of leukemia stem cells and the promotion 

of their immune escape [41]. The regulatory role of 

MSI2 is mainly reflected in its ability to further promote 

CD4+ and CD8+ T cell infiltration and inflammatory 

responses by mediating dendritic cell maturation and 

migration [42]. Overexpression of MYB is one of the 

factors that promotes the aberrant proliferation of 

certain lymphocyte precursors through enhancing the 

aberrant proliferation and accumulation of mature B 

cells [43]. These results suggested that marker genes 

aberrantly expressed by stem T cells in Pre-T-ALL 

played important roles in regulating the bone marrow 

microenvironment and disease progression, especially 

in modulating immune responses and promoting 

immune escape. Hence, future studies are encouraged  

to explore the development of antibodies or small 

molecule inhibitors against NK/T cell surface molecules 

to inhibit the proliferation and survival of stem T cells 

and suppress the progression Pre-T-ALL. 

 

Immune cell interactions and interconversions in the 

bone marrow microenvironment play a regulatory role 

in leukemia progression. Previous study showed that 
monocytes in the bone marrow microenvironment 

mainly interact with monocyte precursor cells ST-HSC, 

MLP, and MDP, which are associated with processes 

such as cell migration, phosphorylation regulation, and 

inflammatory responses and will in turn affect leukemia 

progression [44]. In this study, the analysis of cellular 

communication relationships revealed dynamic evolution 

from stem T cells to Naive T cells, during which the 

expression levels of genes such as CDKN2D, CDC25B, 

FGFR1, and PSMB2 were gradually downregulated, 

while the expressions of genes such as B2M, CD8B, 

CD74, CD44, and TRAC were gradually upregulated. 

And most of these downregulated genes were related to 

cell proliferation, especially CDKN2D, a gene-encoding 

protein of the CDK inhibitor family. CDKN2D plays an 

important role in cell cycle regulation by inhibiting cell-

cycle-dependent kinases to regulate cell proliferation  

to prevent uncontrolled cell division, particularly in  

the G1 phase [45]. In acute promyelocytic leukemia 

(APL), the fusion protein PML/RARα downregulates 

the expression of CDKN2D by suppressing its promoter 

activity, which in turn affects leukemia cell proliferation 

and differentiation [46]. Upregulated genes are closely 

related to the regulation of T cell activity. For example, 

previous study found that B2M recognizes and activates 

T cell-mediated immune responses by stabilizing the 

expression of MHC I molecules on the cell surface, 

affecting their activity in the clearance of leukemia cells 

[47]. Noticeably, TRAC gene plays a key role in 

regulating the mutual killing effect of CAR-T cells, 

therefore targeted silencing of this gene may promotes 

the therapeutic effect of CAR-T cells on leukemia 

[48, 49]. These results indicated that the pathogenesis  

of Pre-T-ALL is associated with a reduced cell 

proliferation capacity of Naive T cells and increased 

activation capacity of T cells, providing novel insights 

into the pathogenesis of Pre-T-ALL. 

 

The present study further analyzed and elucidated the 

ligand-receptor relationship between stem T cells and 

dendritic cells, and found a strong CD74-COPA co-

stimulatory interaction and a strong LGALS9-HAVCR2 

co-inhibitory interaction between the two types of cells. 

CD74 is a type II transmembrane glycoprotein involved 

in the regulation of antigen presentation, formation of 

major histocompatibility complex class II proteins, and 

B-cell maturation and survival. CD74 is aberrantly 

expressed in acute myeloid leukemia and is associated 

with aberrant activation of lymphocytes and the 

pathogenesis of Pre-T-ALL [50, 51]. COPA affects 

cancer therapeutic response through the remodeling of 

immune microenvironment in a variety of cancers, and 

activation of CD74-APP/COPA/MIF on the surface of 

B cells facilitates the suppressive immunomodulatory 

effects of M2 macrophages and Tregs [52]. It is possible 

that the activation of COPA affects leukemia patho-
genesis and progression through immunosuppressive 

effects. Studies have shown that LGALS9 is cytotoxic 

to leukemic stem cells derived from patients with ALL, 
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and that the protein encoded by this gene does not show 

killing activity against normal stem cells of the organism, 

suggesting an important role of its high expression for 

the targeted treatment of ALL [53, 54]. HAVCR2 

regulates T-cell depletion and acts as an immune 

checkpoint in immune escape and immunotherapy of 

leukemia [55]. Another study revealed an interactive 

relationship between LGALS9 and HAVCR2, which 

suppresses immune responses to induce immune 

tolerance by regulating T cell apoptosis or inhibiting 

their differentiation [56]. Taken together, the ligand-

receptor relationship between stem T cells and dendritic 

cells promoted Pre-T-ALL progression by regulating the 

bone marrow microenvironment mainly through aberrant 

activation of T cells. The role of CD74 and COPA in 

regulating the immunosuppressive microenvironment  

as well as the function of LGALS9 and HAVCR2 in 

regulating T-cell responses signified that they may be 

potential targets for the treatment of acute T-cell 

lymphoblastic leukemia. A deeper understanding of these 

complex immunoregulatory processes could facilitate the 

development of more precise and effective treatments to 

improve patients’ survival and quality of life. However, 

our study still had certain limitations. For instance,  

the sample size should be expanded to enhance  

the generalizability and reliability of our findings. 

Additionally, to achieve a deeper understanding of the 

cellular interactions and their underlying molecular 

mechanisms, we planned to employ a series of 

bioinformatics methods to investigate key regulatory 

factors and signaling pathways. Finally, we aimed  

to design both in vitro and in vivo experiments to 

validate the roles of critical genes and signaling 

pathways as well as their specific functions in Pre-T 

ALL. 

 
In conclusion, the present study performed single-cell 

technology analysis to reveal a cellular subpopulation 

potentially associated with the development of Pre-T-

ALL. Our findings indicated that stem T cells had a 

potential promoting effect on Pre-T-ALL through the 

ligand-receptor interaction relationship. However, this 

study also had some limitations. Despite the discovery 

of potential cell subpopulations affecting Pre-T-ALL, 

we lacked cellular experiments and animal experiments 

to validate the results, which will be the focus of our 

subsequent research. 
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