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Transcription factor KLF2
Is associated with the
dysfunctional status of

NK cells and the prognosis
of pediatric B-ALL patients

Fang Wu, Huimin Xu and Benshan Zhang*

Department of Hematology and Oncology, The Affiliated Children’s Hospital of Xiangya School of
Medicine, Central South University (Hunan Children’s Hospital), Changsha, Hunan, China

Background: Natural killer cells, an important component of the innate immune
system, can directly recognize and lyse virally infected or transformed cells.
However, NK cells fail to restrain the growth of malignancies, such as B-cell acute
lymphoblastic leukemia (B-ALL). The molecular genetics of NK cells in the B-ALL
bone marrow microenvironment and the mechanisms underlying the inhibited
function of NK cells at the single-cell level remain largely elusive.

Methods: In this study, we studied the frequency and absolute number of NK
cells in peripheral blood samples collected from 43 healthy volunteers and 104
pediatric B-ALL patients diagnosed at Hunan Children’s Hospital. We also
analyzed published single-cell RNA sequencing (scRNAseq) data from B-ALL
and normal bone marrow samples using unsupervised clustering. Our findings
were further validated using bulk transcriptomic data and clinical data from a
cohort of 139 B-ALL bone marrow samples.

Results: We found that the frequency and number of NK cells were significantly
decreased in the bone marrow and peripheral blood of B-ALL patients. In-depth
analysis of scRNAseq data identified 12 NK cell clusters. Among them, the C2
cluster, which is present in healthy bone marrow but reduced in B-ALL bone
marrow, displays overexpression of a transcription factor KLF2 and a significant
downregulation of the “leukocyte proliferation” pathway. Furthermore, we found
that the expression of KLF2 in B-ALL at diagnosis was positively correlated with
the percentage of leukemia cells and the positive rate of minimal residual disease
(MRD), indicating that KLF2 is a marker of poor prognosis.

Conclusion: There are dramatic differences at the single-cell level in the
transcriptomics of NK cells between healthy donors and B-ALL patients. A
transcription factor, KLF2, which is enriched in the C2 cluster of NK cells, has
been suggested to regulate the proliferation of NK cells and is associated with
poor prognosis of pediatric B-ALL.
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1 Introduction

Acute lymphoblastic leukemia (ALL) is the most common
malignancy in children (1). It is estimated that 70%-75% of
pediatric ALL cases are due to precursor B-cell acute lymphoblastic
leukemia (B-ALL). Although cure rates for pediatric acute ALL
approach 90%, outcomes for relapsed or refractory disease
subgroups and salvage rates remain poor (2, 3). Since conventional
chemotherapy is optimized currently to near-maximal tolerable
intensity, novel approaches such as immunotherapy and adoptive
transfer of immune cells are vital for improving outcomes in pediatric
B-ALL.

Natural killer (NK) cells play a critical role in the innate
immune response against malignancies, including leukemia (4, 5).
Humans and mice that lacking NK cells have an increased incidence
of cancers (6). However, the application of NK cells in treating
tumors, including in hematopoietic cell transplantation (HCT),
adoptive NK cell immunotherapy, and through the use of
antibodies, cytokines, or drugs that augment NK cell function,
has shown varying levels of success (7-9). For leukemia patients
undergoing NK cell-mediated immunotherapy, the benefits are
often short-lived due to challenges such as limited NK cell
numbers, short lifespan, and functional exhaustion (1, 10).
Previous studies indicate that NK cells become dysfunctional as
B-ALL progresses, allowing malignant leukemia cells to escape
immune surveillance (11, 12). Identifying the mechanisms
underlying NK cell dysfunction could significantly facilitate us to
reduce the relapse rate and improve the prognosis of B-ALL.

Transcriptomic analysis at the single-cell level has profoundly
enhanced our understanding of the heterogeneity and immune-
suppressive tumor microenvironment. With the state-of-the-art
single-cell RNA sequencing (scRNAseq) technology, we can
profile the bone marrow of B-ALL patients at single-cell
resolution, providing greater insight into the behavior of NK cells
in the B-ALL bone marrow. In this current study, we evaluated the
frequency and number of NK cells isolated from the peripheral
blood and bone marrow of B-ALL patients, finding a significant
decrease. We then reanalyzed the NK compartment in published
scRNAseq data of B-ALL bone marrow samples and found that
the transcription factor Kruppel-like factor 2 (KLF2) may regulate
NK cell proliferation, and is associated with poor prognosis of
B-ALL.

2 Materials and methods

2.1 Blood cells and bone marrow
specimen reparation

Between January 2020 and May 2023, we collected peripheral
blood samples from 43 healthy volunteers and 104 patients with
newly diagnosed pediatric B-ALL, while bone marrow samples were
obtained from 139 B-ALL patients at the Hematology Department
of Hunan Children’s Hospital. Prior to sample collection, all
patients were required to provide written informed consent.
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The study protocols were approved by the Ethics Committee of
Hunan Children’s Hospital, Xiangya School of Medicine, Central
South University. Informed consent was obtained from each patient
and healthy volunteer in accordance with the Declaration of
Helsinki. Sample collection and usage were carried out in strict
adherence to institutional guidelines for the experimental use of
human tissues.

Samples were collected in EDTA-coated tubes and immediately
stored at 4°C. They were then used in flow cytometry experiments
in the laboratory department. After acquisition, bone marrow
specimens were promptly sent to a company for whole-gene
transcriptome sequencing (RNA-seq) analysis.

2.2 Flow cytometry analysis of PBMC and
RNA-seq analysis of bone marrow

Leukocyte and total lymphocyte analyses were performed
immediately after blood sample collection using the Sysmex-XN
Al automatic hematology analyzer (Sysmex, Kobe, Japan). For
lymphocyte subset analysis, 2-ml aliquots of whole blood were
prepared from each participant and processed immediately to
ensure homogeneous treatment. Each sample was divided, and
50-pl aliquots were incubated with a cocktail of four different
fluorescein-conjugated antibodies (FITC-PE-PerCP-APC)
targeting immunocytes: B cells (CD3— CD19+), NK cells (CD3-
CD16+ CD56+), and T cells (CD3+). After 30 min in the dark at
room temperature, erythrocytes were removed using lysis solution
(BD, 349202). Samples were then centrifuged, and the supernatants
were removed. Cells were washed in phosphate-buffered saline
(PBS) and resuspended in PBS. Antibodies used in the study are
listed in Online Resource 1. Acquisition and data analysis were then
performed on a BD Accuri C6 flow cytometer (Becton Dickinson,
Milan, Italy) with BD C6 software (version 1.0.264.21). To ensure
high-quality and consistent results, the flow cytometry instrument
was calibrated daily, and antibody fluorescence intensity was
monitored weekly. Bone marrow samples were sent to the
Kindstar Global Company (Wuhan, China.) for RNA-seq analysis.

2.3 Single-cell sequencing data

Single-cell sequencing data (GSE130116) from the bone
marrow of four healthy donors and seven newly diagnosed
primary B-ALL patients were downloaded from the Gene
Expression Omnibus (GEO) database. These data were utilized to
analyze the expression and functional differences of NK cells
between healthy individuals and patients. We applied the
RunTSNE function with default settings and 30 PCA dimensions
for dimensionality reduction. Cell populations were identified using
the FindAllMarkers function in the integrated dataset, which
employs the Wilcoxon rank-sum test to pinpoint representative
genes for each cluster. These genes helped ascertain the cellular
identity of each cluster and served as markers for commonly
occurring cell types in human bone marrow, as reported in the
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literature. Differentially expressed genes in each cell population
were screened using the FindMarker function, with significance
thresholds set at p_val adj < 0.05 and avg log2FC > 0.25. The
selected genes underwent GO enrichment analysis using the cluster
profiler package, followed by visualization. A detailed single-cell
developmental trajectory was constructed using Monocle3. The
original expression matrix was retrieved from the associated
Seurat object via the GetAssayData function. After creating a
CellDataset object in Monocle 3, we normalized and preprocessed
the data using the preprocess_cds function. UMAP and
dimensionality reduction functions were then employed to reduce
the data’s dimensionality. Clustering and trajectory inference
analysis were conducted using the cluster_cells and learn_graph
functions, respectively. To comprehensively analyze immune cell-
cell interactions, we utilized CellPhoneDB (v2.1.2), deriving
potential ligand-receptor interactions based on receptor
expression in one cell subset and ligand expression in another.
Normalized counts from the total cell population and NK cell
subgroups were used as inputs for the CellPhoneDB algorithm.

2.4 Clinical characteristics,
immunophenotype, and treatment
response of B-ALL patients

We conducted RNA-seq analysis of bone marrow samples from
139 newly diagnosed B-ALL pediatric patients aged 1-21, treated at
Hunan Children’s Hospital from January 2020 to May 2023.
Electronic medical records were analyzed for all patients. Eligibility
criteria included a primary diagnosis of B-lineage ALL and
completion of the entire standard chemotherapy regimen at the
hospital. Diagnosis was established by bone marrow examination,
based on morphologic and immunophenotypic findings. At
diagnosis, we analyzed the proportion of leukemia blasts (immature
cells) to the total lymphocyte count in the bone marrow smear of
patients under the microscope. On the 19th day after treatment, the
patient underwent minimal residual disease (MRD) evaluation with
bone marrow puncture as a response to treatment.

2.5 Statistical analysis

All statistical analyses were conducted using R software (3.6.1)
and GraphPad Prism 9. Data from different groups were compared
using the Wilcoxon test and #-test. Unless otherwise stated, p-value
< 0.05 was considered statistically significant.

3 Results

3.1 NK cells are reduced in proportion in
peripheral blood and bone marrow

at diagnosis

Using flow cytometry, we collected PBMC samples from 104
newly diagnosed ALL patients and 43 age-matched healthy donors
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and analyzed NK cell proportion and counts (per microliter of
blood samples). The absolute counts and percentage of NK cells
among PBMC were significantly lower in B-ALL patients compared
to healthy controls (p = 0.003 and p = 0.016, respectively;
Figures 1A, B).

The bone marrow produces immature cells that develop into
leukemia cells (13, 14). Alterations in the immune microenvironment
constitute a significant contributor to tumor immune evasion (15).
Nevertheless, the influence of leukemia cells on the functional status,
specifically the proliferation capacity, of NK cells in pediatric B-ALL
remains unknown. We hypothesized that leukemia remodels the
distribution of lymphocyte subsets in the B-ALL bone marrow
microenvironment and inhibits the proliferation of NK cells. To
address this, we downloaded single-cell sequencing data
(GSE130116) from GEO for seven B-ALL patients at diagnosis and
four healthy donors. We analyzed 65,397 transcriptomes from these
samples to assess the composition of the immune bone marrow
microenvironment composition (Figure 1C). We performed
extensive unbiased clustering of all bone marrow cells into six
broad hematopoietic cell types (Figure 1D), including T cells, B
cells, NK cells, myeloid cells, and erythrocytic and hematopoietic
stem and progenitor cells (HSPC), based on relative expression levels
of manually curated gene signatures encompassing lineage-specific
transcription factors, effectors genes, and surface markers
(Figures 1E, F).

The emergence of bone marrow B-ALL elicits different
responses from various hematopoietic lineages. We observed
distinct reductions in the composition of the myeloid cell lineage,
as well as a reduction in the fraction of NK cells at diagnosis
compared to healthy bone marrow (Figure 1G). The cell numbers in
the B-ALL groups declined compared with the healthy groups,
although the difference was not statistically significant (Figure 1H).
Therefore, we speculated that the proliferation or survival of NK
cells was affected in the peripheral blood and bone marrow
microenvironment of B-ALL.

3.2 Pronounced remodeling of the bone
marrow microenvironment in B-ALL at
diagnosis significantly alters NK

subset proliferation

The percentage of NK cells was significantly diminished because
of the emergence of B-ALL in the bone marrow. To understand the
specific NK subpopulations impacted by leukemia, we identified 12
transcriptionally distinct NK cell clusters (Figures 2A, B) based on
the relative expression levels of signature gene markers (Figure 2C).
Within the bone marrow, we observed a reduction in the fraction of
NK cell clusters C2, C3, C4, C7, and C8 at diagnosis compared to
the healthy groups (Figure 2D).

To validate which NK cell subset’s proliferative function has
been significantly inhibited, we performed an enrichment analysis
of validated human NK cell transcriptional signatures within our
NK cell clusters and found that the “leukocyte proliferation”
pathway was significantly downregulated in C2 NK cells (NK-
KLRG1) between diagnosis and healthy groups (Figure 2E).
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B-ALL remodels the distribution of lymphocyte subsets in healthy peripheral blood and bone marrow microenvironment. The counts (A) or
proportion (B) of NK cell subsets in lymphocytes from healthy and pediatric B-ALL peripheral blood. (C) UMAP visualization of 65,397 individual cells
from 11 primary bone marrow samples taken from healthy donors (n = 4), as well as B-ALL patients. (D) Marker-based cell type identification analysis
allowed the prediction of six broad immune cell types across all profiled single cells in two groups. (E) Gene expression heatmap of the top 10 cell
type-specific marker genes, as measured by the Wilcoxon rank-sum test (left), and the names of the top 4 marker genes are shown in the figure
(right). (F) Violin plots showing the cluster-specific expression of the top-ranking novel candidate marker gene for each cell population identified by
this study. (G) Bar plot showing the cell proportions of each immune cell cluster in the healthy and diagnosis (B-ALL) groups. (H) Box plot showing
the cell numbers of individual samples in the healthy and diagnosis groups. Wilcox test was performed to measure differences in representation
between healthy and diagnosis groups, with p-values indicated on the plots. *p < 0.05, **p < 0.01, "ns”", p > 0.05.

In addition, the significantly downregulated (p < 0.05) pathways
included leukocyte-mediated immunity, immune response-
activating cell surface receptor signaling pathway, lymphocyte-
mediated immunity, and cell activation involved in the immune
response. This suggests that the function of C2 NK cells may also be
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impaired, providing more evidence for the potential dysfunction of

C2 NK cells in B-ALL patients.

The Gene Set Enrichment Analysis (GSEA) revealed a
significant enrichment of apoptosis-associated genes in C2 NK
cells (p = 0.051, left) and total NK cells (p = 0.008, middle) in
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FIGURE 2

The proliferation of bone marrow-resident NK-KLRGL1 cells is inhibited in the presence of leukemia. (A) UMAP visualization of NK cells from healthy
donors and B-ALL patients, showing 12 transcriptionally distinct NK cell clusters overlaid on the UMAP representation. (B) UMAP plot of the NK cell
subpopulations in the healthy and diagnosis groups. (C) Violin plots showing the cluster-specific expression of the top-ranking novel candidate
marker gene for each cell population identified in this study. (D) Bar plot showing the cell proportions of each NK cell cluster in the healthy and
diagnosis (B-ALL) groups. (E) Enrichment function analysis of differentially expressed genes in NK-KLRG1 (C2) cells between the diagnosis and
healthy groups. The top 15 significantly downregulated (p < 0.05) pathways are shown. (F) GSEA plots reveal pathways enriched in C2 NK cells (left)
and total NK cells (middle) derived from B-ALL patients compared with healthy volunteers, as well as C2 NK cells compared with non-C2 NK cells of
B-ALL patients (right). NES, normalized enrichment score, calculated using the Kolmogorov—-Smirnov test. The red box highlights a significant down
regulation of the pathway in C2 NK cells (NK-KLRG1) between diagnosis and healthy groups in (E).

B-ALL groups compared to healthy groups within the bone
marrow. Additionally, the analysis demonstrated a higher
enrichment of these genes in C2 NK cells, as opposed to non-
C2 NK cells, among B-ALL patients (p < 0.01, right)

(Figure 2F). Collectively, these data indicate that the
proliferation of C2 NK cells is suppressed, leading to enhanced
cell apoptosis and subsequent dysfunction within the B-
ALL microenvironment.

Frontiers in Oncology 05 frontiersin.org


https://doi.org/10.3389/fonc.2024.1456004
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wu et al.

FIGURE 3

=

)

Proportion of patients (%

C2 NK-KLF2
: : .RPSAY1
2 E RPS26
40 xist® o1
0l . Lol
gl xer IE144L i ;,C'D:CXCR" Sig
g/' | MTgD5 KLF2 e Down
S : noSig
g,20 b . Up'
1 H
10 :
o
9
&;— . ~ 500 ns p=0.21
1 [N N [\
2 100+ d ' | [
© ooltes " X . 2I
£ ] ‘s 400 . v b
g 80-. o % c v c
o 2 w ] S
E=} 60 A LA 7] 300 v i
£ » % 3 . v ]
n ) . = - v o
% 404 v 200+ A ! o
] . -]
3 | e . O . ) )
. o O o
S5 20+ . E 100 g 2
c J o 'w' K]
2 . ) )
-2 S — ¥ O0- 14
-3 K (§ Q N
o N S o )
g & £ &
° & & &
.\0 ’\'b
& &
A N
> N
@ )
100+ * p=0.02 ~
1 Bl MRD-positive L
804 =69 n=70 Hl MRD-negative g
c
60 2
9
e
40 5
)
2
20+ =
8
[
0 14
N
‘\O ,{\\Q
<V id
L

10.3389/fonc.2024.1456004

500 * p=0.036
v
400 vvv
L4 v
300- v
° v
2001 & §'
100 § %
0_
(\‘}' i\"‘.
&S
° ©
\‘QI
Q&Q
&
&
250 * p=0.035
200-
150
1004
50-
0_
@0 '@0
& &
P
& &

Overexpression of KLF2 in B-ALL predicts inferior clinical outcomes. (A) Volcano plot depicting the upregulated (right) and downregulated genes
(left) in C2 NK-KLF2 cells compared with other NK cells in B-ALL patients. (B) The proportion of leukemia blast cells in the bone marrow in KLF2 low
(n = 69) and KLF2 high (n = 70) groups of children with B-ALL at initial diagnosis. (C) The relative expression of the KLF2 gene in the leukemia blast
low (n = 69) and high (n = 70) groups in the bone marrow of children with B-ALL at initial diagnosis. (D) The relative expression of the KLF2 gene in
the bone marrow of children with B-ALL at diagnosis in the low-risk (n = 71) and intermediate/high-risk (n = 68) groups. (E) The proportion of MRD-
positive and MRD-negative patients in the KLF2 low (n = 69) and high (n = 70) expression groups on the 19th day after standard treatment. MRD,
minimal residual disease (MRD) refers to a state in which traces of leukemia cells remain in leukemia patients after receiving induction chemotherapy
or bone marrow transplantation. (F) The relative expression of the KLF2 gene in the bone marrow of children with B-ALL at diagnosis in the MRD-
negative (n = 59) and MRD-positive (n = 80) groups. *p < 0.05, "ns”, p > 0.05.
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3.3 The association between the
expression of KLF2 in B-ALL patients and
clinical outcomes

Based on previous evidence that the proliferation of C2-NK cells
is decreased, we focused on the specific signature genes of C2-NK
cells to further investigate the key molecules that affect NK cell
proliferation. To better examine the phenotype characteristics of
decreased proliferation and survival in C2 NK cells in B-ALL
patients, we further explored the expression of cytokines (KLF2,
TXNIP, S100A4) and membrane proteins (CD3E, CXCR4) among the
top 10 upregulated signature genes in C2-NK cells (Figure 3A).
Previous studies have reported that the transcription factor KLF2
plays an important role in controlling NK cell expansion by inhibiting
the proliferation of immature NK cells (CD27+CD11b-) in
mice (16).

The role of KLF2 in B-ALL remains unclear. Is KLF2 a
prognostic marker for B-ALL? To investigate this, we divided 139
newly diagnosed pediatric B-ALL patients into two equal groups:
the KLF2-low and KLF2-high groups, based on their mRNA
expression levels of KLF2, as determined by whole-gene
transcriptome sequencing. Clinical characteristics are shown in
Table 1. We evaluated the correlation between the percentage of
leukemia blasts in bone marrow smears of newly diagnosed B-ALL
patients and KLF2 expression. Strikingly, we found that in the
KLF2-low group of B-ALL patients, the percentage of
leukemia cells in the bone marrow was significantly lower than in
the KLF2-high group at disease diagnosis (p = 0.04) (Figure 3B).
This suggests that KLF2 may inhibit NK cell proliferation,
promoting immune escape in leukemia and increasing the
leukemic burden. Similarly, the leukemia blast-high group
exhibited a modestly higher relative expression of KLF2
compared to the leukemia blast-low group, although the
difference was not statistically significant (p = 0.21) (Figure 3C).
Additionally, we compared the KLF2 expression levels in B-ALL
patients with low-risk and intermediate/high-risk groups. The
results show that the relative expression of KLF2 was higher in
the intermediate/high-risk group (p = 0.036) (Figure 3D).

Having demonstrated that KLF2 is a risk factor influencing the
progression of B-ALL, we would like to know whether KLF2 can
predict the prognosis of B-ALL patients. Monitoring of MRD is
crucial for accurately predicting the prognosis of B-ALL. Patients
with positive MRD (MRD-positive) tend to have a poorer prognosis
compared to those with MRD-negative. We evaluated the MRD
results of 139 B-ALL patients on the 19th day after standard
chemotherapy. We found that the positive rate of MRD was
significantly higher in the KLF2-high group than in the KLF2-low
group (p = 0.02) (Figure 3E). Likewise, the relative expression of
KLEF2 was higher in the MRD-positive group (p = 0.04) (Figure 3F).
These findings, in combination with our scRNA-seq data from the
bone marrow of B-ALL patients, suggest that transcription factor-
KLE2 decreases the proliferation of NK cells and impairs their
ability to eliminate B-ALL. The KLF2 expression may be associated
with inferior treatment outcomes.
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TABLE 1 Characteristics of B-ALL patients.

Characteristic Patients of B-ALL

(n = 139) No. (%)

Age at diagnosis (years, mean = SD) 5.8 + (1.3-16)
< 2 years 2 (1.4)
2-6 years 72 (51.8)
26 years 65 (46.8)

Sex
Female 68 (48.9)
Male 71 (51.1)

Cytogenetic factors
Normal 76 (54.7)
BCR/ABL-like fusions 9 (6.5)
ETV6/RUNX1 31 (22.3)
IGH-DUX4 1(0.7)
MLL/AF9 6 (4.3)
MLL/USP2 1(0.7)
PHKB-CHD9 1(0.7)
SENP6/PPIL4 1(0.7)
TAF15/ZNF384 1(0.7)
TCF3/HLF 1(0.7)
TCF3/PBX1 10 (7.2)
TEL/AMLI 1(0.7)

Chromosomal analysis
Normal 108 (77.7)
Hypodiploidy 5(3.6)
Hyperdiploidy 21 (15.1)
Unknown 5(3.6)

Risk groups
Standard (low) risk 71 (51.1)
Intermediate/high risk 68 (48.9)

3.4 B cells play an important role in the
development of NK cells in B-ALL

To investigate how NK cells develop in B-ALL, we performed
trajectory analysis using 12 NK clusters. The integrated diffusion
maps of NK clusters revealed a developmental trajectory with
“pseudo-temporal” dynamics. The differentiation of C2 NK cells
was shown to occur throughout the entire developmental trajectory,
spanning from status 1 to 4 (Figure 4A), indicating that KLRG1 may
play an important role in the development of diseases.

To compare the differences in ligand-receptor interactions
between different hematopoietic cells and C2 NK cells in healthy
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FIGURE 4

Potential pathways affecting NK cell proliferation. (A) Pseudotime trajectory analysis of NK cell subsets. Each dot represents a single cell, color-
coded according to its cluster label. The integrated diffusion maps of NK cell clusters reveal a developmental trajectory with conserved “pseudo-
temporal” dynamics. (B) Heatmap of the number of significant cell-cell interactions identified between NK cell subsets as senders and immune cell
subsets as receivers. (C) Comparison of significant ligand—receptor pairs between immune cell subsets and NK-KLRGL1 cells, highlighting the ligand—
receptor interactions between B cells and NK-KLRG1 cells. Dot color reflects communication probabilities, and dot size represents computed p-
values. Space indicates that the communication probability is zero. p-values are computed from the one-sided permutation test. The black box
indicates the immune cell subsets that interact with C2 NK cells between healthy and diagnosis groups in (B). The red and black boxes represent
immune checkpoint-related receptor ligand pairs with significantly enhanced interaction between B cell-C2 NK cells in diagnosis compared healthy

groups in (C).

patients and B-ALL patients, we performed cell-cell interaction
analyses. The results from CellPhoneDB indicated that healthy
donors and B-ALL patients exhibited different cell interactions.
Specifically, B cells and C2 NK cells exhibited higher outgoing
interaction strength in B-ALL patients compared with healthy
donors (Figure 4B). We speculated that the B cells in the bone

Frontiers in Oncology

08

marrow of B-ALL patients include the majority of leukemia cells,
which inhibit the proliferation of C2 NK cells. Consequently, we
investigated the signaling pathways through which B cells act as
senders and C2 NK cells as receivers, in subsequent analyses. From
healthy donors to B-ALL patients, the signaling network and related
ligand-receptor interactions, including LGALS9-P4HB, LGAL9-
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HAVCR2, and CD58-CD2, showed significantly higher
communication probability in B cell-C2 NK cell interaction in B-
ALL (Figure 4C). In summary, these data implicated that B cells may
act on NK cells, promoting B-ALL progression in vivo.

4 Discussions

NK cells are an important component of the innate immune
system and show promise in patients with a variety of malignancies
(1). NK cells have been utilized for the treatment of cancer in
patients with varying success, including mismatch of NK inhibitory
receptor and MHC ligand interactions in the context of HCT, NK
cell adoptive immunotherapy, and administration of antibodies,
cytokines, or drugs aimed at enhancing NK cell function (7-9). If
immunotherapy for childhood ALL is to prove successful, a better
understanding of the impact of leukemia on the NK cells is critical
(17-19). However, NK cell-based immunotherapy has been limited
due to small numbers, short lifespan, exhaustion, inhibitory
receptor-induced inhibition, poor trafficking, and poor tumor
infiltration (1, 10). Therefore, it is urgent to investigate the
impact of leukemia on the proliferation and survival of NK cells
and to develop novel strategies for enhancing NK cell counts and
extending their effector functions in vivo.

In this study, we report that the proportion and numbers of NK
cells were significantly decreased in pediatric B-ALL patients compared
to healthy donors in peripheral blood. Furthermore, we analyzed
published scRNA-seq data from pediatric B-ALL and normal bone
marrow samples and showed that the proliferation of NK cells was
decreased in pediatric B-ALL. We demonstrated that the “leukocyte
proliferation” pathway was significantly downregulated in C2 NK cells
in B-ALL patients at diagnosis and that C2 NK cells overexpress KLF2.
Prior work has documented that KLF2 limits antigen-independent NK
cell proliferation in all tissues of mice, and removal of this factor
expands the proliferative burst associated with CD27+CD11b— NK
cells (16). In addition, we found a significant enrichment of apoptosis-
associated genes in C2 NK cells overexpressing KLF2. These findings
are consistent with previous reports (16). Finally, we validated our
findings through the analysis of bulk transcriptomic and clinical data
from a cohort of 139 B-ALL patient bone marrow samples. We found
that the expression of KLF2 in B-ALL at diagnosis was positively
correlated with the percentage of leukemia cells and the positive rate of
MRD, indicating that KLF2 is a marker of poor prognosis. This study
therefore suggests that KLF2 decreases the proliferation of NK cells and
impairs their ability to eliminate B-ALL.

Most notably, this is the first study, to our knowledge, to
investigate the effect of KLF2 on NK cells in B-ALL children. Our
results provide a therapeutic means of targeting KLF2 to promote
the expansion and long-term survival of NK cells and improve NK
cell engraftment and sustainability in cancer patients. However,
some limitations are worth noting. This raises the question of what
factors directly promote KLF2 transcription in NK cells and what
pathways through which KLF2 inhibits NK cell proliferation.
Future work should therefore include mechanistic research to
determine the role of KLF2 in inhibiting NK cell proliferation, as
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well as follow-up work designed to identify strategies for promoting
NK cell expansion and survival.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://dataview.ncbi.nlm.nih.
gov/object/PRINA1208733?reviewer=4qg01fl1d0i0l1esd7bb6n4s88
number: PRJNA1208733. Also, publicly available datasets were
analyzed in this study. This data can be found here: https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE130116/accession
number GSE130116.

Ethics statement

The studies involving humans were approved by Ethics
Committee of Hunan Children’s Hospital, The Affiliated Cancer
Hospital of Xiangya School of Medicine, Central South University,
Changsha, 410001, Hunan, China. The studies were conducted in
accordance with the local legislation and institutional requirements.
Written informed consent for participation in this study was
provided by the participants’ legal guardians/next of kin.

Author contributions

FW: Conceptualization, Data curation, Formal analysis,
Funding acquisition, Investigation, Methodology, Project
administration, Software, Writing - original draft, Writing -
review & editing. HX: Data curation, Formal analysis,
Methodology, Writing - original draft, Writing - review &
editing. BZ: Resources, Conceptualization, Writing — original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
received financial support from the Hunan Children’s Hospital
Doctoral Project Research Initiation Fund.

Acknowledgments

The authors thank Kindstar Global Company (Wuhan, China.)
for RNA-seq analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The Hunan Children’s Hospital Doctoral Project Research
Initiation Fund had a role in the study design, data collection,
analysis, and the decision to submit the article for publication.

frontiersin.org


https://dataview.ncbi.nlm.nih.gov/object/PRJNA1208733?reviewer=4qg0lfl1d0i0l1esd7bb6n4s88
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1208733?reviewer=4qg0lfl1d0i0l1esd7bb6n4s88
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE130116/accession
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE130116/accession
https://doi.org/10.3389/fonc.2024.1456004
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wou et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Chu Y, Gardenswartz A, Termuhlen AM, Cairo MS. Advances in cellular and
humoral immunotherapy - implications for the treatment of poor risk childhood,
adolescent, and young adult B-cell non-Hodgkin lymphoma. Br J haematology. (2019)
185:1055-70. doi: 10.1111/bjh.2019.185.issue-6

2. Hunger SP, Mullighan CG. Acute lymphoblastic leukemia in children. New Engl |
Med. (2015) 373:1541-52. doi: 10.1056/NEJMra1400972

3. Pui CH, Yang JJ, Hunger SP, Pieters R, Schrappe M, Biondi A, et al. Childhood
acute lymphoblastic leukemia: progress through collaboration. J Clin Oncol. (2015)
33:2938-48. doi: 10.1200/JC0O.2014.59.1636

4. Laskowski TJ, Biederstidt A, Rezvani K. Natural killer cells in antitumour
adoptive cell immunotherapy. Nat Rev Cancer. (2022) 22:557-75. doi: 10.1038/
541568-022-00491-0

5. Tong L, Jiménez-Cortegana C, Tay AHM, Wickstrom S, Galluzzi L, Lundqvist A.
NK cells and solid tumors: therapeutic potential and persisting obstacles. Mol cancer.
(2022) 21:206. doi: 10.1186/s12943-022-01672-z

6. Orange JS. Natural killer cell deficiency. J Allergy Clin Immunol. (2013) 132:515-
25. doi: 10.1016/j.jaci.2013.07.020

7. Miller JS, Soignier Y, Panoskaltsis-Mortari A, McNearney SA, Yun GH, Fautsch
SK, et al. Successful adoptive transfer and in vivo expansion of human haploidentical
NK cells in patients with cancer. Blood. (2005) 105:3051-7. doi: 10.1182/blood-2004-
07-2974

8. Asakura S, Hashimoto D, Takashima S, Sugiyama H, Maeda Y, Akashi K, et al.
Alloantigen expression on non-hematopoietic cells reduces graft-versus-leukemia
effects in mice. J Clin Invest. (2010) 120:2370-8. doi: 10.1172/JCI39165

9. Gauthier L, Morel A, Anceriz N, Rossi B, Blanchard-Alvarez A, Grondin G, et al.
Multifunctional natural killer cell engagers targeting NKp46 trigger protective tumor
immunity. Cell. (2019) 177:1701-13.e16. doi: 10.1016/j.cell.2019.04.041

10. Wu SY, Fu T, Jiang YZ, Shao ZM. Natural killer cells in cancer biology and
therapy. Mol cancer. (2020) 19:120. doi: 10.1186/s12943-020-01238-x

Frontiers in Oncology

10

10.3389/fonc.2024.1456004

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

11. Rouce RH, Shaim H, Sekine T, Weber G, Ballard B, Ku S, et al. The TGF-B/
SMAD pathway is an important mechanism for NK cell immune evasion in childhood
B-acute lymphoblastic leukemia. Leukemia. (2016) 30:800-11. doi: 10.1038/
leu.2015.327

12. Kumar A, Taghi Khani A, Duault C, Aramburo S, Sanchez Ortiz A, Lee SJ, et al.
Intrinsic suppression of type I interferon production underlies the therapeutic efficacy
of IL-15-producing natural killer cells in B-cell acute lymphoblastic leukemia. ]
immunotherapy Cancer. (2023) 11:6-9. doi: 10.1136/jitc-2022-006649

13. Wang Z, Gao XZ, Preisler HD. Studies of the proliferation and differentiation of
immature myeloid cells in vitro. II. Acute myelogenous leukemia. Am J Hematol. (1989)
30:82-5. doi: 10.1002/ajh.2830300206

14. Du Y, Jenkins NA, Copeland NG. Insertional mutagenesis identifies genes that
promote the immortalization of primary bone marrow progenitor cells. Blood. (2005)
106:3932-9. doi: 10.1182/blood-2005-03-1113

15. Bagaev A, Kotlov N, Nomie K, Svekolkin V, Gafurov A, Isaeva O, et al
Conserved pan-cancer microenvironment subtypes predict response to
immunotherapy. Cancer Cell. (2021) 39:845-65.¢7. doi: 10.1016/j.ccell.2021.04.014

16. Rabacal W, Pabbisetty SK, Hoek KL, Cendron D, Guo Y, Maseda D, et al.
Transcription factor KLF2 regulates homeostatic NK cell proliferation and survival.
Proc Natl Acad Sci United States America. (2016) 113:5370-5. doi: 10.1073/
pnas.1521491113

17. Berrien-Elliott MM, Jacobs MT, Fehniger TA. Allogeneic natural killer cell
therapy. Blood. (2023) 141:856-68. doi: 10.1182/blood.2022016200

18. Goldenson BH, Hor P, Kaufman DS. iPSC-derived natural killer cell therapies -
expansion and targeting. Front Immunol. (2022) 13:841107. doi: 10.3389/
fimmu.2022.841107

19. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, et al.
Effectiveness of donor natural killer cell alloreactivity in mismatched hematopoietic
transplants. Sci (New York NY). (2002) 295:2097-100. doi: 10.1126/science.1068440

frontiersin.org


https://doi.org/10.1111/bjh.2019.185.issue-6
https://doi.org/10.1056/NEJMra1400972
https://doi.org/10.1200/JCO.2014.59.1636
https://doi.org/10.1038/s41568-022-00491-0
https://doi.org/10.1038/s41568-022-00491-0
https://doi.org/10.1186/s12943-022-01672-z
https://doi.org/10.1016/j.jaci.2013.07.020
https://doi.org/10.1182/blood-2004-07-2974
https://doi.org/10.1182/blood-2004-07-2974
https://doi.org/10.1172/JCI39165
https://doi.org/10.1016/j.cell.2019.04.041
https://doi.org/10.1186/s12943-020-01238-x
https://doi.org/10.1038/leu.2015.327
https://doi.org/10.1038/leu.2015.327
https://doi.org/10.1136/jitc-2022-006649
https://doi.org/10.1002/ajh.2830300206
https://doi.org/10.1182/blood-2005-03-1113
https://doi.org/10.1016/j.ccell.2021.04.014
https://doi.org/10.1073/pnas.1521491113
https://doi.org/10.1073/pnas.1521491113
https://doi.org/10.1182/blood.2022016200
https://doi.org/10.3389/fimmu.2022.841107
https://doi.org/10.3389/fimmu.2022.841107
https://doi.org/10.1126/science.1068440
https://doi.org/10.3389/fonc.2024.1456004
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Transcription factor KLF2 is associated with the dysfunctional status of NK cells and the prognosis of pediatric B-ALL patients
	1 Introduction
	2 Materials and methods
	2.1 Blood cells and bone marrow specimen reparation
	2.2 Flow cytometry analysis of PBMC and RNA-seq analysis of bone marrow
	2.3 Single-cell sequencing data
	2.4 Clinical characteristics, immunophenotype, and treatment response of B-ALL patients
	2.5 Statistical analysis

	3 Results
	3.1 NK cells are reduced in proportion in peripheral blood and bone marrow at diagnosis
	3.2 Pronounced remodeling of the bone marrow microenvironment in B-ALL at diagnosis significantly alters NK subset proliferation
	3.3 The association between the expression of KLF2 in B-ALL patients and clinical outcomes
	3.4 B cells play an important role in the development of NK cells in B-ALL

	4 Discussions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


