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Human type-1 innate lymphoid cells control
leukemia stem cell differentiation and limit
acute myeloid leukemia development

Zhenlong Li 1,2,9, Rui Ma1,2,9, Hejun Tang1,2, Ningyuan Liu1,2, Jianying Zhang3,
Guido Marcucci 1,2,4, Michael A. Caligiuri 1,2,5 & Jianhua Yu 6,7,8

Innate lymphoid cells (ILCs) are crucial for cancer immunosurveillance. While
mouse type 1 ILCs (ILC1s) control acute myeloid leukemia (AML) by targeting
leukemia stem cells (LSCs), the role of human ILC1s in AML remains largely
undefined. Here, we find that ILC1s in AMLpatients are impaired, with reduced
total ILC1 numbers and diminished function. In contrast, healthy donor (HD)
ILC1s-derived TNFα inhibits the leukemic transition from CD34+CD38+ to
CD34−CD38+ cells and blocks the differentiation of LSCs (CD34+CD38−) into
immunosuppressive, macrophage-like leukemia-supporting cells. HD ILC1-
derived IFNγ partially suppresses the differentiation of CD34−CD38+ to
CD34−CD38− cells. These combined effects limit human leukemogenesis in
vivo. We also identify a human ILC1 subset as Lin−CD127+CD161−CRTH2−CD117−

(CD161− ILC1s) that can be generated from umbilical cord blood CD34+

hematopoietic stem cells. Thismethod could provide a reliable source of ILC1s
for potential adoptive transfer therapies in AML, offering a therapeutic
approach to prolong disease-free survival in AML.

Acute myeloid leukemia (AML) is a devastating disease, with a median
5-year survival is 30–35% for patients younger than age 65 treated with
standard chemotherapy1. Although allogeneic stem cell transplanta-
tion has been shown to be curative in some cases, the treatment-
related mortality and the risk for disease relapse due to the possible
persistence of leukemia stem cells (LSCs, defined by a CD34+CD38−

phenotype) remain relatively high2,3. LSCs possess self-renewal capa-
city and are believed to be the driving forcebehind leukemia initiation,
maintenance, and relapse2,4. They have the potential to differentiate
into more mature leukemic progenitor cells (CD34+CD38+) and term-
inally differentiated blasts (myeloid blasts or leukemic cells;
CD34−CD38+), which contribute to disease progression5,6. CD34+CD38+

leukemic progenitor cells have progressed beyond the undiffer-
entiated LSC stage7. These cells exhibit increased differentiation
compared to LSCs but are still considered immature with self-renewal
capacity and the ability to propagate the disease. CD34−CD38+ cells
represent a more terminally differentiated leukemic population, hav-
ing lost some of the stem cell-like properties compared to LSCs and
CD34+CD38+ leukemic progenitor cells5,8. While they are more differ-
entiated, CD34−CD38+ cells still possess some self-renewal capacity
and the ability to give rise tomoremature leukemic cells, perpetuating
the disease9. LSCs can also differentiate into CD34⁻CD38⁻ cells, a
subset of leukemic cells that are highly resistant to standard therapies.
Higher levels of these cells are often associated with a poorer
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prognosis and a higher likelihood of disease relapse after treatment5,10.
Due to the complexity and heterogeneity of LSC differentiation and
their relatively lower sensitivity to treatment compared to later stages
of AML, understanding the differentiation pathways and properties of
these cell populations, as well as developing safer and more effective
therapeutic approaches, is crucial for improving the clinical outcome
of patients with AML.

Innate lymphoid cells (ILCs) play a critical role in mediating
immune responses and regulating tissue homeostasis and
inflammation11–22. Unlike adaptive immune cells, ILCs lack antigen-
specific receptors and instead are activated by cytokine signals23. ILCs
are classified into three main subsets based on their cytokine pro-
duction profiles and transcription factor (TF) requirements: Group 1
ILCs, including ILC1s and natural killer (NK) cells that produce
interferon-gamma (IFNγ) and tumor necrosis factor-alpha (TNFα), and
are primarily involved in immune responses against intracellular
pathogens such as viruses and certain bacteria as well as tumors24–26.
These cells express the TFT-BET.Group2 ILCs, knownas ILC2s, secrete
type 2 cytokines such as IL-4, IL-5, IL-9, and IL-13, which play a pivotal
role in defense against extracellular parasites like helminths, in allergic
inflammation, and defense against tumors22,27,28. These cells are char-
acterized by the expression of the TF GATA3. Group 3 ILCs, or ILC3s,
produce IL-17 and IL-22, contributing significantly to mucosal immu-
nity, tumor immunity, and the maintenance of barrier integrity, par-
ticularlywithin the gastrointestinal tract29–32. These cells express the TF
RORγt as a defining feature of their phenotype. We recently reported
that ILC1s from healthy mice contribute to the control of murine AML
by eliminating LSCs and inhibiting their differentiation into myeloid
blasts33. However, the potent anti-cancer properties and mechanisms
of human ILC1s in AML remain to be further explored.

In this study, we demonstrate that human ILC1s are quantitatively
and qualitatively impaired in AML patients, thereby playing a pivotal
role in influencing the fate of LSCs. Specifically, we demonstrate that
ILC1s isolated from healthy donors (HD) can hinder the differentiation
of LSCs into leukemic progenitor cells or a more differentiated
population of leukemic cells via their secretion of IFNγ or TNFα.
Additionally, these ILC1s can limit the differentiation of LSCs into
immunosuppressive, macrophage-like leukemia-supporting cells via
their secretion of TNFα, while ILC1s from AML patients cannot. These
regulatory functions of HD ILC1s converge to limit human leukemo-
genesis in vivo. Our study also reveals the inherent heterogeneity
within the human ILC1 population, comprising bothCD161+ andCD161−

subsets. Despite this diversity, both subsets demonstrate similar
expression of crucial TFs and effectormolecules.We also demonstrate
how umbilical cord blood (UCB) CD34+ cells can efficiently generate
ILC1s with promising anti-AML activity. Our study shows that human
ILC1s are defective in AML patients, yet human HD ILC1s or those
generated from UCB CD34+ cells can halt the progression of AML and
have the potential to bemanufactured ex vivo for improved treatment
of AML in vivo.

Results
ILC1 population and their functional roles are disrupted in the
setting of AML
We have reported that DNAM-1(+) and IL-7 receptor (R) (+)-ILC1s iso-
lated from healthy mice can recognize CD155/CD112 and IL-7, respec-
tively, onmouse LSCs and induce IFNγ that in turn promotes apoptosis
and blocks their differentiation into myeloid blasts33. We have also
reported that human ILC1s (defined as Lin−CD127+CD161+/
−CRTH2−CD117−, hereafter referred to as ILC1s) promote apoptosis of
human LSCs (defined byCD34+CD38−) at a high ratio of ILC1s to LSCs33.
Whether human ILC1s control LSC fate by affecting the differentiation
of humanLSCs remains largely undefined. Human ILC1s can be defined
as Lin−CD127+,with “Lin−”defined as depletionofCD3, CD4, CD8,CD14,
CD15, CD16, CD19, CD20, CD33, CD34, CD203c, FceRI, and CD56

positive cells. Following analysis of ILC1s in the peripheral blood (PB)
of healthy donors (HDs) and AML patients, we observed a highly sig-
nificant increase in the percentage of ILC1s among total ILCs
(CD127+) in AML patients relative to HDs (Fig. 1a and Supplementary
Fig. 1a). However, within total lineage-negative cells from the same
patient population, there was a notable decrease in both the percen-
tage (Fig. 1b) and absolute number of the ILC1 subset compared toHDs
(Fig. 1c). This finding is further supported by our assessment of T-BET
expression (encoded by TBX21), a critical TF of human ILC1s. Data
showed that the number of T-BET+ ILC1s was decreased in AML,
while T-BET expression on a per cell basis is equivalent between HDs
and AML patients (Fig. 1d and Supplementary Fig. 1b).

We also analyzed 10× Genomics high-throughput droplet-based
single-cell RNA sequencing (scRNA-seq) that we previously
performed22. In our scRNA-seq, we initially employed the EasySep™
Human Pan-ILC Enrichment Kit to isolate total ILCs. Following this, we
performed cell sorting using a comprehensive set of lineage
markers34–36 (CD3, CD4, CD8, CD14, CD15, CD16, CD19, CD20, CD33,
CD34, CD203c, FcεRI, andCD56), in addition toCD127. This strategy of
utilizing specific surface markers ensured the exclusion of T cells
(including CD4+ T cells, CD8+ T cells, and other T cell lineage cells), B
cells, NK cells, myeloid cells, and CD34+ hematopoietic precursors, as
well as nonhematopoietic cells from the sorted population. We also
excluded cells that expressed CD4 and CD8 during the analysis. This
exclusion of CD4 and CD8 differs from an earlier report37. By selecting
Lin−CD127+ cells, we were able to focus on ILCs, ensuring that no other
known immune cell types were present in our analysis. The examina-
tion of transcriptomic profiles in sorted total ILCs identified the ILC1
population (cluster 8; Supplementary Fig. 1c) from HDs and AML
patients using previously reported ILC1 markers34 (Fig. 1e, f and Sup-
plementary Fig. 1c, d). This population expressed ILC1-specific mar-
kers, IL7R, GZMK, IKZF3, IL2RB, LEF1, and GPR183, without the
expression of NK cell markers such as FGFBP2, FCGR3A, KIR2DL1,
KIR2DL3, andGZMH andwithout expression of T cell markers,CD4 and
CD8 (Supplementary Fig. 1e). Compared to AML ILC1s, HD ILC1s
exhibited higher expression of cytotoxicity-associated genes, includ-
ing NKG7, PRF1, CST7, and CTSW38,39 (Fig. 1g). Gene ontology (GO)
pathway analysis for ILC1s from AML patients demonstrated a
decrease in pathways associated with cell killing, cell activation, and
cytokine production when compared to HD ILC1s (Supplementary
Fig. 1f). Additionally, compared toHD ILC1s, AML ILC1s showed a lower
functional score of signaling pathways for type 2 IFN production, TNF
superfamily cytokine production, cell killing, and cytolysis (Fig. 1h).
These findings collectively indicate a dysfunctional state of ILC1s in
AMLpatients. The resultswere validatedbyflowcytometry, revealing a
significant reduction in the production of IFNγ and TNFα in ILC1s from
AMLpatients compared toHD ILC1s (Fig. 1i, j). Further, ILC1s fromAML
patients exhibited decreased surface expression of activation recep-
tors DNAM-1 and NKG2D relative to HD ILC1s (Fig. 1k, l). Finally, a
negative correlation was observed between the percentage of ILC1s
and the percentage of leukemic blasts in AML patients (R = −0.9024,
P =0.0004) (Supplementary Fig. 2a, b). Collectively, these data sug-
gest that the functional role(s) of human ILC1s becomedysregulated in
the context of AML. A high level of human ILC1s appears to be asso-
ciatedwith a lower AMLblast count, suggesting that ILC1s could have a
role in controlling AML.

HD ILC1 TNFα reduces the differentiation of CD34+CD38+ cells
into CD34−CD38+ cells, while HD ILC1 IFNγ reduces the differ-
entiation of CD34−CD38+ cells into CD34−CD38− cells
As noted above, HD human ILC1s induce cell death of human LSCs at a
high ILC1:LSC ratio of 4:133.We also explored the impact ofHD ILC1s on
LSCs at a loweffector-to-target ratio (E:T) of one ILC1 to four LSCs (1:4),
as well as a culture of LSCs alone with recombinant human (rh) IFNγ
(50ng/ml) or rhTNFα (20 ng/ml) for 3 days. Our results show that

Article https://doi.org/10.1038/s41467-026-68582-2

Nature Communications |         (2026) 17:2377 2

www.nature.com/naturecommunications


compared to LSC alone, (1) coculturing LSCs with HD ILC1s or treat-
ment with rhIFNγ or rhTNF did not significantly change the absolute
number and percentage of LSCs during coculture (Fig. 2a, b and Sup-
plementary Fig. 3a); (2) coculturing LSCs with HD ILC1s or rhTNFα, but
not rhIFNγ, significantly increased the number of LSC-derived
CD34+CD38+ cells (Fig. 2a, c), while the percentage of LSC-derived
CD34+CD38+ cells was elevated only in the rhTNFα-treated group
(Supplementary Fig. 3b); (3) coculturing LSCs with HD ILC1s or rhIFNγ
or rhTNFα significantly reduced the absolute number of LSC-derived
CD34−CD38+ cells (Fig. 2a, d). The percentage of LSC-derived

CD34−CD38+ cells was higher in the ILC1 and rhIFNγ-treated groups
but reduced in the rhTNFα-treated group (Supplementary Fig. 3c); and
(4) coculturing LSCs with HD ILC1s or rhIFNγ or rhTNFα significantly
decreased the number of LSC-derived CD34−CD38− cells (Fig. 2a, e).
The percentage of LSC-derived CD34−CD38− cells was decreased only
in the HD ILC1 and rhIFNγ-treated groups but not in the rhTNFα-
treated group (Supplementary Fig. 3d).

However, compared to HD ILC1s cocultured with LSCs, HD ILC1s
cocultured with LSCs and neutralizing mAb to TNFα or IFNγ did not
significantly change the absolute number or percentage of
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CD34+CD38− LSCs during coculture (Fig. 2f, g and Supplementary
Fig. 3e). The addition of a neutralizing mAb to TNFα but not to IFNγ,
suppressed the increased number of CD34+CD38+ cells from LSCs
induced by HD ILC1s; however, the percentage of CD34+CD38+ cells
was unaffected (Fig. 2f, h and Supplementary Fig. 3f). In contrast, HD
ILC1s coculturedwith LSCs and neutralizingmAb to IFNγ but not TNFα
reversed the decrease in number and the increase in percentage of
CD34−CD38+ cells that were originally differentiated from LSCs
cocultured with HD ILC1s (Fig. 2f, i and Supplementary Fig. 3g). These
data highlight the distinct roles of HD ILC1-derived IFNγ and TNFα in
the regulation of LSC differentiation. However, the absence of any
notable impact via the neutralization of either cytokine on the differ-
entiation of CD34−CD38− cells from LSCs in the presence of ILC1s
suggests that other factors may regulate this specific cell population
(Fig. 2f, j and Supplementary Fig. 3h).

HD ILC1-derived TNFα rather than IFNγ reduces the differ-
entiation of immunosuppresive, macrophage-like leukemia-
supporting cells from LSCs
Several reports have described that CD11b+CD206+ immunosuppre-
sive, macrophage-like leukemia-supporting cells inhibit effective
immune responses and contribute to a favorable environment for LSCs
by secreting factors that promote leukemia progression40–42. However,
it remains unclear whether LSCs can directly differentiate into
CD11b+CD206+ immunosuppressive, macrophage-like leukemia-sup-
porting cells. To investigate this, we cocultured HD ILC1s with LSCs at
the E:T of 1:4 for 3 days. ByWright-Giemsa staining and flowcytometry,
we observed that ILC1s blocked the differentiation of LSCs into
CD11b+CD206+ macrophage-like leukemia-supporting cells. The addi-
tion of a neutralizingmAb to TNFα but not to IFNγ reversed this effect
(Fig. 3a–c). This was further supported by the observation that
rhTNFα, but not rhIFNγ, reduces the differentiation of LSCs into these
supportive cells (Fig. 3d, e). Importantly, the inhibitory effect of ILC1s
on LSC differentiation into immunosuppressive, macrophage-like
leukemia-supporting cells was significantly diminished when cocul-
tured with ILC1s from AML patients (Supplementary Fig. 4a,b), con-
sistent with the lower TNFα production by ILC1s from AML patients
(Fig. 1j). These findings underscore the dysfunction of ILC1s in AML
patients and highlight the importance of TNFα signaling along with
IFNγ in regulating LSC differentiation. The colony-forming unit (CFU)
assay further confirmed that HD ILC1s impede the differentiation of
human LSCs into munosuppresive, macrophage-like leukemia-sup-
porting cells, as indicated by decreased numbers of total colonies and
granulocyte-macrophage progenitor (CFU-GM) colonies after cocul-
ture with HD ILC1s compared to culture without HD ILC1s, while there
was no significant difference in the number of granulocytes (CFU-G)
colonies (Fig. 3f, g and Supplementary Fig. 4c).

To provide definitive evidence that these munsuppresive,
macrophage-like leukemia-supporting cells are, in fact, derived from
LSCs,we sorted LSCs from twoAMLpatientswith the FMS-like tyrosine
kinase 3-internal tandemduplication (FLT3-ITD)mutation and induced
their differentiation into CD11b+CD206+ immunosuppressive

macrophage-like leukemia-supporting cells. The CD11b+CD206+ cells
were then sorted, and the presence of the FLT3-ITD was detected by
polymerase chain reaction (PCR) using primers specific for the muta-
tion, thus demonstrating their derivation from the LSC43,44 (Fig. 3h,
Lane 1 and Lane 2).

Collectively, these data indicate that produced by HD ILC1 TNFα
contributes to reducing the differentiation of LSCs into CD11b+CD206+

immunosupressibe, macrophage-like leukemia-supporting cells
in vitro, whereas this same effect is impaired in ILC1s from AML
patients.

HD ILC1s prolong the survival of mice bearing human LSCs
in vivo
We also performed the in vivo transplantation experiment, in which
human CD34+CD38− LSCs and human HD ILC1s were administrated
intravenously (i.v.) into NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CMV-IL3,CSF2,-
KITLG)1Eav/MloySzJ (NSG-SGM3) mice. On each of days 1–7, the mice
received an intraperitoneal (i.p.) injection of human IL-15 (hIL-15)
(Fig. 4a). The mice were monitored for over 600 days. We found that
the injection of humanHD ILC1s reduced the LSC engraftment in NSG-
SGM3mice and suppressed the progression of AML, as evidenced by a
significantly decreased number of CD45+CD33+ blast cells, a sig-
nificantly decreased number of CD34+CD38− LSCs, and significantly
prolonged survival of NSG-SGM3 mice, all compared to mice that did
not receive an injection of HD ILC1s but received daily i.p. injections of
hIL-15 from days 1 to 7 (Fig. 4b–d). These data indicate that human HD
ILC1s can suppress the differentiation of human LSCs and the devel-
opment of AML in vivo. Taken together, these findings strongly sug-
gest that human HD ILC1s have a role in protecting against AML and
provide a rationale for using HD ILC1s as a cellular-based therapy to
extend disease-free survival in AML.

CD161− ILC1s exhibit a phenotype similar to CD161+ ILC1s
ILC1s have conventionally been characterized as CD161-expressing
cells. However, isolation and ex vivo expansion of Lin−CD161+ ILC1s
from either HDs or AML patients does not result in a homogeneous
population of ILC1s. Through extensive flow cytometric analyses,
we found that ILC1s are heterogeneous in human PB using ILC1-
specific surface markers (Lin, CD127, CRTH2, and CD117) that were
reported previously35,45 along with an anti-CD161 mAb (Supple-
mentary Fig. 5). The heterogeneous ILC1s in the blood of HDs
included the conventional CD161+ ILC1s (hereafter referred to as
CD161+ ILC1s) and Lin−CD127+CD161−CRTH2−CD117−cells (hereafter
referred to as CD161− ILC1s). In our hands, the percentage of CD161−

ILC1s was higher than CD161+ ILC1s among total ILCs isolated from
HD PB (Fig. 5a). Moreover, both CD161+ and CD161− ILC1s exhibited
comparable expression levels of T-BET and EOMES (Note: human
EOMES+ ILC1s were also previously reported in human ILC1s34)
(Fig. 5b), comparable production of IFNγ and TNFα (Fig. 5c), and
comparable expression of the cytolytic molecules GZMA and GZMB
(Note: human GZMA- and GZMB-expressing ILC1s were also pre-
viously reported11 (Fig. 5d, e).

Fig. 1 | Human ILC1s: Healthy donors (HDs) vs AML patients. a Representative
flow cytometry plots of the percentages (left) and statistics (right) of ILC1s among
total ILCs (CD127+) in peripheral blood (PB; n = 6 each).b Percentages of total ILC1s
among total lineage-negative cells in PB (n = 6 each). c An absolute number of total
ILC1s in PB (n = 6 each). d Total number of T-BET+ ILC1s in the PB (n = 6 each). e A
UMAP analysis of human ILCs identified four distinct clusters (ILC1, ILC2a, ILC2b,
and ILCp) from the PB (n= 2 HDs; n = 4 AML patients). Cells are color-coded
according to the defined subsets. f Dot plot analysis displaying expression of
selected and previously described genes encoding specific cell surface markers,
cytokine receptors, and transcriptional factors used to annotate clusters (n = 2HDs,
n = 4 AML patients). g Volcano plots show DEGs between HD ILC1s (n = 2) and AML
ILC1s (n = 4).hGraphics displaying the functional score in HD ILC1s (n = 2) and AML

ILC1s (n = 4) associated with signaling pathways for type 2 IFN production, TNF
superfamily cytokine production, cell killing, and cytolysis. i, j Representative plots
and summary data of HD ILC1s and AML ILC1s producing IFNγ (i, n = 6 HDs, n = 4
AML patients) and TNFα (j, n = 3 HDs, n = 3 AML patients). k, l Representative plots
(left) and statistics (right) of the expression of DNAM-1 (k) and NKG2D (l) in HD
ILC1s (n = 6) and AML ILC1s (n = 5). Data are representative of two (i–l) and three
(a–d) independent experiments, and are presented as mean ± s.d.; P values were
calculated by two-tailed Student’s t-test (a–d, i–l) or by two-tailed Wilcoxon Rank-
Sum Test (g, h; an adjusted P value was used). Boxplots display the median and
interquartile range (25th percentile –75th percentile) with whiskers representing
the upper- and lower-quartile (1.5× the 75th and 25th percentile values). Source data
are provided as a Source Data file.
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We further expanded the total ILCs on either DL1 or DL4-
transfected OP9 (hereafter referred to as DL1 and DL4) stromal cells in
the presence of IL-2, IL-7, and IL-15 and found that there were far fewer
CD161+ ILC1s and a far greater number of CD161− ILC1s regardless of
whether they were co-cultured with DL1 or DL4 stromal cells (Sup-
plementary Fig. 6a–d). The CD161− ILC1s were further identified by the
expression of IFNγ, T-BET, and EOMES (Supplementary Fig. 6e, f),
indicative of an ILC1 lineage.

Efficient generation of ILC1s from umbilical cord blood CD34+

cells confers anti-AML activity
Using the same method recently reported for ILCs differentiated
from umbilical cord blood (UCB) CD34+ hematopoietic stem cells
(HSCs)46, we obtained ILC1s that were almost entirely CD161−,
regardless of co-culture on either DL1-expressing or DL4-expressing
OP9 stromal cells, as demonstrated by the phenotype and the
expression of IFNγ, EOMES, and T-BET (Fig. 6a–c). These cells were
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Fig. 2 | Regulation of LSC differentiation by human HD ILC1s. a–e Human LSCs
(CD34+CD38−) from the blood of AML patients were co-cultured for 3 days without
or with humanHD ILC1s or with human recombinant IFNγ (50 ng/ml) or with TNFα
(20 ng/ml). Representative flow cytometry plots (a) and summary data showing the
number of CD34+CD38− (b), CD34+CD38+ (c), CD34−CD38+ (d), and CD34−CD38− (e)
cells (n = 8 HDs; n = 8 AML patients). f–j Human LSCs were co-cultured for 3 days
without or with humanHD ILC1s, or HD ILC1s with anti-IFNγ (20μg/ml), or HD ILC1s

with anti-TNFα (20 μg/ml). Representative flow cytometry plots (f) and summary
data showing the number of CD34+CD38− (g), CD34+CD38+ (h), CD34−CD38+ (i), and
CD34−CD38− (j) cells (n = 8 HDs; n = 8 AML patients). Data are representative of
three (a–j) independent experiments and are presented as mean ± s.d.; P values
were calculated by one-way ANOVAmodel (g–j) or after Log10 transformation due
to big variations, followed by one-way ANOVA model (b–e). Source data are pro-
vided as a Source Data file.
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Lane 1: Donor 176 CD11b+CD206+ cells differentiated from CD34+CD38− LSCs
Lane 2: Donor 137 CD11b+CD206+ cells differentiated from CD34+CD38− LSCs
Lane 3: Donor 176 the cells differentiated from CD34+CD38− LSCs excluding CD11b+CD206+ cells
Lane 4: Donor 137 the cells differentiated from CD34+CD38− LSCs excluding CD11b+CD206+ cells
Lane 5: Donor 176 LSC (−) cells freshly isolated from the blood of AML patients
Lane 6: Donor 137 LSC (−) cells freshly isolated from the blood of AML patients
Lane 7: MOLM13 cells, as a positive control
Lane 8: The mononuclear cells freshly isolated from the blood of healthy donor, as a negative control
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Fig. 3 | ILC1 TNFα rather than IFNγ suppresses the differentiation of LSCs into
CD11b+CD206+ immunosuppressive, macrophage-like leukemia-
supporting cells. aHumanLSCswere co-culturedwithout orwith humanHD ILC1s
for 3 days. Representative images of Wright-Giemsa staining of cells (20× magni-
fication, scale bar, 100 µm, n = 3). b, c Human LSCs were co-cultured without or
with HD ILC1s, HD ILC1s plus anti-IFNγ, or HD ILC1s plus anti-TNFα for 3 days.
Representative flow cytometry plots (b) and summary data of the absolute cell
number (c; left) and percentage (c; right) of CD11b+CD206+ cells (n = 7 HDs; n = 7
AML patients). d, eHuman LSCswere co-culturedwithout orwith IFNγ or TNFα for
3 days. Representative flow cytometry plots (d) and summary data of the absolute
cell number (e; left) and percentage (e; right) of CD11b+CD206+ cells (n = 4 AML
patients). f, g Human LSCs were co-cultured without or with HD ILC1s for 3 days.

Total colony-forming cells (f) and colony-forming myeloid progenitors (CFU-GM
and CFU-G; g) were counted at each round of plating (n = 3 HDs; n = 3 AML
patients). (h) Identification of FLT3-ITD mutation by PCR. A representative 3%
agarose gel electrophoresis of PCR products. The 329 bp fragment indicates the
wild type. The presence of both a band at 329 bp and a fragment larger than 329 bp
(>329) indicates FLT3-ITDmutation56 (n = 2 AML patients). Data are representative
of two (a, d, e, and h) and three (b, c, f, and g) independent experiments and are
presented as themean ± s.d.; P values were calculated by one-way ANOVA (c and e)
and two-tailed unpaired Student’s t test (f and g). For (f), P values were calculated
after the Log10 transformation due to large variations. Source data are provided as
a Source Data file.
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referred to as UCBCD34+ cell-derived CD161− ILC1s.We also observed
that both UCB freshly isolated CD161+/− ILC1s and UCB CD34+ cell-
derived CD161+/−ILC1s expressed NKG2D and CD200R1 (Fig. 6d).
However, unlike NK cells, they do not express KIR (including
KIR2DL4, KIR2DL5, and KIR2DL1/S1/S3/S5). Additionally, unlike UCB
CD34 cell-derived CD161+/−ILC1s, UCB-freshly isolated CD161+/− ILC1s
do not express NKG2A (Fig. 6d). Furthermore, both UCB freshly
isolated CD161− ILC1s and UCB CD34+ cell-derived CD161−ILC1s
expressed GZMB and perforin (Supplementary Fig. 7). A nearly 700-
fold increase fromUCBCD34+ cells to CD161− ILC1s (>97% purity) was
observed on day 28 (Fig. 6e). The cytotoxicity against LSCs was
comparable between UCB CD34+ cell-derived CD161− ILC1s and the
CD161+ ILC1s isolated from UCB mononuclear cells (UBMCs; Fig. 6f,
g). Neither UCB CD34+ cell-derived CD161− ILC1s nor UBMC-derived
CD161+ ILC1s displayed high cytotoxicity against HSCs isolated from
HD PB (Fig. 6f, g). Injection of UCB CD34+ cell-derived CD161− ILC1s
significantly extended the survival ofmice bearing human LSCswhen
compared to the group injected with LSCs alone (Fig. 6h, i). Impor-
tantly, this effect was abolished upon administration of anti-IFNγ
(Fig. 6j,k). Furthermore, we also compared the anti-tumor effect of
ILC1s and another innate effector cell type (NK cells). Our results
demonstrated that injections of both UCB CD34+ cell-derived CD161−

ILC1s andUCBCD34+ cell-derivedNK cells delayed the progression of
AML compared to the control group without these injections. How-
ever, the injection of UCB CD34+ cell-derived CD161− ILC1s showed a
trend towards better prolongation of survival than the injection of
UCB CD34+ cell-derived NK cells in our LSC model (Fig. 6j, k). Taken
together, the results suggest that ILC1s derived fromUCBCD34+ cells
exhibit anti-AML efficacy both in vitro and in vivo.

Discussion
In AML, LSCs play a pivotal role in disease relapse and the failure to
achieve a cure in many cases. They are often resistant to conventional
chemotherapy and can remaindormant or evade immune surveillance,
allowing them to survive initial treatment, thereby eventually leading
to disease relapse47. This selective pressure can lead to the expansion
of resistant LSC populations and the eventual relapse of the disease48.
Furthermore, the process of leukemic differentiation, where LSCs give
rise tomoremature leukemic cells, adds another layer of complexity to
AML treatment49. Therefore, the inability to eradicate LSCs is a major
challenge in achieving success with therapy for AML.

The results presented in this preclinical study shed light on a
pivotal role human ILC1s play in orchestrating the fate of human LSCs
within the context of AML.We build upon our previous report focused
onmouse ILC1s inAML33, wherewedemonstrated the ability of ILC1s to
regulate the differentiation ofmouse LSCs into terminalmyeloid blasts
via IFNγ. This study reveals that human ILC1s can similarly inhibit the
differentiation of human LSCs into terminal myeloid blasts
(CD34−CD38+ cells). However, unlike their mouse counterparts, this
study also reveals that human ILC1s suppress the differentiation of
LSCs into immunosuppressive, macrophage-like leukemia-supporting
cells through the secretion of TNFα. These dual functions combine to
significantly impede the progression of human AML. It’s noteworthy
that immunosuppressive macrophages have been implicated in pro-
moting the aggressive development of leukemia40,50. Therefore, in
utilizing HD ILC1s for the treatment of AML, there would be a three-
part strategy: apoptosis of LSCs33, suppression of differentiation, and
disruption of the tumor-supportive microenvironment facilitated by
immunosuppressive macrophages.

Fig. 4 | Human HD ILC1s prolong the survival of mice engrafted with
human LSCs. a Schematic illustration of the design and procedures for (b–d). 0.5 ×
104 human LSCs were sorted from the blood of AML patients were i.v. injected into
NSG-SGM3mice on day 0. One day later, 5 × 104 human HD ILC1s were sorted from
the blood of human healthy donors and i.v. injected into these mice. Three weeks
later, the numbers of human CD34+CD38− LSCs and CD45+CD33+ cells were ana-
lyzed. Imageswere createdwith Adobe Photoshop.b Summarydata of the absolute
cell number of human CD34+CD38− LSCs in the blood of NSG-SGM3 mice (n = 5

individual mice). c Summary data of the absolute cell number of human
CD45+CD33+ cells in the blood of NSG-SGM3mice (n = 5 individualmice). d Survival
of the mice transplanted with LSCs and treated without or with HD ILC1s isolated
from PBMCs (n = 5 individual mice in each group). Survival data were analyzed by
Kaplan–Meier survival analysis and log-rank test. All non-survival data are shown as
mean ± s.d. P values were calculated by two-taild Student’s t-test (b and c). Source
data are provided as a Source Data file.
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Earlier studies in AML demonstrated a decrease in the percentage
of total ILCs within the lineage-negative cell subsets, coupled with an
increase in the percentage of ILC1s among CD127+ cells35. However, the
absolute number of ILC1s in the blood of AML patients remained
unknown, leaving a gap in our understanding of ILC1 homeostasis in
this disease. Here, we provide a comprehensive analysis of ILC1s in
AML patients, demonstrating a significant decrease in both the per-
centage and the absolute number of PB ILC1s when compared to HDs.
Furthermore, our study shows a negative correlation between the
percentage of ILC1s and the percentage of leukemic blasts in AML
patients. These data suggest that a reduction of ILC1 cell numbers
could be a mechanism utilized by AML to enhance progression of the
disease. Indeed, HD ILC1s significantly improved the survival of mice
engrafted with LSCs from AML patients, suggesting that

administration of allogeneic ex vivo-expanded ILC1s from HDs may
have a positive impact on prolonging relapse-free survival of AML
patients.

Characterizing human ILC1s has proven to be challenging due to
the lack of unique surfacemarkers, particularly for distinguishing ILC1s
in peripheral blood. Recent studies have indicated that bona fide
human ILC1s are primarily found in tissues rather than in peripheral
blood37. However, these studies did not analyze Lin−CD3−CD4−CD8−

cells, which are critical for accurate identification of ILC1 populations.
In our analysis, we specifically excluded cells expressing T cellmarkers,
CD4 and CD8, to ensure the integrity of our ILC population assess-
ment. By filtering out these T cell lineage cells, wewere able to isolate a
distinct population expressing key ILC1markers, without concomitant
expression of NK cell markers and any T cell markers. Our findings
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Fig. 5 | CD161− ILC1s in the PB of HDs. a Total ILCs were isolated from PBMCs of
HDs to quantify anddisplay the proportion of CD161+ andCD161− ILC1s (left-bottom
quadrants highlighted incolor in the right panel) within Lin− (Lin: surfaceCD3,CD4,
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for the expression of EOMES and T-BET in CD161+ and CD161− ILC1s (n = 4 HDs).
c Representative flow cytometry plots (left) and summary data (right) of the

expression of IFNγ and TNFα in CD161+ and CD161− ILC1s (n = 4 HDs).
d, e Representative flow cytometry plots (left) and summary data (right) of the
expression of GZMA (d) and GZMB (e) in CD161+ and CD161− ILC1s (n = 4 HDs). Data
are representative of two independent experiments (a–e) and are shown asmean ±
s.d. P values were calculated by two-tailed Student’s t-test (b–e). NS: not significant.
Source data are provided as a Source Data file.
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suggest that bona fide ILC1s are indeed present in human peripheral
blood, providing further validation of the existence of ILC1s outside of
tissue environments.

Our study also reveals the heterogeneity inherent within the
human ILC1 population. Through comprehensive flow cytometric
analyses, we identified distinct subsets within the circulating ILC1
population, including a CD161+ subset known as conventional
ILC1s46,51,52, and a CD161− subset. Expanding ILC1s ex vivo is challenging
due to their limited abundance within PBMCs and low proliferative

capacity.While a recent studyprovided a system for generatinghuman
CD161+ ILC1s fromUCBCD34+HSCs, it didnot examine their expansion
and efficacy against tumors in vitro or in vivo, or an analysis of the
CD161− ILC1 subset46. However, our study reveals that CD161−

ILC1 subsets can also be generated from UCB CD34+ HSCs. This subset
exhibits strong anti-AML efficacy both in vitro and in vivo. Despite our
findings suggesting the potential biological benefits of ILC1s for the
treatment of AML, the practical aspects of their utilization in clinical
practice must be carefully weighed. The manufacturing of UCB-
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expanded ILC1s is more complex and more resource-intensive com-
pared to conventional NK cells. This complexity translates into longer
production times andhigher costs, which could present challenges in a
clinical setting. However, if the ILC1s are effectors that kill AML LSCs,
we should consider developing cost-effective and less time-consuming
manufacturing approaches of ILC1s. The use of induced pluripotent
stem cells (iPSCs) may offer a promising alternative to circumvent
these limitations. iPSCs can be used to produce standardized, off-the-
shelf NK cells, CAR NK cells, or CARmacrophages with improved anti-
tumor activity53,54. This approach circumvents many of the challenges
seen with blood-derived NK cells and/or T cells for adoptive cell
therapy, such as the need for donor collection and the variability in cell
quality. By enabling the routine derivation of uniform ILC1s from
iPSCs, this strategy could provide a scalable and standardized solution
for cancer treatment, potentially overcoming the current barriers to
ILC1 engineering. Furthermore, the development of iPSC-derived ILC1s
could facilitate the creation of personalized therapies that are tailored
to the specific needs of individual patients, thereby enhancing the
efficacy and safety of cancer treatments. Our results suggest that in the
future, it may be feasible to provide a readily available, allogeneic, off-
the-shelf supply of CD161− ILC1s from iPSCs, leading to improved
therapeutic outcomes in AML and possibly other hematologic malig-
nancies. Thus, our findings provide a foundation for developing a
potential adoptive cell therapy.

In conclusion, our study highlights the quantitative and qualita-
tive defects of ILC1s in AML. The observed alterations in ILC1 pheno-
type and function have important implications for understanding the
immune dysregulation in AML and may inform the development of
potential immunotherapeutic approaches targeting not only the LSC
but also the immune microenvironment in AML. Further investigation
into the precise mechanisms underlying the dysregulation of ILC1s in
AML is warranted to fully elucidate their therapeutic potential in the
management of this disease.

Methods
Human samples
Peripheral blood (PB) samples were obtained from healthy donors
(HDs) and acute myeloid leukemia (AML) patients at the City of Hope
National Medical Center (COHNMC). All HDs and AML patients signed
an informed consent form approved by the City of Hope Institutional
Review Board. Human specimens were collected from individuals with
AML registered at the COHNMC who consented to an Institutional
Review Board (IRB)-approved protocol (IRB 18067); healthy donor
specimens were collected from individuals who consented to IRB
06229. Recruitment in this cohort was independent of sex, as any
patientwith newly diagnosed, relapsed, or refractoryAMLwas eligible.
All participants in this study were patients with relapsed or refractory
acute myeloid leukemia. Eligibility criteria included being at least 18
years old and providing written informed consent in accordance with
national legal and regulatory requirements before any project-specific
procedures. Information on race, ethnicity, or other socio-economical
parameters was not collected for this cohort. Healthy donors and

patients with AML were not compensated for their blood cell or bone
marrow donations. Detailed characteristics of the study population
canbe found in Supplementary Tables 1, 2. Given the limited size of the
cohort, we did not conduct any analyses stratified by sex. Patients who
met the inclusion criteria outlined above were recruited for this study,
sowedonot anticipate any self-selection or other biases.Mononuclear
cells were isolated using Ficoll separation. LSCswere sorted using a BD
FACSAriaTM Fusion (BD Biosciences). ILCs were isolated using Easy-
Sep™HumanPan-ILC Enrichment Kit (STEMCELL) orwere sorted using
a BD FACSAriaTM Fusion. UCB was obtained from StemCyte, Inc.
(Baldwin Park, California). CD34+ cells were isolated using the CD34
MicroBead Kit (Miltenyi Biotec) and then sorted using a BD
FACSAriaTM.

Cells and cell culture
OP9 cells were purchased from the American Type Culture Collection
(ATCC; Cat#CRL-2749). Using this base cell line, humanDLL (delta-like
canonicalNotch ligand)1 andDLL4 geneswereoverexpressed to create
OP9-DL1 and OP9-DL4 cell lines, respectively22. OP9-DL1 and OP9-DL4
were maintained in MEMα GlutaMAX media supplemented with 20%
FBS, 100 U/ml penicillin, 0.1mg/ml streptomycin, and 50μM β-
Mercaptoethanol. Human LSCs were cultured in StemSpan™ Serum-
Free Expansion Medium II with penicillin (100U/mL), streptomycin
(100mg/mL), stem cell factor (SCF, 20 ng/mL), thrombopoietin (TPO,
20 ng/mL), Flt3-L (20 ng/mL), IL-3 (10 ng/mL), and IL-6 (10 ng/mL).
Human ILC1s were cultured inMEMαGlutaMAXmedia. Themediawas
supplemented with 10% human AB serum, IL-2 (500 IU/mL), IL-7 (20
ng/mL), and IL-15 (20 ng/mL). Cultures were incubated at 37 °C in a
humidified atmosphere of 5% CO2.

Flow cytometry
ILC1s from human peripheral blood were identified using surface
staining with a live/dead cell viability cell staining kit and the following
monoclonal antibodies: lineage (FITC-anti-CD3, Cat# 561802, Clone:
HIT3a; anti-CD4, Cat# 555346, Clone: RPA-T4; anti-CD8, Cat# 555634,
Clone: HIT8a; anti-CD14, Cat# 555397, Clone: M5E2; anti-CD15, Cat#
555401, Clone: HI98; anti-CD16, Cat# 555406, Clone: 3G8; anti-CD19,
Cat# 555412, Clone: HIB19; anti-CD20, Cat# 555622, Clone: 2H7; anti-
CD33, Cat# 555626, Clone: HIM3-4; anti-CD34, Cat# 555821, Clone: 581;
anti-CD203c, Cat#MA5-28586, Clone: NP4D6; anti-FceRI Cat# 334608,
Clone: AER-37 (CRA-1)), anti-CD56 (FITC, Cat# 562794, Clone: B159;
AF700, Cat# 557919, Clone: B159; BV421, Cat# 562751, Clone:
NCAM16.2, or BUV395, Cat# 563555, Clone: NCAM16.2), anti-CD127
(APC, Cat# 558598, Clone: HIL-7R-M21), anti-CRTH2 (PE-Cy7, Cat#
350118, Clone: BM16), and anti-c-Kit (PE, Cat# 555714, Clone: YB5.B8 or
BV711, Cat# 313230, Clone: 104D2). Human LSCs were identified by
lineage (FITC-anti-CD3, anti-CD4, anti-CD8, anti-CD14, anti-CD19, anti-
CD20, anti-CD11b, anti-CD56, and anti-CD235a, Cat# 349104, Clone:
HI264), anti-CD45 (BV510, Cat# 368526, Clone: 2D1; or BUV395, Cat#
563791, Clone: HI30), anti-CD34 (PE, Cat# 555822, Clone: 581; FITC, at#
555821, Clone: 581), and anti-CD38 (BV605, Cat# 303532, Clone: HIT2;
PE-Cy7, Cat# 560677, Clone: HIT2). To examine intracellular cytokine

Fig. 6 | ILC1s generated from UCB CD34+ cells confer anti-AML activity.
a Schematic of culture conditions. UCB CD34+ HSCs were cultured on either OP9-
DL1 or OP9-DL4 cells in the presence of Flt3-L, SCF, IL-3, IL-7, and IL-15 for 14 days.
Created in BioRender.Ma, R. (2024) https://BioRender.com/w45e333.b Percentage
of CD161+ and CD161− ILC1s, ILC2s, and ILC3s within Lin− cells. c Representative
expression of IFNγ, T-BET, and EOMES within CD161− ILC1s on day 14.
dRepresentative expressionofNKG2A, NKG2D, KIR2DL4, KIR2DL5, KIR2DL1/S1/S3/
S5, and CD200R in ILC1s. e The fold change of harvested ILC1s vs. pre-seeded UCB
CD34+ HSCs cultured on OP9-DL1 cells in the presence of Flt3-L, SCF, IL-7, IL-15, and
IL-3 (n = 4 HDs). f, g Representative flow cytometry plots (f) and summary data of
(g) the percentages of apoptotic cells identified by Annexin V and DAPI in human
LSCs (n = 4 HDs; n = 4 AML patients).h Schematic of the design and procedures for

(i). Images were created with Adobe Photoshop. i Survival of themice transplanted
with LSCs and treated without or with UCB CD34+ cell-derived CD161− ILC1s (n = 6
mice). Survival data were analyzed by Kaplan–Meier survival analysis and log-rank
test. j Schematic of the design and procedures reported in (k) showing 5 × 104 LSCs
were i.v. injected into NSG-SGM3 mice on day 0. One day later, mice were rando-
mized to receive (1) no ILC1 or NK cell infusion; (2) 1.5 × 105 UCB CD34+ cell-derived
CD161− ILC1s; (3) 1.5 × 105 UCBCD34+ cell-derivedNKcells, or (4) 1.5 × 105UCBCD34+

cell-derivedCD161− ILC1s plus anti-IFNγ (500μggiven intraperitoneally every2days
for 8 days). Images were created with Adobe Photoshop. Survival data (n = 5 mice)
were analyzed by Kaplan–Meier survival analysis and log-rank test. Data are shown
as the means ± s.d. NS: not significant. Source data are provided as a Source
Data file.
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production, intracellular staining for IFN-γ, TNFα, GZMA, GZMB, per-
forin, EOMES, and T-BET was performed using a Fix/Perm kit (eBios-
ciences), followedby stainingwith an anti-IFN-γ antibody (BV786, Cat#
5563731, Clone: 4S.B3; BV421, Cat# 564791, Clone: 4S.B3), an anti-TNFα
antibody (APC, Cat# 502912, Clone:MAb11; BV650, Cat# 563418, clone:
MAb11), an anti-GZMAantibody (Pacific Blue, Cat# 507207, Clone: CB9
or APC, Cat# IC29051A, Clone: 356412), an anti-GZMB antibody (PE,
Cat# 561142, Clone: GB11), perforin (APC,Cat# 30811, Clone: dG9), anti-
EOMES antibody (BUV395, Cat# 567171, Clone: X4-83 or PE, Cat#
566749, Clone: X4-83), or an anti-T-BET antibody (APC, Cat# 644814,
Clone: 4B10), respectively. Allmouse antibodieswere used at 1:200. All
human antibodies were used at 1:50, except for CD34, CD38, CRTH2,
and CD117, which were used at 1:100. All analyses were performed on a
Fortessa X-20 flow cytometer (BD Biosciences), and sorting was per-
formed using a BD FACSAriaTM Fusion.

Single-cell RNA-seq data analysis
The single-cell RNA-seqdatawereanalyzed following themethodology
outlined inour previous report, utilizing the sameanalysis approachas
reported22. Briefly, single-cell RNA sequencing data were processed
and analyzed using the Scanpy framework. Cells with fewer than 300
detected genes or with a mitochondrial UMI fraction >15% were
removed, and genes detected in fewer than three cells were excluded.
Potential doublets were identified and filtered out using Scrublet. The
remaining count matrices were normalized using scanpy.pp.normali-
ze_total with ‘target_sum = 1e4’. To enrich for innate lymphoid cells
(ILCs) and minimize T-cell contamination, we retained cells exhibiting
positive expression of IL7R (CD127) and negative expression of CD4
and CD8A. Highly variable genes (HVGs) were identified using scan-
py.pp.highly_variable_genes. To reduce technical variation, the effects
of total UMI counts and mitochondrial transcript percentages were
regressed out using scanpy.pp.regress_out on the HVG matrix. Princi-
pal component analysis was then performed using scanpy.tl.pca, and
the top 30 components were retained. Batch effects were corrected
using BBKNN, followed by Leiden clustering (scanpy.tl.leiden, resolu-
tion = 1). Uniform Manifold Approximation and Projection (UMAP)
embeddings were generated using scanpy.tl.umap with default
parameters.

Gene-set activity scores were computed using scanpy.tl.scor-
e_genes in Scanpy. Gene signatures were obtained from the MSigDB
database. Statistical significance of score differences between groups
was assessed using the Mann–Whitney U test.

Differential expression analysis was carried out using the Wil-
coxon rank-sum test implemented in the scanpy.tl.rank_genes_groups.
Genes with an adjusted p-value < 0.05 and an absolute log fold change
>0.25 were considered significantly differentially expressed. Differen-
tially expressed gene lists were subsequently subjected to Gene
Ontology (GO) enrichment analysis to identify overrepresented bio-
logical processes.

In vitro LSCs and ILC1s co-culture assays
Human LSCs from AML patients were labeled with 5mM CellTrace™
Violet dye (CTV) and co-cultured with or without ILC1s
(Lin−CD127+CRTH2−CD117−) isolated fromthePBofHD in thepresenceof
human IL-12 (10 ng/ml) and IL-15 (100ng/ml). For coculture assays with
cytokines and antibodies, human LSCs were cocultured with or without
IFNγ (50 ng/ml), TNFα (20ng/ml), anti-IFNγ antibody (20 µg/ml), or anti-
TNFα (20 µg/ml) antibody. For all coculture assays, after three days of
coculture, cells were harvested and analyzed using flow cytometry.
Annexin V and 7-amino-actinomycin D (7-AAD, BD Biosciences) were
used to identify dead cells following the manufacturer’s instructions.

In vitro colony-forming unit assay
Human LSCs were isolated from the blood of AML patients and were
cocultured with or without ILC1s isolated from the blood of HDs for

3 days. Cells were then plated into human methylcellulose complete
media (R&D, HSC003) supplied with recombinant human SCF (50 ng/
ml), human recombinant IL-3 (10 ng/ml), IL-6 (10 ng/ml), recombinant
human GM-CSF (10 ng/ml), and recombinant human EPO (3 IU/ml).
Cultures were incubated at 37 °C in a humidified atmosphere of 5%
CO2 for 14 days. Colony numbers were counted using a microscope
(Zeiss AxioCam 702).

Analysis of FLT3-ITD mutation
Detection of the FLT3-ITD mutation was performed using a conven-
tional PCR technique as outlined by Kiyoi et al. in 199755. Specific pri-
mers were designed to amplify both the FLT3-ITD mutant and wild-
type FLT3 at exons 14 and 15. The forward primer 11 F (5′-GCAATT-
TAGGTATGAAAGCCAGC-3′) and the reverse primer 12 R (5′-
CTTTCAGCATTTTGACGGCAACC-3′) were used to produce a 329 bp
wild-type product. The presence of an additional PCR product longer
than 329bp indicated the FLT3-ITD mutant type56. The PCR products
were analyzed using 3% agarose gel electrophoresis.

In vivo LSC transplantation assay
Mice were housed in the City of Hope Animal Facility with a 12-h light/
12-h dark cycle and temperatures of ~18–23 °C with 40–60% air
humidity. Mouse care and experimental procedures were performed
in accordance with federal guidelines and protocols approved by the
Institutional Animal Care and Use Committee at City of Hope under
protocol numbers 18008, 20003, and 24049. Tumor-bearing mice
were monitored twice per week and at more frequent intervals
depending on the status of the mice. Mice exhibiting evidence of dis-
tress, discomfort, pain, lethargy, inability to properly groom, or
inability to obtain food and/or water were killed immediately via CO2

inhalation. Tumor-bearing mice with 20% weight loss from the age-
matched controls without receiving tumor cell inoculation were killed.

For the human LSC engraftment experiments related to Fig. 4,
0.5 × 104 human LSCs were isolated from the peripheral blood of AML
patients and then transplanted via intravenously (i.v.) injection into
sublethally irradiated (200 cGy) 6–8-week-old femaleNOD.Cg-Prkdcscid

Il2rgtm1Wjl Tg(CMV-IL3, CSF2, KITLG)1Eav/MloySzJ (NSG-SGM3) mice
purchased from the Jackson laboratory. One day later, 5 × 104 human
ILC1s isolated from the PBMCs of healthy donors were injected via the
tail vein into these mice. A control group had no ILC1 injection.
Recombinant human IL-15 (2 µg/mouse) was injected intraperitoneally
(i.p.) into recipient mice daily for 7 days. Engraftment of human
CD45+CD33+ andCD34+CD38− cells in the peripheral blood ofmicewas
monitored at three weeks by flow cytometry.

For the human LSC engraftment experiments related to Fig. 6h, i,
0.5 × 104 LSCs were injected i.v. into sublethally irradiated (200 cGy)
6–8-week-old female NSG-SGM3 mice on day 0. One day later, 5 × 104

UCB CD34+ cell-derived CD161−ILC1s were i.v. injected into thesemice.
A control group had no CD161− ILC1 injection. Recombinant human IL-
15 (2 µg/mouse) was injected i.p. into recipient mice daily for 7 days.

For thehuman LSCengraftment experiments related to Fig. 6j, k, 5
× 104 LSCs were i.v. injected into sublethally irradiated (200 cGy) 6–8-
week-old female NSG-SGM3 mice on day 0. One day later, mice were
randomized to receive (1) no ILC1 or NK cell infusion; (2) 1.5 × 105 UCB
CD34+ cell-derived CD161− ILC1s; (3) 1.5 × 105 UCB CD34+ cell-derived
NK cells; or (4) 1.5 × 105 UCB CD34+ cell-derived CD161− ILC1s plus anti-
IFNγ (500μg given intraperitoneally every 2 days for 8 days). Recom-
binant human IL-15 (2 µg/mouse) was injected i.p. into recipient mice
daily for 7 days.

In vitro ILC1 induction from UCB CD34+ HSCs
CD34+ cells from UCBs were sorted by FACS and were plated onto
approximately 80–90% confluent OP9-DL1 or OP9-DL4 stromal cell
monolayers in MEMα GlutaMAX media (Thermo Fisher Scientific).
Media was supplemented with 10% human AB serum, and SCF (20 ng/
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ml), Flt3-L (20 ng/ml), IL-7 (20ng/ml), IL-15 (20ng/ml), and IL-3 (5 ng/
ml) in the firstweek. Oneweek later, IL-3 was removed from themedia.
Two weeks later, Flt3-L was reduced to 5 ng/ml. Media and cytokines
were refreshed every 3-4daysby replacinghalf of themedia containing
1× concentrationof cytokines. At the endofweeks 1, 2, and 3, cells were
replated onto fresh OP9-DL1 or OP9-DL4 in six-well plates.

In vitro cytotoxicity assay
NK cells were first enriched from PBMCs using the RosetteSep Human
NKCell EnrichmentKit to removenon-NKcells and redbloodcells.Next,
total ILCswere enriched to removenon-ILCs using the EasySep™Human
Pan-ILC Enrichment Kit. The CD161+ ILC1s and CD161 − ILC1s were sorted
from the enriched pan-ILCs to be cocultured with HSCs sorted fromHD
blood and LSCs from the blood of AML patients at various ratios.

Statistics & reproducibility
For continuous endpoints, Student’s t test was used to compare two
independent conditions, and one-way ANOVA models were used to
compare three or more independent conditions. Paired t test or one-
way ANOVA models with repeated measures were used to compare
two or more donor-matched groups. For survival data, survival func-
tions were estimated by the Kaplan–Meier method and compared by
log-rank tests. All tests were two-sided. P values were adjusted for
multiple comparisons by Holm’s procedure. No statistical methods
were used to predetermine sample sizes, but our sample sizes are
similar to those reported in previous publications33. No data were
excluded from the analyses. Experimenters were blinded to observe
the survival of mice. Otherwise, blinding was not performed, such as
during in vitro experiments, where experimenters were required to
know the conditions of each well. Data distribution was assumed to be
normal, but this was not formally tested. Data are presented asmean ±
s.d. Prism software v.10 (GraphPad, CA, USA), and SAS v.9.4 (SAS
Institute, NC, USA) were used to perform statistical analyses.

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

Data availability
Source data are providedwith this paper. An uncropped version of the
gel is found in the Source Data file. The single-cell data used in this
study are accessible in GEO under accession code GSE247205. Source
data are provided with this paper.
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