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leukemia by enhancing regulatory T cell 
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Abstract 

Background: Chronic lymphocytic leukemia (CLL) results in increased susceptibility to infections. T cell dysfunction 
is not associated with CLL in all patients; therefore, it is important to identify CLL patients with T cell defects. The role 
of B‑cell lymphoma‑2 (BCL‑2) in CLL has been explored; however, few studies have examined its role in T cells in CLL 
patients. Herein, we have investigated the regulatory role of BCL‑2 in T cells in the CLL tumor microenvironment.

Methods: The expression of BCL‑2 in T cells was evaluated using flow cytometry. The regulatory roles of BCL‑2 were 
investigated using single‑cell RNA sequencing (scRNA‑seq) and verified using multi‑parameter flow cytometry on 
CD4 and CD8 T cells. The clinical features of BCL‑2 expression in T cells in CLL were also explored.

Results: We found a significant increase in BCL‑2 expression in the T cells of CLL patients (n = 266). Single cell RNA 
sequencing (scRNA‑seq) indicated that BCL‑2+CD4+ T cells had the gene signature of increased regulatory T cells 
(Treg); BCL‑2+CD8+ T cells showed the gene signature of exhausted cytotoxic T lymphocytes (CTL); and increased 
expression of BCL‑2 was associated with T cell activation and cellular adhesion. The results from scRNA‑seq were 
verified in peripheral T cells from 70 patients with CLL, wherein BCL‑2+CD4+ T cells were enriched with Tregs and had 
higher expression of interleukin‑10 and transforming growth factor‑β than BCL‑2−CD4+ T cells. BCL‑2 expression in 
 CD8+T cells was associated with exhausted cells (PD‑1+Tim‑3+) and weak expression of granzyme B and perforin. 
T cell–associated cytokine profiling revealed a negative association between BCL‑2+ T cells and T cell activation. 
Decreased frequencies and recovery functions of BCL‑2+T cells were observed in CLL patients in complete remission 
after treatment with venetoclax.

Conclusion: BCL‑2 expression in the T cells of CLL patients is associated with immunosuppression via promotion of 
Treg abundance and CTL exhaustion.
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Background
Chronic lymphocytic leukemia (CLL) is a hematological 
malignancy characterized by the clonal proliferation of 
mature-appearing, small B lymphocytes in the periph-
eral blood, bone marrow, and lymphoid tissue [1]. CLL is 
the most prevalent adult leukemia in Western countries, 
representing approximately 34% of all new leukemia 
cases, and its incidence is increasing in China [2, 3]. The 
median age at diagnosis is 70 years, at which age, men are 
more likely to be affected than women (ratio of men to 
women, 1.7:1) [4]. A cardinal feature of the pathophysi-
ology of CLL is immune system dysfunction, which is 
mainly manifested in humoral and cellular immunode-
ficiency status and a high incidence of autoimmune dis-
eases, infections, and secondary malignancies [1, 5]. The 
use of cellular immunotherapy instead of chemotherapy 
has improved the treatment efficacy of CLL. However, 
despite the recent advances in treatment, CLL remains 
incurable [6–8].

Immune dysfunction is thought to be caused by an 
interaction between cancer cells and the immune system. 
These interactions provide a tumor microenvironment 
(TME) that enables the CLL cells to escape the immune 
surveillance machinery. TME is a heterogeneous, com-
plex, and dominant tumor component. The importance 
of TME in the development and management of diseases 
has been demonstrated [9, 10]. Immune cells are a major 
component of the TME and are pivotal in the evaluation 
of prognoses and treatment responses of patients. T cells, 
such as regulatory T cells (Treg) and human naïve T cells, 
are involved in regulating tumorigenesis [11–13]. Under-
standing the immune cells and their cellular interactions 
in the TME is beneficial for the management of cancers. 
However, the regulatory roles of T cells within the TME 
in CLL remain unclear.

T cells play a central role in the establishment and 
maintenance of immune responses, memory, and home-
ostasis in antitumor immunity. They recognize diverse 
antigens from pathogens, tumors, and the environment, 
and maintain self-tolerance [14, 15]. They are grouped 
based on their functions into a series of subsets, such 
as naïve T cells that are able to respond to neoantigens, 
memory T cells that are derived from previous anti-
gen activation and maintain long-term immunity, Tregs 
that can suppress immune responses, and others [16]. 
CLL is associated with profound defects in T cells and 
T cell functions, resulting in the failure of T cell antitu-
mor activity and increased susceptibility to infections 
[17]. Not all CLL patients present T cell dysfunction; 

therefore, a marker to distinguish CLL patients with pro-
found defects in T cell function is critical for the manage-
ment of the disease [18].

B-cell lymphoma-2 (BCL-2) is the founding member of 
the BCL-2 family of proteins and plays an important role 
in promoting cellular survival via its anti-apoptotic func-
tion by inhibiting pro-apoptotic proteins. Dysregulation 
of the BCL2 gene underlies many cancers, including mel-
anoma, breast cancer, lung cancer, and chronic lympho-
cytic leukemia [19–21]. Although a significant increase 
in BCL-2 level is reported in T cells in patients with 
systemic lupus erythematosus, there are few studies on 
BCL-2 in T cells of patients with CLL [22]. Venetoclax, 
a BCL-2 inhibitor, has been proven to be highly effective 
in both CLL and acute myeloid leukemia (AML) and has 
been approved for the treatment of both diseases [23, 24]. 
It can increase T cell effector function by increasing reac-
tive oxygen species (ROS) generation without inducing T 
cell apoptosis [25].

In the current study, we demonstrate that BCL-2 
expression in T cells of CLL patients is associated with 
immunosuppressive TME by promotion of Treg abun-
dance and cytotoxic T lymphocyte (CTL) exhaustion. 
Our data demonstrate that BCL-2 could be an important 
marker to distinguish patient populations with profound 
defects in T cell functions and highlight the possibil-
ity that BCL-2 inhibitors can restore T cell functions in 
patients with CLL.

Methods
Patients
This study was approved by the Ethics Committee of the 
Jiangsu Province Hospital (2018-SRFA-087), and written 
informed consent was obtained from all patients accord-
ing to the Declaration of Helsinki. A total of 266 newly 
diagnosed patients with CLL in Jiangsu Province Hospital 
(Nanjing, China) from January 2017 to December 2021 
and 30 age-matched healthy volunteers from our hema-
tology laboratory were enrolled in this study (Table  1). 
Blood samples from six patients with CLL and two 
healthy donors were used for single-cell RNA sequencing 
(scRNA-seq) (Table 2). The functional verification exper-
iments using flow cytometry (FCM) for BCL-2-positive T 
cells were performed in 70 CLL patients (Table 3). Finally, 
we collected 12 paired samples from patients who were in 
complete remission (CR) after venetoclax treatment. The 
diagnostic criteria were based on the International Work-
shop on CLL-National Cancer Institute (iwCLL-NCI) in 
2018 [26], and the specimens included in the group were 
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processed within 24 h of collection. The clinical charac-
teristics of these patients with CLL are summarized in 
Tables 1, 2, 3.

Collection of single cells for scRNA‑seq and flow cytometry
Peripheral blood mononuclear cells (PBMCs) were sepa-
rated using density gradient centrifugation with Lym-
phocyte Separation Medium (LTS1077, TBD, Shanghai, 
China) solution as per the manufacturer’s instructions. In 
brief, 2 mL of fresh peripheral blood was collected from 
newly diagnosed CLL or healthy donors in anticoagulant 
tubes containing ethylenediaminetetraacetic acid (EDTA) 
and subsequently layered onto the separation medium. 
After centrifugation, the lymphocytic cells were care-
fully transferred to a new tube, washed twice with 1× 
phosphate-buffered saline (PBS; calcium-free and magne-
sium-free, HyClone, USA) containing 0.04% bovine serum 
albumin (BSA), and resuspended. The overall cell viability, 
which needed to be above 85%, was confirmed using the 
trypan blue exclusion method. The concentration of single 
cell suspensions was determined using a hemocytometer 
and adjusted to 700–1200 cells/μL.

Chromium 10× genomics library and sequencing
Single cell suspensions were loaded onto a 10× chro-
mium chip to capture 10,000 single cells—as much as 

possible—using a 10× Genomics Chromium Single-Cell 3′ 
reagent kit (V2) according to the manufacturer’s instruc-
tions (10× Genomics, CA). cDNA amplification and 
library construction were performed using reagents from 
the Chromium Single-Cell 3′ reagent kit (V2) according 
to the standard protocol. Libraries were sequenced on an 
Illumina NovaSeq 6000 sequencing system (paired-end 
multiplexing run, 150 bp) by LC-Bio Technology Co., Ltd. 
(Hangzhou, China) at a minimum depth of 20,000 reads 
per cell according to the manufacturer’s instructions 
(Illumina).

Quality control and preprocessing of scRNA‑seq data
The scRNA-seq raw data (BCL files) were converted into 
fastq files with bcl2fastq (Illumina) software. Reads were 
aligned to a human genome reference (GRCh38) and 
a digital gene expression matrix built using the STAR 
algorithm in CellRanger (10× Genomics; v3.0.2). Cells 
containing more than 200 expressed genes with a mito-
chondrial rate of less than 20% passed the cell quality fil-
ter, which was followed by the deletion of mitochondrial 
genes from the expression table. The Seurat package (ver-
sion: 3.1.5, https:// satij alab. org/ seurat/) was utilized for 
cell normalization and regression based on the expres-
sion table according to the unique molecular identifier 
(UMI) counts of each sample and percentage of mito-
chondria to achieve scaled data. Each cell had 19,015 
unique transcripts, and 41,618 cells were extracted from 
44,291 cells through quality control, of which 2167 were 
T cells.

Flow cytometry
Multi-parameter flow cytometry was used in all subse-
quent verification experiments, including experiments 
to determine the following: the differences in expres-
sion of programmed cell death protein 1 (PD-1), T cell 
immunoglobulin domain and mucin domain-3 (Tim-
3), granzyme B, and perforin; the abundance of Tregs; 
the differentiation of T helper (Th) and memory T cells 
between BCL-2-positive and -negative T cells in CLL. 
Table  S1 presents information about the antibodies and 
reagents used in these tests. Briefly, for determining the 
expression of PD-1, Tim-3, granzyme B, and perforin 
proteins, and the status of memory T cell differentia-
tion, at least 2 ×  106 PBMCs were stained with antibod-
ies against human CD3-BV510 (Clone UCHT1), CD4-PE 
(Clone SK3), CD8-ECD (Clone SFCI21Thy2D3), CD19-
Percp-Cy5.5 (Clone SJ25C1), CD45RO-PE-Cy7 (Clone 
UCHL1), CD45RA-BV421 (Clone HI100), CD62L-APC/
Cy7 (Clone DREG-56), PD-1-BV421 (Clone EH12.2H7), 
and Tim-3-APC (Clone F38-2E2) as per the manufac-
turers’ instructions for 15 min at 20 °C in the dark. For 

Table 1 Clinical and biological characteristics of the 266 patients 
with CLL

Abbreviations: MBC Monoclonal B cells, β2-MG β2-microglobulin, IGHV 
immunoglobulin heavy variable-region gene, Del delete, TP53 tumor protein 53

characteristics N = 266

Male, n (%) 167(62.8)

Median age (range), years 61(30–89)

Binet stage, n (%) Stage A 69(25.9)

Stage B/C 197(74.1)

Presence of B‑symptoms, n (%) 51(19.2)

MBC > 5 ×  109/L, n (%) 210(78.9)

Platelets < 100 ×  109/L, n (%) 84(31.6)

Hemoglobin < 100 g/L, n (%) 58(21.8)

CD4/CD8 < 1, n (%) 52(19.5)

> 2.5, n (%) 34(12.8)

β2‑MG > 3.5 mg/L, n (%) 113(42.5)

Unmutated IGHV, n (%) 116(43.6)

Del(17p) or TP53 mutation, n (%) 39(14.7)

Del(13q), n (%) 89(33.5)

Del(11q), n (%) 36(13.5)

Risk stratification, n (%) low 68(25.6)

medium 80(30)

high 85(32)

very high 33(12.4)

https://satijalab.org/seurat/
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intracellular staining, surface-marked cells were fixed for 
15 min and then permeabilized using an IntraStain Kit 
(Dako, DK) according to the manufacturer’s instructions 
after washing with 1× PBS (HyClone, USA) and centrifu-
gation at 400×g for 5 min. Subsequently, the cells were 
stained with human BCL-2-FITC (Clone 124), granzyme 
B-PE (Clone GB11), and perforin-APC (Clone dG9) for 
15 min and then washed once; the samples were kept 

on ice between sample processing and evaluation using 
FCM. Matched fluorescence mouse immunoglobulin (Ig)
G1 was used as an isotype-matched control for important 
markers, including PD-1-BV421 (Clone EH12.2H7), Tim-
3-APC (Clone F38-2E2), and FoxP3-PE (Clone PCH101). 
The stained samples were detected using Navios (Beck-
man Coulter, USA) and analyzed using Kaluza Analysis 
2.1 (Beckman Coulter, USA). At least 200,000 cells were 
collected per tube according to the lymphocyte gate. 
First, single cells in the stable flow area were selected, 
and then lymphocyte populations were identified using 
side scatter (SSC) and forward scatter (FSC). Next, CD3 
T, CD4 T, and CD8 T cells were identified using CD3-
BV510 (Clone UCHT1), CD4-PE (Clone SK3), and CD8-
ECD (Clone SFCI21Thy2D3) antibodies, respectively. 
Finally, the expression of various antigens mentioned 
above in each group was analyzed separately for BCL-2+ 
and BCL-2− T cells (Fig. 1a).

In vitro cell stimulation for cytokine detection
The differentiation of Th cells is defined by the expres-
sion of corresponding cytokines. To induce cytokine 
production, 2 ×  106 PBMCs were rested for 2 h and 
then stimulated with 2 μL Cell Activation Cocktail (with 
brefeldin A, BioLegend, USA) for 5 h at 37 °C in 1 mL 
complete medium in a 5%  CO2 incubator. The com-
plete medium contained RPMI 1640 medium (with 
2 mM l-glutamine, Gibco, USA) supplemented with 
10% heat-inactivated fetal bovine serum (Gibco, USA), 
1% penicillin (100 U/mL, Gibco, USA), and streptomy-
cin (100 μg/mL, Gibco, USA). Following stimulation, the 
expression of surface markers on the cells was evaluated 
by staining with antibodies, such as CD3-ECD (Clone 
UCHT1), CD4-PE (Clone SK3), CD4-PE-CY7 (Clone 
SK3), CD8-BV421 (Clone SK1), and CD185-APC (Clone 

Table 2 Clinical and biological characteristics of the patients with CLL whose samples were used for single‑cell sequencing

Abbreviations: NA not acquired, MBC Monoclonal B cells, β2-MG β2-microglobulin, IGHV immunoglobulin heavy variable-region gene, N no, Y yes, 17p- 17p delete, 
TP53 tumor protein 53

Patients CLL CLL1 CLL2 CLL4 CLL5 CLL6 NC1 NC2
Sex Male Male Female Male Male Male Male Female

Age (years old) 65 54 68 60 58 45 66 49

Rai IV II I I II I NA NA

Binet C B A A B A NA NA

CLL‑IPI risk 4 4 2 1 3 4 NA NA

MBC (×109/L) 25.5 64.3 16.9 5.84 57 54.8 NA NA

Platelets (×  109/L) 99 261 170 167 154 167 223 173

Hemoglobin (g/L) 123 158 119 146 129 146 158 142

CD4/CD8 (1–2.5) 1.8 0.5 4.7 NA 1.3 0.71 1.49 1.18

β2‑MG (μmol/L) 2.85 1.9 2.37 NA 3.51 2.38 NA NA

IGHV mutation N N Y Y N N NA NA

17p‑ / TP53 mutation Y Y N N N Y N N

Table 3 Clinical and biological characteristics of the 70 CLL 
patients whose samples were used in the functional verification 
experiments

Abbreviations: MBC Monoclonal B cells, β2-MG β2-microglobulin, IGHV 
immunoglobulin heavy variable-region gene, Del delete, TP53 tumor protein 53

characteristics N = 70

Male, n (%) 38(54.3)

Median age (range), years 57(30–87)

Binet stage, n (%) Stage A 13(18.6)

Stage B/C 57(81.4)

Presence of B‑symptoms, n (%) 12(17.1)

MBC > 5 ×  109/L, n (%) 58(82.0)

Platelets < 100 ×  109/L, n (%) 23(32.9)

Hemoglobin < 100 g/L, n (%) 15(21.4)

CD4/CD8 < 1, n (%) 16(22.9)

> 2.5, n (%) 9(12.9)

β2‑MG > 3.5 mg/L, n (%) 25(35.7)

Unmutated IGHV, n (%) 28(40)

Del(17p) or TP53 mutation, n (%) 10(14.3)

Del(13q), n (%) 23(32.9)

Del(11q), n (%) 6(8.6)

Risk stratification, n (%) low 20(28.6)

medium 20(28.6)

high 20(28.6)

very high 10(14.2)
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J252D4), and then the cells were fixed and permeabi-
lized using the IntraStain Kit, in accordance with the 
procedure described in the FCM section. Finally, the 
cells were stained for intracellular markers with BCL-2-
FITC (Clone 124), interferon-gamma (IFN-γ)-PE (Clone 
4S.B3), interleukin (IL)-4-BV510 (Clone MP4-25D2), IL-
22-PE-Cy7 (Clone 2G12A41), and IL-17A-BV510 (Clone 
BL168) antibodies.

Treg immunophenotype and related cytokine analyses
For Treg and related cytokine analyses, stimulated 
PBMCs were stained to evaluate the expression of mark-
ers with CD4-PE-CY7 (Clone SK3) and CD25-PC5 
(Beckman Coulter) antibodies (15 min at 4 °C in the dark). 
After incubation, the cells were fixed, permeabilized, and 
stained using the eBioscience™ Human Regulatory T Cell 
Staining Kit (Invitrogen, USA) according to the manufac-
turer’s instructions. Finally, the cells were stained with 
intracellular antibodies including BCL-2-FITC (Clone 
124), FoxP3-PE (Clone PCH101), IL-10-APC (Clone 
JES3-9D7), IL-35-AF700 (R&D Systems), and transform-
ing growth factor (TGF)-β-BV421 (Clone TW7-16B4), in 
accordance with the previous approach outlined in the 
FCM section.

β2‑microglobulin (β2‑MG) determination
Three milliliters of fasting venous blood were sampled 
from all subjects and centrifuged at 1610×g for 5 min to 
isolate the serum. Nephelometry was used to determine 
the β2-MG levels with an IMMAGE 800 Specific Pro-
tein Analyzer and the supporting kits (Beckman Coulter, 
USA). All experiments were performed in accordance 
with the manufacturer’s instructions.

Statistical analysis
Data analysis was performed using IBM SPSS Statistics 
software (version 26.0, USA) for Windows. Measurement 
data are presented as mean ± standard deviation. Com-
parisons between two groups were analyzed using the 
Student’s t-test or Mann–Whitney U test for independent 
unpaired samples and paired Student’s t-test or Wilcoxon 
test for paired samples. The χ2 or Fisher’s exact test was 
used for analysis of categorical variables. All graphs were 
plotted using GraphPad Prism 9.0 (GraphPad Software, 
USA). For each FCM experiment, the data are represent-
ative of duplication of at least 45 biological samples. For 

the scRNA-seq experiment, the data are representative 
of the duplication of six biological samples. P < 0.05 was 
considered significant.

Results
BCL‑2 expression increases in T cells and is associated 
with β2‑MG concentration in CLL patients
To investigate the role of BCL-2 in T cells in CLL, we 
first investigated the expression of BCL-2 in T cells in 
patients with CLL (n = 266). The BCL-2 expression in T 
cells was gated as shown in Fig. 1a. Positive is defined as 
BCL-2 expression > 20%. We found that the BCL-2 level 
reflected by positive expression and  mean fluorescence 
intensity (MFI) were all significantly increased in T cells 
of patients with CLL compared with those in healthy 
controls (Fig. 1b, S1a). Therefore, we investigated BCL-2 
expression in  CD4+ and  CD8+ T cells in 110 patients 
with CLL and healthy controls using FCM. Both the pro-
tein expression and MFI of BCL-2 in  CD4+ and  CD8+ T 
cells were significantly higher in patients with CLL than 
in normal controls (NC) (Fig. 1c, d, S1b, c). Additionally, 
the FCM data from 10 NC or CLL cases were combined 
and analyzed using Cytobank to prepare a comparison 
chart of BCL-2 expression. The BCL-2 expression was 
higher in CLL (Fig.  1e). The correlation between the 
expression of BCL-2 in T cells and various clinical char-
acteristics of patients with CLL is summarized in Table 4, 
which shows a positive correlation between BCL-2 
expression in T cells and β2-MG (χ2 = 3.916, P < 0.05).

BCL‑2 expression in  CD4+ T cells is related to activation 
and proliferation of Tregs
To explore the detailed mechanism underlying BCL-2 
expression in T cells in human CLL, we collected PBMC 
samples from six patients newly diagnosed with CLL 
(Table  2) and analyzed T cell subsets using scRNA-seq. 
Using Uniform Manifold Approximation and Projec-
tion (UMAP), we found that Cluster 6 indicated  CD4+ 
T cells (Fig.  2a and Fig.  S2). Gene expression in BCL2-
positive and -negative cells was analyzed using the 
limma package, and the differentially expressed genes 
(DEGs) were plotted using a heatmap (Fig.  2b, c). Fur-
ther enrichment analysis using KEGG indicated that 
the DEGs were mainly enriched in signaling pathways 
associated with “cell adhesion,” including “regulation of 
cell-cell adhesion,” “positive regulation of cell adhesion,” 

Fig. 1 BCL‑2 expression in chronic lymphocytic leukemia (CLL) and normal control (NC) T cells. (a) Flow cytometry gating strategy used for defining 
immune cell subsets. Representative examples of the difference in BCL‑2 expression in  CD3+ T,  CD4+ T, and  CD8+ T cells in NC and patients with 
CLL. (b–d) Percentages and MFI of cells positive for intracellular BCL‑2 expression in  CD3+ T (b, n = 266),  CD4+ T (c, n = 110), and  CD8+ T (d, n = 110) 
cells between NC and CLL. (e) Comparison charts generated by Cytobank on BCL‑2 expression in 10 cases each of NC and CLL. Differences are 
shown using scatter plots (***p < 0.001, ****p < 0.0001)

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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and “regulations of leukocyte cell-cell adhesion”. DEGs 
were also enriched in signaling pathways including “T 
cell activation” and “positive regulation of T cell activa-
tion” (Fig.  2d). Gene set enrichment analysis (GSEA) of 
the DEGs indicated that the BCL2-positive T cells had 
an increased number of Tregs and decreased expression 
of Th type 1 signature. Moreover, there were more Tregs 
in BCL2-positive T cells than in BCL2-negative T cells 
(Fig. 2e, f ). We further confirmed the results of the gene 
set variation analysis (GSVA) using IMMUNESIGDB 
(ImmuneSigDB gene sets, 4872 gene sets). The results 

showed that BCL2- positive T cells have “IL-6 related 
signatures” and “T cell activation related signatures” 
(Fig.  2g). For the prediction of potential transcriptional 
factors (TFs), we used GSEA based on transcription fac-
tor target (TFT) gene sets (all TFTs, 1133 gene sets), and 
observed that BCL2-positive T cells exhibited signatures 
mainly involved in E2F transcription factor 1 and the 
epidermal growth factor receptor (EGFR)/MEK signal-
ing pathway (Fig.  2h). Lastly, we analyzed BCL2-pos-
itive T cells for their metabolic features and found that 
BCL2-positive T cells were possibly related to “hypoxia 
inhibitory factor (HIF)_regulated gene” and “glycogen_
metabolism_gene” (Fig. 2i).

BCL2 expression in  CD8+T cells is related to increased 
exhaustion of cytotoxic T lymphocytes
We collected PBMC samples from six newly diag-
nosed CLL patients (Table  2) and analyzed  CD8+T 
cells using scRNA-seq. We found that Cluster 8 rep-
resented  CD8+T cells. We compared the gene expres-
sion between BCL2-positive and -negative  CD8+T cells 
(Fig. 3a–c, and Fig. S2). Similar to the findings obtained 
using  CD4+ cells, the KEGG enrichment analysis indi-
cated that the DEGs are enriched in signaling pathways 
related to T cell activation and cell-cell adhesion and that 
BCL2 expression in  CD8+T cells is potentially related to 
cell migration, cytotoxic capacity, and activation of the 
PI3K AKT signaling pathway (Fig. 3d). The BCL2 expres-
sion in  CD8+T cells showed signatures of exhausted or 
malfunctioning T cells. First, we found that the counts 
of exhausted and pre-exhausted  CD8+ T cells were sig-
nificantly increased in BCL2-positive T cells. We further 
confirmed the results of the GSVA using IMMUNE-
SIGDB (ImmuneSigDB gene sets, 4872 gene sets) and 
found that BCL2-positive CD8 cells have higher Normal-
ized Enrichment Score (NES) in gene sets “GSE9650_
NAIVE_VS_EXHAUSTED_CD8_TCELL_UP” and 
“GSE9650_NAIVE_VS_EXHAUSTED_CD8_TCELL_
DOWN” than BCL2-negative cells. These results indicate 
that the transcriptional profile of BCL2-positive CD8 T 
cells was similar to that of exhausted T cells (Fig. 3e, f ). 
In the TF prediction analysis, we found results similar to 
those of  CD4+T cells, which indicate that both  CD4+ and 
 CD8+ T cells possibly share the same upstream signaling 

Table 4 Correlation between the level of BCL‑2 in T cells and 
clinical characteristics of patients with CLL

The tests used in Table 4 were all Chi-Square test or Fisher’s exact test

Abbreviations: β2-MG β2-microglobulin, IGHV immunoglobulin heavy variable-
region gene, TP53 tumor protein 53, Del delete, IPI International Prognostic 
Index

characteristics BCL‑2 positive 
percentage

χ2 P

< 20% ≥20%

Sex Male 27 140 1.516 0.218

Female 22 77

Age(years) ≤65 33 142 0.065 0.799

> 65 16 75

Binet stage Stage A 14 55 0.263 0.877

Stage B 18 80

Stage C 17 82

β2‑MG ≤3.5 mg/L 22 131 3.916 0.048

> 3.5 mg/L 27 86

IGHV Mutated 28 122 0.014 0.906

Unmutated 21 95

TP53 disruption Yes 10 29 1.585 0.208

No 39 188

Del(13q) Yes 16 73 0.018 0.895

No 33 144

Del(11q) Yes 7 29 0.029 0.865

No 42 188

CLL‑IPI risk low 12 56 0.238 0.971

medium 15 65

high 15 70

very high 7 26

(See figure on next page.)
Fig. 2 BCL‑2 expression in  CD4+ T cells is related to T cell activation, proliferation, and Tregs. (a) The Uniform Manifold Approximation and Projection 
(UMAP) plot of single cells obtained from six patients, representing 16 distinct clusters; cluster 6 stands for  CD4+ T cells. Each dot corresponds to a 
single cell colored according to the cell clusters. (b) A volcano plot of differentially expressed genes (DEGs) to compare BCL2‑positive and ‑negative 
 CD4+ T cells. Each colored dot denotes an individual gene with an adjusted p value < 0.05. (c) Heatmap of DEGs compared between BCL2‑positive 
and BCL2‑negative  CD4+ T cells. (d) GO enrichment analysis of DEGs. (e) Bar plot indicating Treg counts in BCL2‑positive and ‑negative  CD4+ T cells. 
(f) The dot plot of gene set enrichment analysis (GSEA) using helper T cell‑related genes is indicated in the figure. (g–i) GSEA using IMMUNESIGDB, 
transcription factor target (TFT), and customized gene sets
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Fig. 2 (See legend on previous page.)
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pathway (Fig. 3g). In the metabolic signature analysis, we 
found that HIF-regulated genes and pentose phosphate 
pathway genes were related to BCL2-positive CD8 cells 
(Fig.  3h). Furthermore, we compared the expression of 
cytolytic genes, including GZMB, PRF1, and FSLG, in 
BCL2-positive and -negative  CD8+ T cells and found 
that GZMB and PRF1 but not FSLG were expressed at 
significantly higher levels in BCL2-negative  CD8+ T cells 
(Fig. S3a).

To find potential T cell BCL2-positive expression-
related signaling pathways, we performed single-sample 
GSEA (ssGSEA) by using curated gene sets (C2, Ver. 7.4) 
in the Molecular Signatures Database (MSigDB) and fur-
ther analysis of the correlation between BCL2 expres-
sion in T cells and differentially expressed gene sets in 
MSigDB C2 by multiple correlation analysis. The results 
indicate that the gene sets including “BH3_ASSOCIATE_
WITH_BCL_2_MEMBERS” and “BAKER_HEMATO-
POESIS_STAT5_TARGETS” are not only differently 
expressed between BCL2-negative and -positive T cells 
but also well-correlated with BCL2 expression in T cells 
(Fig. S3b, c).

BCL‑2 expression is related to decreased Th1 and increased 
Treg percentages in patients with CLL
To verify these findings, we collected PBMC samples 
from 70 patients newly diagnosed with CLL (Table  3). 
First, we focused on the impact of BCL-2 expression on 
the percentage of differentiated Th cells, including Th1, 
Th2, Th17, Th22, Tregs, and follicular helper T cells 
(Tfh). BCL-2+ Th cells had a significantly lower per-
centage of Th1 cells (BCL-2+ vs. BCL-2−: 7.7 ± 7.7% vs 
10.9 ± 12.8%, P < 0.05) (Fig.  4a) and significantly higher 
percentage of Th2, Th17, Th22, and Tfh cells (BCL-2+ 
vs. BCL-2−: 3.5 ± 2.6% vs. 3.0 ± 6.5%, Th2; 2.0 ± 1.4% vs. 
1.0 ± 1.0%, Th17; 14.8 ± 15.3% vs. 11.8 ± 13.0%, Th22; and 
3.6 ± 4.1% vs. 1.8 ± 2.2%, Tfh, P < 0.05) (Fig. 4b–e). Nota-
bly, BCL-2 expression in T cells had the greatest impact 
on Tregs  (CD4+CD25highFoxP3+ T cells) not only in per-
centage but also in absolute number. The percentage of 
Tregs (Tregs/total  CD4+ cells) was significantly higher 
in BCL-2+ Th cells than in BCL-2−Th cells (BCL-2+ vs. 
BCL-2−: 5.5 ± 3.7% vs. 1.5 ± 1.8%, P < 0.01). The abso-
lute number of Tregs per mL was 8.6 ± 10.0 ×  104 Tregs 
in the BCL-2+CD4+T cells and 2.4 ± 3.4 ×  104 Tregs in 

the BCL-2−CD4+T cells (Fig. 4f ). We found that BCL-2 
expression in T cells can affect the Th subsets.

BCL‑2 expression is associated with immunosuppression 
reflected by increasing IL‑10 and TGF‑β in Tregs
BCL-2 was found to be related to increased Treg percent-
ages in Th cells. We further analyzed whether BCL-2 has 
an impact on the production of Treg-derived suppressive 
cytokines in the PBMCs of 45 patients with CLL; these 
cytokines included IL-10, IL-35, and TGF-β. TGF-β is 
essential for the differentiation of naïve  CD4+ cells into 
Tregs and is important for maintaining Treg homeosta-
sis [27]. We found that the percentage of IL-10 and the 
MFI of IL-10 and TGF-β in the BCL-2+ Tregs increased 
significantly compared with the corresponding values in 
the BCL-2− Tregs (Fig. 5a-d). However, the percentages 
of IL-35+ and TGF-β+ cells in the BCL-2+ Tregs were 
not statistically different compared with the percentages 
in the BCL-2−Tregs, whereas the BCL-2+ Tregs could 
secrete more IL-35 and TGF-β (Fig. 5d, f ).

BCL‑2 promotes cell exhaustion and reduced cytotoxicity 
of  CD8+T cells in patients with CLL
We investigated the association between BCL-2 expres-
sion in  CD8+ T cells and their exhaustion and cytotox-
icity in 70 patients with CLL. We found that there was 
a significantly higher proportion and MFI of exhausted 
 CD8+T cells (PD-1+Tim-3+CD8+) in the  CD8+BCL-2+ 
T cells than in the  CD8+BCL-2− T cells (BCL-2+ vs. 
BCL-2−: 2.39 ± 2.23% vs. 1.44 ± 1.46% and 76.1 ± 41.8 
vs. 62.7 ± 28.9% for proportion and MFI, respectively, 
P < 0.05) (Fig. 6a, b). In addition to causing T cell exhaus-
tion, increased BCL-2 expression was associated with 
decreased expression of hallmarked proteins, including 
granzyme B and perforin. Furthermore, the percentage of 
granzyme B positivity in  CD8+ BCL-2+ T cells decreased 
(BCL-2+ vs. BCL-2−: 52.5 ± 20.7% vs. 66.1 ± 20.7%, 
P < 0.05) while that of perforin in  CD8+BCL-2+ T cells 
remained unchanged (Fig.  6c–f). However, unexpect-
edly, the MFI levels of granzyme B and perforin in the 
 CD8+BCL-2+ T cells were higher than those in the 
 CD8+BCL-2−T cells (Fig. 6c–f).

Fig. 3 BCL‑2 expression in  CD8+ T cells is related to increased exhaustion of cytotoxic T lymphocytes. (a) The Uniform Manifold Approximation 
and Projection (UMAP) plot of single cells obtained from six patients, representing 16 distinct clusters; cluster 8 stands for  CD8+ T cells. Each 
dot corresponds to a single cell colored according to the cell clusters. (b) A volcano plot of differentially expressed genes (DEGs) compared 
between BCL2‑positive and ‑negative  CD8+ T cells. Each colored dot denotes an individual gene with an adjusted p value < 0.05. (c) Heatmap of 
DEGs compared between BCL2-positive and BCL2‑negative  CD8+ T cells. (d) GO enrichment analysis of DEGs. (e) Bar plot of different linages of 
BCL2‑positive and ‑negative  CD8+ T cells. (f) Dot plot of gene set enrichment analysis (GSEA) enriched in lineages of  CD8+ T cells. (g) and (h) GSEA 
using transcription factor target (TFT) and customized gene sets

(See figure on next page.)
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BCL‑2 alters T cell differentiation in patients with CLL
Generally, the differentiation of T cells can be divided 
into four stages based on the expression of CD45RA and 
CD62L, including naïve T cells (Tn,  CD45RA+CD62L+), 
effector T cells (Teff,  CD45RA+CD62L−), effector 
memory T cells (Tem,  CD45RA−CD62L−), and central 
memory T cells (Tcm,  CD45RA−CD62L+) (Fig.  7a, b). 
Seventy patients who were newly diagnosed with CLL 
were involved in this study. BCL-2 expression in each 
T cell subset was assessed, and the results indicate that 
the proportion of naïve T cells in the BCL-2+ T cells was 
higher than that in the BCL-2− T cells in both the  CD4+ 
(Fig. 7c) and  CD8+ T cells (Fig. 7d). Moreover, the pro-
portion of Tem and Tcm in the BCL-2+ T cells was lower 
than that in the BCL-2− T cells. Additional File 4 shows 
the percentage of Tn, Tem, Tcm, and Teff without the 
BCL-2 subgrouping in the  CD4+ and  CD8+ T cells in the 
70 patients with CLL (Fig. S4a, b).

Decreased frequency and recovery function of BCL‑2+ T 
cells in patients with CLL in CR
Finally, we compared the BCL-2 expression and function 
of the peripheral T cells derived from 12 matched patients 
with CLL pre- and post-venetoclax treatment (Fig. 8a–e). 

We found that venetoclax significantly decreased the 
percentage of  CD4+BCL-2+ and  CD8+BCL-2+ T cells 
in patients with CLL (Fig.  8f, g). Furthermore, the per-
centage of Tregs in  CD4+ T cells and  PD1+Tim-3+ cells 
in  CD8+ T cells decreased significantly with venetoclax 
treatment (Fig.  8h, i). These results indicate that BCL-2 
expression in peripheral T cells is a potential indicator of 
the therapeutic response.

Discussion
CLL is a mature B-cell malignancy, which is closely 
associated with profound alterations and defects in the 
immune system, particularly with respect to the complex 
relationship between T cells and leukemia cells. Informa-
tion regarding T cell characteristics in CLL has grown 
steadily in recent years, but the answer to the question 
of whether T cells act as bystander cells or possess anti-
tumor activity is still unclear. In this study, we investi-
gated the function of BCL-2-positive T cells in CLL using 
FCM. We found that there were BCL-2-positive and 
-negative T cells in patients with CLL. The differences in 
gene expression between BCL-2-positive and -negative 
T cells in CLL were validated by single-cell sequencing. 
The parallel use of single-cell sequencing approaches and 
FCM decreased the chances of bias. We demonstrated 

Fig. 4 Distribution of different lineages of  CD4+ T cells in BCL‑2‑positive and ‑negative CLL (n = 70). (a–e) Representative flow cytometry scatter 
plots of Th1 IFN‑γ+, Th2 IL‑4+, Th17 IL‑17A+, Th22 IL‑22+, and Tfh  CD185+ cells in BCL‑2+ and BCL‑2−  CD4+ T cells in patients with CLL. Percentage 
of cells positive for each part expression in  CD4+ T cells of BCL‑2‑positive and ‑negative T cells is shown. (f) Representative examples of Tregs in 
 CD4+BCL‑2+ T and  CD4+BCL‑2− T cells in patients with CLL. Increased Treg frequency and absolute cell numbers in  CD4+BCL‑2+ T cells of patients 
with CLL are shown. Differences are shown in scatter plots (***p < 0.001, ****p < 0.0001)
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that the BCL-2-positive T cells of patients with CLL 
exhibit profound defects in T cell functions and T cell 
differentiation.

Overexpression of BCL-2 has been extensively 
reported in patients with CLL, and the possible mecha-
nisms underlying this phenomenon include hypometh-
ylation of the BCL-2 gene and deletion of the genes 
encoding miR-15 and miR-16 at 13q14. Importantly, 
related inhibitors that downregulate BCL-2 expression 
in immune cells have been developed and approved 
for CLL treatment. Venetoclax is an approved chemo-
therapy drug for CLL, which inhibits BCL-2 expres-
sion in tumor cells as well as in immune T lymphocytes 

[28–32]. However, there are only a few reports on the 
expression of BCL-2 in T cells in CLL. Therefore, we 
investigated the role of BCL-2 in T cells from patients 
with CLL. We found that BCL-2 was overexpressed 
in patients with CLL and that this overexpression was 
associated with immunosuppression of CLL, with an 
increased percentage of Tregs and exhausted CTLs. 
We noticed a positive correlation between BCL-2 
expression in T cells and β2-MG levels. Serum β2-MG 
concentration is an independent prognostic factor 
according to the CLL-International Prognostic Index 
(CLL-IPI), i.e., the higher the β2-MG level, the worse 
the prognosis [26]. This suggested that we could use 

Fig. 5 Cytokines secreted from Tregs in BCL‑2‑positive and ‑negative  CD4+T cells in patients with CLL (n = 45). (a), (c), and (e) Representative 
examples of IL‑10, TGF‑β, and IL‑35 in BCL‑2+ and BCL‑2− Tregs. (b), (d), and (f) Percentage positive and MFI of IL‑10, TGF‑β, and IL‑35 among Tregs 
between BCL‑2‑positive and ‑negative T cells. Differences are shown in scatter plots (*p < 0.05; ns, not significant)
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BCL-2 to assist the prognostic stratification of CLL 
patients. Additionally, we explored the relationship 
between BCL-2 expression and other factors. Many 
studies have shown that BCL-2 exerts its tumor-pro-
moting function through cooperation with anti-apop-
totic proteins and inhibition of pro-apoptotic proteins 
[33]. Consistent with our results, BCL-2 expression has 
been associated with other BCL-2 family members and 
the STAT5 pathway. For example, it has been reported 
that STAT5 can activate the expression of key proto-
oncogenes such as BCL-2 [34, 35].

Increased Tregs in the TME are one of the reasons for 
immune escape in CLL [36, 37]. Tregs promote immu-
nosuppression by releasing IL-10 and TGF-β [6, 38–42]. 
Weiss et al. [43] found that high Treg levels are an indica-
tor for predicting the time to initial treatment in patients 
with CLL in the low to intermediate stages. In the pre-
sent study, we found a significantly higher proportion 
and quantity of Tregs in  CD4+BCL-2+ T cells than in 
 CD4+BCL-2−T cells. The proportion and MFI of IL-10 
secreted from BCL-2+ Tregs were significantly increased 
compared with those secreted from BCL-2− Tregs. 

Fig. 6 Exhaustion and cytotoxicity of  CD8+ T cells (n = 70). (a) Representative graphs of  PD1+Tim‑3+ in BCL‑2+, and BCL‑2−  CD8+ T cells of patients 
with CLL. (b) Comparison of the percent positive rate and MFI of  PD1+Tim‑3+ in BCL‑2+ and BCL‑2−  CD8+ T cells. (c) and (e) Representative graphs 
of granzyme B and perforin in  CD8+BCL‑2+ T and  CD8+BCL‑2− T cells in patients with CLL. (d) and (f) Percentage positive and MFI of granzyme B 
and perforin in BCL‑2‑positive and ‑negative T cells. Differences are shown in scatter plots (**p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant)
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Therefore, we postulated that CLL patients with high 
BCL-2 expression in T cells might have a poorer prog-
nosis than CLL patients with low BCL-2 expression in 

T cells due to immunosuppression. Our hypothesis was 
supported by a recent publication, which indicated that 
BCL-2 is critical for antitumor immune responses [44].

Fig. 7 Differentiation of BCL‑2‑positive and ‑negative T cells in CLL (n = 70). (a) Representative examples of naïve T cells, effector T cells (Teff ), 
effector memory T cells (Tem), and central memory T cells (Tcm) in  CD4+ and  CD8+ T cells in patients with CLL. (b) Sunburst diagram for 
differentiation of  CD4+ and  CD8+ T cells. (c) and (d) Percentage of cells positive for  CD4+ and  CD8+ T cells between BCL‑2‑positive and ‑negative T 
cells. Differences are shown in scatter plots (**p < 0.01, ****p < 0.0001, ns, not significant)
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T cell exhaustion is a unique phenotype of T cells as 
a result of long-term exposure to antigens in the pres-
ence of inflammatory cytokines, which is character-
ized by loss of effector function, poor proliferation, and 
reduced cytotoxicity [45, 46]. Inhibitory receptors, such 
as PD-1 and Tim3, play an essential role in the regula-
tion of T cell response and are closely associated with T 
cell exhaustion [47, 48]. T cell dysfunction in CLL occurs 
through direct and indirect interactions of CLL cells with 
both  CD4+ and  CD8+ T cells. The high levels of inhibi-
tory molecules of PD-L1, CD200, B7-H3 and CD27 are 
key mediators of acquired T cell defects through binding 
to PD-1, CD200R, and B- and T lymphocyte attenuator 
(BTLA) on T cells [17, 49]. PD-1 blockade has achieved 
the highest response rate in classical Hodgkin lymphoma 
and has also shown clinical activity in several types of 
B-cell non-Hodgkin lymphoma with variable PD-L1 
expression, especially in CLL patients with Richter trans-
formation [50, 51]. Our study provides a new explana-
tion for the increased T cell exhaustion in patients with 
CLL. We found that  CD8+BCL-2+ T cells displayed a 
significantly higher proportion and MFI of PD-1+Tim-3+ 
cells than  CD8+BCL-2−T cells in patients with CLL. The 
percentage of granzyme B positivity in  CD8+BCL-2+ T 
cells was also lower than that in  CD8+BCL-2− T cells. 
Perforin and granzymes released by CTLs have been 
shown to synergistically mediate the apoptosis of target 
cells, and a decrease in granzyme B indicates a decrease 
in T cell cytotoxicity [52–54]. Our results indicated that 
 CD8+BCL-2+ T cells have an exhausted phenotype and 
weakened cytotoxic functions, thereby indicating that 
BCL-2 overexpression is associated with T cell exhaus-
tion. With respect to the increased MFI of granzyme B 
and perforin in  CD8+BCL-2+ T cells, we speculated 
that this phenomenon could compensate for the insuf-
ficient amount of granzyme B and perforin secreted by 
the  CD8+BCL-2+ T cells. This observation suggested that 
the response of T cells to chronic T cell receptor (TCR) 
stimulation gradually enters a dysfunctional state after 
the initial differentiation and expansion of  CD8+ effector 
cells [55].

The four stages of T cell differentiation, including naïve 
T-cells, Teff, Tem, and Tcm, are important to understand 
immune responses and immune profiling. Naïve T cells 
quickly differentiate into Teff to help our body resist new, 

unrecognized infections and diseases, while Tem are 
enriched in response to recalled antigens. Specifically, 
Teff respond to active antigenic stimulation to eliminate 
pathogens [56, 57]. Patients with CLL display a subset 
distribution skewed toward an effector memory pheno-
type, particularly in cytomegalovirus-positive patients 
[17, 58–61]. In our study, we found an adverse differen-
tiation of T cells between high and low BCL-2 expression 
in patients with CLL, and most of the differentiation of 
BCL-2-positive T cells was blocked in the naïve T cell 
stage. Similar results were observed in both  CD4+ and 
 CD8+ T cells. The proportion of Tem and Tcm in BCL-
2+ T cells was lower than that in BCL-2− T cells. These 
results were statistically significant and demonstrated 
that the ability of BCL-2+ T cells to differentiate into 
effector T cells was compromised.

Low rates of progression and high rates of minimal 
residual disease negativity are observed with the com-
bination therapy of venetoclax and anti-CD20 mono-
clonal antibodies, such as obinutuzumab [62, 63]. 
However, the effect of BCL-2 inhibitors on non-malig-
nant T cells in patients with CLL is poorly understood. 
In the present study, using FCM, we evaluated the mod-
ulation of T lymphocytes in patients with CLL receiving 
venetoclax front-line therapy. Examining the percent-
age of BCL-2-positive lymphocytes between untreated 
patients and those in CR in T cells that exhibited 
intra-individual variations, we documented that vene-
toclax significantly shaped the T cell profile, inducing 
an in  vivo decrease in BCL-2 expression in  CD4+ and 
 CD8+ T cells. This observation supports the hypothesis 
that the expression of BCL-2 in T lymphocytes is inhib-
ited by venetoclax and is consistent with the report by 
Mathew et al. that venetoclax reduces the immunosup-
pressive environment by decreasing the percentage of 
Tregs and PD-1+Tim-3+CD8+ T cells [64]. These find-
ings indicate that venetoclax can serve as a positive fac-
tor for reversing immune suppression and provide a 
strong theoretical basis for combined immunotherapy 
with venetoclax in CLL and other cancers.

Our study identified a new marker BCL-2, which can 
distinguish patients with CLL having T cell defects. How-
ever, our research might require further refinement on 
how BCL-2 overexpression affects T cell dysfunction in 

(See figure on next page.)
Fig. 8 BCL‑2 expression and restored function in T cells after venetoclax treatment in patients with chronic lymphocytic leukemia (CLL) (n = 12). 
(a) Flow cytometry gating strategy used for defining immune cell subsets. (b) Flow cytometry representative plots of BCL‑2 expression in  CD4+ 
and  CD8+ T cells between untreated (blue) and treated (green) CLL patients. (c) The tSNE graphs show BCL‑2 expression in  CD4+ and  CD8+ T cells 
between untreated and treated CLL patients. (d) and (e) Flow cytometry representative plots of Tregs in  CD4+ T cells (d) and  PD1+Tim‑3+ in  CD8+ 
T cells (e) pre‑ and post‑ venetoclax treatment. (f) and (g) Percentage BCL‑2 positivity in  CD4+ (f) and  CD8+ (g) T cells between untreated and 
treated patients with CLL. (h) and (i) Percentage of Tregs in  CD4+ T cells (h) and   PD1+Tim‑3+ in  CD8+ T cells (i) pre‑ and post‑ venetoclax treatment. 
Differences are shown as before‑after plots (*p < 0.05, **p < 0.01)
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Fig. 8 (See legend on previous page.)
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patients with CLL, which will be explored in future bio-
logical experiments.

Conclusions
In summary, our study revealed the roles of BCL-2 
expression in the T cells of patients with CLL. BCL-2 
promoted immunosuppression by enhancing Treg differ-
entiation and CTL cell exhaustion. Our findings identify 
a new strategy for using the BCL-2 inhibitor, veneto-
clax, for CLL treatment and provide a new paradigm for 
restoring T cell function.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12943‑ 022‑ 01516‑w.

Additional File 1: Supplementary Fig. S1. Representative flow cytom‑
etry images of BCL‑2 expression in  CD3+ (a),  CD4+ (b), and  CD8+ (c) T cells 
between patients with CLL and normal controls.

Additional File 2: Supplementary Fig. S2. Bubble plot of PBMC markers 
in scRNA‑seq.

Additional File 3: Supplementary Fig. S3. (a) The violin plots represent 
the data distribution of three genes PRF1, GZMB, and FASLG in BCL2-
positive and ‑negative T cells. In the box plot, the boxes hold 50% of the 
data, with an equal number of data points above and below the median 
deviation (full gray line). Outliers beyond this range are indicated with 
circular makers. (b) Pearson’s correlation analysis was performed to analyze 
the correlation between BCL2 expression in T cells and two gene sets 
indicated in the figure. (c) The violin plots represent the data distribution 
of the normalized enrichment score of BCL2‑positive and ‑negative T cells 
of the gene sets indicated in the figure. In the box plot, the boxes hold 
50% of the data, with equal number of data points above and below the 
median deviation (full gray line). Outliers beyond this range are indicated 
with circular makers.

Additional File 4: Supplementary Fig. S4. Percentage of Tn, Tem, Tcm, 
and Teff without BCL‑2 subgrouping in  CD4+ (a) and  CD8+ (b) T cells in 70 
patients with CLL.

Additional File 5: Table S1. Key Resources

Authors’ contributions
WYJ, JRQ, YDH and CXF designed the studies. LL, YH, LSL, JYG, SY and LJH con‑
ducted experiments. LL, CXF, WYJ, MS, ZSS and CX performed data analysis. LL, 
YDH, LJY, WYJ, and JRQ prepared and wrote the manuscript. YDH  edited the 
article. All authors read and approved the final manuscript.

Funding
This research was supported by the National Natural Science Foundation of 
China (81370656, 81772569, 81972266, and 82173100).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of the Jiangsu Province 
Hospital (2018‑SRFA‑087), and written informed consent was obtained from all 
patients according to the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Hematology, the First Affiliated Hospital of Nanjing Medical 
University, Jiangsu Province Hospital, Nanjing 210029, China. 2 Key Laboratory 
of Hematology of Nanjing Medical University, Nanjing 210029, China. 3 Depart‑
ment of Clinical laboratory, Institute of Dermatology, Chinese Academy 
of Medical Sciences and Peking Union Medical College, Nanjing 210042, 
China. 4 Jiangsu Laboratory of Molecular Medicine, Medical School of Nanjing 
University, Nanjing 210093, China. 5 State Key Laboratory of Pharmaceutical 
Biotechnology, Medical School, Nanjing University, Nanjing 210093, China. 
6 Department of Hepatobiliary Surgery, The Affiliated Drum Tower Hospital 
of Nanjing University Medical School, Nanjing 210008, China. 7 Department 
of Pharmaceutical Sciences, College of Pharmacy and Health Sciences, St. 
John’s University, Queens, NY 11439, USA. 

Received: 30 November 2021   Accepted: 21 January 2022

References
 1. Hallek M, Shanafelt TD, Eichhorst B. Chronic lymphocytic leukaemia. 

Lancet. 2018;391:1524–37.
 2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer 

J Clin. 2021;71:7–33.
 3. Yang S, Gale RP, Shi H, Liu Y, Lai Y, Lu J, et al. Is there an epidemic of 

chronic lymphocytic leukaemia (CLL) in China? Leuk Res. 2018;73:16–20.
 4. Hallek M. Chronic lymphocytic leukemia: 2020 update on diagnosis, risk 

stratification and treatment. Am J Hematol. 2019;94:1266–87.
 5. Forconi F, Moss P. Perturbation of the normal immune system in patients 

with CLL. Blood. 2015;126:573–81.
 6. Palma M, Gentilcore G, Heimersson K, Mozaffari F, Näsman‑Glaser B, 

Young E, et al. T cells in chronic lymphocytic leukemia display dys‑
regulated expression of immune checkpoints and activation markers. 
Haematologica. 2017;102:562–72.

 7. Furman RR, Sharman JP, Coutre SE, Cheson BD, Pagel JM, Hillmen P, et al. 
Idelalisib and rituximab in relapsed chronic lymphocytic leukemia. N Engl 
J Med. 2014;370:997–1007.

 8. Rossi D, Terzi‑Di‑Bergamo L, De Paoli L, Cerri M, Ghilardi G, Chiarenza A, 
et al. Molecular prediction of durable remission after first‑line fludara‑
bine‑cyclophosphamide‑rituximab in chronic lymphocytic leukemia. 
Blood. 2015;126:1921–4.

 9. Hinshaw DC, Shevde LA. The tumor microenvironment innately modu‑
lates Cancer progression. Cancer Res. 2019;79:4557–66.

 10. Greten FR, Grivennikov SI. Inflammation and Cancer: triggers, mecha‑
nisms, and consequences. Immunity. 2019;51:27–41.

 11. Diskin B, Adam S, Cassini MF, Sanchez G, Liria M, Aykut B, et al. PD‑L1 
engagement on T cells promotes self‑tolerance and suppression of 
neighboring macrophages and effector T cells in cancer. Nat Immunol. 
2020;21:442–54.

 12. Crespo J, Wu K, Li W, Kryczek I, Maj T, Vatan L, et al. Human naive T cells 
express functional CXCL8 and promote tumorigenesis. J Immunol. 
2018;201:814–20.

 13. Zhang Y, Lazarus J, Steele NG, Yan W, Lee H‑J, Nwosu ZC, et al. Regula‑
tory T‑cell depletion alters the tumor microenvironment and accelerates 
pancreatic carcinogenesis. Cancer Discov. 2020;10:422–39.

 14. Shedlock DJ, Shen H. Requirement for CD4 T cell help in generating 
functional CD8 T cell memory. Science. 2003;300:337–9.

 15. Castellino F, Germain RN. Cooperation between CD4+ and CD8+ T cells: 
when, where, and how. Annu Rev Immunol. 2006;24:519–40.

 16. Kumar BV, Connors TJ, Farber DL. Human T cell development, localization, 
and function throughout life. Immunity. 2018;48:202–13.

 17. Riches JC, Davies JK, Mcclanahan F, Fatah R, Iqbal S, Agrawal S, et al. T cells 
from CLL patients exhibit features of T‑cell exhaustion but retain capacity 
for cytokine production. Blood. 2013;121:1612–21.

https://doi.org/10.1186/s12943-022-01516-w
https://doi.org/10.1186/s12943-022-01516-w


Page 18 of 19Liu et al. Molecular Cancer           (2022) 21:59 

 18. Görgün G, TaW H, Zahrieh D, Neuberg D, Gribben JG. Chronic lympho‑
cytic leukemia cells induce changes in gene expression of CD4 and CD8 
T cells. J Clin Invest. 2005;115:1797–805.

 19. Hardwick JM, Soane L. Multiple functions of BCL‑2 family proteins. Cold 
Spring Harb Perspect Biol. 2013;5:a008722.

 20. García‑Aranda M, Pérez‑Ruiz E, Redondo M. Bcl‑2 inhibition to overcome 
resistance to chemo‑ and immunotherapy. Int J Mol Sci. 2018;19:3950.

 21. Klanova M, Klener P. BCL‑2 proteins in pathogenesis and therapy of B‑cell 
non‑Hodgkin lymphomas. Cancers (Basel). 2020;12:938.

 22. Goropevšek A, Gorenjak M, Gradišnik S, Dai K, Holc I, Hojs R, et al. STAT5 
phosphorylation in CD4 T cells from patients with SLE is related to 
changes in their subsets and follow‑up disease severity. J Leukoc Biol. 
2017;101:1405–18.

 23. Roberts AW, Davids MS, Pagel JM, Kahl BS, Puvvada SD, Gerecitano JF, 
et al. Targeting BCL2 with Venetoclax in relapsed chronic lymphocytic 
leukemia. N Engl J Med. 2016;374:311–22.

 24. Dinardo CD, Pratz K, Pullarkat V, Jonas BA, Arellano M, Becker PS, et al. 
Venetoclax combined with decitabine or azacitidine in treatment‑naive, 
elderly patients with acute myeloid leukemia. Blood. 2019;133:7–17.

 25. Lee J, Khan DH, Hurren R, Xu M, Na Y, Kang H, et al. Venetoclax enhances T 
cell‑mediated anti‑leukemic activity by increasing ROS production. Blood. 
2021;138:234–45.

 26. Hallek M, Cheson BD, Catovsky D, Caligaris‑Cappio F, Dighiero G, Döhner 
H, et al. iwCLL guidelines for diagnosis, indications for treatment, 
response assessment, and supportive management of CLL. Blood. 
2018;131:2745–60.

 27. Marie JC, Letterio JJ, Gavin M, Rudensky AY. TGF‑beta1 maintains suppres‑
sor function and Foxp3 expression in CD4+CD25+ regulatory T cells. J 
Exp Med. 2005;201:1061–7.

 28. Majid A, Tsoulakis O, Walewska R, Gesk S, Siebert R, Kennedy DBJ, et al. 
BCL2 expression in chronic lymphocytic leukemia: lack of association 
with the BCL2 938A>C promoter single nucleotide polymorphism. Blood. 
2008;111:874–7.

 29. Hanada M, Delia D, Aiello A, Stadtmauer E, Reed JC. Bcl‑2 gene hypo‑
methylation and high‑level expression in B‑cell chronic lymphocytic 
leukemia. Blood. 1993;82:1820–8.

 30. Kapoor I, Bodo J, Hill BT, Hsi ED, Almasan A. Targeting BCL‑2 in B‑cell 
malignancies and overcoming therapeutic resistance. Cell Death Dis. 
2020;11:941.

 31. Jain N, Keating M, Thompson P, Ferrajoli A, Burger JA, Borthakur G, et al. 
Ibrutinib plus Venetoclax for first‑line treatment of chronic lymphocytic 
leukemia: a nonrandomized phase 2 trial. JAMA Oncol. 2021;7:1213–9.

 32. Stilgenbauer S, Morschhauser F, Wendtner C‑M, Cartron G, Hallek M, Eich‑
horst B, et al. Venetoclax plus bendamustine‑rituximab or bendamustine‑
obinutuzumab in chronic lymphocytic leukemia: final results of a phase 
1b study (GO28440). Haematologica. 2021;106:2834–44.

 33. Renault TT, Chipuk JE. Getting away with murder: how does the BCL‑2 
family of proteins kill with immunity? Ann N Y Acad Sci. 2013;1285:59–79.

 34. Almeida ARM, Neto JL, Cachucho A, Euzébio M, Meng X, Kim R, et al. 
Interleukin‑7 receptor α mutational activation can initiate precursor B‑cell 
acute lymphoblastic leukemia. Nat Commun. 2021;12:7268.

 35. Vanden Bempt M, Demeyer S, Broux M, De Bie J, Bornschein S, Mentens 
N, et al. Cooperative enhancer activation by TLX1 and STAT5 drives 
development of NUP214‑ABL1/TLX1‑positive T cell acute lymphoblastic 
leukemia. Cancer Cell. 2018;34:271–85.

 36. Workman CJ, Szymczak‑Workman AL, Collison LW, Pillai MR, DaA V. 
The development and function of regulatory T cells. Cell Mol Life Sci. 
2009;66:2603–22.

 37. Yang Z‑Z, Novak AJ, Ziesmer SC, Witzig TE, Ansell SM. Malignant B cells 
skew the balance of regulatory T cells and TH17 cells in B‑cell non‑Hodg‑
kin’s lymphoma. Cancer Res. 2009;69:5522–30.

 38. De Matteis S, Molinari C, Abbati G, Rossi T, Napolitano R, Ghetti M, et al. 
Immunosuppressive Treg cells acquire the phenotype of effector‑T cells 
in chronic lymphocytic leukemia patients. J Transl Med. 2018;16:172.

 39. Giannopoulos K, Schmitt M, Kowal M, Wlasiuk P, Bojarska‑Junak A, Chen J, 
et al. Characterization of regulatory T cells in patients with B‑cell chronic 
lymphocytic leukemia. Oncol Rep. 2008;20:677–82.

 40. Biancotto A, Dagur PK, Fuchs JC, Wiestner A, Bagwell CB, Mccoy JP. 
Phenotypic complexity of T regulatory subsets in patients with B‑chronic 
lymphocytic leukemia. Mod Pathol. 2012;25:246–59.

 41. Beyer M, Kochanek M, Darabi K, Popov A, Jensen M, Endl E, et al. Reduced 
frequencies and suppressive function of CD4+CD25hi regulatory T cells 
in patients with chronic lymphocytic leukemia after therapy with fludara‑
bine. Blood. 2005;106:2018–25.

 42. Podhorecka M, Dmoszynska A, Rolinski J, Wasik E. T type 1/type 2 subsets 
balance in B‑cell chronic lymphocytic leukemia‑‑the three‑color flow 
cytometry analysis. Leuk Res. 2002;26:657–60.

 43. Weiss L, Melchardt T, Egle A, Grabmer C, Greil R, Tinhofer I. Regulatory T 
cells predict the time to initial treatment in early stage chronic lympho‑
cytic leukemia. Cancer. 2011;117:2163–9.

 44. Kohlhapp FJ, Haribhai D, Mathew R, Duggan R, Ellis PA, Wang R, et al. 
Venetoclax increases Intratumoral effector T cells and antitumor efficacy 
in combination with immune checkpoint blockade. Cancer Discov. 
2021;11:68–79.

 45. Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and 
cancer. Trends Immunol. 2015;36:265–76.

 46. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaus‑
tion. Nat Rev Immunol. 2015;15:486–99.

 47. Kamphorst AO, Wieland A, Nasti T, Yang S, Zhang R, Barber DL, et al. 
Rescue of exhausted CD8 T cells by PD‑1‑targeted therapies is CD28‑
dependent. Science. 2017;355:1423–7.

 48. Acharya N, Sabatos‑Peyton C, Anderson AC. Tim‑3 finds its place 
in the cancer immunotherapy landscape. J Immunother Cancer. 
2020;8:e000911.

 49. Ramsay AG, Clear AJ, Fatah R, Gribben JG. Multiple inhibitory ligands 
induce impaired T‑cell immunologic synapse function in chronic 
lymphocytic leukemia that can be blocked with lenalidomide: establish‑
ing a reversible immune evasion mechanism in human cancer. Blood. 
2012;120:1412–21.

 50. Ding W, Laplant BR, Call TG, Parikh SA, Leis JF, He R, et al. Pembrolizumab 
in patients with CLL and Richter transformation or with relapsed CLL. 
Blood. 2017;129:3419–27.

 51. Chen R, Zinzani PL, Fanale MA, Armand P, Johnson NA, Brice P, et al. Phase 
II study of the efficacy and safety of Pembrolizumab for relapsed/refrac‑
tory classic Hodgkin lymphoma. J Clin Oncol. 2017;35:2125–32.

 52. Peters PJ, Borst J, Oorschot V, Fukuda M, Krähenbühl O, Tschopp J, et al. 
Cytotoxic T lymphocyte granules are secretory lysosomes, containing 
both perforin and granzymes. J Exp Med. 1991;173:1099–109.

 53. Revell PA, Grossman WJ, Thomas DA, Cao X, Behl R, Ratner JA, et al. 
Granzyme B and the downstream granzymes C and/or F are important 
for cytotoxic lymphocyte functions. J Immunol. 2005;174:2124–31.

 54. Voskoboinik I, Whisstock JC, Trapani JA. Perforin and granzymes: function, 
dysfunction and human pathology 2015;15:388–400.

 55. Kallies A, Zehn D, Utzschneider DT. Precursor exhausted T cells: key to 
successful immunotherapy? Nat Rev Immunol. 2019;20:128–36.

 56. Mahnke YD, Brodie TM, Sallusto F, Roederer M, Lugli E. The who’s 
who of T‑cell differentiation: human memory T‑cell subsets 
2013;43:2797–2809.

 57. Golubovskaya V, Wu L. Different subsets of T cells, memory, effector func‑
tions, and CAR‑T immunotherapy. Cancers (Basel). 2016;8:36.

 58. Tonino SH, Van De Berg PJ, Yong SL, Ten Berge IJ, Kersten MJ, RaW VL, et al. 
Expansion of effector T cells associated with decreased PD‑1 expression 
in patients with indolent B cell lymphomas and chronic lymphocytic 
leukemia. Leuk Lymphoma. 2012;53:1785–94.

 59. Ramsay AG, Johnson AJ, Lee AM, Gorgün G, Le Dieu R, Blum W, et al. 
Chronic lymphocytic leukemia T cells show impaired immunological syn‑
apse formation that can be reversed with an immunomodulating drug. J 
Clin Invest. 2008;118:2427–37.

 60. Mackus WJM, Frakking FNJ, Grummels A, Gamadia LE, De Bree GJ, 
Hamann D, et al. Expansion of CMV‑specific CD8+CD45RA+CD27‑ T cells 
in B‑cell chronic lymphocytic leukemia. Blood. 2003;102:1057–63.

 61. Te Raa GD, Pascutti MF, García‑Vallejo JJ, Reinen E, Remmerswaal EBM, 
Ten Berge IJM, et al. CMV‑specific CD8+ T‑cell function is not impaired in 
chronic lymphocytic leukemia. Blood. 2014;123:717–24.

 62. Flinn IW, Gribben JG, Dyer MJS, Wierda W, Maris MB, Furman RR, et al. 
Phase 1b study of venetoclax‑obinutuzumab in previously untreated 
and relapsed/refractory chronic lymphocytic leukemia. Blood. 
2019;133:2765–75.

 63. Seymour JF, Kipps TJ, Eichhorst B, Hillmen P, D’rozario J, Assouline S, et al. 
Venetoclax‑rituximab in relapsed or refractory chronic lymphocytic leuke‑
mia. N Engl J Med. 2018;378:1107–20.



Page 19 of 19Liu et al. Molecular Cancer           (2022) 21:59  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 64. Mathew R, Haribhai D, Kohlhapp F, Duggan R, Ellis P, Riehm JJ, et al. The 
BCL‑2‑selective inhibitor Venetoclax spares activated T‑cells during anti‑
tumor immunity. Blood. 2018;132:3704.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	BCL-2 expression promotes immunosuppression in chronic lymphocytic leukemia by enhancing regulatory T cell differentiation and cytotoxic T cell exhaustion
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Patients
	Collection of single cells for scRNA-seq and flow cytometry
	Chromium 10× genomics library and sequencing
	Quality control and preprocessing of scRNA-seq data
	Flow cytometry
	In vitro cell stimulation for cytokine detection
	Treg immunophenotype and related cytokine analyses
	β2-microglobulin (β2-MG) determination
	Statistical analysis

	Results
	BCL-2 expression increases in T cells and is associated with β2-MG concentration in CLL patients
	BCL-2 expression in CD4+ T cells is related to activation and proliferation of Tregs
	BCL2 expression in CD8+T cells is related to increased exhaustion of cytotoxic T lymphocytes
	BCL-2 expression is related to decreased Th1 and increased Treg percentages in patients with CLL
	BCL-2 expression is associated with immunosuppression reflected by increasing IL-10 and TGF-β in Tregs
	BCL-2 promotes cell exhaustion and reduced cytotoxicity of CD8+T cells in patients with CLL
	BCL-2 alters T cell differentiation in patients with CLL
	Decreased frequency and recovery function of BCL-2+ T cells in patients with CLL in CR

	Discussion
	Conclusions
	References


