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Abstract

Objectives. Immunotherapies targeting natural killer (NK)
cell receptors have shown promise against leukaemia.
Unfortunately, cancer immunosuppressive mechanisms that
alter NK cell phenotype prevent such approaches from being
successful. The study utilises advanced cytometry to examine
how cancer immunosuppressive pathways affect NK cell
phenotypic changes in clinical samples. Methods. In this study,
we conducted a high-dimensional examination of the cell surface
expression of 16 NK cell receptors in paediatric patients with
acute myeloid leukaemia and acute lymphoblastic leukaemia, as
well as in samples of non-age matched adult peripheral blood
(APB) and umbilical cord blood (UCB). An unsupervised analysis
was carried out in order to identify NK cell populations present
in paediatric leukaemias. Results. We observed that leukaemia
NK cells clustered together with UCB NK cells and expressed
relatively higher levels of the NKG2A receptor compared to APB
NK cells. In addition, CD56dimCD16+CD57� NK cells lacking
NKG2A expression were mainly absent in paediatric leukaemia
patients. However, CD56br NK cell populations expressing high
levels of NKG2A were highly represented in paediatric leukaemia
patients. NKG2A expression on leukaemia NK cells was found to
be positively correlated with the expression of its ligand,
suggesting that the NKG2A-HLA-E interaction may play a role in
modifying NK cell responses to leukaemia cells. Conclusion.
We provide an in-depth analysis of NK cell populations in
paediatric leukaemia patients. These results support the
development of immunotherapies targeting immunosuppressive
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receptors, such as NKG2A, to enhance innate immunity against
paediatric leukaemia.

Keywords: AML, B-ALL, NK cells, NKG2A

INTRODUCTION

Acute leukaemia is the most prevalent paediatric
cancer.1 There are two subtypes of paediatric
leukaemia: acute lymphoblastic leukaemia (ALL)
and acute myeloid leukaemia (AML).2,3 Overall
survival rates exceed 90% in paediatric ALL
patients, but only 60–70% in paediatric AML
patients.4 Therefore, novel approaches are
urgently needed to prevent relapse and overcome
the long-term toxicities of current therapies.

NK cells are innate lymphocytes that constitute
promising therapeutic targets against acute
leukaemias.5 NK cell function is tightly controlled
by the balance of activating and inhibitory signals
received from germline-encoded NK cell
receptors.6 Upon binding to their ligands on the
surface of tumor cells, activating receptors such as
NKG2D, NKp30, NKp44 and DNAM-1 are known
to trigger NK cell cytotoxic functions, while
receptors such as NKG2A, KIRs, TIGIT and TIM-3
are putative suppressors of NK cell tumoricidal
activity.7 Most studies divide human NK cells into
two subsets, which are CD56brCD16� and
CD56dimCD16+ NK cells.8 However, the stochastic
expression of NK cell receptors results in broad NK
cell phenotypic diversity, with mass-spectrometry
analyses identifying over 100 000 NK cell
populations in the blood of healthy donors.9

Furthermore, a single-cell RNA sequencing study
revealed higher phenotypic heterogeneity among
human bone marrow and blood NK cells, and
they identified a transitional NK cell population
between CD56br and CD56dim NK cells.10

NK cell-based immunotherapies are safe and have
demonstrated promising results in clinical trials
after their therapeutic allogeneic infusion against
leukaemia11–14 and solid cancers.15,16 The blockade
of NK cell receptor NKG2A via anti-NKG2A
antibodies or through genetic engineering has
been proposed as a strategy to boost NK cell
anti-tumor immunity.17,18 An alternative approach
is the crosslinking of activating receptors such as
NKG2D on NK cells with antigens highly expressed
on tumor cells. As an example of a therapeutic
approach, NKG2D bispecific antibodies (BiKE) were
shown to successfully induce NK cell-mediated

killing of multiple myeloma cells.19 The efficacy of
immunotherapies targeting NK cell receptors might
be impaired by tumor-immunosuppressive
mechanisms that have been shown to alter NK cell
receptor expression profiles.20,21 An extensive
characterisation of these profiles is a prerequisite to
the development of receptor-targeting therapies.
Previous studies using flow cytometry have
reported low expression of the activating receptors
NKp46, NKp30, NKp4422,23 and DNAM-1,24 while
the inhibitory receptors NKG2A,25 PD-1,26 TIM-326

and TIGIT24 were found to be up-regulated in adult
AML patients. Alterations in NK cell receptor
profiles have been associated with poor clinical
outcomes in adult AML22,25,26 and B-ALL.27 In
comparison to AML, B-ALL has received less
attention in the study of NK cells. It was shown that
NK cells in paediatric B-ALL displayed high
expression of NKp46, but their expression of
NKG2D, NKp30, NKp44 and DNAM-1 was similar to
those of healthy donors.27,28

Here, we applied high-dimensional flow
cytometry to provide in-depth characterisation of
NK cell receptor expression profiles in AML and
ALL. Our findings revealed that CD56dimCD16+ NK
cells characterised by low surface protein levels of
NKG2A were poorly represented in paediatric
leukaemia compared to non-age match adult
healthy blood samples. By contrast,
CD56brCD57�KIRs� NK cells expressing high levels
of NKG2A were abundant in leukaemia samples.
Our results strengthen the rationale for targeting
NKG2A in paediatric leukaemia patients.

RESULTS

NK cells from paediatric leukaemia patients
resemble those from UCB

We developed a 20-colour flow cytometry receptor
panel (Supplementary table 1) for the analysis of NK
cell receptors in the peripheral blood (PB) and the
matched bone marrow (BM) of paediatric patients
diagnosed with AML or B-ALL (Table 1). NK cells
were gated as cells expressing CD56 and/or CD16
after pre-gating on live CD45+CD33�CD19�CD3�

lymphocytes (Supplementary figure 1). In
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agreement with published studies,29,30 we observed
significantly lower percentages of NK cells in the
blood and BM of paediatric leukaemia AML and
B-ALL patients compared with healthy donor (HD)
umbilical cord blood (UCB) and HD adult peripheral
blood (APB; Figure 1a).

Hierarchical clustering of the samples revealed
four clusters, with most APB samples clustering
apart from leukaemia and UCB samples
(Figure 1b). Interestingly, BM and PB NK cells
from a given patient clustered together,
suggesting that NK cell phenotypic diversity was
mostly driven by donor variability rather than
organ location. Of note, BM AML sample #7 was
considered as an artefact because these cells did
not harbour any additional NK markers other
than CD56. Cluster A regrouped five out of seven
of the HD APB samples. Compared with the other
clusters, Cluster A expressed relatively low levels
of NKG2A, NKG2D and TIGIT. Cluster B regrouped
PB and BM samples from three out of 15 AML
patients. Like Cluster A, Cluster B was CD56bright

and TIGIT�. However, compared with Cluster A,
Cluster B expressed higher levels of NKG2A and
NKG2D but lower levels of NKp46, KIRs and CD16.
Cluster C was the largest cluster, regrouping most
AML and B-ALL samples together with all UCB
samples. Compared to Clusters A and B, Cluster C
had higher expression of NKG2D, NKp30, NKp46
and TIM-3. Cluster D regrouped NK cells from one
AML and one B-ALL patient. Like Cluster C,
Cluster D expressed high levels of NKG2D.
Moreover, Cluster D expressed higher levels of
NKG2A, CD96 and NKp30 than all the other
clusters (Figure 1b).

We observed that the frequencies of NKG2D+

and NKG2A+ NK cells in leukaemia patients were
comparable to those observed in UCB and higher
than those observed in APB, despite not reaching
statistical significance (Figure 1c and d). Moreover,
cytomegalovirus (CMV) infection has been shown
to increase NKG2C+/NKG2A� NK cells.31,32 In AML
patients, we compared the frequencies of NKG2A+

NK cells between those who were CMV negative,
IgG reactive and IgM non-reactive AML patients.
Although there was no significant difference
between the groups, AML patients who did not
get CMV infection tended to have somewhat
more NKG2A+ NK cells (Supplementary figure 2).

Interestingly, increased percentages of TIGIT+ NK
cells in both AML and B-ALL samples, and higher
TIM-3+ NK cells in B-ALL samples; however,
significant differences were only observed between
B-ALL BM and APB samples (Supplementary
figure 3a and b). Higher DNAM-1+ NK cells was also
observed in B-ALL PB samples compared to UCB
samples (Supplementary figure 3c). Although there
was expression in detectable levels, no significant
difference in percentages of NK cells expressing
KIRs, NKp30, CD96 and NKp46 was observed
between leukaemia samples and HD samples
(Supplementary figure 3d–g). We detected lower to
no expression of CTLA-4, LAG-3, NKp44 and PD-1 on
NK cells (not shown in the paper). Taken together,
these data indicate that the receptor expression
profiles of NK cells in paediatric leukaemia patients
resemble more those of UCB NK cells than those of
APB NK cells, and they are characterised by relatively
high expression levels of NKG2A and NKG2D.

In AML, NK cell expression of the NKG2A
receptor correlates with the expression
levels of their respective ligands on
tumor cells

According to the cancer immunoediting process,33

high expression of a given activating receptor on
NK cells would lead to the selection of tumor cells
expressing low levels of the corresponding
ligand.34 We applied two flow cytometry panels
(Supplementary table 2 and 3) to evaluate the
expression of ligands for NK cell receptors on
leukaemia tumor cells, where the gating strategy
for leukaemia tumor cells is shown in
(Supplementary figures 4a and b, 5a and 6a and b).
In AML, we observed positive correlations between
the expression of NKG2A and its ligand HLA-E on
AML tumor cells (Figure 2a). To investigate

Table 1. Paediatric leukaemia patient’s characteristics

Characteristic AML B-ALL

Patient number n = 15 n = 12

Age at diagnosis (years,

median, range)

10.66 (4.03–17.36) 11.64 (2.31–17.13)

Relapse, No. (%) 4 (27%) 1 (8%)

In CR1 11 (73%) 11 (92%)

In CR2 4 (27%) 1 (8%)

Procedure type

Diagnostic 15 (100%) 12 (100%)

CMV results

CMV negative 7 (47%) 9 (75%)

IgG reactive 6 (40%) 0 (0%)

IgM non-reactive 2 (13%) 1 (8%)

Unavailable 0 (0%) 2 (17%)

AML, acute myeloid leukaemia; B-ALL, B-cell acute lymphoblastic

leukaemia; CMV, cytomegalovirus; CR, complete remission.
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Figure 1. Low frequencies of NK cells in paediatric leukaemia patients. (a) Percentages of total NK cells in healthy donor umbilical cord blood

(UCB; n = 8), healthy donor adult peripheral blood (APB; n = 7), peripheral blood (PB) and bone marrow (BM) of patients with acute myeloid

leukaemia (AML; n = 15) or B-cell acute lymphoblastic leukaemia (B-ALL; BM: n = 11, PB: n = 12). (b) Hierarchical clustering heatmap display

percentage of indicated markers of total NK cells from each donor. Purple clusters are NK cell clusters from different patients. The grey cluster is

the non-NK cell artefact population. (c) and (d) Representative flow cytometry histograms (right) and bar graphs (left) showing the surface

expression of NKG2A and NKG2D on NK cells from different donors Data are shown as mean � sem, data were tested using a Kruskal–Wallis

test with Dunn’s multiple comparisons test. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. Correlation analysis of receptor-ligand for AML patients. (a) Correlation between the NK cell receptor NKG2A expression and its

corresponding ligand HLA-E expression on AML tumors. The Pearson correlation coefficients and corresponding P-value is displayed in the plot.

(b, c) Kaplan–Meier 5-year survival analysis of paediatric AML patients stratified by KLRC1 (gene encoding NKG2A) or HLA-E expression levels

from TARGET AML project. A Log-rank test was performed. A P-value of < 0.5 is significant. (d, e) Correlation analysis among the NK cell

receptor NKG2A expression and its corresponding ligand HLA-E expression on AML tumors, and age of the patients. * indicates a P-value of

< 0.5 is significant. An absence of * indicates a P-value of > 0.05 is not significant.
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whether the expression of NKG2A provides
prognostic value, we analysed the gene expression
and clinical data from the TARGET AML. We found
that paediatric AML patients with high expression
of KLRC1 (gene encoding NKG2A) had a worse
prognosis compared to those with low gene
expression (Figure 2b). Furthermore, paediatric
AML patients with high expression of HLA-E had a
worse prognosis (Figure 2c). NKG2A expression on
NK cells was shown in earlier research to be
downregulated when NK cells matured from
newborns to adults, and CMV infection affected
the frequencies of NKG2A� NK cells.32

Consequently, we used multivariable correlation
analysis to look into any potential relationships
between the age of patients and the expression of
HLA-E on tumors and NKG2A on NK cells. We
verified that both the expression of NKG2A and
HLA-E did not correlate with the patient’s age in
both blood and BM samples (Figure 2d, e).
Additionally, we used multiple regression analysis
to see whether the CMV status affected the
correlation between NKG2A and HLA-E
(Supplementary table 4). Given that the coefficient
for CMV results had a P-value greater than 0.05,
the CMV results had no effect on the NKG2A-
HLA-E connection.

NKG2D expression on NK cells was also positively
correlated with its ligands, MICA and MICB, on
AML tumor cells (Supplementary figure 7a). We
also found that paediatric AML patients with high
expression of KLRK1 (the gene encoding NKG2D)
in the TARGET AML database had a poorer
prognosis than those with low gene expression of
KLRK1 (Supplementary figure 8a). When we
divided the patients based on the NK cell score
and KLRK1 expression level, we discovered no
significant differences (Supplementary figure 8b).
This was achieved using an NK cell score that
predicted NK cell frequency. Nevertheless, MICA
and MICB expression levels in paediatric AML
patients do not indicate changes in the prognosis
(Supplementary figure 8c and d). The observed
correlation between NKG2D and MICA/B, contrary
to expectations of immune evasion, suggests that
mechanisms beyond mere expression levels may
impair the activating signals of NKG2D.
Additionally, we did not observe any significant
correlation for other receptor-ligand pairs
analysed, including TIGIT-CD112, TIGIT-CD155,
DNAM-1-CD155, DNAM-1-CD112, CD96-CD155 and
KIRs-HLA-ABC (Supplementary figure 7b–g). No
significant correlations were observed in B-ALL

(Supplementary figure 9a–h). Taken together, our
results suggest that the receptor-ligand interaction
involving NKG2A-HLA-E may contribute to the
co-regulation of NK cell responses in paediatric
AML and the high expression of genes encoding
NKG2A in paediatric leukaemia samples is
associated with unfavorable outcomes.

High-dimensional analysis identifies 15
distinct NK cell populations

Phenograph analysis35 of NK cells in leukaemia
patients and HD samples identified 16 clusters
(Figure 3a) and each marker expression of NK cells
were demonstrated in Figure 3b. Cluster 16 was
mostly composed of cells from AML sample #7
which, as discussed earlier, are likely to be gating
artefacts. Therefore, only clusters 1 to 15 were
further considered for analysis (Figure 3c).

CD56brNKG2A+ are speculated to be an immature
NK cell subset,36 which were identified as Clusters
8, 13 and 15, which together represented 8.7% of
all NK cells (Table 2). Clusters 2, 3, 5 and 10
corresponded to conventional CD56dimCD16+

cytotoxic NK cells36 and made up for 36.4% of all
NK cells (Table 2). Among these, clusters 3 and 5
were identified as terminally matured NK cells
because of their expression of CD57.37 Moreover,
Clusters 4, 6 and 12 corresponded to terminally
matured NK cells lacking CD16 and/or KIR
expression, which are atypical NK cell populations
identified in a previous study38; they represented
19.3% of NK cells. Cluster 1 corresponded to
CD56dimCD16+ NK cells that were negative for both
NKG2A and KIR and might represent maturation
intermediates between CD56brKIR� and
CD56dimKIR+ NK cells. Clusters 7 and 11 were
identified as CD56dimCD16� NK cells that were
negative for CD57 expression, representing < 10%
of NK cells. Cluster 9 was the only subset lacking
DNAM-1 expression. Finally, cluster 14 was
characterised by a CD56brNKp46brCD16loKIR+

phenotype. Both clusters 9 and 14 were relatively
small subsets and represented 4.4% and 2% of NK
cells respectively (Table 2).

CD56dimCD16+NKG2A� NK cells are poorly
represented in paediatric leukaemia
samples

Cluster 10, which was composed of CD56dimCD16+

NK cells, represented less than 1.5% of total NK cells
in paediatric leukaemia samples while it accounted

2024 | Vol. 13 | e1501

Page 6

ª 2024 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

NK cell profiling in paediatric leukaemias C Tu et al.



for 15.7% and 7.8% of APB and UCB NK cells
respectively (Figure 4a and b; Supplementary
figure 10a and b). These cells were KIR+, but
negative for CD57 (Figure 4a), suggesting that they

were mature but not terminally differentiated.8

These cells were the NK cell subset expressing
the lower levels of NKG2D and negative for
NKG2A (Figure 3c). We noted that Clusters 3 and 5

Figure 3. Fifteen NK cell populations identified in paediatric leukaemia patients. (a) TriMap plots of 15 Phenograph-identified NK cells from

healthy donor umbilical cord blood (UCB; n = 8), healthy donor adult peripheral blood (APB; n = 7), peripheral blood (PB) and bone marrow (BM)

of patients with acute myeloid leukaemia (AML; n = 15) or B-cell acute lymphoblastic leukaemia (B-ALL; BM: n = 11, PB: n = 12). (b) TriMap

plots of total NK cell expression of the indicated markers. (c) Heatmap displays the median fluorescence intensity (MFI) of the indicated markers

for each NK cell cluster identified by Phenograph.
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were very similar to Cluster 10, as they shared a
CD56dim CD16+KIR+NKp46loNKp30loNKG2A� phenotype.
However, Clusters 3 and 5 were both positive for
CD57 and expressed TIGIT and TIM-3. Clusters 6 and
12, two other CD57+ terminally differentiated
subsets resembling clusters 3 and 5 but lacking
CD16, were also more represented in AML samples
(13.4% PB NK cells and 17.6% BM NK cells in AML),
but not in B-ALL samples. Of note, clusters 3, 5, 6
and 12 were characterised by CD56dimCD57+ NK
cells, and they represented a similar proportion of
NK cells in both B-ALL samples and APB (Figure 4b).
Taken together, these data indicate a reduced
representation of CD56dimCD16+CD57�NKG2A� NK
cells (cluster 10) in paediatric leukaemia samples
compared to UCB and APB samples.

CD56br NK cell populations expressing high
levels of NKG2A are over-represented in
leukaemia samples

CD56br populations (i.e. clusters 8, 9, 13, 14 and 15)
were more represented in leukaemia and UCB
samples compared to APB (Supplementary
figure 10a and b). All these subsets expressed
relatively high levels of NKG2D (Figures 5a and 5c).
Clusters 8, 13 and 15 might correspond to immature
CD56brCD16lo/� NK cells characterised by high levels
of NKG2A and a lack of KIR and CD57 expression.39

Immature CD56br NK cells were more represented in

UCB and paediatric leukaemia samples, comprising
approximately 8% total NK cells in AML, 11% in
B-ALL, 9% in UCB, but only 3% in APB (Figure 5a
and b). We further identified two CD56br NK cell
populations that we qualified as “atypical” because
of their relatively lower expression of NKG2A
expression typically seen on the CD56br subset.39

Atypical CD56br NK cells encompassed clusters 9 and
14, which were also more represented in paediatric
leukaemia patients (Figure 5b). As previously
mentioned, cluster 9 was characterised by its lack of
DNAM-1 expression. Interestingly, this population
of DNAM-1� NK cells was mostly found in the BM
of leukaemia patients and UCB. By contrast, cluster
14 comprised CD16+ and CD16� sub-populations
(Figure 5c), and this cluster was uniformly positive
for KIRs, which are known to be expressed on
mature NK cells.8 Therefore, in contrast to the four
other CD56br clusters, cluster 14 NK cells are likely to
be a mature NK cell population with up-regulated
CD56 upon activation.40,41 This result suggests that
CD56br NK cell populations expressing intermediate
to high levels of NKG2A are more prevalent in
paediatric leukaemia samples.

DISCUSSION

In-depth characterisation of NK cell phenotypic
alterations in paediatric leukaemia may shed light
on leukaemia cell immune evasion from NK cells

Table 2. NK cell populations identified by Phenograph in paediatric leukaemia samples and healthy cord blood and adult peripheral blood

samples

Population Additional population characteristics

% of total

NK cells Interpretations

CD56brNKG2A+ 8 CD16loNKp46brCD57�KIRs�NKG2D+ 8.70 Immature NK cells

13 CD16�NKp46brCD57�KIRs�NKG2D+

15 CD16�NKp46�CD57�KIRs�NKG2D+

CD56dimCD16+KIRs+ 2 CD57�NKG2A� NKG2D+ 12.10 Conventional cytotoxic NK cells

10 CD57+NKG2A� NKG2Dlo 4.00

3 CD57+NKG2A� NKG2D+ 20.3

5 CD57+NKG2A� NKG2D+

CD56dim CD57+ lacking CD16

and/or KIRs expression

4 CD16+KIRs� NKG2A� 10.60 Unconventional terminally differentiated NK cells

6 CD16�KIRs+ NKG2A� 6.05

12 CD16�KIRs� NKG2A� 2.65

CD56dimCD16+KIRs� 1 CD56dimCD16+CD57�KIRs�

NKG2A�
18.9 Possible maturation intermediates between

CD56brKIR� and CD56dimKIR+ NK cells

CD56dimCD16� 7 CD57�KIRs� NKG2A�TIGIT� 5.78 Possible maturation intermediates between

CD56brCD16� and CD56dimCD16+NK cells11 CD57�KIRs+ NKG2A�TIGIT� 3.80

CD56brDNAM-1� 9 CD16�KIR�NKG2Alo NKG2D+ 4.44 Population highly presented in patient’s BM and

UCB

CD56brKIR+ 14 CD16loCD57� NKG2Alo NKG2D+ 1.97 Potentially activated NK cells that have shed CD16

expression
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and contribute to the establishment of more
effective NK cell-based targeted therapeutic
approaches for paediatric leukaemia patients. Our
results revealed the NK cell phenotypic similarity of
paediatric leukaemia and UCB, characterised by
relatively higher surface protein expression levels
of NKG2D and NKG2A compared to APB. We found
that CD56br NK cell populations expressing high
levels of NKG2A were more represented in
paediatric acute leukaemia compared with HD
samples. Furthermore, high expression of genes
encoding NKG2A in paediatric leukaemia patients
is correlated with a poor prognosis. Collectively,
these results highlight the prognostic and
therapeutic potential of NKG2A receptors in
paediatric leukaemia.

In this study, we analysed BM and blood
samples from paediatric patients along with
two sources of HD blood: UCB and APB.
Unfortunately, we were unable to access

age-matched BM and blood samples from HD,
and for this reason, we cannot determine whether
differences between leukaemia and HD are
caused by the tumor or are because of age
differences. UCB have been previously reported to
express high levels of NKG2A, which has been
associated with NK cells’ immature development
stages.38 It is possible that the high expression of
NKG2A and NKG2D in paediatric leukaemia
patients reflects their young age. Interestingly, in
AML, we observed significant correlations
between the expression of NKG2A on NK cells and
their respective ligand expression on tumor cells,
suggesting that immunoediting occurred along
this immunological axis. Therefore, these findings
imply that the elevated expression levels of
NKG2A in AML patients may be a result of the
tumor microenvironment. Additionally, although
CMV infection has been shown to expand
NKG2C+/NKG2A� NK cells,31,32 the positive

Figure 4. NK cell clusters differentially represented in leukaemia patients. (a) TriMap plots of NK cell clusters 3, 5, 6, 12 and flow cytometry

histograms showing the NK cell cluster expression of indicated markers. (b) Donut plots showing percentage of NK cell clusters 3, 5, 6, 12 from

healthy donor umbilical cord blood (UCB; n = 8), healthy donor adult peripheral blood (APB; n = 7), peripheral blood (PB) and bone marrow (BM)

of patients with acute myeloid leukaemia (AML; n = 15) or B-cell acute lymphoblastic leukaemia (B-ALL; BM, n = 11; PB, n = 12).
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Figure 5. (a) TriMap plots of NK cell clusters 8, 13, 15 and flow cytometry histograms showing the NK cell cluster expression of indicated

markers. (b) Donut plots showing percentage of NK cell clusters 8, 13, 15 from healthy donor umbilical cord blood (UCB; n = 8), healthy donor

adult peripheral blood (APB; n = 7), peripheral blood (PB) and bone marrow (BM) of patients with acute myeloid leukaemia (AML; n = 15) or

B-cell acute lymphoblastic leukaemia (B-ALL) CD56br NK cell clusters differentially represented in leukaemia patients. (c) TriMap plots of NK cell

clusters 9, 14 and flow cytometry histograms showing the NK cell cluster expression of indicated markers. (d) Donut plots showing percentage of

NK cell clusters 9, 14 from healthy donor umbilical cord blood (UCB; n = 8), healthy donor adult peripheral blood (APB; n = 7), peripheral blood

(PB) and bone marrow (BM) of patients with acute myeloid leukaemia (AML; n = 15) or B-cell acute lymphoblastic leukaemia (B-ALL; BM, n = 11;

PB, n = 12).
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correlation between NKG2A and HLA-E expression
does not appear to be influenced by CMV status,
according to the multiple regression analysis.
While NKG2C characterisation of leukaemia NK
cell is missing in our study, further investigation is
needed to fully capture all the NK cell phenotypic
changes in leukaemia patients.

Our hierarchical clustering analysis grouped
most APB samples together, while leukaemia
samples were spread across three clusters. One
cluster of AML samples (cluster B) was grouped
with the APB cluster, and these two clusters were
characterised by low expression of TIGIT, CD96
and TIM-3. Interestingly, none of the patients
regrouped in this AML cluster experienced
relapse. Moreover, this cluster of AML samples
expressed lower levels of NKG2A, TIGIT, CD96 and
TIM-3 compared to two other clusters containing
leukaemia and UCB samples. In light of our
findings, we hypothesise that low levels of
immune suppressors on NK cells may be a
protective factor for paediatric AML patients.

We found a distinct composition of NK cell
subsets in paediatric leukaemia patients, with a
notable reduction of conventional mature NK cells
(CD56dimCD16+CD57�) and an increase in
CD56brCD57� immature NK cells as compared to
APB. Both paediatric AML and B-ALL had lower
representations of the conventional cytotoxic
CD56dimCD16+CD57� NK cell population with low
NKG2A expression. While AML samples displayed a
slightly higher proportion of terminally
differentiated unconventional CD56dimCD57+ NK
cells (cluster 3 and 5) that expressed intermediate
to high levels of NKG2A, TIM-3 and TIGIT than APB
and UCB samples. This phenomenon was not
observed in B-ALL samples. To the best of our
understanding, we are the first to report this
phenomenon. Given that NKG2A, TIM-3 and TIGIT
are checkpoint molecules that have been shown to
limit NK cell immune responses in cancers,18,42–44

the higher proportion of CD56dimCD57+ NK cells
expressing these immune checkpoints in AML may
explain why patients with AML often have a worse
prognosis.4 Moreover, AML patients have a higher
proportion of CD56dimCD16dim NK cells than UCB
and APB, but this also does not occur in B-ALL
patients. CD56dimCD16dim NK cells have previously
been studied; they degranulated more than
CD56dimCD16bright NK cells but less than
CD56dimCD16� NK cells,45 perhaps representing a
subgroup of NK cells with intermediate functional
features. The function of CD56dimCD16dim NK cells

should be investigated further to assess whether
they contribute to making AML worse than ALL.

Additionally, paediatric leukaemia patients had
higher proportions of immature NK cell populations
that were CD56brCD57�NKG2A+. Our findings align
with a prior study that found an increased
frequency of NKG2A+CD57� immature NK cells and
decreased NKG2A�CD57+ mature NK cells in
paediatric ALL compared to healthy donors.46 This
high level of NKG2A may make it more difficult for
NK cells to recognise and eliminate malignant cells,
promoting disease progression and enhancing
immune evasion. Furthermore, the observed
positive correlation between NKG2A expression on
NK cells and the presence of its cognate receptor,
HLA-E, on AML tumor cells might suggest that AML
tumor cells upregulate HLA-E to avoid NK
cell-mediated immune surveillance. The positive
correlation between NKG2A and HLA-E has also
been observed in intratumor hepatocellular
carcinoma (HCC) tissues, and the NKG2A+ NK cells
from HCC patients exhibited reduced IFNc
production, suggesting high NKG2A expression
contributed to NK cell dysfunction.47 Previous
research on the NKG2A-HLA-E interaction revealed
that it mediated the immune evasion of pancreatic
ductal adenocarcinoma cells from NK cell immune
surveillance and inhibiting the NKG2A-HLA-E
interaction prevented tumor metastasis by restoring
NK cell function.42 Therefore, blocking NKG2A may
be promising for enhancing NK cell antileukaemic
activity.

Among the 15 identified NK cell populations,
we identified NK cells that are differentially
presented between paediatric leukaemias and
healthy APB. In particular, cluster 14 (CD56brKIR+

NK cell cluster) has greater abundance in
paediatric leukaemias; cells of this cluster were
atypical CD56brNKG2D+NKG2AloNK cells with low
CD16 expression. Their KIR+NKG2Alo phenotype
suggests that they are mature,8 and they are
NKp46brCD16lo, which might be an indication of
activation.48 The low CD16 expression in
CD56brKIR+ NK cell cluster may potentially be
attributed to the downregulation of CD16
following activation by leukaemic cells.49 The
shedding of CD16 can limit NK cell antibody-
dependent cell cytotoxicity (ADCC).49 A recent
study found that NK cells from paediatric ALL
patients displayed a significant reduction in their
ability to sustain ADCC.46 The overrepresentation
of NK cells with low CD16 levels in paediatric
leukaemia patients implies that ADCC activity may
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be less robust. This finding is significant because it
implies that leukaemia patients may have an
increase in NK cells with impaired ADCC capacity
because of CD16 shedding, and NK cells with low
CD16 levels may be unable to carry out efficient
ADCC-mediated tumor cell eradication.

In conclusion, our study demonstrates a pivotal
role for NKG2A expression on NK cells as a
prognostic marker significantly correlated with
poor clinical outcomes in paediatric leukaemia
patients. Moreover, given the high expression levels
of NKG2A in patients, targeting NKG2A could pave
the way for developing immunotherapies aimed
at boosting NK cell-mediated antileukaemic
responses. The precise mechanisms underlying how
NKG2A impacts NK cells in paediatric leukaemia
patients have yet to be determined. However, our
findings support the development of paediatric
leukaemia immunotherapies that target the NKG2A
receptor.

METHODS

Patient samples

Peripheral blood (PB) and matched bone marrow-derived
aspirates (BM) were collected from patients with newly
diagnosed AML (n = 15) and B-ALL (BM, n = 11; PB = 12),
which were provided by Queensland Children’s Tumor Bank
(Brisbane, Australia). Adult peripheral blood (APB) samples
were collected from healthy individuals (n = 7). Umbilical
cord blood (UCB; n = 8) was provided by the Queensland
Cord Blood Bank at the Mater (Brisbane, Australia). All
human sample donors gave written informed consent to
sample acquisition following the Declaration of Helsinki,
and the study has been approved by the Mater Human
Research Ethics Committee (HREC/13/MHS/83, 22 310/1407AP
and 1586 M) and ratified by the UQ HREC.

APB mononuclear cells (MNCs) were cryopreserved in 90%
heat-inactivated foetal calf serum (FBS; Gibco, Waltham,
USA) and 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, St.
Louis, US). Cord blood MNCs were cryopreserved using 90%
cord blood plasma and 10% DMSO solution. Cells were
frozen at a maximum concentration of 50 9 106 cells mL�1 in
1-mL cryovials. MNCs derived from AML and B-ALL patient
BM and PB samples were collected in EDTA vacutainer
collection tubes and cryopreserved in 10% DMSO, 20% FBS
and RPMI 1640 medium (Gibco). Cryovials were placed in
NALGENE Mr.Frosty at �80°C for 12–24 h and subsequently
relocated into long-term �196°C liquid nitrogen storage.

Sample preparation

The isolation of cells from APB and UCB samples was
conducted under sterile conditions at room temperature
according to previously established protocol.38 The blood

was first diluted with an equal volume of PBS, resulting in a
total volume of 35 mL. A 50-mL conical tube was then
prepared by underlaying 15 mL of Ficoll-Paque Plus blood
cell density gradient medium (Cytivia, Massachusetts, USA).
To maintain the integrity of the density gradient, the tubes
were centrifuged at 500 g for 20 min without any
interruptions. Subsequently, the mononuclear cells located
at the plasma/Ficoll interface were carefully collected using
a transfer pipette, and the cells were washed twice
with PBS.

Thawing of cryopreserved APB MNCs and CB MNCs samples
was performed by quickly swirling the cryovial in a 37°C water
bath until partially thawed, followed by transferring the cells
into chilled complete RPMI-1640 medium: RPMI-1640 medium
containing HEPES (10 mM) (Gibco), GlutaMAX-I (2 mM)
(Gibco), FBS (10%) (Gibco), MEM non-essential amino acids
(0.1 mM) (Gibco), sodium pyruvate (1 mM) (Gibco), penicillin–
streptomycin (100 U mL�1) (Gibco), b-Mercaptoethanol
(50 lM) (Sigma-Aldrich). The cells were gently added to the
medium and rinsed to maximise cell recovery. The cells were
then pelleted, resuspended in complete RPMI-1640 medium
with DNase I (Roche Diagnostics, Mannheim, Germany,
12.5 lg mL�1), and incubated at 37°C for 15 min. The DNase I
reaction was stopped by adding complete RPMI-1640
medium, and the cells were washed and resuspended. Cells
from each sample were transferred to a 96-well plate for flow
cytometry panel staining.

For AML and B-ALL samples, a stepwise thawing process
was employed to preserve cell viability. Thawed cells were
transferred to a room temperature RPMI-1640 medium with
60% FBS, ensuring thorough washing of the cryovial. After
centrifugation, the cells were sequentially resuspended in
RPMI-1640 medium with 60% FBS and RPMI medium with
40% FBS. Each resuspension step was followed by a brief
3-min rest period. Then, the cells were centrifuged, the
supernatant was aspirated, and they were resuspended in
complete RPMI-1640 medium. Cells were then transferred
to a 96-well plate for flow cytometry panel staining. The
stepwise decrement in FBS concentration during thawing
was implemented to minimise cell viability loss.

Flow cytometry

Cells were stained with 10% mouse serum (Sigma-Aldrich),
10% rat serum (Sigma-Aldrich) and 10% MACS buffer
(Miltenyi Biotec, Bergisch Gladbach, Germany) at a 1:1:1
ratio for 10 min at 4°C to block the non-specific binding, as
described in a previous study.38 Cells were then washed
with PBS and performed LiveDead staining with Fixable
Viability Stain 575 V (BD Biosciences, San Jose, USA) or
Zombie AquaTM Fixable Viability Kit (Biolegend, San Deigo,
USA) for 10 min at 4°C in the dark. Cells were subsequently
washed with MACS buffer and stained with other cell
surface antibodies for 15–20 min at 4°C. The expression of
NK cell receptors and immune checkpoints on NK cells were
analysed using a 21-colour flow cytometry panel
(Supplementary table 1) and the expression of the
corresponding ligands on the tumor cells was analysed
using a 20-colour flow cytometry panel (Supplementary
tables 2 and 3). The cells were then washed and
resuspended in MACS buffer and acquired on a
FACSymphony A5 instrument (BD Biosciences).
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Flow cytometry analysis

Flow cytometry data were analysed using FlowJo v.10.9.0
(BD Biosciences) and FlowJo plugins (https://flowjo.
com/exchange/#/). Samples from one UCB donor were used
as reference control samples that were recorded along with
each batch of samples, and the FlowJo plugin CytoNorm
was performed to remove the unwanted batch effect by
using the reference control samples. For high dimensional
analysis, NK cells from each donor were downsampled and
concatenated, which contained about 500 NK cell events per
sample. One BM sample from B-ALL was excluded in this
study as it only had 14 cell counts for NK cells. TriMap and
PhenoGraph were performed for the NK cell concatenated
file to conduct dimensionally reduction analysis. TriMap was
conducted using CD56, CD16, CD57, KIRs, TIM-3, CD96,
TIGIT, NKG2A, NKp46, NKG2D, NKp30, DNAM-1, CTLA-4,
PD-1, NKp44, LAG-3 and using the default setting: distance
function = Euclidean and nearest neighbours = 10.
PhenoGraph was also conducted using the same markers
and the default number of nearest neighbours (K = 30).
Hierarchical clustering heatmap in Figure 1b displays the
percentage of indicated markers of total NK cells from each
donor made by using the R package pheatmap.

Bioinformatics analyses: TARGET database
analysis

RNA-seq expression data and clinical characteristics for the
bone marrow (BM) samples collected at the diagnosis stage
of paediatric AML patients were collected from the TARGET
database (Target-AML database, n = 119) (https://www.
cancer.gov/ccg/research/genome-sequencing/target/using-
target-data). The optimal cut-off for the single factor in the
survival analysis was determined using the ‘surv_cutpoint’
function with the ‘maxstat’ method. The analysis was
performed using the ‘survival’ package in R, and the
resulting Kaplan–Meier (KM) curves were plotted using the
‘survminer’ package. To generate the NK score for survival
analysis, a NK signature curation given by Cursons et al.50

has been used to generate the NK score using the singscore
as described in the previous publication.

Statistical analysis

Statistical data were analysed using GraphPad Prism 9.
Comparisons between groups were performed using a
Kruskal–Wallis test, followed by a Dunn’s multiple
comparisons test. The correlation analysis between receptor
expression on NK cells and their corresponding ligands on
tumor cells was analysed using Pearson’s correlation
test. The data are presented as mean � sem, and the
significant cut-off was 0.05. * P < 0.05, ** P < 0.01,
*** P < 0.001, **** P < 0.0001.
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