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Natural killer cells’ functional impairment
drives the immune escape of pre-malignant
clones in early-stage myelodysplastic
syndromes

A list of authors and their affiliations appears at the end of the paper

Dissecting the preneoplastic disease states’ biological mechanisms that pre-
cede tumorigenesis can lead to interventions that can slow down disease
progression and/or mitigate disease-related comorbidities. Myelodysplastic
syndromes (MDS) cannot be cured by currently available pharmacological
therapies, which fail to eradicate aberrant hematopoietic stem cells (HSCs),
most of which are mutated by the time of diagnosis. Here, we sought to elu-
cidate howMDSHSCs evade immune surveillance and expand in patients with
clonal cytopenias of undetermined significance (CCUS), the pre-malignant
stage of MDS. We used multi-omic single-cell approaches and functional
in vitro studies to show that immune escape at disease initiation is mainly
mediated by mutant, dysfunctional natural killer (NK) cells with impaired
cytotoxic capability against cancer cells. Preclinical in vivo studies demon-
strated that injecting NK cells from healthy donors efficiently depleted CCUS
mutant cells while allowing normal cells to regenerate hematopoiesis. Our
findings suggest that early intervention with adoptive cell therapy can prevent
or delay the development of MDS.

Patients with myelodysplastic syndromes (MDS) have few therapeutic
options. At disease onset, almost all hematopoietic stem and pro-
genitor cells (HSPCs) harbor pathogenic genetic alterations1, suggest-
ing that only allogeneic hematopoietic stem cell transplantation can
cure the disease. MDS patients’ dismal outcomes could be improved
through therapeutic strategies targeting the biological mechanisms
underlying the pre-leukemic stage of MDS, clonal cytopenia of unde-
termined significance (CCUS), which is characterized by reduced clo-
nal burden, lower genetic complexity, and milder peripheral blood
(PB) cytopenias2,3. In contrast to clonal hematopoiesis of indetermi-
nate potential, a benign age-related condition with a risk of progres-
sion to a myeloid malignancy of <1% per year3, CCUS confers a 5 year
cumulative probability of progression toMDS of 82%2. This probability
exceeds 95% over 10 years if the CCUS clone has a variant allele fre-
quency (VAF) > 20%2,4. Thus, there is an unmet need for interventional

strategies toprevent or delay the evolutionof CCUS toMDS in patients
with a high risk of progression.

Deregulated crosstalk between the tumor immune micro-
environment and cancer cells leads to tumor immune evasion and is
one of the initial causes of cancer formation5. During the initial phases
of tumor development, the immune system can recognize and eradi-
cate highly immunogenic cancer cells6. Still, tumor cells can eventually
evade these control mechanisms and escape immune surveillance,
thus proliferating and expanding7,8.

Here, we show how immune evasion affects the initiation of MDS.
We demonstrate that among immune system cells, NK cells directly
derived from mutant hematopoietic stem cells (HSCs) undergo pre-
mature terminal differentiation, which lead to their exhaustion and
reduced cytotoxic capability against tumor cells through epigenetic
reprogramming that impairs their function.
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Results
Immune cells are activated in patients with CCUS
To dissect the molecular mechanisms that enable aberrant HSPC
clones to escape immune surveillance, we first transcriptionally pro-
filed the bone marrow (BM) immune microenvironment in patients
with CCUS. Single-cell RNA sequencing (scRNA-seq) analysis showed

that, compared with those from young healthy donors (yHDs) and
elderly healthy donors (eHDs) (Fig. 1A, Supplementary Fig. 1A, and
Supplementary Data 1), BM mononuclear cells (MNCs) isolated from
CCUS patients had higher frequencies of natural killer (NK) cells, CD8+

memory cells, and effector memory T cells (Fig. 1B). Differential
expression analyses revealed that, compared with those from eHDs,
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Fig. 1 | Immune cells are activated in patients with CCUS. A UMAP plots of
scRNA-seq data fromBMMNCs isolated from2 yHDs (n = 6,494), 2 eHDs (n = 3,719),
and 3patientswithCCUS (n = 11,981). Each dot represents one cell. Numbering and/
or colors represent the sample origin (top) and cell identity (bottom). HSPC,
hematopoietic stem and progenitor cell; cDC, classic dendritic cell; pDC, plasma-
cytoid dendritic cell; RBC, red blood cell. B Frequencies of different cell subsets in
BM MNCs from yHDs, eHDs, and CCUS patients were analyzed using scRNA-seq.
Colors are coded as inA, and cell populations are organized in the same order as in
the legend, in a clockwise direction. C Pathway enrichment analysis of genes that
were significantly (P adj ≤0.05) upregulated (top) or downregulated (bottom) in

immune cell subsets fromCCUS patients compared with those from eHDs. The top
10 Reactome or KEGG gene sets are shown, respectively. D Connectome web
analysis of interactingMNC types isolated from the BMofCCUSpatients compared
with those isolated from the BM of eHDs and yHDs. The vertex size is proportional
to the number of CCUS-specific interactions to and from each cell type, and the
thickness of each connecting line is proportional to the number of interactions
between two nodes. A one-sided permutation test was used to determine if a pair
was significant. HSPC, hematopoietic stemand progenitor cell; RBC, red blood cell;
pDC, plasmacytoid dendritic cell; cDC, classic dendritic cell. Source data are pro-
vided as a Source Data file.
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immune cells from CCUS patients had upregulated gene expression
programs involved in mitochondrial metabolism, protein processing,
and response to interferon (IFN)-α/β signaling, which underscores
these cells’ activation state. In contrast, CCUS immune subsets had
significantly downregulated genes involved in immune regulation and
inflammation, a phenotypic signature of hypo-responsiveness to
extrinsic stimulation9 (Fig. 1C).

Inflammatory networksmodulate the immunemicroenvironment
and contribute to immune escape10. To assess the intercellular cross-
talk and communication hubs of different cell types in the BM tumor
microenvironment of CCUS patients, we inferred cell-cell commu-
nications from the combined expression of multi-subunit
ligand–receptor complexes using CellPhoneDB, a repository of
ligands and receptors and their interactions11. Compared with those
from yHD and eHD MNCs, the NK cells, myelomonocytes, classic
dendritic cells, and memory/effector CD8+ T cells from CCUS MNCs
gained significantly more interactions that involved ligands and
receptors that regulate leukocyte migration, such as those between
the type 1 chemokines MIP-1α (CCL3), MIP-1β (CCL4), and RANTES
(CCL5) and their receptors, or between L-selectin and P-selectin ligand
(Fig. 1D and Supplementary Figs. 1B, C). These interactions are con-
sistent with the recruitment and migration of NK and effector CD8+

T cells to tumor sites12,13 and these cells’ immune priming by antigen-
presenting cells14,15. NK and CD8+ T cells from CCUS patients also
gained co-stimulatory interactions involving lymphocyte-specific
protein tyrosine kinase (LCK) and CD8 or CD58 and CD2, suggesting
that these cells initiated an anti-tumoral immune response. Consistent
with this hypothesis, multiplex immunofluorescence analysis showed
that CD3-CD56+ NK cells were localized near CD33+ myeloid cells and
CD3+CD8+ T lymphocytes (Supplementary Fig. 1D). However, other
significantly increased cell interactions were predicted to inhibit NK
cell function (e.g., through the ligand-receptor pairs HLA-F–KLRC1 and
HLA-F–KIR3DL2)16,17, induce NK tolerance (e.g., through increased
CD244 expression in CD8+ T cells, HSPCs, and cDCs, and CD48
expression inNK cells)18–20, or immunosuppress effectormemoryCD8+

T cells (e.g., through TGFB/TGFBR1 interactions)21 (Supplementary
Fig. 1C and Supplementary Data 2).

NK cells from patients with CCUS are dysfunctional
Consistent with immune activation–induced proliferation, transcrip-
tional reprogramming, and differentiation toward the acquisition of
effector functions22, additional scRNA-seq analysis of sorted T and NK
cells (Supplementary Figs. 2A–C) followed by CytoTRACE (Cellular
[Cyto] Trajectory Reconstruction Analysis using gene Counts and
Expression; a computational method that predicts cell differentiation
states) showed that, compared with those from yHDs and eHDs, CD4+

T, CD8+ T, andNK cells fromCCUS patients were in a state of advanced
differentiation (Fig. 2A and Supplementary Fig. 2D). Notably, CCUS T
and NK cells had significantly downregulated genes involved in the
FOXO signaling pathway, including themaster regulator FOXO1, which
is essential for maintaining the quiescent memory state that allows
immune cells to respond to and differentiate in response to antigen
challenge23–25 (Supplementary Figs. 2E, F). In line with sustained pro-
liferation and terminal differentiation, CCUS NK cells and CD8+ T cells,
but not CD4+ T cells, also had significantly upregulated cell exhaustion
markers, including the inhibitory receptors KLRG1, TIGIT, LAG3, and
CD160, which could be correlated with these cells’ functional impair-
ment (Fig. 2B). Flow cytometry further validated this exhaustion
transcriptional profile at the proteomic level (Supplementary Fig. 2G).
Indeed, the IFN-γ secretion capability of CD8+ T cells isolated from the
BM of CCUS patients upon tumor cell challenge was significantly
decreased compared with that of CD8+ T cells from eHDs, but it was
preserved upon T cell receptor–independent stimulationwith phorbol
12-myristate 13-acetate and ionomycin (Fig. 2C). These results

confirmed our previous hypothesis that CCUS CD8+ T cells are hypo-
responsive to antigen stimulation.

Furthermore, scRNA-seq analysis of NK cells (Supplementary
Fig. 2H) showed that CCUS NK cells had a transcriptomic profile
enriched in markers of cytotoxic activity, a signature resembling that
of the recently defined NK1 subset26 (Supplementary Figs. 2I, J). Spe-
cifically, CCUS NK cells had significantly upregulated MYC and mTOR
targets and genes enriched in oxidativemetabolism, protein synthesis,
and immune signaling (Supplementary Fig. 2K and Supplementary
Data 3). During NK cell stimulation, the mTOR-induced post-transla-
tional activation of c-MYC triggers metabolic rewiring and protein
translation to support NK cells’ proliferation burst27,28, which suggests
that CCUS NK cells are hyperactivated. However, compared with eHD
NKcells, CCUSNKcells had impaired IFN-γ secretorycapacity (Fig. 2D).
While CCUS NK cells expressed normal levels of granzyme and
lysosome-associated membrane protein 1 (LAMP1; also known as
CD107a), which are critical markers of NK degranulation, they also
expressed significantly less perforin (Supplementary Figs. 2L, M), a
critical cytotoxic protein essential for NK cell killing efficacy29.

Furthermore, CCUS NK cells challenged with tumor cells showed
significantly decreased surface expression of the co-activating recep-
tor CD16 (Fig. 2E) owing to its increased shedding (Supplementary
Fig. 2N). CD16, a crucial mediator of target cell death, enables the
efficient formation of stable immune synapses and polarized
degranulation30,31 and is essential for NK cell–mediated antibody-
dependent cellular cytotoxicity32. Indeed, CCUS NK cells’ cytolytic
capacity against leukemic cells was persistently significantly impaired
(Fig. 2F) andwasnot rescuedby culturewithK562-based feeder cells in
the presence of interleukin (IL)-2 or IL-15 ex vivo (Supplementary
Fig. 2O). Moreover, CCUS NK cells had significantly decreased cyto-
toxicity against allogeneic CCUS CD34+ cells compared with HD NK
cells (Fig. 2G), demonstrating that they cannot eliminate premalignant
cells. As expected, HD NK cells could not eliminate autologous HD
CD34+ cells (Supplementary Fig. 2P).

Mutations inMDS driver genes induce CCUSNK cell dysfunction
Consistent with NK cells’ persistent dysfunction, high-throughput
single-cell targetedDNA and surface protein sequencing analysis using
the Mission Bio Tapestri Platform showed that, independently of the
genetic alterations, NK cells isolated fromfive CCUSpatients were part
of themutant clone population and had a clonal burden similar to that
detected in myeloid cells (Fig. 3A and Supplementary Figs. 3A, B).
However, our in vitro assays had shown a loss of tumor-killing cap-
ability beyond what the corresponding VAF of each sample would
predict (Figs. 2F, G; Supplementary Figs. 2O, P; Supplementary Data 1),
suggesting that the entire NK cell population in CCUS patients is
functionally compromised. To dissect the functional state of CCUS NK
cells that do not harbor genetic aberrations, we performed long-read
scRNA-seq analysis of total BM MNCs from CCUS patients and eHDs.
We compared the transcriptional profile of non-mutant NK cells from
CCUS patients with that of mutant NK cells from the same CCUS
patients and with that of NK cells from eHDs (Fig. 3B and Supple-
mentary Figs. 3C, D). Notably, comparedwithNK cells fromeHDs, non-
mutant NK cells from CCUS patients had significantly upregulated
genes involved in immune activation (Supplementary Fig. 3E) but
downregulated genes associated with NK cell cytotoxicity (Supple-
mentary Fig. 3F and Supplementary Data 4), which suggests a
decreased cytotoxic capability of the overall NK cell population.
Compared with their CCUS non-mutant counterparts, CCUS mutant
NK cells had significantly downregulated genes involved in effector
immune functions, such as those regulating cytokine and the Rho
GTPase signaling pathways that are essential for immune synapse
formation33 (Fig. 3C and Supplementary Data 5). Given that the cyto-
lytic capability ofNKcells isolated fromCCUSpatientswasnot rescued
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by culture ex vivo, these results suggest that cell-extrinsicmechanisms
such as epigenetic rewiring can affect these cells’ function.

To evaluate whetherDNMT3A or TET2 loss-of-functionmutations,
which were the most frequent in our cohort of CCUS patients (73%)
(Supplementary Data 1)34, affect NK cells’ cytotoxic capability in a cell-
autonomous manner, we used CRISPR/Cas9 genome editing to delete
DNMT3AorTET2 in healthyNK cells (Supplementary Fig. 3G).DNMT3A-
or TET2-depleted NK cells showed a significant progressive loss of
cytolytic capacity following tumor rechallenge, demonstrating that the
lossofDNMT3AorTET2activity is a direct causeofNK cell dysfunction
in the context of sustained immune activation (Fig. 3D and Supple-
mentaryFig. 3H).DNMT3A-orTET2-depletedNKcells isolated afterfive

tumoral rechallenges had significantly downregulated genes involved
in vesicle trafficking, cell cycle, and Rho GTPase signaling processes
(Fig. 3E, Supplementary Fig. 3I, and Supplementary Data 6), which is
consistent with our observation inCCUSmutant NK cells. NK cellswith
deficient Rho GTPase signaling lose cytotoxic capacity against target
cells owing to impaired actin polymerization and subsequent lytic
synapse formation35. Indeed, the formation of immune synapses
between NK cells and acute myeloid leukemia (AML) cells was sig-
nificantly impaired by depletingDNMT3A or TET2 in NK cells, as shown
by reduced F-actin polymerization and perforin polarization at the
synaptic sites (Supplementary Figs. 3J, K). To further dissect the
molecularmechanisms underlying NK cells’ dysfunction afterDNMT3A
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or TET2 depletion, we performed an ATAC-seq analysis of healthy NK
cells depleted of DNMT3A or TET2 through CRISPR/Cas9 gene editing
or Cas9 control NK cells and subjected to five tumor rechallenges. This
analysis revealed that the depletion of DNMT3A or TET2 in NK cells
significantly modified chromatin accessibility in these cells. We
observed 1681 and 1832 increased and 278 and 760 decreased open
chromatin peaks in DNMT3A- or TET2-depleted cells, respectively,
compared with Cas9 control cells (Supplementary Data 7 and 8). Fur-
ther analysis of the transcription factor (TF) motifs enriched in the
open chromatin peaks identified the TF BATF as the major regulator
driving these changes in both conditions (Supplementary Fig. 3L).
These data align with previous studies demonstrating that BATF is a
central mediator of NK cell epigenetic dysfunction in AML, affecting
NK cells’ exhaustion and synapse capabilities36.

NK cells from HDs efficiently target CCUS mutant cells
To evaluate whether DNMT3A or TET2 loss-of-function mutations
impair NK cells’ cytotoxic capability in vivo, we generated xenograft
models of MDS by transplanting the onlyMDS cell line available (MDS-
L) into recipient NSG-SGM3 (NSGS) mice. One month after transplan-
tation, the mice were randomized into three groups based on BM
chimerism and injected with HD-derived NK cells previously edited
using the CRISPR/Cas9 strategy to achieve DNMT3A or TET2 depletion
(Supplementary Fig. 4A). Mice were euthanized 10 days after NK cell
injection and BMand splenic cells were analyzed using flow cytometry.
Compared with control mice injected with HD NK cells transfected
with Cas9 alone, mice injected with DNMT3A- or TET2-depleted NK
cells had a significantly higher tumor burden, as quantified by ana-
lyzing the frequency of human BM and splenic CD45+CD56- cells
(Fig. 4A), which was associated with a higher level of PB cytopenias
(Fig. 4B). NK cell injection did not significantly affect the mouse body
or organ weights37, which suggests that this therapy waswell-tolerated
(Supplementary Figs. 4B, C). Notably, mice receiving Cas9-transfected
NK cells had a significantly higher survival rate thanmice injected with
NK cells depleted of either TET2 or DNMT3A (Fig. 4C). This finding
indicates that the depletion of TET2 or DNMT3A in NK cells critically
compromises these cells’ antitumor capability in vivo, thereby redu-
cing the mice’s survival.

To test the hypothesis that HD-derived NK cells can target CCUS
mutant cells, we transplanted BM MNCs isolated from four CCUS
patients carrying different VAFs and types of mutations (Supplemen-
taryData 1) intoMISTRGmice, which is the only immunocompromised
model that allows robust MDS and healthy BM cell engraftment38,39.
Four weeks after transplantation, mice received healthy NK cells
expressing IL-15 or vehicle only (Supplementary Fig. 4D). Compared
with the vehicle-treated mice, those injected with HD NK cells had a
significantly lower human BM cell burden (Fig. 4D), which was

associated with improved PB cytopenias, including a significant
increase in platelet counts (Supplementary Fig. 4E). Flow cytometry of
BM MNCs showed reconstitution of human myeloid, lymphoid, and
erythroid hematopoietic lineages (Supplementary Fig. 4F, G). Next-
generation sequencing (NGS) analysis of human CD45+ cells depleted
of mouse CD45+ cells sorted from the BM of two xenografts showed
that healthy NK cells could efficiently targetmutant cells while sparing
their wild-type counterparts (Fig. 4E and Supplementary Data 9).
Together, these results demonstrate that CCUS cells are not intrinsi-
cally resistant to NK cell–mediated cytotoxicity and suggest that allo-
geneicNK cells fromHDs canefficiently eradicateCCUSmutant cells in
vivo, thus preventing tumor progression.

Discussion
The development of strategies to prevent or delay MDS evolution has
been hindered by a poor understanding of how mutant cells out-
compete their healthy BM counterparts and the scant applicability of
mutation-specific studies in the highly genetically heterogeneousMDS
patient population. Patients with CCUS at an increased risk of pro-
gression to MDS or AML, defined by the cooccurrence of multiple
mutations and/or an elevated clonal burden40, are ideal candidates for
mechanistic studies and early intervention approaches.

Given that immune evasion by clonal cells is one of the primary
mechanisms of cancer initiation, we first comprehensively analyzed
the CCUS immune BMmicroenvironment at the single-cell resolution.
Our single-cell transcriptomic analyses revealed that CCUS NK cells,
the initial players in the antitumoral immune response41, are activated
but hyporesponsive and undergo premature terminal differentiation,
which leads to these cells’ reduced effector function and exhaustion42.
Functional assays confirmed that CCUS NK cells have decreased IFN-γ
secretion, reduced CD16 and perforin expression, and deficient
immune synapse formation, directly impairing their cytotoxic capacity
against leukemic cell lines and primary CCUS CD34+ HSPCs. Notably,
CCUSNK cell dysfunction persisted despite ex vivo recovery attempts,
suggesting that cell-autonomous mechanisms mainly drive functional
impairment. Indeed, high-throughput scDNA-seq paired with immu-
nophenotypic analysis revealed that CCUS NK cells are enriched in the
mutant clone, which suggests thatmyeloid drivermutations impair NK
cell function. This hypothesis was validated by the CRISPR/Cas9-
mediated depletion ofDNMT3A and TET2 in healthy NK cells, which led
to a progressive loss of cytotoxicity, along with the downregulation of
genes that are crucial for immune synapse formation and effector
function, mimicking the dysfunction observed in CCUS-derived NK
cells. Moreover, DNMT3A- or TET2-depleted NK cells failed to prevent
tumor progression in xenograft models, allowing increased malignant
cell infiltration in the BM and leading to reduced survival rates in
recipient mice. These results align with a previous study showing that

Fig. 2 | NK cells from patients with CCUS are dysfunctional. A Differentiation
scores of CD4+ T, CD8+ T, and NK cells from CCUS patients compared with those
from eHDs and yHDs. B Normalized expression levels of exhaustion markers in
CD4+ T, CD8+ T, and NK cells from CCUS patients, eHDs, and yHDs. C IFN-γ
expression in CD8+ T cells from eHDs or CCUS patients after stimulation with K562
cells (left; n = 8 and n = 12, respectively) or phorbol myristate acetate/ionomycin
(PMA/Iono; right; n = 7 and n = 9, respectively). The IFN-γ+ CD8+ T cell frequency
and the median fluorescence intensity (MFI) of IFN-γ in CD8+ T cells are shown.
Lines represent the mean± standard deviation. Statistical significance was calcu-
lated using unpaired two-tailed t-tests. *P <0.05; ****P <0.0001. K562, IFN-γ MFI in
IFN-γ+: P =0.0113.D IFN-γ expression in NK cells from eHDs or CCUS patients after
stimulation with K562 cells (left; n = 10 and n = 12, respectively) or MOLM-14 cells
(right; n = 5 and n = 6, respectively). Lines represent themean ± standard deviation.
Statistical significance was calculated using unpaired two-tailed t-tests. *P <0.05;
***P <0.001; ****P <0.0001. K562, IFN-γMFI in IFN-γ+: P =0.002. MOLM-14, % IFN-γ:
P =0.0161; IFN-γ MFI in IFN-γ+: P =0.0124. E CD16 expression in NK cells isolated

fromeHDs or CCUSpatients after stimulationwith K562 cells (left;n = 10 andn = 12,
respectively) or MOLM-14 cells (right; n = 5 and n = 6, respectively). The CD16+ NK
cell frequency and the MFI of CD16 in NK cells are shown. Lines represent the
mean ± standard deviation. Statistical significance was calculated using unpaired
two-tailed t-tests. **P <0.01; ****P <0.0001. MOLM-14, % CD16+: P =0.0092; CD16
MFI in CD16+: P =0.0091. F Numbers of live K562 cells during 48h of incubation
alone or in co-culture with NK cells isolated from yHDs (n = 3), eHDs (n = 4), and
patients with CCUS (n = 4). Symbols and lines represent the mean± standard
deviation. Statistical significance was calculated using one-way ANOVA of the area
under the curve using Tukey’s multiple comparisons test. ****P <0.0001.
G Numbers of live CD34+ cells from patients with CCUS during 24h of incubation
alone or in co-culture with allogeneic NK cells isolated from eHDs (n = 2) or other
patients with CCUS (n = 4). Symbols and lines represent the mean± standard
deviation. Statistical significance was calculated using one-way ANOVA of the area
under the curve using Tukey’s multiple comparisons test. ***P <0.001. CCUS vs
eHD: P =0.0008. Source data are provided as a Source Data file.
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TET2-mutated NK cells from MDS patients exhibit decreased expres-
sion of killer immunoglobulin-like receptors, perforin, and TNF-α,
promoting disease progression43.

Our results show that the most frequent MDS driver mutations,
such as those affecting TET2 orDNMT3A, induce immune dysfunction
at disease initiation, thus enabling the evasion of premalignant
clones. Although somatic mutations can intrinsically drive NK cell
dysfunction, a significant fraction of NK cells remained unmutated.

However, NK cells exhibited a substantial loss of tumor-killing cap-
ability (not recovered after in vitro culture) beyond what the muta-
tion VAF would predict. These results suggest that the fitness of wild-
type cells is also compromised. Indeed, our long-read scRNA-seq
analyses revealed that the transcriptomic signatures of wild-type
NK cells from CCUS patients resemble those of mutant NK cells.
This observation is consistent with recent findings showing that
MDS CD34+ cells harboring a deletion of chromosome 5 and those
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Fig. 3 | Somatic mutations in MDS driver genes induce CCUS NK cell dysfunc-
tion.ASingle-cell genotypesofBMMNCs (n = 2,518), by immunophenotype, froma
representative CCUS patient (CCUS-52) with DNMT3A (VAF= 15%) and TP53
(VAF = 13%) mutations. Each line represents a cell. The heatmap represents anti-
body signal intensity; each column representsone surfacemarker. The coloredbars
to the left of the heatmap represent different cell types based on the antibody
intensity. The colors and percentages in the sidebars to the right of the heatmap
show each cell type’s genotype. Immunophenotypes and genotypes are unaligned.
Lymph, lymphoid; Prog, progenitors; cDCs, classic dendritic cells; pDCs, plasma-
cytoid dendritic cells; Mono, monocytes; Myelomono, myelomonocytic; Ab, anti-
body; WT, wild type; MUT, mutated; MISS, missing. B UMAP plot of long-read
scRNA-seq data from BMMNCs isolated from 2 CCUS patients (n = 52,751) and two
eHDs (n = 52,330). Different colors represent cell identity and genotype. RBC Prec,
red blood cell precursors; HSPC, hematopoietic stem and progenitor cell; Myelo-
mono, myelomonocytic. C Pathway enrichment analysis of genes that were

significantly downregulated (P ≤0.05) in CCUSmutant NK cells compared to CCUS
non-mutant NK cells. The top 10 Reactome gene sets are shown. D Number of live
THP-1 cells co-culturedwithHDNKcells transfectedwithCas9 in the absence (Cas9;
control) or presence of sgRNAs against TET2 (TET2 KO) or DNMT3A (DNMT3A KO)
after 5 rounds of tumor cell challenge (black arrows). The experiment was per-
formed twice using 2 independent guides per gene. Symbols and lines represent
the mean± standard deviation of tumor indexes in three biological replicates from
one representative experiment (left) and the corresponding areas under the curve
(AUC; right). Statistical significance was calculated using one-way ANOVA of the
AUC using Dunnett’s multiple comparisons test. *P <0.05, **P <0.01. Cas9 vs TET2
KO: P =0.0067; Cas9 vs DNMT3A KO: P =0.0242. E Pathway enrichment analysis of
genes that were significantly downregulated (P adj ≤0.05) after 5 tumoral chal-
lenges in both TET2-KO andDNMT3A-KONK cells but not in Cas9 controls. The top
10 Reactome gene sets are shown. Source data are provided as a Source Data file.

Fig. 4 | NK cells fromHDs efficiently target CCUSmutant cells. A Frequencies of
MDS-L cells in the BM (left) and spleen (right) of engrafted NSGSmice 10days after
the injection of NK cells transfected with Cas9 in the absence (Cas9; n = 8) or
presence of sgRNAs against TET2 (TET2 KO; n = 6) orDNMT3A (DNMT3A KO; n = 6).
Statistical significance was calculated using one-way ANOVA and Tukey’s multiple
comparisons test. **P <0.01, ****P <0.0001. BM, TET2 KO vs DNMT3A KO:
P =0.0035; spleen,TET2KOvsDNMT3AKO: P =0.0084. hCD45, humanCD45. Error
bars represent themean ± standarddeviation.BPBblood counts in engraftedNSGS
mice 10days after the injection of NK cells transfected with Cas9 (n = 8) in the
absence or presence of sgRNAs against TET2 (n = 6) orDNMT3A (n = 6). Dotted lines
represent the mean of hemoglobin, white blood cell counts, and platelets for
8week-old NSGS mice based on the Mouse Phenome Database (Jackson Labora-
tories). Statistical significance was calculated using one-way ANOVA and Tukey’s
multiple comparisons test. *P <0.05, **P <0.01, ****P <0.0001.Hemoglobin, Cas9 vs
DNMT3A KO: P =0.004; TET2 KO vs DNMT3A KO: P =0.0651. White blood cells
(WBC), Cas9 vs TET2 KO: P =0.005; Cas9 vs DNMT3A KO: P =0.0103; TET2 KO vs
DNMT3A KO: P =0.9445. Platelets, TET2 KO vs DNMT3A KO: P =0.1041. Error bars
represent themean ± standard deviation. CKaplan–Meier survival analysis of NSGS
mice transplanted with MDS-L cells injected with vehicle (n = 5) or NK cells

transfected with Cas9 in the absence (n = 8) or presence of sgRNAs targeting TET2
(n = 8) or DNMT3A (n = 8). Statistical significance was calculated using a log-rank
(Mantel-Cox) analysis adjusted by Holm’s multiple comparisons test. ***P <0.001.
Vehicle vs Cas9: P =0.0002; Vehicle vs TET2 KO: P =0.0002; Vehicle vs DNMT3A
KO: P =0.0002; TET2 KO vs DNMT3A KO: P =0.2036. D Frequencies of human
CD45+CD56- cells in the BMofMISTRGmice transplanted with cells from 4 patients
with CCUS. Samples were analyzed 1week after the injection of vehicle (n = 3/each)
or HDNK cells (n = 3/each). Dotted lines are color-coded and represent themeanof
each group. Statistical significance between treatment groups was calculated using
a two-tailed nested t-test. *P <0.05. Vehicle vs NK cells: P =0.0486. Error bars
represent the mean± standard deviation. E VAF in mouse CD45-depleted and
human CD45-enriched BM cells isolated from MISTRG donor mice transplanted
with cells from 2 CCUS patients 1 week after the injection of vehicle (n = 3/each) or
healthy NK cells (n = 3/each). Dotted lines are color-coded and represent the mean
of each group. Statistical significance between treatment groups was calculated
using a two-tailed nested t-test. *P <0.05. Vehicle vs NK cells: P =0.0279. Error bars
represent the mean± standard deviation. Source data are provided as a Source
Data file.
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without the deletion in the same patient displayed similar tran-
scriptional alterations44.

Loss-of-function alterations affecting TET2 andDNMT3Amayhave
distinct effects on immune cells. Recent findings have shown that
TET2-deficient chimeric antigen receptor (CAR) T cells exhibit an
abnormal epigenetic landscape, functional changes characterized by
the heightened production of TNF-α, IL-2, and IL-6 upon stimulation,
and an increased cytotoxic profile45. DNMT3A depletion increases CAR
T cells’ proliferative capability without inducing the typical exhaustion
phenotype acquired upon chronic stimulation46,47. However, our
single-cell targetedDNA and surface protein sequencing analysis using
the Mission Bio Tapestri platform demonstrated that the frequency of
mutated T cells in CCUS is low, which is consistent with NK cells and
T cells having different ontologies.

Our findings have important translational implications. Emerging
therapies for MDS, such as venetoclax-based therapies or agents tar-
geting driver mutations, show promise but have yet to significantly
improve the dismal prognosis of these patients, possibly owing to the
high mutational burden at diagnosis. Thus, future therapeutic efforts
should prioritize early intervention in CCUS when the mutational
burden is lower and symptoms are less severe.

The lack of a standard of care for high-risk CCUS patients, despite
these patients’ recurrent transfusion dependency, underscores the
urgent need for targeted therapies. Our results suggest a therapeutic
window for immune therapies in this subset of patients. Promising
approaches may include adoptive cell therapies based on allogeneic
NK cells or CAR NK cells, which are currently being evaluated in
relapsed/refractory AML andMDS48,49. These therapies have the added
advantage of not being dependent on the target MDS stem cells’
genotype or phenotype, both of which play a role in the resistance to
current therapies50,51.

The safety of any cell-based therapeutic intervention is para-
mount, particularly for patients with conditions like CCUS, for whom
the clinical significance and expected benefits of cell-based therapies
remain an area of active investigation. CAR NK cells derived from
allogeneic sources, such as cord blood, have a strong safety profile.
Unlike CAR T cells, CAR NK cells have not been associated with graft-
versus-host disease in the allogeneic setting, and clinical studies of
CAR NK cells have not shown cytokine release syndrome52,53. The
shorter lifespan of NK cells relative to T cells, combinedwith the host’s
natural rejectionof allogeneic cells, further enhances the safety of CAR
NK cells, as they do not persist long-term in the body. Additionally, the
incorporation of safety switches, such as inducible caspase 9, can be
activated to eliminate the cells if any adverse effects occur. Using cells
from HD sources, such as cord blood, also poses a lower risk of
malignant transformation than cells derived from patients with
malignancy. Nonetheless, as with all gene-modified cell therapies,
long-term monitoring remains essential to assess potential delayed
effects. However, based on existing clinical data, we emphasize that
the excellent safety profile of CAR NK cells, mainly those from allo-
geneic HD sources, supports their potential as a safer alternative
among adoptive cell therapies.

In conclusion, our findings uncover early dysfunction in NK cells,
opening potential therapeutic avenues to prevent or arrest progres-
sion to MDS and its severe outcomes.

Methods
The research complies with all relevant ethical regulations: MD
Anderson Cancer Center IRB-approved human sample protocol PA15-
0926; MD Anderson Cancer Center IACUC-approved mouse protocol
0000931-RN03.

Primary human specimens
BM aspirates from five yHDs (median age = 23 years) and 22 eHDs
(median age = 55 years) were obtained from Lonza (Morristown, NJ)

and AllCells (Alameda, CA) or the Department of Stem Cell Trans-
plantation and Cellular Therapy at MD Anderson Cancer Center
(Supplementary Data 1). BM aspirates and PB samples from 30 CCUS
patients (median age = 72.5 years) were obtained from theDepartment
of Leukemia at MD Anderson and the Department of Medicine at the
University of California San Diego (Supplementary Data 1). BM biopsy
samples from seven CCUS patients (median age = 65 years, 57% male)
were obtained from the Department of Hematopathology at MD
Anderson. HD NK cells were isolated from cord blood donor units for
research use provided by the MD Anderson Cord Blood Bank. All
samples were obtained following the Declaration of Helsinki and with
the approval of the corresponding Institutional Review Boards. Writ-
ten informed consent was obtained from all donors. No compensation
was provided to the study participants.

We did not perform sex- or gender-based analyses. Patient sam-
ples were selected based on diagnosis regardless of sex and gender.
Males and females had comparable distributions in the CCUS and HD
cohorts. Gender is not relevant to this study. The sex of all patients in
each experiment is included in Supplementary Data 1. Due to the
limited number of subjects in each experiment, disaggregated analysis
by sex can not be performed.

CCUS patient diagnoses were performed by a hematologist and
confirmed by a dedicated pathologist. Patients’ genomic information
was assessed by NGS performed in Clinical Laboratory Improvement
Amendments–certified laboratories at the corresponding institutions
as described previously54. None of the CCUS patients received therapy
during the sample collection. MNCs were isolated from each BM
sample using the standard gradient separation approach with Ficoll-
Paque PLUS (GE Healthcare Lifesciences).

Cell lines
K562 and THP-1 cells were purchased from ATCC (CCL-243 and TIB-
202, respectively), and MOLM-14 cells were purchased from DSMZ
(ACC 777). The MDS-L cell line, established from a male MDS patient,
was a generous gift from Dr. Kaoru Tohyama (Department of Labora-
toryMedicine, KawasakiMedical School, Okayama, Japan). K562-based
feeder cells were retrovirally transduced to co-express 4-1BBL, CD48,
and membrane-bound IL-21a55. The identity of the cell lines was con-
firmed by short tandem repeat DNA fingerprinting at MD Anderson’s
Cytogenetics and Cell Authentication Core.

Fluorescence-activated cell sorting
For the scRNA-seq analysis of total BM, MNCs were stained with 4′,6-
diamidino-2-phenylindole (DAPI), and live cells were purified by
fluorescence-activated cell sorting (FACS). For the scRNA-seq analyses
of T and NK cells, CD3+ T and CD56+ NK cells were sorted using DAPI
and antibodies against human CD3 (SK7, 1:10) and CD56 (B159, 1:40).
FACS was performed in a BD Influx Cell Sorter (BD Biosciences). The
cell populations were gated and acquired using FACSDiva software
v8.01 (BD Biosciences).

scRNA-seq
scRNA-seq analysis was performed as previously described50,56. FACS-
purified live BM MNCs or T/NK cell fractions were prepared and
sequenced at MD Anderson’s Advanced Technology Genomics Core.
Sample concentration and cell suspension viability were evaluated
using a Countess II FL Automated Cell Counter (Thermo Fisher Sci-
entific) andmanual counting. Samples were normalized for input onto
the Chromium Single Cell A Chip Kit (10x Genomics, Pleasanton, CA),
inwhich single cells were lysed and barcoded for reverse transcription.
The pooled, single-stranded, barcoded cDNA was amplified and frag-
mented for library preparation. Pooled libraries were sequenced on a
NovaSeq 6000 SP 100-cycle flow cell (Illumina, San Diego, CA).

Data were analyzed using 10x Genomics’ CellRanger software
(version 7.1.0). Fastq files were generated using the CellRanger
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mkfastq pipeline (version 7.1.0). Raw readsweremapped to the human
reference genome (refdata-cellranger-GRCh38-3.0.0) using the Cell-
Ranger count pipeline. The digital expression matrices were analyzed
with the R package Seurat (version 4.3.0)57 to identify different cell
types and signature genes for each cell type. Specifically, cells with
fewer than 100 genes or greater than 25% mitochondrial expression
were removed from further analysis. The Seurat function Normal-
izeData was used to normalize the raw counts. Variable genes were
identified using the FindVariableFeatures function. The ScaleData
function was used to scale and center the counts in the dataset. Prin-
cipal component analysis (PCA) of the variable geneswas performedas
previously described56. The RunHarmony function from the Harmony
packagewas applied to remove potential batch effects among samples
processed in different batches58. Uniform Manifold Approximation
and Projection (UMAP) dimensional reduction was performed using
the RunUMAP function. The clusters were obtained using the Find-
Neighbors and FindClusters functions with a resolution of 0.6. The
cluster marker genes were found using the FindAllMarkers function.
The cell types were annotated by overlapping the cluster markers with
the canonical cell type signature genes56. Differential expression ana-
lysis between any two groups of cells was carried out using the Find-
Markers function. Genes with an adjusted P-value < 0.05 were
considered significantly differentially expressed. Pathway analyses of
differentially expressed genes were conducted usingMetascape59. The
module scoreswerecalculated using theAddModuleScore function on
the intended gene lists. The CytoTRACE score was computed by
uploading the expression matrix to the CytoTRACE web tool (https://
cytotrace.stanford.edu/)60.

CellphoneDB (version 3)11 was applied for ligand-receptor analy-
sis. Each cell typewas separated by disease classification (yHD, eHD, or
CCUS), and a separate run was performed for each classification. If a
cell type contained fewer than 10 cells for a disease classification, it was
not considered in the ligand-receptor analysis for that disease classi-
fication. Pairs with a P-value > 0.05 were filtered out from further
analysis. Each pair was assigned to the condition with the highest
interaction score to compare the disease conditions. The number of
interactions between each cell-type pair was then calculated. The
connectome web was plotted using the R package igraph. The pre-
dicted ligand-receptor pairs were further filtered for data interpreta-
tion using CellTalkDB and a bibliographic search to select only
biologically validated interactions.

Long-read scRNA-seq
BM MNCs from two CCUS patients and two eHDs were assessed for
concentration andviability using a Life TechnologiesCountess 3 FL cell
counter and trypan blue exclusion staining. Suspensions with 70% or
higher viability were used for capture. Two to five sample suspensions
were captured for each sample, targeting 50,000 cells per sample.
Single-cell capture was performed on the Chromium iX using 10x
Genomics’ Next GEM 3’ scRNAseq V3.1 protocol (CG000315_Chro-
miumNextGEMSingleCell3-GeneExpression, v3.1, DualIndex_RevE), up
to and including cDNA amplification and cleanup. The purified,
amplified cDNA was assessed for quality and concentration using an
Agilent HSDNABioanalyzer and theQubitHS dsDNAAssay (both from
Thermo Fisher). Ten nanograms of the resultant barcoded, full-length
cDNA transcripts were used as templates for Nanopore full-length
cDNA library preparation. The transcripts were first amplified with
custom biotinylated primers. The resultant biotinylated cDNA was
captured following bead cleanup using streptavidin beads. The eluted
cDNAwas used in a second round of PCR, and the product was used to
generate nanopore libraries using the Ligament Sequencing Kit V14
(Nanopore, SQK-LSK114). Purified libraries were quantified using the
Qubit HS dsDNA Assay, and 100 fmoles of library were loaded to
R10.4.1 flow cells (FLO-PRO114M) and sequenced on a PromethION
24 sequencer. Libraries were sequenced for 72 h with a 200-bp

minimum read length using the super accurate base-calling mode.
Single-cell full-length cDNA libraries were prepared using the 10x
Genomics microfluidics-based Chromium platform. Subsequently,
these libraries underwent sequencing on a Nanopore PromethION
Flow Cell. Each PromethION Flow Cell typically yields ~80 million cell-
assigned reads, allowing for the analysis of up to around 8000 cells per
flow cell. Multiple libraries were prepared from the same sample to
ensure an adequate number of cells and achieve a higher sequencing
depth, and several sequencing runs were conducted for each library.

The primary data analysis, including barcode and unique mole-
cular identifier demultiplexing, was performed using the EPI2ME
software. This workflow generates a gene expression matrix per
library, merging these matrices across all libraries. The R package
Seurat (v4.3.0) was used to cluster the cells in themergedmatrix. Cells
with >20% mitochondrial expression were filtered out as low-quality
cells. The NormalizeData function was used to normalize the expres-
sion level for each cell with default parameters. The FindVaria-
bleFeatures function was used to select variable genes with default
parameters. The ScaleData function was used to scale and center the
counts in the dataset. PCA of the variable genes was performed. The
RunHarmony function from the Harmony package was applied to
remove the potential batch effect among samples. UMAP dimensional
reduction was performed using the RunUMAP function as previously
described61. The clusters were obtained using the FindNeighbors and
FindClusters functions with the resolution set to 0.5. The cluster
marker genes were found using the FindAllMarkers function. The cell
types were annotated by overlapping the cluster markers with the
published marker genes. The genotypes of the cells were called using
cb_sniffer, a tool that extends the PySam library to do barcode-aware
pileups (https://github.com/sridnona/cb_sniffer). Differential expres-
sion analysis between the groups of cells was performed using the
FindMarkers function.

Flow cytometry analysis
Cells were stained with the Zombie NIR Fixable Viability Kit, washed
twice with Cell Staining Buffer, and incubated with 5 µL of True-Stain
Monocyte Blocker and 5 µL of Human TruStain FcX (all from BioLe-
gend). Cells were then washed and incubated with antibodies against
the surface markers CD3 (SK7, 1:80), CD4 (SK1, 1:80), CD8 (SK1, 1:80),
CD56 (B159, 1:80), CD19 (HIB19, 1:200), CD14 (63D3, 1:80), CD34 (581,
1:10), CD33 (P67.6, 1:80), CD57 (QA17A04, 1:80), CD28 (CD28.2, 1:80),
CD244 (C1.7, 1:80), CD27 (O323, 1:80), TIM3 (F38-2E2, 1:80), KLRG1
(SA231A2, 1:80), LAG3 (11C3C65, 1:80), TIGIT (A15153G, 1:80), and PD1
(A17188A, 1:80; all from BioLegend).

To evaluate the reconstitution of human BM after CCUS cell
transplantation, we stained BM MNCs with antibodies against mouse
CD45 (30-F11, 1:100; BioLegend) and Ter119 (TER-119, 1:25; BioLegend)
and against human CD45 (HI30, 1:20; BioLegend), CD34 (581, 1:20; BD
Horizon), CD71 (CY1G4, 1:20; BioLegend), CD33 (WM53, 1:20; BioLe-
gend), CD15 (H198, 1:20; BioLegend), CD14 (HCD14, 1:20; BioLegend),
and CD19 (HIB19, 1:20; BioLegend).

The cell populationswere analyzedusing FlowJo software (version
10.7.1). All experiments included single-stained controls.

Multiplex immunofluorescence analysis
BM core biopsy samples were used formultiplex immunofluorescence
assessment. We optimized and validated a multiplex immuno-
fluorescence panel using antibodies against CD3e, CD8, CD33, and
CD56. Each antibody was assessed by multiplex immunofluorescence
using the Opal 9 kit (Akoya Biosciences, Marlborough, MA) with the
following clones and dilutions: CD3e (D7A6E, 1:100; Cell Signaling
Technology), CD8 (C8/144B, 1:25; Invitrogen), CD56 (123C3, 1:25;
Dako), and CD33 (BCL-L-CD33, 1:100; Leica). The slides were imaged
using the Vectra Polaris spectral imaging system (Akoya Biosciences).
Each marker was analyzed at the single-cell level, and a supervised
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algorithm for phenotyping was built for each marker. The cell density
for each marker and combinations of phenotypes were consolidated
using Spotfire software (TIBCO Spotfire).

Cytokine secretion assays
In T cell assays, BM MNCs were cultured in RPMI medium with 2mM
glutamine and 10% fetal bovine serum (FBS) in the presence of bre-
feldin A and were stimulated with K562 cells at a 1:1 effector:tumor
(E:T) ratio or with PMA/ionomycin (Leukocyte Activation Cocktail
with GolgiPlug, BD Biosciences) for 4 h at 37 °C and 5% CO2. In NK cell
assays, NK cells isolated from BM MNCs by negative magnetic
selection using the NK Cell Isolation Kit (Miltenyi Biotec) were cul-
tured in a 1:1 mix of Click’s media: RPMI media and stimulated with
K562 cells (1:1 E:T) for 4 h in the presence of brefeldin A at 37 °C and
5% CO2. After incubation, MNCs or NK cells were harvested, washed
with phosphate-buffered saline (PBS), and stained with the viability
dye Zombie UV. Cells were then washed and incubated with anti-
bodies against the surface markers CD3 (SK7, 1:10), CD57 (HNK-1,
1:20), and KLRG1 (SA231A2, 1:10) and with antibodies against the
markers CD4 (RPA-T4, 1:20) and CD8 (SK1, 1:10) for the T cell panel,
or CD56 (5.1H11, 1:20) and CD16 (3G8, 1:10) for the NK cell panel (all
from BioLegend), in the presence of an Fc receptor–binding inhibitor
antibody (Thermo Fisher). Cells were washed, fixed, and permeabi-
lized using the Cytofix/Cytoperm kit (BD Biosciences) and 4% par-
aformaldehyde and intracellularly stained with antibodies against
TNF-α (MAb11, 1:20), IFN-γ (B27, 1:20; both from BD Biosciences),
granzyme B (GB11, 1:20), and perforin 1 (Dg9, 1:20; both from Bio-
Legend). Samples were acquiredwith a BD Fortessa (BD Biosciences),
and the cell populations were analyzed using FlowJo software (ver-
sion 10.7.1). All experiments included single-stained controls per-
formed at MD Anderson’s South Campus Flow Cytometry and
Cellular Imaging Facility.

Degranulation assays
NK cells were isolated from BMMNCs by negative magnetic selection.
Cells were cultured using a mix of Click’s and RPMI media (1:1) and
stimulated with K562 cells (1:1 E:T) for 2 h at 37 °C and 5% CO2. After
incubation, cellswere harvested, washed, and stainedwith Zombie UV.
Cells were washed and incubated with antibodies against the surface
markers CD3 (SK7, 1:10), CD56 (5.1H11, 1:20), CD16 (3G8, 1:10), CD57
(HNK-1, 1:20), CD107a (UCHL1, 1:20), NKG2D (1D11, 1:10), NCR3 (P30-15,
1:20; all fromBioLegend), andNKG7 (polyclonal, 1:10; Epigentek) in the
presence of an Fc receptor-binding inhibitor antibody (Thermo
Fisher). Cells were acquired with a BD Fortessa (BD Biosciences) as
described above.

Cytolysis assays
NK cells were isolated from BMMNCs by negativemagnetic selection
using the NK Cell Isolation Kit (Miltenyi Biotec). A fraction of the
cells was expanded for 1 week with irradiated (100Gy) K562-based
feeder cells at a 2:1 feeder cell:NK cell ratio in the presence of
recombinant human IL-2 (Proleukin, 200U/mL; Chiron) in complete
NK cell medium (RPMI/Clicks; CellGenix GmbH) on day 0. Freshly
isolated or expanded NK cells were co-cultured in 96-well plates at a
1:2 E:T ratio with K562, THP-1, or MOLM-14 tumor targets pre-labeled
with 2mM green dye (CFSE, FITC; Thermo Fisher) in complete NK
cell medium. Each well contained 30 x 103 tumor cells and 15 x 103 NK
cells. Wells containing tumor-alone groups served as negative
controls. Cells were incubated in an IncuCyte S3 live-cell analysis
system (Sartorius). Frames were captured over time at 2 h intervals
from four separate 1.75 × 1.29mm2 regions per well with a 10x
objective. Values from all four areas of each well were pooled and
averaged across experimental duplicate wells. Results were expres-
sed graphically as the percent normalized green object counts (live
cells) over time.

scDNA-seq with antibody-oligonucleotide conjugates
Single-cell library DNA was prepared using the Tapestri Platform and
reagents according to the manufacturer’s protocol (MissionBio).
Briefly, cryopreserved BM or PB MNCs were thawed, washed with
RPMI-1640 medium supplemented with 40% FBS, 1% bovine serum
albumin, and 5mM EDTA, and counted using a Countess cell counter
(Invitrogen). MNCs were normalized to 25,000 cells/μL in 40μL and
incubated with Human TruStain FcX (BioLegend) blocking buffer.
Next, cells were stained with TotalSeq-D Human Heme Oncology
Cocktail (BioLegend). Following staining, cells were washed in wash
buffer and loaded onto the Tapestri instrument for single-cell encap-
sulation, lysis, and barcoding with 2 μmol/L antibody tag forward
primer. DNA from barcoded cells was amplified via multiplex PCR
using a targeted myeloid panel that included 279 amplicons across 37
genes associated with myeloid malignancies (https://designer.
missionbio.com/catalogpanels/Myeloid-MDACC). DNA libraries were
extracted from the droplets, followed by purification with Ampure XP
beads (Beckman Coulter). Purified DNA libraries were indexed and
sequenced on Illumina’s NovaSeq 6000 SP with 250-bp paired-end
multiplexed runs. Protein PCR products in the supernatant from the
Ampure XP bead purification step were isolated by a 5min incubation
with 2μL of 5′ biotin oligo. Isolated proteins were washed, and protein
libraries were generated using a library template and i5/i7 indices via
PCR. The protein library PCR productwas cleaned again using Ampure
XP beads. Protein libraries were quantified, quality-checked, and
sequenced on Illumina’s NovaSeq 6000 S4 with 150-bp paired-end
multiplexed runs.

FASTQ files generated by the sequencer were processed using the
Tapestri Pipeline V2, which included adapter trimming and sequence
alignment (using Burrows-Wheeler Aligner) to the human genome
(GRCh37/hg19), barcode correction, and cell find. We performed var-
iant calling and genotyping as previously described62. The resulting
DNA and protein data were analyzed usingMission Bio’s Python-based
Mosaic library (version 1.8). For DNA analysis, only a whitelist of
manually reviewed, bona-fide somatic variants was loaded for further
analysis. To filter out low-quality variants, we applied ‘filter_variants’
with the following parameters: min_dp = 5, min_gq =0, min_vaf = 21,
min_prct_cells = 0, min_mut_prct_cells = 0, min_std = 0. The AOC read-
outs were subjected to normalization, dimensionality reduction, and
clustering for protein analysis to facilitate cell type identification in
each sample. Normalization was performed using the centered log-
ratio method with ‘normalize_reads’ (method = ‘CLR’) followed by
dimensionality reduction with ‘run_pca’ (components = 10) and
‘run_umap’ (attribute = ‘pca’, n_neighbors = 20, metric = ‘cosine’,
min_dist = ). Subsequently, the transformed counts were clustered
using ‘cluster’ (attribute = ‘umap’, method = ‘graph-community’),
employing the Louvain algorithm. Individual cell types were annotated
by manually reviewing the patterns of specific cell surface markers in
each cluster. For example, CD8+ T cells were identified based on CD3
and CD8 positivity, CD4+ T cells on CD3 andCD4 positivity, NK cells on
CD16 and CD56 positivity, B cells on CD19 and CD22 positivity, con-
ventional dendritic cells on CD1c and CD11c positivity, plasmacytoid
dendritic cells on CD123 and CD303 positivity, and myelomonocytic
cells on CD33, CD14, and CD64 positivity (Fig. 3A). The heatmap in
Fig. 3A was generated using the ComplexHeatmap63 package in R.

CRISPR/Cas9 gene editing of DNMT3A and TET2
We used two single-guide RNAs (sgRNAs) targeting human DNMT3A:
crRNA1, TGGCGCTCCTCCTTGCCACG; crRNA2, GGGGACTTGGA-
GATCACCGC; and one targeting human TET2: crRNA, TTGTAGCCA-
GAGGTTCTGTC (Integrated DNA Technologies Inc). Cas9 protein
(PNA Bio) and sgRNAs were incubated at room temperature for 15min
in a 3:1 reaction (15μg Cas9 and 5000 ng sgRNAs). Alt-R HiFi Cas9
Nuclease 3-NLS (Integrated DNA Technologies) was used to form
ribonucleoprotein pre-complexes with the sgRNAs.
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Cord blood NK cells were expanded as previously described55. On
day 7 of NK cell expansion, 1 × 106 NK cells were electroporated with
62μM HiFi Cas9 alone or with ribonucleoprotein pre-complexes con-
taining either TET2 or DNMT3A sgRNAs using the Neon transfection
system (Thermo Fisher) at three 10-ms pulses of 1600V each. Fol-
lowing the electroporation, NK cells were co-cultured with 2 x 106

uAPC feeder cells at a 1:2 ratio (NK:uAPC) in StemCell GrowthMedium
(CellGenix GmbH) with 200U/mL IL-2 and expanded for another
6 days. On day 13, NK cells were purified using NK negative selection
with the NK Cell Isolation Kit (Miltenyi Biotec) for the cytolysis assays
described above. The knockout (KO) efficiency of the genes was con-
firmed by Western blotting.

Western blotting
Onday 13 of the gene editing experiment, 5 × 106 purifiedNK cells from
control and TET2-KO or DNMT3A-KO groups were lysed using RIPA
buffer supplemented with Halt protease and phosphatase inhibitor
cocktail (Thermo Fisher). Protein lysates were collected after cen-
trifugation at 18,000g for 20min at 4 °C. The total amount of protein
was quantified using the Qubit Protein Assay Kit and a Qubit Fluo-
rometer (Thermo Fisher). A total of 20 µg of protein was resolved by
4–12% Nu-PAGE gel (Thermo Fisher) by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and electroblotted onto a
polyvinylidene difluoride membrane. Membranes were blocked with a
5% non-fat milk Tris-buffered saline-Tween (TBS-T) solution and sub-
sequently incubated with primary antibodies against DNMT3A
(Thermo Fisher, #MA5-35334; 1:1000), TET2 (CST, #1895; 1:1000), and
β-actin (CST, #5125; 1:2000) overnight at 4 °C. Secondary horseradish
peroxidase–conjugated anti-mouse and anti-rabbit antibodies were
incubated for 1 h at room temperature in 5% non-fat milk TBS-T.
Enhanced chemiluminescence visualization was performed using the
Super Signal West Dura extended duration substrate (Thermo Fisher).
Densitometric quantitative comparison relative to β-actin was per-
formed using Image J software (NIH) in three biological repeat
samples.

Tumor rechallenge assays
Edited NK cells were subjected tomultiple rounds of tumor challenges
to determine the functional impact of TET2 or DNMT3A ablation in NK
cells. Briefly, 1 × 105 NK cells from each conditionwere plated in poly-L-
lysine–coated 48-well plates (Corning, #3548) with 5 x 104 GFP+ THP-1
cells (2:1 E:T). Over time, NK cells’ leukemic cell killing capacity was
assessed in vitro using live imaging in an Incucyte SX5 (Sartorius). NK
cells were rechallenged four additional times by adding fresh 5 x 104

THP-1 cells every 48–72 h. The percentage of live THP-1 cells was
determined every 2 h over 10 days.

Bulk RNA-seq
Purified Cas9 control cells, TET2-KO NK cells, or DNMT3A-KO NK cells
(1 x 106) were collected before the tumor challenge and after five tumor
rechallenges. Following the fifth tumor challenge, 2 x 105 live NK
(GFP-CD45highCD56+CD16+CD33-CD123-) cells were FACS-purified in an
Aria II cell sorter (BD Biosciences). RNA was isolated using the RNeasy
Mini kit (Qiagen), and 10ng of total RNA was used for bulk small-input
RNA sequencing. Illumina-compatible input mRNA libraries were pre-
pared using the Smart-Seq V4 Ultra Low Input RNA kit (Takara Bio, USA)
and the KAPA HyperPlus Library Preparation kit (Roche). Full-length
double-stranded cDNA was generated from 10ng of total RNA using
Takara’s SMART (Switching Mechanism at 5’ End of RNA Template)
technology, as previously described64. The double-stranded cDNA was
amplified by five cycles of LD-PCR and then purified using Ampure
Beads (Agencourt). Following bead elution, the cDNA was evaluated for
size distribution and quantity using 4200 TapeStation High Sensitivity
D1000 ScreenTape (Agilent Technologies) and Qubit dsDNA HS Assay
Kits (Thermo Fisher), respectively. The cDNA was enzymatically

fragmented, and 10ng of the fragmented cDNA was used to generate
Illumina-compatible libraries using the KAPA HyperPlus Library Pre-
paration kit. The KAPA libraries were purified and enriched with eight
cycles of PCR to create thefinal cDNA library. The librarieswere assessed
for size distribution using the Agilent Tapestation and quantified using
the Qubit dsDNA HS Assay (Thermo Fisher). Equimolar quantities of 33
libraries were combined to create the final library pool. The pooled
librarywas quantified by qPCR using the KAPA LibraryQuantification Kit
(KAPA Biosystems), assessed for size distribution using the TapeStation
4200 (Agilent Technologies), and then sequenced on the Illumina
NovaSeq 6000 SP flow cell using the 100 nt paired end-run format.

Bulk ATAC-seq analysis
ATAC-seq library preparation was performed at MD Anderson’s Epi-
genomics Profiling Core with some modifications as previously
described65. The nuclei were isolated from Cas9 control cells or TET2-
orDNMT3A-KONK cells after 5 challenges with the AML cell line THP-1.
The nuclei were subjected to tagmentation using Tagment DNA
enzyme (Illumina), followed by library preparation and DNA cleanup
using SPRISelect beads (Beckman Coulter). Libraries were sequenced
on an IlluminaNovaSeq 6000 system toobtain at least 40million high-
quality mapping reads per sample. Paired-end sequencing reads were
aligned to the hg38 reference genome using Bowtie2 (v2.4.2). Align-
ments were converted to BAM format, sorted, and indexed using
samtools (v1.15). Mitochondrial reads were excluded using samtools,
followed by removal of multi-mapped reads. Blacklisted genomic
regions (ENCODE hg38 blacklist) were filtered using bedtools
(v2.30.0). The resulting BAM files were re-sorted and indexed. For
ATAC-seq peak calling, MACS2 (v2.2.9.1) was employed. Peaks from all
samples were concatenated and merged using bedtools merge, and
read counts per peak were quantified using bedtools multicov. Peak
counts from each sample were combined to generate a peak matrix
(with rows aspeak regions and columns as samples) usingR v4.1.0. The
R package DESeq2 (v1.34.0) was used to find significantly different
peaks across the treated and control samples. Peakswith anFDR <0.05
were defined as significant peaks. Genes associatedwith the significant
peaks were identified and annotated using the R package ChIPseeker
(v1.30.3). Enriched motifs based on the significant peaks were pre-
dicted using the HOMER (v5.0.1) function findMotifsGenome. Fimo
from the meme suite (v5.5.2) was used to identify peaks with specific
TF binding motifs.

Mouse experiments
Mice were maintained under specific-pathogen-free conditions at MD
Anderson and housed in a barrier facility at 25 °C under ambient
oxygen conditions ina 12 h light/12 hdark cycle under 50%humidity, as
previouslydescribed1. All animal experimentswereperformedwith the
approval of MD Anderson’s Institutional Animal Care and Use Com-
mittee. NSGS mice were obtained from The Jackson Laboratory, and
MISTRG mice were obtained from Regeneron.

Briefly, 2month-old recipient NSGS mice were sublethally irra-
diated with a single dose of 2.6Gy and then injected via the tail vein
with a single-cell suspension containing 0.5 x 106 MDS-L cells. Human
chimerism was analyzed after 4weeks in BM aspirates by staining the
mouse BM suspensions with antibodies against mouse CD45 (30-F11,
1:20; BioLegend) and human CD45 (HI30, 1:10; BD Biosciences). When
human cells were first detected above a minimum confidence level
(1%), mice with similar mean chimerismwere randomized and injected
with HD-derived NK cells previously edited using the CRISPR/
Cas9 strategy to achieve DNMT3A or TET2 depletion. Mice injected
with HD NK cells transfected with Cas9 alone were used as controls.
Intraperitoneal injections of human IL-2 (10,000 units/mouse) were
administered every 2–3 days to support these cells’ function. Ten days
after NK injection, PB samples were collected in EDTA-coated tubes,
and complete blood counts were performed with an automated ABX
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Pentra Hematology Analyzer (Horiba, Irvine, CA). Mice were sacrificed
and autopsied, and their rear legs and spleens were resected for ana-
lysis. For BM and spleen flow cytometric analyses, femurs, and tibias,
or spleens, were crushed in the presence of a 2% FBS/PBS solution, and
the cell suspensions were passed through 30-µm pre-separation filters
(Miltenyi Biotec). Red blood cells were eliminated from splenic sam-
ples using BD Lysing Buffer (BD Biosciences).

Newborn (1- to 3 day-old) MISTRG mice38 were sublethally irra-
diated (2 doses of 150 cGy 4 h apart). CCUS BMMNCs were incubated
with a murine anti-human CD3 antibody (Okt3; BioXCell) on ice for
30min at a concentration of 1 x 106 cells/μg just before intrahepatic
injection, as previously described39. Human chimerism was analyzed
4weeks after transplantation by flow cytometry of human CD45+ cells
in PB. Xenografts were divided into two groups. Oneweek after NK cell
injection, the mice were sacrificed, and BM and splenic cells were
isolated and analyzed by flow cytometry to assess the frequencies of
human CD45+CD56- cells.

All NSGSmice used in this study were female, as female recipients
have been shown to yield better engraftment rates than male reci-
pients, regardless of donor sex66. MISTRG pups were selected exclu-
sively based on availability upon birth, as xenotransplant was
performed before their sex was distinguishable. Additionally, previous
studies have not shown significant sex-related differences in immune
reconstitution or hematopoietic function in this model39.

NGS
The frequency of mutant cells in vehicle-treated or HD NK
cell–treated xenografts was evaluated by extracting genomic DNA
from sorted human CD45+ cells and subjecting it to 81-gene target
PCR-based sequencing using an NGS platform as described
previously54. Testing was performed in a Clinical Laboratory
Improvement Amendments–certified laboratory.

Statistical analysis
Statistics and graphical representations were performed using
GraphPad (version 10.0, La Jolla, CA). Figure legends indicate the sta-
tistical tests used in each experiment. Statistical significance was
represented as *P <0.05, **P <0.01, ***P < 0.001, ****P <0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets generated in this study using scDNA-seq, RNA-seq, long-
read scRNA-seq, and ATAC-seq have been deposited under
GSE276492, GSE276360, GSE276974, and GSE289476, respectively.
Source data are provided in this paper. The remaining data are avail-
able within the article, supplementary information, or source data
file. Source data are provided with this paper.
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