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Overcoming Wnt-f-catenin dependent anticancer
therapy resistance in leukaemia stem cells
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Leukaemia stem cells (LSCs) underlie cancer therapy resistance but targeting these cells remains difficult. The Wnt-f-catenin
and PI3K-Akt pathways cooperate to promote tumorigenesis and resistance to therapy. In a mouse model in which both path-
ways are activated in stem and progenitor cells, LSCs expanded under chemotherapy-induced stress. Since Akt can activate
p-catenin, inhibiting this interaction might target therapy-resistant LSCs. High-throughput screening identified doxorubicin
(DXR) as an inhibitor of the Akt-f-catenin interaction at low doses. Here we repurposed DXR as a targeted inhibitor rather than
a broadly cytotoxic chemotherapy. Targeted DXR reduced Akt-activated f-catenin levels in chemoresistant LSCs and reduced
LSC tumorigenic activity. Mechanistically, p-catenin binds multiple immune-checkpoint gene loci, and targeted DXR treat-
ment inhibited expression of multiple immune checkpoints specifically in LSCs, including PD-L1, TIM3 and CD24. Overall, LSCs
exhibit distinct properties of immune resistance that are reduced by inhibiting Akt-activated p-catenin. These findings suggest
a strategy for overcoming cancer therapy resistance and immune escape.

barrier to successful treatment. Chemotherapy relies on broad

cytotoxicity, resulting in adverse side effects and the evolution
of resistant clones'~’. Although the initial cytoreduction by these
anticancer therapies can be substantial, chemoresistant LSCs, a sub-
population within minimal residual disease (MRD), often lead to
therapy-resistant relapse*'°.

Mutations in the PTEN-PI3K-Akt pathway are common in
many cancers and drive resistance to therapies''""°. Recent studies
in paediatric acute lymphocytic leukaemia showed that additional
epigenetic mutations in relapsed versus diagnostic samples con-
verged on the Wnt pathway'®". Similarly, in acute myelogenous leu-
kaemia (AML), genetic inhibitors of the Wnt pathway are frequently
silenced, which predicts increased relapse'®". Since intensified

Resistance to anticancer therapies leads to relapse, a critical

chemotherapy does not improve the poor prognosis of relapsed
patients, there is a critical need for improved targeting of chemo-
resistant cells®.

The Wnt-p-catenin and PI3K-Akt pathways are among the most
frequently mutated in cancer”, and cooperation between these path-
ways promotes stem cell survival, proliferation, tumorigenesis and
therapy resistance’ . Previous studies illustrate the potential but
also reveal limitations of targeting the Wnt-f-catenin and PI3K-
Akt pathways separately in anticancer therapy. Targeting elements
of these pathways individually has shown limited efficacy and often
results in the outgrowth of resistant clones*~**. Cooperation between
Wnt-f-catenin and PI3K-Akt pathways has a critical role in stem cell
regulation and tumorigenesis*~>**-2%313235-4 Mechanistically, this
cooperation can be driven in part by Akt C-terminal phosphorylation
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Fig. 1| Cooperative activation of the Wnt-f-catenin and PI3K-Akt pathways successively expands HSPCs, LSCs and T-ALL blast cells. Pten:-cat*“

mice were induced by tamoxifen treatment. a, At 8-9 wpi, FACS analysis of bone marrow showed that all Pten:$-cat* mice, but not Pten or -cat*“ single-
mutant mice, developed leukaemia, characterized by >20% CD45" blast cells (indicated by red outline). b, These cells predominantly expressed CD3 but
lacked both CD4 and CD8, indicative of early T-ALL. ¢, Before development of T-ALL, Pten:3-cat* mice exhibited expansion of HSPCs, identified by FACS
as Lin-Sca-1*c-Kit* cells. d, The HSPC population collapsed as LSCs, identified as Lin-c-Kit"dCD3* cells, expanded. Data are mean +s.d.; n=5 biologically
independent mice (a-d). e, Kaplan-Meier survival curves indicated that all all Pten:B-cat”t mice, but not Pten or f-cat”<t single-mutant mice, succumbed to

leukaemia by 12 wpi.

of B-catenin, which, unlike N-terminal phosphorylation, results in
enhanced p-catenin activity’®. Akt phosphorylation of p-catenin
occurs predominantly at serine 552 and potentially three additional
sites?. Thus, pS**2-B-catenin antibody can be used as a readout to
indicate cooperation between the Wnt-f-catenin and PI3K-Akt
pathways?>2>*.

Immunotherapy has been successful in a subset of patients with
cancer, but it fails to show efficacy in a broad range of cancers.
Resistance to immunotherapy is also driven by a combination of
Wnt, PI3K and/or MAPK signalling, and lack of anticancer T cell
response”’. Indeed, Wnt signalling reduces T cell recruitment to
tumours**, but the mechanism for this is unclear. Similarly, loss
of PTEN, resulting in PI3K activation, inhibits T cell-mediated
anticancer activity''. Furthermore, the efficacy of conventional and
targeted therapies often relies on both direct cytotoxic effects and

the restoration of cancer-targeting immune responses*. As chemo-
therapeutic drugs are often given at or near the maximum-tolerated
dose, which causes immunosuppression, beneficial immunological
side effects of these drugs could be compromised at high doses.
Given the cooperative role of the Wnt-p-catenin and PI3K-Akt
pathways in resistance to multiple anticancer therapies, we used
a mouse model in which both pathways are activated in a subset
of stem cells to study therapeutic resistance. Unexpectedly, the
anthracycline antibiotic DXR, a long-established chemotherapeu-
tic agent, can selectively inhibit Akt-activation of B-catenin at low
doses. At high doses typically used in the clinic, DXR is broadly
toxic; however, toxicity may be reduced if DXR was repurposed as
a targeted inhibitor of the Akt-f-catenin interaction at a low dos-
age. We show that by using low but more sustained doses of DXR,
leukaemia-initiating activity of LSCs is inhibited. Mechanistically,
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Fig. 2 | DXR inhibits f-catenin activation by Akt. a-c, Activities of compounds from a validation library were tested against HEK-293 TOPFlash AktA<f-cat <t
(TOP) and control HEK-293 FOPFlash AktA<f-cat*t (FOP) cells at the indicated doses for inhibition of luciferase activity. Cytotoxicity profiles (Cell Titer-
Glo, CTG) of compounds were also determined. Shown are chemical structures of and representative data from three compounds of interest. Median I1Cs,
values in FOP, TOP and CTG assays, respectively, are 1.3uM, 0.9 uM and 0.7 uM for thioguanosine; 21.5uM, 8.9 uM and 11.0 uM for 103506, and 1.2 uM,
0.5uM and >20 uM for DXR. At least one additional replicate experiment yielded similar results for each compound. d-f, Dose-response data from a-c
were used to calculate the effective concentration of compounds resulting in 90%, 50%, and 25% inhibition of luminescence or cytotoxicity (ECy, EC,
and EC,;) using nonlinear-regression analysis. TOP and FOP cells were treated with candidate compounds at EC,,, ECs, and EC,; concentrations derived
from a-c for 48 h, washed and flash-frozen for western blot analysis (ECs, is shown). Data are mean of two biologically independent experiments. See
Methods for additional detail and Statistical Source Data for full blot images. g, Computational model showing predicted binding of Akt and DXR to
B-catenin. hi, FRET analysis verifying the interaction between Akt and p-catenin. h, Cells transfected with eGFP-Akt and mCherry-p-catenin were treated
with vehicle or DXR at the indicated concentrations and FRET efficiency was determined. Two biologically independent experiments with n=62 (vehicle),
33 (25nM), 26 (50nM), 29 (100 nM) and 19 (200 nM) independent cells; data are mean +s.d. i, FRET efficiency at the indicated time points after
addition of 200 nM DXR. Two biologically independent experiments with n=62 (0 h), 28 (0.5h), 30 (1h), 19 (2h) and 24 (3h); data are mean+s.d.
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f-catenin binds multiple immune-checkpoint gene loci, and while
targeted DXR treatment inhibits expression of multiple immune
checkpoints and promotes the restoration of anticancer immunity,
clinical doses induce oncogenic resistance mechanisms and reduce
the number of cancer-fighting T cells. Residual post-chemotherapy
pS**2-p-catenin* LSCs in patients with relapse or refractory AML
and leukaemia-initiating activity of human leukaemia containing
chemoresistant pS**-B-catenin* LSCs can be reduced with low-dose
anthracycline treatment, indicating potential clinical applications in
reducing relapse.

Results

Simultaneous activation of Wnt-f-catenin and PI3K-Akt path-
ways results in successive expansion of HSPCs, LSCs and blast
cells. Previous work showed that cooperative activation of the Wnt-
p-catenin and PI3K-Akt pathways drove self-renewal but resulted
in leukaemic transformation®*?. Here we explored the ontogeny
and nature of leukaemogenesis in Pten:f#-cat** mice (the p-catenin
gene, here designated f-cat, is also known as Ctnnbl), in which
both pathways are activated specifically in haematopoietic stem and
progenitor cells (HSPCs) using HSC-SCL-Cre-ERT, a tamoxifen-
inducible recombinase controlling the stem cell leukemia enhancer
(ref. 7). Pten:f3-cat** mice developed T cell acute lymphoblastic
leukaemia (T-ALL), indicated by more than 20% CD45" leukaemic
blasts, which expressed CD3 (Fig. 1a,b). We analysed bone mar-
row at earlier time points for HSPCs (Lin~Sca-1*c-Kit*) and LSCs.
T-ALL LSCs driven by overactivation of B-catenin have been well
characterized as Lin"CD3*c-Kit" cells*>*. We observed accumula-
tion of HSPCs in Pten:f3-cat** mice six weeks post-induction (wpi),
with commensurate reduction in more mature (Lin~c-Kit*Sca-1")
progenitor cells, consistent with broad differentiation blockage
(Fig. 1c; see ref. ¥). Rare LSCs at 6 wpi became more abundant by
8wpi as the HSPC population collapsed (Fig. 1d). By 12wpi, all
Pten:f-cat™* mice succumbed to leukaemia (Fig. le). Collectively,
these data demonstrate that cooperative activation of the Wnt-f-
catenin and PI3K-Akt pathways drive the progressive expansion of
HSPCs with transformation to LSCs resulting in leukaemogenesis.

DXR targets the Akt-f-catenin interaction. Since pharmaco-
logical activation of the Wnt-p-catenin and PI3K-Akt pathways in
normal haematopoietic stem cells (HSCs) synergistically expands
functional HSCs”, we tested whether inhibition of this coopera-
tion could reduce the number of LSCs. Given the development of
resistance to inhibitors of PI3K and Wnt pathways shown by previ-
ous studies'***"*, we focused on inhibiting the pS®™? active form
of P-catenin to target the cooperative activity of the pathways.

High-throughput screening of a Food and Drug Administration-
approved small-molecule library identified candidate inhibitors
(Extended Data Fig. 1la,b), which we narrowed to compounds
that could inhibit pS®*-B-catenin with less effect on pan p-catenin
(Fig. 2a—c). Most promising was DXR, which specifically inhib-
ited Akt-enhanced p-catenin activity at submicromolar concentra-
tions, while higher concentrations showed reduced specificity and
increased toxicity (Fig. 2c). Furthermore, pS**-p-catenin was inhib-
ited while having only minimal effect on p-catenin generally, par-
ticularly at low concentrations of DXR (Fig. 2d-f). Computational
docking indicated that DXR binds to Akt and interferes with its abil-
ity to phosphorylate B-catenin at the C-terminal S*? site (forming
pS**2-p-catenin, hereafter pS**2-B-cat; Fig. 2g). Fluorescence reso-
nance energy transfer (FRET) analysis demonstrated that the Akt-
f-catenin interaction decreased with increasing concentrations and
exposure time to DXR (Fig. 2h,i and Extended Data Fig. 1¢c). These
data further indicate that Akt interacts with p-catenin and that DXR
inhibits this interaction at low concentrations. In vitro tests on bone
marrow cells isolated from leukaemic Pten:f-cat** mice showed
that DXR significantly decreased the number of LSCs, with less
effect on HSPCs (Extended Data Fig. 1d,e); we therefore focused
our in vivo studies on DXR.

Low-dose DXR treatment selectively targets LSCs expressing
Akt-activated p-catenin, which expand in response to chemo-
therapy. We next determined whether DXR could be repurposed as
a targeted treatment, rather than a broadly cytotoxic chemothera-
peutic agent in vivo, using cohorts of leukaemic mice (Extended
Data Fig. 2). To target the Akt—f-catenin interaction, after testing
different doses, we used doses well below the typical clinical dose,
termed targeted or low-dose DXR (Fig. 3a; see also Methods).
We next determined the differential effects of chemotherapy and
low-dose DXR on blast cells, LSCs and HSPCs. Chemotherapy
(see Methods) and low-dose DXR had divergent effects on blasts
and LSCs, with chemotherapy targeting blast cells but inducing
LSC expansion, whereas low-dose DXR specifically reduced the
number of LSCs. In combination, this treatment reduced blasts,
prevented LSC expansion and reduced LSCs while allowing HSPCs
to recover (Fig. 3b).

By contrast, the clinical-dose DXR (see Methods) alone was
broadly toxic to all cells in terms of absolute number, particularly
HSPCs. However, among the surviving cells, the frequency of blast
cells was increased less than twofold and LSC frequency increased
fivefold, whereas HSPC frequency was not significantly different
from the frequency with vehicle alone. As chemotherapy agents
are given in combination, we tested whether DXR could substitute

>
>

Fig. 3 | Differential response of LSCs, HSPCs and blast cells to treatment. a, Strategy for repurposing DXR as a targeted therapy. Open arrows indicate a
single treatment cycle for typical clinical use of DXR and targeted use strategy drawn to relative scales. Triangles represent DXR treatment drawn
proportionally to scale. The cumulative targeted dose (distributed over 5d consecutively) is indicated to relative scale by the inner triangle (white)

(see Methods). b,c, Leukaemic mice were treated with vehicle, chemotherapy, low-dose DXR (5x 0.5 mgkg™), clinical DXR (1x20 mgkg™) or
chemotherapy + low-dose DXR (see Extended Data Fig. 2) and their bone marrow was analysed by FACS after 5d of treatment. Average frequency

(b) and absolute number per femur (c). n=6 (vehicle), 6 (chemotherapy), 3 (low-dose DXR), 3 (chemotherapy + low-dose DXR) and 5 (clinical DXR)
biologically independent mice; data are mean +s.e.m. d, Leukaemic mice treated with vehicle, chemotherapy (nelarabine (nel) + dexamethasone (dexa)),
low-dose DXR with dexa, or clinical-dose DXR (here, 5x 4 mgkg~" daily) with dexa. Bone marrow analysis by FACS after 10 d of treatment. Data are mean
frequency +s.e.m.; n=9 (vehicle), 10 (chemotherapy), 10 (low-dose DXR + dexa) and 9 (clinical DXR + dexa) biologically independent mice. In b-d,
unpaired two-tailed t-test. e, Representative FACS gates indicating HSPC, LSC and (non-LSC) T-ALL blast cell populations. f.g, Verification of specificity
of pS°52-B-cat antibody. f, Cell populations from leukaemic mice from the vehicle group were stained with isotype control for anti-pS°°2-B-cat; gating based
on the LSC population shown. g, Cell populations from conditional-knockout p-catenin mice (#-cat KO) were stained with anti-pS>*-B-cat. At least one
replicate experiment yielded similar results for each. h, Cell populations as described in e, analysed from leukaemic mice. Cells are stained with pS*2-p-
cat antibody after 4d of treatment. n=3 (vehicle), 4 (chemotherapy), 5 (low-dose DXR) and 5 (chemotherapy + low-dose DXR) biologically independent
mice; data are mean =+ s.d. i-k, Limiting-dilution assays determined CRU frequency among blast cells and LSCs sorted from chemotherapy-treated
leukaemic mice using the indicated cell dose. Engraftment (>1% blast cells) was determined in recipients at 10-12 weeks after transplant. n=10 (25,000
blasts), 9 (75,000 blasts), 10 (50 LSCs) and 10 (150 LSCs) biologically independent mice; data show average donor engraftment percentage +s.d. and

CRU fraction. NS, not significant.
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for the DNA-damaging agent in our chemotherapy regimen.
While low-dose DXR did not significantly reduce the number of
blast cells, the clinical-equivalent dose of DXR could substitute for
a DNA-damaging agent to reduce their number (Fig. 3d). These
data indicate that low-dose and clinical-dose DXR treatments have

ARTICLES

substantially different effects, with broad overall toxicity of clinical
DXR but more LSC-targeting specificity of low-dose DXR, includ-
ing targeting of chemoresistant LSCs.

Since pS*?-P-cat expression indicates that there is a Akt-f-
catenin interaction, we next tested which cells expressed this marker
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and whether low-dose DXR could inhibit this signal. HSPCs, LSCs
and non-LSC blast cells were analysed for pS™*-p-cat expression
(Fig. 3e-g). pS**-p-cat was detected infrequently in HSPCs and was
nearly absent from blast cells, whereas most LSCs—including che-
moresistant ones—were positive for pS™*-f3-cat. However, low-dose
DXR treatment substantially reduced levels of pS***-B-cat in LSCs
(Fig. 3h). These data demonstrate that, unlike HSPCs and blast cells,
most LSCs express Akt-activated f-catenin, and DXR inhibits the
Akt-p-catenin interaction in LSCs.

To quantify the tumorigenic activity of LSCs that expand after
chemotherapy relative to blast cells, we performed limiting-dilu-
tion analysis, which showed a more than 1,300-fold increase in
competitive-repopulating unit (CRU) activity of chemoresistant
LSCs compared with blast cells surviving chemotherapy (Fig. 3i;
Supplementary Table 1). These data show that chemoresistant
Lin—c-KitMCD3* LSCs are markedly enriched in functional tumor-
igenic activity, consistent with previous reports*>*.

Low-dose DXR treatment reduces expression of multiple
immune checkpoints in LSCs whereas clinical-dose DXR stimu-
lates therapy resistance. RNA-sequencing (RNA-seq) analysis of
blast cells, LSCs and HSPCs sorted from treated mice revealed that
LSCs from low-dose DXR-treated mice, unlike those from mice
treated with the clinical dose, cluster amongst the blast cell popu-
lation (Fig. 4a,b). Enriched gene ontology and pathway terms that
are upregulated in LSCs relative to HSPCs included hallmark Myc
target genes. However, levels of hallmark Myc targets were reduced
in LSCs from mice treated with low-dose DXR (Extended Data
Fig. 3a). Overall, enriched terms upregulated in LSCs relative to
HSPCs but downregulated in LSCs after treatment with low-dose
DXR were highly symmetrical (Extended Data Fig. 3b,c). TCF/
Lef:H2B-GFP reporter mice showed that low-dose DXR treat-
ment significantly inhibits Wnt-signalling reporter activity, further
demonstrating that low-dose DXR inhibits activity of downstream
f-catenin targets (Extended Data Fig. 3d-f).

LSCs from mice treated with low-dose DXR showed the most
upregulation of immune-related terms, particularly involving
T cells (Fig. 4c). Since the therapeutic efficacy of DXR depends on
a substantial contribution from the immune system, particularly
CD8" T cells**, we measured their frequency after treatment with
low or clinical-dose DXR. Low-dose DXR treatment resulted in an
increase, whereas clinical-dose DXR resulted in a decrease in CD8*
T cell number (Fig. 4d). While CD8" T cells can eliminate cancer
cells, some tumour cells resist CD8* T cells by expressing immune
checkpoints. LSCs were found to express immune checkpoints such
as PD-L1 and CD24. PD-L1 levels associate with stemness in cancer

and PD-L1 accumulation on cancer stem cells promotes immune
evasion*®. CD24 serves as an immune checkpoint, suppressing
damage-induced immune responses, and marks cancer stem cells
exhibiting signatures of immune evasion®"**. These populations were
reduced with low-dose DXR treatment, but unchanged or increased
with clinical-dose DXR (Fig. 4e). Rare TIM-3* LSCs increased
substantially with clinical-dose DXR but not with low-dose DXR.
Thus resistance of LSCs to clinical-dose DXR may involve immu-
nosuppression of CD8* T cells and expression of immune check-
points by resistant LSCs. However, since low-dose DXR reduces
immune-checkpoint expression, LSCs may become more suscep-
tible to increased CD8* cell immunosurveillance. Indeed, f-catenin
binds multiple immune-checkpoint gene loci at the promoter and/
or intergenic regions (Extended Data Fig. 4a). CD24 was the most
abundantly expressed immune checkpoint we examined in LSCs.
p-catenin binding of the Cd24 promoter region was essentially abol-
ished by low-dose DXR; this effect was partially reversed at higher
doses (Fig. 4f). Knockdown of B-catenin also reduced Cd24 expres-
sion (Fig. 4g). At high doses of DXR, partial reversal of p-catenin
binding and enrichment of CD24* LSCs suggests that resistance
mechanisms lead to retention of CD24 expression in DXR-resistant
LSCs. Comparing LSCs and HSPCs from mice treated with clini-
cal-dose DXR revealed increased expression of oncogenic signal-
ling and other resistance pathways (Fig. 4c). These results reveal
mechanisms for the differential response of LSCs to low-dose DXR
versus clinical-dose DXR, in particular, the potential restoration
of tumour-fighting T cells and inhibition of immune checkpoints
specifically by low-dose DXR.

Although LSCs are too rare for chromatin immunoprecipatation
(ChIP) with sequencing (ChIP-seq), assay for transposase-accessi-
ble chromatin with high-throughput sequencing (ATAC-seq) was
used to measure chromatin accessibility of immune-checkpoint
genes. Accessibility in the promoter regions of Wnt target genes
was reduced by low-dose DXR treatment in LSCs but not in blast
cells (Extended Data Fig. 4b). In support of reduced protein lev-
els of PD-L1 in LSCs after low-dose DXR treatment (Fig. 4e), Pd-11
(also known as Cd274) promoter accessibility was reduced in LSCs
by low-dose DXR (Fig. 4h). Generally, accessibility of immune-
checkpoint genes near the transcriptional start site was reduced by
low-dose DXR treatment compared with all significantly changed
genes, but this was not observed in blast cells (Fig. 4i). Indeed, in
LSCs, multiple immune-checkpoint genes including Pd-I1, Ctla4,
Tim3, Lag3, Tigit, Hvem, Vsir and Btla showed reduction in pro-
moter accessibility by low-dose DXR treatment but either no reduc-
tion or increases in blast cells (Fig. 4h,i and Extended Data Fig. 4c).
Functionally, anti-PD-1 treatment of leukaemic mice reduced LSCs

>
>

Fig. 4 | LSCs uniquely express immune checkpoints that can be inhibited with low-dose DXR. a, Transcriptome analysis of indicated populations sorted
by FACS at 5d after treatment; representative gates are indicated. To obtain sufficient cells from the clinical DXR sample, the 5x 4 mgkg=' DXR daily
dosing schedule was used. At least one replicate experiment yielded similar results for each. b, Principal component analysis (arrowhead indicates overlap
of HSPCs from vehicle and chemotherapy). ¢, Gene ontology enrichment analysis using —log,, of the uncorrected P value as the x axis. Upregulated
enriched terms are shown for the indicated population and treatment comparisons. In b,c, n=2 biologically independent replicates for each (see Methods).
d, Peripheral blood from leukaemic mice was analysed using FACS for CD8* T cells at 48 h after treatment with vehicle, low-dose DXR or clinical DXR
(1x20mgkg™. n=7 (vehicle), 9 (low-dose DXR) and 9 (clinical DXR) biologically independent mice; data are mean +s.d. e, LSCs were analysed 24-72h
after treatment for the indicated immune checkpoints. n=7 biologically independent mice for each; mean +s.d. f, Relative binding of p-catenin to the
Cd24a gene locus (fold enrichment by ChIP-gPCR, normalized to the vehicle samples) 4 h after low (30 nM) or high (3pM) DXR treatment. n=4 (vehicle),
2 (30nm DXR) and 2 (3uM DXR). g, Cd24a expression in mouse ES cells with $-catenin knockdown (shj-cat) for 48 h compared with the control (shGFP).
n=2 independent experiments each. FPKM, fragments per kilobase of transcript per million mapped reads. h, Chromatin accessibility profiles of example
immune-checkpoint genes observed by ATAC-seq in LSCs and blast cells (see Methods). i, Metagene analysis of LSCs showing chromatin accessibility
near the transcriptional start site (TSS) in immune-checkpoint gene loci (listed) compared with all loci showing significant changes. Gene synonyms are
listed here in parentheses: Hvem (Tnfrsf14), Gal-9 (Lgals9), Ox40I (Tnfsf4), Tnfsf7 (Cd70), B7-H2 (Icosl), B7-H3 (Cd276), B7-H4 (Vtcn1), Pd1 (PdcdT),

Tnfrsf7 (Cd27), Tim3 (Havcr2), Ox40 (Tnfrsf4). j, Leukaemic mice were treated with PD1 antibody or isotype control and analysed by FACS. n=38 (isotype)
and 9 (anti-PD1) biologically independent mice; data are mean +s.e.m. k-m, CD8* T cells were depleted with CD8 antibody before low-dose

DXR treatment; bone marrow was analysed by FACS. n=10 biologically independent mice for each group; data are mean=+s.e.m. In d,j,I,m, unpaired

two-tailed t-test.
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but had no effect on blast cells, thus mimicking the effect of low-
dose DXR (Fig. 4j). To test whether the effectiveness of low-dose
DXR depends on CD8* cells, we depleted this population imme-
diately before low-dose DXR treatment. After CD8* cell depletion,
the effect of low-dose DXR on LSCs was reduced (Fig. 4k-m). These
data indicate that LSCs, unlike their blast progeny, exhibit unique
properties of immune checkpoint-mediated resistance that can be
overcome by targeting Akt-activated p-catenin.

Targeting chemoresistant LSCs with low-dose DXR reduces
tumorigenicity and increases survival. Mice treated with che-
motherapy alone showed somewhat improved overall survival
(Fig. 5a), but mice treated with only low-dose DXR showed no sig-
nificant improvement, probably due to the insignificant effect on
blast cells (Figs. 3b, 5a). Combining chemotherapy and low-dose
DXR significantly increased survival (Fig. 5a). However, a three-
fold higher dose of DXR did not reduce survival, whereas clin-
ical-dose DXR significantly reduced survival (Fig. 5b). We tested
whether maintenance treatment with low-dose DXR might better
prevent LSCs from re-establishing leukaemia. Using DXR-loaded
nanoparticles (nanoDXR) to allow slow, sustained release of DXR
(see Methods), we tested different doses of free DXR and nanoDXR
(Extended Data Fig. 5ab). Sustained nanoDXR significantly
reduced LSCs compared with free low-dose DXR (Fig. 5¢). Median
survival was increased 4.3-fold compared with control (Fig. 5d,e).
To test for tumorigenicity, bone marrow was transplanted from
treated mice into secondary recipients one week after completion
of treatment. Recipients of chemotherapy-treated bone marrow
mostly succumbed more rapidly than control mice. Since LSCs
are the tumorigenic population, reduced survival in this group
was consistent with functional LSC expansion induced by chemo-
therapy (Fig. 3b). Notably, we found that 27 out of 30 recipients
of bone marrow treated with low-dose DXR remained healthy
(Fig. 5f,g). Similar results were obtained with bone marrow treated

>
>

Fig. 5 | Chemotherapy induction combined with maintenance targeted/
low-dose DXR treatment increases survival. a, Cohorts of leukaemic

mice were treated with vehicle, chemotherapy, low-dose DXR or
chemotherapy + low-dose DXR as in Extended Data Fig. 2. Treatment
schematic and Kaplan-Meier curves of leukaemic mice treated as
indicated. Red arrow indicates day O on survival curve. b, Kaplan-Meier
survival curves of leukaemic mice treated with a threefold increased dosage
of low-dose DXR + chemotherapy or clinical-dose DXR + chemotherapy

as indicated and compared with vehicle control. n=10 biologically
independent mice for each group (a,b). ¢, LSC and HSPC frequency in bone
marrow of leukaemic mice at 5d after treatment with chemotherapy and
either free low-dose DXR (free) or low-dose nanoDXR (nano). n=10 (free
DXR), 3 (nanoDXR) biologically independent mice; data are mean +s.e.m.
Unpaired two-tailed t-test. d, Treatment schematic and Kaplan-Meier
curves of chemotherapy (week 1only) +weekly low-dose nanoDXR
treatment for 10 weeks total. Dashed line indicates day of final low-dose
nanoDXR treatment. e, Low nanoDXR-treated mice were analysed by

FACS at 230d after treatment. n=3 biologically independent mice; data
are mean + s.d. f,g, Tumorigenic assays for cells from treated, leukaemic
mice: cohorts of leukaemic mice were treated with vehicle, chemotherapy,
low-dose DXR or chemotherapy + low-dose DXR as in Extended Data Fig. 2.
At 12 d after treatment, bone marrow was collected from treated mice and
transplanted into sublethally irradiated NSG recipients. f, Treatment and
transplantation schematic and Kaplan-Meier curves of recipient mice. Red
arrow indicates day O in survival curve. g, Recipients of bone marrow from
leukaemic mice treated with low-dose DXR only were analysed by FACS

at 6 months after transplant. Representative plots of blast cells, LSCs and
HSPCs with average frequency +s.d. of surviving 27 out of 30 recipients
from this group. Statistics determined by log-rank (Mantel-Cox) test for
survival curves.

with low-dose nanoDXR (Extended Data Fig. 5¢,d). These data sup-
port the specific targeting of LSC tumorigenic activity by targeted
DXR treatment.
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Median survival of recipients of bone marrow from chemo-
therapy and low-dose DXR-treated mice was significantly extended
from 44.5d to 104.5d, compared with the chemotherapy-alone
group (Fig. 5f). Thus, although combination treatment reduces phe-
notypic LSCs similarly to low-dose DXR alone (Fig. 3b), functional
LSCs can ultimately recover with exposure to chemotherapy and
the resulting chemoresistance. Nonetheless, low-dose DXR treat-
ment significantly reduces the number of chemoresistant cells with
tumorigenic activity (Fig. 5f and Extended Data Fig. 5¢). Together,
these data show that functional, tumorigenic LSCs are differentially
targeted by chemotherapy and low-dose DXR—with chemotherapy
activating LSCs, whereas low-dose DXR targets LSCs in tumori-
genic assays. However, combination therapy is necessary to substan-
tially improve survival in primary leukaemic mice, as chemotherapy
reduces blast cells while low-dose DXR targets chemoresistant LSCs.

Low-dose DXR treatment reduces leukaemia-initiating activ-
ity of human leukaemia exhibiting chemoresistant pS>>>-f-cat*
LSCs. To investigate potential relevance of our findings to patients,
we tested whether low-dose DXR treatment could reduce pS**-
B-cat* LSCs in patients with paediatric T-ALLs exhibiting MRD.
Given the similar mechanisms responsible for relapse in paediat-
ric ALL as in our mouse model'*™", the lack of verified markers for
T-ALL LSCs and the role of c-Kit in activating the PI3K pathway, we
used similar fluorescence-activated cell sorting (FACS) analysis to
identify putative T-ALL LSCs in samples from two of the patients.
In both cases, MRD* T-ALLs were enriched in pS***-B-cat* LSCs
after chemotherapy, either as a result of an increased LSC frequency
(patient 62) or of an increased pS***-p-cat* fraction of LSCs (patient
57), indicating that they may represent chemoresistant LSCs
(Fig. 6a—e). Our data clearly indicate a major role for the immune
system in mediating the effect of low-dose DXR in established
leukaemias (Fig. 4). However, given the necessity of using immu-
nocompromised mice for the patient-derived xenograft (PDX)
experiments, we tested whether low-dose DXR treatment could
inhibit the establishment of leukaemia—that is, whether it could
inhibit the tumorigenic capacity of LSCs. PDX mice were treated
with low-dose DXR two weeks after transplantation. FACS analysis
revealed that although engraftment of bulk blast cells was not sub-
stantially changed by low-dose DXR treatment, pS**-B-cat* LSCs
were significantly reduced in number (Fig. 6f-k).

To determine how indicative chemoresistant human LSCs
expressing pS**2-p-cat were to tumorigenic capacity and further test
how effective low-dose DXR is at targeting them, additional leukae-
mia bone marrow samples were analysed for phenotypic LSCs™*
and pS**-B-cat levels. Analysis at diagnosis and at day 29 after che-
motherapy found that some patient samples contained chemoresis-
tant pS**2-p-cat* LSCs (Extended Data Fig. 6a,b and Supplementary
Table 2). Tumorigenic analysis was performed on diagnostic
and post-chemotherapy-treated B-cell and T-lymphoid leukae-
mia samples that either had or lacked chemoresistant pS**-p-cat*
LSCs (Extended Data Fig. 6¢). Samples containing chemoresistant

pS¥*-B-cat* LSCs showed rapid leukaemia development, with post-
chemotherapy bone marrow samples resulting in significantly faster
leukaemia development than paired diagnosis samples (Extended
Data Fig. 6d,e). However, post-chemotherapy bone marrow from
samples lacking chemoresistant pS***-B-cat* LSCs did not induce
leukaemia in recipients (Extended Data Fig. 6j,k). These results are
consistent with enriched tumorigenicity of chemoresistant but not
chemosensitive pS™2-f-cat* LSCs in patient samples.

We tested whether low-dose DXR could also inhibit tumorige-
nicity of patient bone marrow containing chemoresistant pS*2-f-
cat* LSCs. Bone marrow was collected from primary recipients and
transplanted into secondary recipients, which were treated with
low-dose DXR or vehicle control. Recipients of patient samples
containing chemoresistant pS**2-p-cat* LSCs showed significantly
improved survival, and reduced leukaemia engraftment and LSC
frequency compared with vehicle control (Extended Data Fig. 6f-i).
However, those lacking chemoresistant pS*?-p-cat* LSCs showed
no significant difference (Extended Data Fig. 61-0). These data are
consistent with the potential of low-dose DXR for targeting chemo-
resistant pS>2-p-catt LSCs in patient samples.

A pilot clinical trial was conducted using low-dose anthracy-
cline treatment on adult patients with relapse or refractory AML
(see Methods and Supplementary Table 3). Daunorubicin (DNR)
is the anthracycline analogue of DXR used in AML treatment and
similarly inhibits pS***-B-cat (Extended Data Fig. 7). AML LSCs,
distinguished from HSPCs by TIM-3 expression®**’, showed sub-
stantial reductions in pS*?-B-cat* LSCs in five out of ten patients,
three were unchanged, and two initially had very low or absent
pS**2-p-cat* LSCs (Fig. 61-n). While future studies will determine
the effect of low-dose anthracycline treatment on patient outcomes,
these data indicate that pS®*-B-cat* LSCs can be reduced in relapsed
or refractory patients.

Discussion

While our data show that immune resistance is a major mechanism
of tumour escape for LSCs, our preclinical studies using patient
samples involved immunocompromised mice, indicating that
LSC-intrinsic mechanisms also occur. The cooperative role of the
Wnt-p-catenin and PI3K-Akt pathways in stem cell regulation and
the hijacking of stem cell properties by leukaemia-initiating cells
probably represent an additional mechanism for the effect of low-
dose DXR. Recent links between tumour-initiating stem cells and
immune resistance suggest that these properties may not be mutu-
ally exclusive®. Although our mouse leukaemia model suggests a
strong role for CD8* cells, in the clinic, an additive or synergistic
effect intrinsically on LSCs and extrinsically on CD8* and other
immune cells is possible.

While the precise immunological response is beyond the scope
of this study, our data raise several important questions. It remains
unknown whether immune-checkpoint inhibitors act directly on
LSCs and/or act directly on LSC-reactive CD8* cells. Furthermore,
the nature of these reactive cells and whether they undergo phenotypic

>

>

Fig. 6 | Low-dose DXR treatment reduces the number of persistent pS*52-p-cat+ cells from MRD+ human leukaemia. a, Experimental schematic of
establishment and treatment of patient-derived xenografts (PDX) (see Methods). b-e, FACS analysis of diagnostic and day 29 after chemotherapy

T-ALL bone marrow samples from MRD* leukaemia patients. CD45*c-Kit*CD3* cells (LSCs) expressing pS***-B-cat were enriched 4.4-fold following
chemotherapy in patient 57 and 7.3-fold in patient 62. Similar results were obtained from two additional independent biological samples (Extended Data
Fig. 6 and Supplementary Table 2). hCD45, human CD45. f-k, Diagnostic bone marrow samples were transplanted into NSG recipients (4 x 10° cells each),
treated for 5d with vehicle or low-dose DXR at 2 weeks after transplant, and analysed by FACS for human engraftment. Shown are T-ALL blasts (CD45*c-
Kit-CD3*), LSCs and pS®52-p-cat* LSCs. n=10 (patient 57 vehicle), 9 (patient 57 low-dose DXR), 5 (patient 62 vehicle) and 7 (patient 62 low-dose DXR)
biologically independent mice; data are mean +s.d. Unpaired two-tailed t-test. I-n, Relapsed or refractory adult patients with AML received one cycle of
low-dose DNR (6.75 mgm~2 daily for 5d (days 1-5). Pre-treatment (day O) and post-treatment bone marrow samples were collected and analysed by
FACS. |, Representative FACS plots showing gating strategy for analysis. m,n, LSCs (identified as CD45*CD34+CD38-TIM-3* cells) and pS**?-p-cat* LSCs
were quantified according to gating represented in | before and post-low-dose DNR treatment as indicated. n=10 individual patient samples, pre- and

post-treatment samples were analysed individually (m,n).
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changes in response to low-dose DXR and/or immune-checkpoint
therapy will be interesting questions for future in-depth immuno-
logical studies. It is also unclear whether immunological memory
can be established against LSCs; future studies will be important for
determining whether this is the case.

In contrast to our targeted use, clinical doses of DXR, while
highly effective at reducing the absolute numbers of all cell types,
also stimulated resistance mechanisms, including immune check-
points, in LSCs. However, low-dose DXR uniquely targets LSCs,
which are responsible for tumour escape (Extended Data Fig. 8).
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Our preclinical and early clinical data indicate that Akt-activated
B-catenin could serve as a biomarker indicating patients who
might benefit from low-dose anthracycline therapy. Accumulating
evidence suggests that the therapeutic efficacy of certain conven-
tional chemotherapies, particularly anthracyclines, relies not only
on direct cytotoxicity but also on restoring anticancer immune
responses’>*s. Our data show that repurposing DXR as a targeted
therapy inhibits expression of multiple immune checkpoints in the
cells responsible for therapy resistance and relapse. Our finding
that p-catenin binds multiple immune-checkpoint genes indicates
that the Wnt pathway may have a role in stem cells beyond its well-
known role in self-renewal, particularly in protecting stem cells
from the immune system.
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Methods

Mice. Mice were housed in the animal facility at Stowers Institute for Medical
Research (SIMR) and handled according to Institute and NIH guidelines. All
procedures were approved by the Institutional Animal Care and Use Committee of
SIMR. The HSC-SCL-Cre-ER" Pten " *Ctnnb 103+ (hereafter, Pten:-cat'")
mouse model combines conditional deletion of LoxP-flanked Pten, resulting in
activation of the PI3K-Akt pathway, and exon 3 of the p-catenin gene, Ctnnbl,
(p-cat*?), resulting in constitutive activation of f-catenin®"*2. The HSPC-specific
Cre recombinase, HSC-SCL-Cre-ER?, was used to study the combined effects

of both pathways, starting with HSPCs and without the HSC activating effects

of induction by interferon®. Primary HSC-SCL-Cre mice were induced by
intraperitoneal injection of tamoxifen daily for 5d with 5mg on day 1 and 2mg on
days 2-5, each dissolved in 0.1 ml of corn oil. A Bioruptor sonicator was used to
fully solubilize the tamoxifen. HSC-SCL-Cre was induced in transplant recipients
by placing transplant recipients on tamoxifen feed (1 mgg™") for two weeks.
HSC-SCL-Cre, Pten and f-cat* were obtained from J. Goethert (University of
Duisburg-Essen, Germany), H. Wu (UCLA, Los Angeles, CA) and M. Taketo
(Kyoto University, Japan), respectively. TCF/Lef:H2B-GFP reporter mice were
obtained from A.-K. Hadjantonakis (Sloan-Kettering, NY, USA). This study is
compliant with all relevant ethical regulations regarding animal research.

Transplantation assays. Whole bone marrow was isolated from uninduced
Pten:f}-cat* mice and combined with an equal portion of Cre-negative bone
marrow from a littermate and transplanted into irradiated (10 Gy) B6.SJL-
Ptprc*Pepc®/Boy] (Ptprc) recipients. Recipients were placed on tamoxifen feed
4-6 weeks after transplant to induce recombination, resulting in leukaemia
development by 7-8 weeks after induction in all recipient mice.

Limiting-dilution and tumorigenic assays were performed by establishing
leukaemic mice as described above and treating as indicated at 8 weeks after
induction. For limiting-dilution transplants, mice were treated with chemotherapy
or low-dose DXR and, at ten days after treatment (based on the first treatment),
CD45"CD3*c-Kit™ blast cells or Lin-CD3*c-Kit"* LSCs were sorted from
chemotherapy-treated mice and Lin~Sca-1*c-Kit* HSPCs were sorted from
low-dose DXR-treated mice. The indicated numbers of these populations were
transplanted into 3.25 Gy-irradiated NOD.Cg-Prkdc* I12rg™"1/Sz] (NSG)
recipient mice. Recipient bone marrow was analysed by flow cytometry 10-12
weeks after transplant and those with >1% CD45" blast cells in bone marrow were
considered engrafted. CRU frequency was determined using ELDA analysis.**

Tumorigenic assays were performed by transplanting 0.5, 1.5 or 4.5 X 10* bone
marrow cells from treated mice 12d after treatment into 3.25 Gy-irradiated NSG
recipient mice. Ten recipients were used for each dose from each group. One male
and one female donor was used for each group. Leukaemia was assessed in mice
that were euthanized due to poor health by analysing CD45™CD3* cell frequency.
Mice having >20% blasts in the bone marrow were considered leukaemic. NSG
and Ptprc mice were originally obtained from The Jackson Laboratory.

In vitro treatment. Bone marrow cells from leukaemic mice at 8 weeks after
induction were cultured overnight at 5-20x 10* cells per well in 96-well U-bottom
tissue culture plates (Becton, Dickinson; 353077) in HSC expansion medium

in low O, conditions as previously described””. DXR (Sigma; D1515), 105306
(University of Kansas Chemical Methodology and Library Development (CMLD)
compound) or thioguanosine was mixed with HSC expansion medium and added
to the cultures to obtain final concentrations of 11, 33 or 100 nM. Equivalent
amounts of DMSO alone (vehicle control) were added to parallel cultures for
comparison. Half-medium changes were performed approximately every 24 h.
Cultures were analysed after 72 h exposure to the indicated drug.

In vivo treatment. Chemotherapy for the mouse model consisted of nelarabine
(Selleck) and dexamethasone (BioVision) administered daily for 5d consecutively.
Nelarabine (43.4mgml™') was administered intravenously through the tail vein in
a volume of 5 pl per g of body weight, which yielded 217 mgkg~'. Dexamethasone
(2.5mgml™") was injected intraperitoneally in a volume of 4 pl per g of body
weight, yielding 10 mgkg™. Targeted low-dose DXR treatment consisted of 5
consecutive daily doses at 0.5 mgkg" using doxorubicin hydrochloride (Sigma;
D1515) at 0.1 mgml~! injected intravenously via the tail vein in a volume of 5 ul
per g of body weight, which yielded 0.5mgkg™" (clinical DXR used 4.0 mgkg™).
Low NanoDXR treatment used DXR nanoparticles® administered as a single
intravenous injection once per week on day 1 relative to above treatments using
0.8 mgkg~'. Maintenance low NanoDXR consisted of once-per-week injections

of 0.4mgkg™". Groups combining nelarabine with DXR used a single injection
containing both drugs. All drugs were solubilized in 45% (2-hydroxypropyl)-f-
cyclodextrin or 0.9% NaCl.

For immune-checkpoint blocker treatment, 250 pg anti-PD-1 or isotype control
(BioXcell) was injected intravenously every other day for a total of 3 injections. For
CD8* T cell depletion, 2x 100 pg and 1 X 250 pg of anti-CD8a or isotype control
(BioXcell) was injected intravenously every other day.

Rationale for DXR dosage. For clinical acute lymphocytic leukaemia therapy,
doxorubicin is typically administered as a single dose every 21-28d at 40-75mgm~2.
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Using 60 mgm~2 as the clinical-equivalent dose, this is equivalent to 1.6 mgkg~ for
adult humans (60 mgm=X 1 m?37kg=1.6mgkg™"). Converting to the mouse, this

is equivalent to ~20mgkg™" (1.6 mgkg™" X 12.3 (kyumanyKmn(mousey) = 19-7 mg/kg) (k,, is
Michaelis constant) (ref. ©*). Cumulatively, 2.5 mgkg™" doxorubicin was administered,
and thus 1/8 the equivalent clinical dose was spread over 5d.

Clinical trial. The trial was registered at clinicaltrials.gov with identifier
NCT02914977. All patients provided informed consent according to institutional
guidelines. At least two prior induction attempts were required for fit patients with
primary refractory leukaemia; unfit or relapsed patients were allowed entry with
one prior therapy. There was no limit on the number of prior therapies. Patients
had an ECOG performance score of 0-3, adequate hepatic and renal function

and cardiac ejection fraction >45%. Exclusion criteria included the presence of
acute promyelocytic leukaemia, central nervous system leukaemia or total lifetime
anthracycline exposure exceeding the equivalent of 500 mg m~2 of DNR. Treatment
consisted of bone marrow aspiration for correlative studies followed by one cycle of
low-dose DNR (6.75mgm™2 for 5 consecutive days, days 1-5) and a second bone
marrow aspiration on day 8. Effects on LSC population were measured by flow
cytometry. Adverse events and laboratory values were monitored for safety. This
study is compliant with all relevant ethical regulations regarding research involving
human participants and was approved by the Human Subjects Committee at the
University of Kansas.

Preparation of nanoDXR. Self-assembled nanoparticles were prepared from

new amphiphilic cholesterol-based brush-like block copolymers composed of
polynorbonene bearing a cholesterol block and a poly(ethylene glycol) block.
DXR-containing self-assembled nanoparticles were prepared from DXR and the
newly developed amphiphilic cholesterol-based brush-like block copolymers using
the reported methods®’. The mean particle size was 135.5 +3.5nm and the drug
loading in the nanoparticles was 22%.

Flow cytometry. Cells were collected from bone marrow (femur and tibia), spleen,
peripheral blood and thymus. For cell-surface phenotyping, a lineage cocktail (Lin)
was used including CD3 (for HSPC but not LSC analysis), CD4, CD8, Mac-1, Gr1,
B220, IgM and Ter119 (eBioscience). Monoclonal antibodies against CD3 (separate
fluorophore for LSC analysis), Sca-1, c-Kit, CD45.1 and CD45.2 were also used
where indicated. Cell sorting and analysis were performed using an inFlux (BD),
MoFlo (Dako) and/or CyAn ADP (Dako). Data analysis was performed using
FlowJo software.

For FACS analysis using phycoerythrin-conjugated monoclonal pS552-f-catenin
antibody, cells were washed twice after cell-surface staining, resuspended in 250 pl
of BD Fixation/Permeabilization solution, incubated for 20 min at 4 °C, washed
twice with 1 ml of 1xX BD Perm/Wash Buffer, resuspended with 100 pl 1x BD
Perm/Wash Buffer, added 1.0 pg pl~! pS552-p-catenin antibody per 100 pl solution
containing up to 3 million cells, incubated 2h on ice with rocking (resuspended
every 15min), washed 2 times and resuspended in PBS +2%FBS for analysis. Bone
marrow from f-catenin-knockout mouse was collected at 2-3 weeks after knockout
induction and stained alongside other test samples.

Immunostaining. For monoclonal pS552-f-catenin antibody, immunohistochemistry
was performed using standard techniques according to the following details: tissues
were fixed in zinc formalin, antigen retrieval used citrate buffer for 15min at 90°C,
samples were cooled to room temperature, washed in PBS, peroxidase activity was
quenched with 0.3% H,0, (peroxide) for 10 min, samples were washed in PBS,
blocked with 1x Universal Block for 10 min. at room temperature, washed in PBS,
stained with primary antibody diluted 1:1,000 for 1 h at room temperature, washed
3 times in PBS+0.05% Tween, stained with anti-rat horseradish peroxidase-
conjugated secondary antibody at 1:1,000 dilution. Horseradish peroxidase-
conjugated antibody was diluted in PBS, 1% BSA, 0.1% gelatine, 0.05% Tween and
incubated with samples for 30 min at room temperature, washed 3 times in PBS
and developed with DAB reagent for 5min, washed in ddH,0O and counterstained
using light (20%) haematoxylin and eosin.

Computational modelling. Comparative modelling was applied to predict the 3D
structures of p-catenin and Akt using MUFOLD and Modeller. Modelling accuracy
was further improved by sampling multiple conformations and conducting
comprehensive structure-quality assessment. Docking between p-catenin and

Akt was conducted using ZDock. We analysed the distributions of docking scores
and 3D conformations, and compared the hydrogen bonds formed in individual
docking conformations to select the best candidate out of the top-100 predictions
from ZDock. Similar methods were applied to dock B-catenin and DXR. There
were several possible candidate structures from the Protein Data Bank (PDB) for
DXR. Considering the structural similarity and docking stability, PDB 151D was
selected and used for Fig. 2g. Protein visualization was produced using PyMol.

FRET assay. FRET measurement was performed using the acceptor-
photobleaching method. In brief, 293 T cells were transfected with eGFP-Akt
and mCherry-B-catenin (Addgene #39531 and #55001, respectively). A Perkin-
Elmer Ultraview spinning-disc system with a CSU-X1 Yokogawa disc was used
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for imaging. A x40 1.2 numerical aperture Plan- Apochromatic objective was
used, and emission was collected onto a C9100 Hamamatsu Photonics EM-CCD
camera. eGFP was excited with a 488 nm laser and emission was collected through
a 500-555nm bandpass filter. mCherry was illuminated and photobleached with a
561 nm laser. mCherry emission was collected with a 580-650 nm bandpass filter.
Six images of eGFP were acquired before, and eight images were acquired after
bleaching of the mCherry with intense 561 nm light. After subtraction of camera
background, the average intensity of eGFP in a region of interest spanning the
bleached cell was determined in the four images before acceptor bleach (I1), or the
four images after acceptor bleach (12). FRET efficiency is reported as 1 — (11/12).
Calculations were based on more than 500 cell images.

High-throughput screening. Two-hundred and forty three compounds were
selected from primary screening of the validation library (5,040 compounds)
drawn from CMLD (1,920), Prestwick (1,120) and MicroSource Spectrum (2,000)
libraries and reconfirmed in a 10-concentration dose-response assay. Activity of
compounds was tested against HEK-TOP cells versus HEK FOP cells for inhibition
of luciferase activity. The cytotoxicity profiles of the compounds were also tested
using Cell Titer Glo assay (Promega) on HEK-TOP cell lines. The dose-response
data were used to calculate the effective concentration of compounds resulting in
50% inhibition of luminescence or cytotoxicity (ECs,) using nonlinear-regression
analysis. Approximately 90 compounds showed 2.2 to 3-fold differences in EC;,
between the HEK-TOP and HEK FOP cells. Of these, 36 compounds showed

a window between luminescence inhibition and cytotoxicity. The structures of
compounds were analysed by cheminformatics analysis and medicinal chemists
identified 25 compounds for repurchasing as fresh powders. The repurchased
compounds were used to treat the cells at compound concentrations that

resulted in 90%, 50% and 25% inhibition of luminescence (EC,,, EC;, and EC,;,
respectively) derived from the dose-response curves for luminescence inhibition in
the HEK-TOP cell line. The HEK cells and HEK-TOP cells were plated at 300,000
cells per well in 6-well plates and were treated in duplicate with ECy,, EC, and EC,5
concentrations of the 25 repurchased compounds and three controls. After 48h of
exposure, the cells were washed with PBS and flash-frozen. The frozen cells were
lysed directly in plates for western blot analysis.

RNA-seq. Cohorts of leukaemic mice were treated with vehicle, chemotherapy,
low-dose DXR, clinical-dose DXR or chemotherapy and low-dose DXR as shown
in Extended Data Fig. 2. At 10d after treatment (day 1 is the start of treatment),
blast cells, LSCs and HSPCs were sorted using stringent gates (see Fig. 4a) for
these populations. For each population, 2 biological replicates were made with 1-3
technical replicates each. Each biological replicate was a pool of sorted cells from
4-5 male and 4-5 female mice. Technical replicates were samples of sorted cells
from each biological replicate. One thousand cells per sample were sorted into
96-well plates with 7 pl lysis buffer containing RNase inhibitor (2 U pl!) from bone
marrow. First-strand cDNA synthesis and cDNA libraries were constructed using
the SMARTer ultra-low-input RNA kit for sequencing v3 (Clontech) following

the manufacturer’s instructions. cDNA quality was determined using the Agilent
high-sensitivity DNA kit on an Agilent 2100 BioAnalyzer (Agilent Technologies).
Libraries were sequenced at 50 bp on the Illumina HiSeq 2500. Reads were aligned
to UCSC mm10 with Tophat v.2.1.1%, using gene models from Ensembl 80. Read
counts per gene were obtained with HTSeq-count v.0.6.0.” Analysis was done in R
with the EdgeR package® using default methods. Significantly changed genes were
determined at a false discovery rate <10~* and fold change exceeding +1.5. Gene
ontology analysis was generated using significantly changed genes by Metascape
(www.metascape.org).

ChIP and ChIP-qPCR. The Ctnnb1-3xFlag mouse ES cell line was provided

by A. McMahon (University of Southern California) and routinely passaged

and maintained on irradiated MEF feeders in conventional ES cell medium
supplemented with 200 mgml™ G418 and 200 mg ml~" hygromycin B. Cells were
adapted and expanded to serum-free 2i culture for experiments. For serum-free
2i culture, ES cells were cultured without serum in N2B27 medium (neurobasal
medium (Invitrogen 21103-049), DMEM/F12 (Invitrogen 10565-018), 0.5X N2
(Invitrogen 17502-048), 0.5x B27 (Invitrogen 17504044), 1X f-mercaptoethanol
(Millipore ES-007-E), 2mM L-glutamine (Invitrogen 25030081), 100 mM non-
essential amino acids (SCT 07600), 0.033% BSA (Invitrogen 15260037), 3mM
Chiron (Tocris 4423) and 1 mM PDO03 (SCT72184).

A total of 2 107 ES cells were used per ChIP assay. Cells were washed with
1x PBS, cross-linked with 1% paraformaldehyde for 10 min at room temperature
and quenched with 1 ml 2.5 M glycine. Cells were washed with cold PBS three
times and resuspended in 300 ml lysis buffer (15 mM HEPES at pH 7.5, 140 mM
NaCl, 1 mM EDTA, 0.5mM EGTA, 1% Triton X100, 0.1% sodium deoxycholate,
1% SDS and 0.5% N-lauroylsarcosine). The cell suspension was sonicated in
Bioruptor Pico sonication device with a 30s on and 30 off cycle for 16 cycles
followed by centrifugation at maximum speed for 10 min. The supernatant was
saved and mixed with antibody-coated protein G dynabeads (Invitrogen 10003D)
at a ratio of 5ml per 1 mg antibody for immunoprecipitation overnight at 4°C.
The next day, the protein G dynabeads were washed with 800 ml RIPA buffer three
times (50 mM HEPES at pH 7.5, 1mM EDTA, 0.7% sodium deoxycholate, 1%

IGEPAL CA-630 and 0.5M LiCl). Each wash lasted 30s. Elution buffer (150 ml)
and 150 ml 1x TE buffer (Invitrogen 12090015) were mixed with the dynabeads
for 30 min at 65°C. After the elution, 4ml RNase A(10 mgml~') was then added to
the beads and incubated at 37 °C for 2 h, after which 2 ml protease K (Invitrogen,
20 mgml™) was added and the beads were incubated at 55°C for 2h. After the
RNase A and protease K treatment, the beads were incubated at 55 °C overnight
for decross-linking. The next day, the DNA on beads was extracted by 300 ml
phenol:chloroform:isoamyl alcohol (25:24:1) with centrifugation at 12,000 rpm for
5min at room temperature. The supernatant was transferred to a new 1.5ml tube
with 12ml of 5M NaCl and 2 ml glycogen (20 mgml~"). The DNA was precipitated
by 750ml cold 100% ethanol with at least 30 min incubation at —80°C. The
sample was centrifuged for 30 min at 4 °C at maximum speed and the ethanol was
decanted. The pellet was washed with 800 ml cold 70% ethanol, centrifuged and air
dried. The DNA was resuspended in 55 ml nuclease-free water.

ChIP-qPCR (ChIP with quantitative PCR) was performed with Fast SYBR
Green Master Mix (Thermo Fisher Scientific 4385612) and analysed with the
Student’s t-test.

ATAC-seq. Two replicates were pooled from 8-10 mice for blast and vehicle-
treated samples. LSCs from low-dose DXR-treated mice required 20 mice pooled
together; reservoir random sampling was used to generate pseudoreplicates due

to the large biological sample number and high data quality (see Supplementary
Information for ATAC-seq quality control report and Extended Data Fig. 4d for
additional examples). ATAC-seq was performed as described previously”. In
brief, 30,000 FACS-sorted blast cells were washed using 50 pl cold 1x PBS and
centrifuged at 500g for 5min in a pre-chilled (4 °C) fixed-angle centrifuge. Cells
were lysed using cold lysis buffer (10 mM Tris-HCI, pH 7.4, 10mM NaCl, 3mM
MgCl, and 0.1% IGEPAL CA-630). Following the lysis, the pellet was resuspended
in the transposase reaction mix and incubated for 30 min at 37 °C. The sample was
then purified using a Qiagen MinElute kit. After purification, library fragments
were amplified using 1X NEBnext PCR master mix and 1.25 pM of custom Nextera
PCR primers.

Primers used were: Ad1_noMX, AATGATACGGCGACCACCGAGATCTACA
CTCGTCGGCAGCGTCAGATGTG; Ad2.1, TAAGGCGA CAAGCAGAAGACG
GCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT; Ad2.2, CGTA
CTAGCAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGG
CTCGGAGATGT; Ad2.3, AGGCAGAACAAGCAGAAGACGGCATACGAGATT-
TCTGCCTGTCTCGTGGGCTCGGAGATGT; and Ad2.4, TCCTGAGC CAAGCA
GAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT.

The library was size-selected with BluePippin DNA Size Selection kit with
1.5% Agarose Gel Cassette. To prepare the 15,000-LSC cell library, we modified
the protocol. LSCs from multiple mice were FACS-sorted and pooled. Cells
resuspended in 1 ml of cold ATAC-seq resuspension buffer (RSB; 10 mM Tris-HCl
pH 7.4, 10 mM NaCl and 3mM MgCl, in water) and centrifuged at 500g for 5min.
After centrifugation, 900 pl of supernatant was removed in two pipetting steps
and the remaining 100 pl of supernatant was carefully aspirated by pipetting with
a P200 pipette tip to avoid the cell pellet. Cell pellets were then lysed in 50 pl of
RSB containing 0.1% NP40, 0.1% Tween-20 and 0.01% digitonin for 3min. After
lysis, nuclei were washed with 1 ml of RSB containing 0.1% Tween-20 (without
NP40 or digitonin) followed by centrifugation for 10 min at 500g. The nuclei were
resuspended in 50 pl of transposition mix (25 pl 2x TD (Tagment DNA) buffer,
2.5pl transposase, 16.5pl PBS, 0.5 pl 1% digitonin, 0.5 ul 10% Tween-20 and 5 pl
water. Transposition reactions were incubated at 37 °C for 30 min.

Patient-derived xenografts. All patient samples were obtained with research
ethics board approval and informed consent. Paediatric patient bone marrow
was transplanted into NSG mice. When primary-transplant mice succumbed to
leukaemia, their bone marrow was collected, frozen for later use and transplanted
into a larger set of secondary NSG recipients. Two weeks after transplant,
secondary recipients were treated once per week with vehicle or low-dose
nanoDXR (week 1) and maintenance low-dose nanoDXR (weeks 2-10). NSG
mice were irradiated with 3.25 Gy on the day of transplantation. Recipients

were placed on Baytril water 3 d before irradiation, which was maintained
thereafter. Health was monitored independently by technicians blinded to any
hypothetical outcome. Cells were frozen in liquid N, using 10% DMSO, 50% FBS
and 40% PBS.

Statistics and reproducibility. Data are expressed as mean +s.d. Pairwise
comparisons were performed using Student’s t-test. Log-rank (Mantel-Cox) test
was used for Kaplan—Meier survival.

Statistical significance was defined as P <0.05.

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

Data availability

ChIP-seq, RNA-seq and ATAC-seq data that support the findings of this study
have been deposited in the Gene Expression Omnibus under accession code
GSE105049. Original data underlying this manuscript can be accessed from the
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Stowers Original Data Repository at http://www.stowers.org/research/publications/
LIBPB-791. Source data for Figs. 1-6 and Extended Data Figs. 1, 3 and 5-7 are
presented with the paper. All other data supporting the findings of this study are
available from the corresponding author on reasonable request.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| HTS screening and invitro analysis shows DXR preferentially inhibits LSC expansion. a, Flow chart showing HTS design. b, Vector
designs for cells expressing Akt and B-catenin and TCF reporter activity. ¢, FRET verification between Akt and B-catenin. While FRET was observed in
mCherry-B-catenin + EGFP-AKT transfected cells and could be inhibited by DXR, essentially no discernible FRET occurred when mCherry-p-catenin was
transfected with EGFP alone (see also Fig. 2h-i). Two biologically independent experiments with n=62, 19, 27, and 36 independent cells for vehicle, [Low]
DXR, and vehicle (negative), [Low]DXR (negative), respectively; mean + SD is indicated. d-e, BM isolated from leukemic Pten:-cat”< mice at 8 wpi was
cultured in HSC expansion media (see Methods). Doxorubicin (white), 103506 (light grey), and thioguanosine (dark grey) were added to 11, 33 or 100 nM
and cultured for 72 hours and analyzed by flow cytometry for LSCs (d) and HSPCs (e) as in Fig. 1. Fold change before and after culture for each population
is indicated relative to equivalent vehicle control concentrations. n=3 biologically independent replicates for each condition; mean + SEM is indicated.
Statistics determined by unpaired two-tailed t-test.
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Extended Data Fig. 3 | Low-dose DXR inhibits downstream Wnt signaling. a, Heatmap of Hallmark MYC target genes (V1) up and downregulated

in HSPCs and LSCs treated with vehicle and LSCs treated with low-dose DXR. Data from two biological replicates of each, differing by <0.3 standard
deviations, are shown. b, ¢, Gene ontology enrichment analysis using -log10 of the uncorrected p value as x axis. The upregulated or downregulated
enriched terms are shown in red or blue, respectively. Numbers correspond to the same term upregulated in b but downregulated in €. b, Upregulated
terms in LSCs vs. HSPCs in leukemic mice (treated only with vehicle control). ¢, Downregulated terms in LSCs from low-dose DXR vs. vehicle control
treated leukemic mice. n=2 biologically independent replicates for each (see Methods). d, TCF/Lef:H2B-GFP mice were stained with CD3 and c-Kit and
analyzed by FACS. Percent of TCF/Lef:H2B-GFP+ cells for each population are indicated. Mean of n=2 biologically independent replicates for each is
indicated. e, TCF/Lef:H2B-GFP mice were treated with vehicle or low-dose nanoDXR and analyzed by FACS at 3 hours post-injection for TCF/Lef:H2B-GFP*
cells. n=5 biologically independent replicates for each condition; mean + SD is indicated. Statistics determined by unpaired two-tailed t-test.

f, Representative FACS plots for data quantified in (e) and including untreated, TCF/Lef:H2B-GFP negative littermate control analysis. n=4,5, and 5
biologically independent replicates as indicated; mean + SD is indicated. Statistics determined by unpaired two-tailed t-test.
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Extended Data Fig. 4 | f-catenin binds multiple immune checkpoint gene loci; low-dose DXR has differential effects on IC genes in LSCs and blast cells.
a, CHIP-seq was performed on 2x107 cells from the B-catenin-3xFlag mouse ES cell line. Genome browser view of p-catenin binding density at the Pdcd1
(Pd-1), Havcr2 (Tim-3), Cd24a, and Ctla4 gene loci promoter regions and/or intergenic regions. b, ATAC-seq was used to show chromatin accessibility
profiles of Wnt target genes observed in blast cells (-30k cells per replicate) and leukemic stem cells (~15k cells per replicate). ¢, Accessibility profiles of
immuno-checkpoint genes observed by ATAC-seq in blast cells (~30k cells per replicate) and LSCs (~15k cells per replicate). Cells were sorted from BM

pooled from 20 leukemia mice treated with low-dose DXR and 8 leukemia mice treated with vehicle control (b-c). Experiment was repeated 1time with
similar results.
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or 0.15 pg/g with and without chemotherapy. Alternatively, a single injection on day 10of 0.8 or 2.5 ug/g of DXR-loaded nanoparticles (NanoDXR) was
given with and without chemotherapy. At 10 days post-treatment, BM was analyzed by flow cytometry to determine frequency of LSCs (a) and HSPCs (b).
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At 12 days post-treatment, BM was harvested from treated mice and transplanted into sub-lethally irradiated NSG recipients. ¢, Treatment schematic and
Kaplan-Meier curves of recipient mice. The free low-dose DXR treatment group (solid line) from Fig. 5f is shown for comparison (n = 30 per group).

d, Recipients of BM from low-dose DXR and low-dose NanoDXR treated leukemic mice were analyzed by flow cytometry at 6 months post-transplant for
Blast cells, HSPCs and LSCs. n=27 (free_ and 24 (nano) biologically independent replicates; mean + SD is indicated. Statistics determined by unpaired
two-tailed t-test.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Low-dose DXR treatment reduces leukemia-initiating activity only in human leukemia exhibiting chemoresistant pS*52-§-cat+*
LSCs. a, b, Summary of pediatric leukemia patients analyzed by FACS for LSCs and pS®2-p-cat* LSCs. B- and T-lymphoid LSCs were identified as enriched
in CD45* CD34* CD19+* and CD45* c-Kitt CD3* cells, respectively. BM samples at diagnosis and at day 29 post-chemotherapy treatment. Pt samples

019 and 034, B and T-lymphoid leukemias exhibiting chemoresistant pS*>?-B-cat* LSCs, were subjected to further invivo treatment and analysis. Pt 024
and 031, B and T-lymphoid acute leukemias lacking chemoresistant pS®>2-p-cat* LSCs, were also tested. ¢, Experimental schematic of establishment and
treatment of patient-derived xenografts (PDX) (see Methods). d, e, Kaplan-Meier survival curve of 1° PDX recipients of diagnostic and post-chemotherapy
BM from Pt 019 (d) and Pt 034 (e). n=3 biologically independent replicates each. f, g, Kaplan-Meier survival curve for 2° PDX recipients treated with
vehicle or low-dose nanoDXR. BM from 1° recipients of diagnostic (d) or post-chemotherapy (e) was transplanted into 2° PDX recipients and treated

with low-dose NanoDXR 14 days post-transplant. h, i, FACs analysis of 2° PDX recipient BM from (f-g). Human CD45* and human LSC engraftment was
determined after succumbing to leukemia or at experimental endpoint. n=10 (each, h) and n=10 and 9 (vehicle and low-dose NanoDXR, respectively, i)
biologically independent replicates; mean + SEM is indicated. Statistics determined by unpaired two-tailed t-test. j-o, Similar analysis to D-I| but of patient-
derived xenografts (PDX) from Pt 024 and Pt 031, which lack chemoresistant pS552-f-cat* LSCs. n=3 biologically independent replicates each (j-k).

n = biologically independent replicates as indicated (f, g, I, m). n=9,10 (vehicle and low-dose NanoDXR, respectively, n) and n=10,9 (vehicle and low-dose
NanoDXR, respectively, o) biologically independent replicates; mean + SEM is indicated. Statistics determined by unpaired two-tailed t-test. (N.S. = not
significant). Statistics determined by Log-rank (Mantel-Cox) test for survival curves.
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Extended Data Fig. 8 | Targeting Akt-activated f-catenin dependent immune escape in LSCs. The cooperative role of the Wnt/p-catenin and PI3K/

Akt pathway in resistance to anti-cancer therapies, including immune escape, made the Pten:-cat** double mutant mice served as an ideal model to
study cancer therapy resistance. We found that cooperative Akt:p-catenin signaling is particularly critical for therapy-resistant LSCs. a, Investigating the
mechanism underlying this resistance, we unexpectedly found that Akt-activated B-catenin binds to multiple IC genes, which are expressed on LSCs. b, In
identifying DXR as an inhibitor of Akt:p-catenin interaction at low doses, we found that DXR could be repurposed as a targeted therapy for resistant LSCs,

in part by inhibiting multiple ICs, particularly PD-1/PD-L1. Notably, LSCs but not blast cells exhibit unique properties of immune resistance, which can be
reduced with low-dose DXR.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection BioRad Everest (version 2.1), BD FACS Diva (v 8.0.1)

Data analysis MS Excel (v 16.30); Prism7 Graphpad (v7.0); Flowjo (v 10); EdgeR (v3.10); metascape (accessed 2018)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Original data underlying this manuscript can be accessed from the Stowers Original Data Repository at http://www.stowers.org/research/publications/LIBPB-791
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined based on ability to obtain sufficient statistics, previous experience with these types of experiments, and
standards from the field. For treated leukemia mice, 5 males and 5 females were typically included; however, dramatic and consistent results,
such as that obtained from clinical doses of doxorubicin, require fewer animals. No exclusion criteria was pre-established.

Data exclusions  No data was excluded.
Replication One or more attempts at replication was successful. All results were independently repeated.
Randomization  All samples and organisms were allocated randomly into experimental groups. Animal groups were age and sex matched.

Blinding Investigators were blinded where relevant. For example, technicians had no way of knowing whether a particular outcome was expected.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

O00OXOOS
XXNXOXKX

Antibodies

Antibodies used Color Compensation:
Target Species Protein Target Conjugate Company Cat. # Notes Link
Mouse Grl (Ly6G) FITC BioLegend 108406 https://www.biolegend.com/en-us/products/fitc-anti-mouse-ly-6g-ly-6¢-gr-1-
antibody-458
Mouse Grl (Ly6G) PE BioLegend 108408 https://www.biolegend.com/en-us/products/pe-anti-mouse-ly-6g-ly-6¢c-gr-1-
antibody-460
Mouse Grl (Ly6G) PerCP Cy5.5 BioLegend 108428 https://www.biolegend.com/en-us/products/percpcyanine55-anti-mouse-
ly-6g-ly-6¢-gr-1-antibody-4286
Mouse Grl (Ly6G) PE-Cy7 BioLegend 108416 https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-ly-6g-ly-6¢-gr-1-
antibody-1931
Mouse Grl (Ly6G) APC BioLegend 108412 https://www.biolegend.com/en-us/products/apc-anti-mouse-ly-6g-ly-6¢c-gr-1-
antibody-456
Mouse Grl (Ly6G) Alexa 700 BioLegend 108422 https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-ly-6g-
ly-6¢-gr-1-antibody-3390
Mouse Grl (Ly6G) APC-Cy7 BioLegend 108424 https://www.biolegend.com/en-us/products/apc-cy7-anti-mouse-ly-6g-ly-6¢-
gr-1-antibody-3935
Mouse Grl (Ly6G) BV421 BioLegend 108445 https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-ly-6g-
ly-6¢-gr-1-antibody-7201
Mouse Grl (Ly6G) BV510 BioLegend 108457 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-ly-6g-
ly-6¢-gr-1-antibody-8614
Mouse Grl (Ly6G) BV605 BioLegend 108440 https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-ly-6g-
ly-6¢-gr-1-antibody-8724
Mouse Grl (Ly6G) BV650 BioLegend 108442 https://www.biolegend.com/en-us/products/brilliant-violet-650-anti-mouse-ly-6g-
ly-6¢-gr-1-antibody-8798
Mouse Grl (Ly6G) BV711 BioLegend 108443 https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-ly-6g-
ly-6¢-gr-1-antibody-8896
Mouse Mac-1 (CD11b) BV785 BioLegend 101243 https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-
human-cd11b-antibody-7958

FITC Lineage Panel:

Target Species Protein Target Conjugate Company Cat. # Notes Link

Mouse CD3e FITC BioLegend 100306 https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd3epsilon-antibody-23
Mouse CD4 FITC BioLegend 100406 https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd4-antibody-248
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Mouse CD8a FITC BioLegend 100706 https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd8a-antibody-153

Mouse B220 (CD45R) FITC BioLegend 103206 https://www.biolegend.com/en-us/products/fitc-anti-mouse-human-cd45r-b220-
antibody-445

Mouse IgM FITC BioLegend 406506 https://www.biolegend.com/en-us/products/fitc-anti-mouse-igm-2334

Mouse Mac-1 (CD11b) FITC BioLegend 101206 https://www.biolegend.com/en-us/products/fitc-anti-mouse-human-cd11b-
antibody-347

Mouse Grl (Ly6G) FITC BioLegend 108406 https://www.biolegend.com/en-us/products/fitc-anti-mouse-ly-6g-ly-6¢-gr-1-
antibody-458

Mouse Ter119 FITC BioLegend 116206 https://www.biolegend.com/en-us/products/fitc-anti-mouse-ter-119-erythroid-cells-
antibody-1865

PE-Cy5 Lineage Panel:

Target Species Protein Target Conjugate Company Cat. # Notes Link

Mouse CD3e PE-Cy5 BiolLegend 100310 https://www.biolegend.com/en-us/search-results/pe-cy5-anti-mouse-cd3epsilon-
antibody-26

Mouse CD4 PE-Cy5 Biolegend 100410 https://www.biolegend.com/en-us/search-results/pe-cy5-anti-mouse-cd4-antibody-251
Mouse CD8a PE-Cy5 BiolLegend 100710 https://www.biolegend.com/en-us/search-results/pe-cy5-anti-mouse-cd8a-
antibody-156

Mouse B220 (CD45R) PE-Cy5 BiolLegend 103210 https://www.biolegend.com/en-us/search-results/pe-cy5-anti-mouse-human-
cd45r-b220-antibody-448

Mouse IgM PE-Cy5 ThermoFisher 15-5790-82 https://www.thermofisher.com/antibody/product/IgM-Antibody-clone-11-41-
Monoclonal/15-5790-82

Mouse Mac-1 (CD11b) PE-Cy5 BioLegend 101210 https://www.biolegend.com/en-us/search-results/pe-cy5-anti-mouse-human-
cd11b-antibody-350

Mouse Grl (Ly6G) PE-Cy5 BioLegend 108410 https://www.biolegend.com/en-us/search-results/pe-cy5-anti-mouse-ly-6g-ly-6¢-
gr-1-antibody-461

Mouse Ter119 PE-Cy5 BioLegend 116210 https://www.biolegend.com/en-us/search-results/pe-cy5-anti-mouse-ter-119-
erythroid-cells-antibody-1868

HSC Panel:

Target Species Protein Target Conjugate Company Cat. # Notes Link

Mouse (Lin Panel+) Lineage+ cells FITC Neg.

Mouse Sca-1 PE-Cy7 BiolLegend 108114 Pos. https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-ly-6a-e-sca-1-
antibody-3137

Mouse c-Kit APC BioLegend 135108 Pos. https://www.biolegend.com/en-us/products/apc-anti-mouse-cd117-c-kit-
antibody-6358

Mouse CD34 BV421 BD 562608 LT-HSC Neg. http://www.bdbiosciences.com/us/applications/research/stem-cell-research/
cancer-research/mouse/bv421-rat-anti-mouse-cd34-ram34/p/562608

Mouse CD135 (FIk2/FIt-3) PE BioLegend 135306 LT-HSC Neg. https://www.biolegend.com/en-us/products/pe-anti-mouse-
cd135-antibody-6173

Mouse CD150 BV711 BioLegend 115941 Pos. https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-
cd150-slam-antibody-13494

Mouse CD48 PerCP Cy5.5 BioLegend 103422 Neg. https://www.biolegend.com/en-us/products/percp-cy5-5-anti-mouse-cd48-
antibody-5597

Mouse CD48 FITC BioLegend 103404 alt: add to Lin panel https://www.biolegend.com/en-us/search-results/fitc-anti-mouse-
cd48-antibody-291

Human CD45RA FITC BioLegend 304148 Neg. https://www.biolegend.com/en-us/products/fitc-anti-human-cd45ra-antibody-686
Human CD34 PE BiolLegend 343506 Pos. https://www.biolegend.com/en-us/products/pe-anti-human-cd34-antibody-6033
Human CD38 BV421 BD 562444 Neg. http://www.bdbiosciences.com/us/applications/research/t-cell-immunology/regulatory-t-
cells/surface-markers/human/bv421-mouse-anti-human-cd38-hit2/p/562444

Human CD201 APC BD 563622 Pos. http://www.bdbiosciences.com/us/applications/research/stem-cell-research/cancer-
research/human/apc-rat-anti-human-cd201-rcr-252/p/563622

Human CD49f BV711 BD 740793 Pos. http://www.bdbiosciences.com/us/reagents/research/antibodies-buffers/immunology-
reagents/anti-human-antibodies/cell-surface-antigens/bv711-rat-anti-human-cd49f-goh3/p/740793

T-ALL/LSC/HSPC Panel:

Target Species Protein Target Conjugate Company Cat. # Notes Link

Mouse (Lin Panel w/out CD3+) CD4, CDS8, B220, IgM, Mac1, Gr1, Ter119 FITC

Mouse CD45 APC BioLegend 103112 https://www.biolegend.com/en-us/products/apc-anti-mouse-cd45-antibody-97

Mouse CD3e PE BiolLegend 100308 https://www.biolegend.com/en-us/products/pe-anti-mouse-cd3epsilon-antibody-25
Mouse c-Kit BV421 BioLegend 135124 https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-cd117-c-kit-
antibody-8637

Mouse Sca-1 PE-Cy7 BiolLegend 108114 https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-ly-6a-e-sca-1-
antibody-3137

Mouse PD-L1 (CD274) BV785 BiolLegend 124331 https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-
cd274-b7-h1--pd-I1-antibody-13497

Mouse PD-1 (CD279) BV605 BioLegend 135220 https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-
cd279-pd-1-antibody-7648

Mouse CD24 BV510 BiolLegend 101831 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-cd24-
antibody-9925

Mouse TIM-3 (CD366) BV711 BioLegend 119727 https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-
cd366-tim-3-antibody-14918

Mouse (Lin Panel w/out CD3 or CD8) CD4, B220, IgM, Macl, Grl, Ter119 PE-Cy5

o]
Q
==
c
=
D
=
D
wn
D
Q
=
@)
o
=
D
o
©)
=
-]
Q
(2]
C
Q
=
S

810 4290120




Mouse CD3e PE BioLegend 100308 https://www.biolegend.com/en-us/products/pe-anti-mouse-cd3epsilon-antibody-25
Mouse CD8a FITC BioLegend 100706 https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd8a-antibody-153

Mouse c-Kit BV421 BioLegend 135124 https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-cd117-c-kit-
antibody-8637

Mouse Sca-1 PE-Cy7 BiolLegend 108114 https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-ly-6a-e-sca-1-
antibody-3137

All cells NIR (Zombie dye) ~APC BioLegend 423105/6 Optional: add post-staining... https://www.biolegend.com/en-us/products/
zombie-nir-fixable-viability-kit-8657

Mouse PD-L1 (CD274) BV785 BiolLegend 124331 https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-
cd274-b7-h1--pd-I1-antibody-13497

Mouse PD-1 (CD279) BV605 BioLegend 135220 https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-
cd279-pd-1-antibody-7648

Mouse CD24 BV510 BiolLegend 101831 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-cd24-
antibody-9925

Mouse TIM-3 (CD366) BV711 BioLegend 119727 https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-
cd366-tim-3-antibody-14918

Mouse (Lin Panel w/out CD3 or CD8) CD4, B220, IgM, Macl, Grl, Ter119 FITC

Mouse CD3e PE BiolLegend 100308 https://www.biolegend.com/en-us/products/pe-anti-mouse-cd3epsilon-antibody-25
Mouse CD8a APC BiolLegend 100712 https://www.biolegend.com/en-us/search-results/apc-anti-mouse-cd8a-antibody-150
Mouse c-Kit BV421 BioLegend 135124 https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-cd117-c-kit-
antibody-8637

Mouse Sca-1 PE-Cy7 BiolLegend 108114 https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-ly-6a-e-sca-1-
antibody-3137

All cells 7AAD ~PerCP-Cy5.5 BioLegend 423105/6 Optional: add post-staining... https://www.biolegend.com/en-us/products/
zombie-nir-fixable-viability-kit-8657

Mouse PD-L1 (CD274) BV785 BiolLegend 124331 https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-
cd274-b7-h1--pd-I1-antibody-13497

Mouse PD-1 (CD279) BV605 BioLegend 135220 https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-
cd279-pd-1-antibody-7648

Mouse CD24 BV510 BiolLegend 101831 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-cd24-
antibody-9925

Mouse TIM-3 (CD366) BV711 BioLegend 119727 https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-
cd366-tim-3-antibody-14918

T-Cell Panel:

Target Species Protein Target Conjugate Company Cat. # Notes Link

Mouse CD3e FITC BioLegend 100306 https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd3epsilon-antibody-23
Mouse CD4 APC BiolLegend 100412 https://www.biolegend.com/en-us/products/apc-anti-mouse-cd4-antibody-245

Mouse CD8a PE BioLegend 100708 https://www.biolegend.com/en-us/products/pe-anti-mouse-cd8a-antibody-155

Mouse CD25 BV510 BiolLegend 102042 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-cd25-
antibody-8663

Mouse CD127 BV785 BioLegend 135037 https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-cd127-
il-7ralpha-antibody-10803

Mouse/Human/Rat Arm. Hamster ICOS (CD278) BV711 BioLegend 313548 https://www.biolegend.com/en-us/products/brilliant-
violet-711-anti-human-mouse-rat-cd278-icos-antibody-15987

Mouse PD-1 (CD279) BV605 BioLegend 135220 https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-
cd279-pd-1-antibody-7648

Mouse/Human GranzymeB PerCP Cy5.5 Biolegend 372212 https://www.biolegend.com/en-us/products/percpcyanine55-anti-
humanmouse-granzyme-b-recombinant-antibody-15597

Mouse FoxP3 BV421 BiolLegend 126419 https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-foxp3-
antibody-12143

Human CD3e FITC BioLegend 317306 https://www.biolegend.com/en-us/products/fitc-anti-human-cd3-antibody-3644
Human CD4 APC BioLegend 317416 https://www.biolegend.com/en-us/products/apc-anti-human-cd4-antibody-3657

Human CD8a PE BioLegend 300908 https://www.biolegend.com/en-us/products/pe-anti-human-cd8a-antibody-762

Human CD25 BV510 BioLegend 302640 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-human-cd25-
antibody-13540

Human CD127 BV785 BioLegend 351330 https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-human-cd127-
il-7ralpha-antibody-7982

Human/Mouse/Rat Arm. Hamster ICOS (CD278) BV711 BioLegend 313548 https://www.biolegend.com/en-us/products/brilliant-
violet-711-anti-human-mouse-rat-cd278-icos-antibody-15987

Human PD-1 (CD279) BV605 BiolLegend 367426 https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-human-
cd279-pd-1-antibody-15336

Human/Mouse Mouse GranzymeB PerCP Cy5.5 BioLegend 372212 https://www.biolegend.com/en-us/products/
percpcyanine55-anti-humanmouse-granzyme-b-recombinant-antibody-15597

Human FoxP3 BV421 BiolLegend 320124 https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-human-foxp3-
antibody-12045

MDSC Panel:

Target Species Protein Target Conjugate Company Cat. # Notes Link

Mouse Mac-1 (CD11b) BV785 BioLegend 101243 https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-
human-cd11b-antibody-7958

Mouse Ly6G APC Biolegend 127614 https://www.biolegend.com/en-us/products/apc-anti-mouse-ly-6g-antibody-6115
Mouse Ly6C BV421 BioLegend 128032 https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-ly-6¢-
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antibody-8586

Mouse MHCII (I-A/I-E) FITC BioLegend 107606 https://www.biolegend.com/en-us/products/fitc-anti-mouse-i-a-i-e-antibody-366
Mouse CD206 PE BiolLegend 141706 https://www.biolegend.com/en-us/products/pe-anti-mouse-cd206-mmr-antibody-7424
Mouse F4/80 PE-Cy7 BiolLegend 123114 https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-f4-80-antibody-4070

Human CD11b BV605 BioLegend 301332 Pos. https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-human-
cd11b-antibody-8493

Human CD33 PE-Cy7 BioLegend 303434 Pos. https://www.biolegend.com/en-us/products/pecy7-anti-human-cd33-
antibody-15780

Human HLA-DR APC BioLegend 307610 M1+ M2- https://www.biolegend.com/en-us/products/apc-anti-human-hla-dr-
antibody-787

Human CD206 PE BiolLegend 321106 M1- M2+ https://www.biolegend.com/en-us/products/pe-anti-human-cd206-mmr-
antibody-2994

Human CD3e FITC BioLegend 317306 Neg. https://www.biolegend.com/en-us/products/fitc-anti-human-cd3-antibody-3644
Human CD19 BV711 BioLegend 302246 Neg. https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-human-cd19-
antibody-8519

Human CD56 BV421 BiolLegend 318328 Neg. (NK+) https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-human-
cd56-ncam-antibody-7143

Repopulation Panel:

Target Species Protein Target Conjugate Company Cat. # Notes Link

Mouse CD45.1 PE BioLegend 110708 Host+ https://www.biolegend.com/en-us/products/pe-anti-mouse-cd45-1-antibody-199
Mouse CD45.2 BV421 BioLegend 109832 Donor+ https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-
cd45-2-antibody-7328

Mouse Mac-1 (CD11b) BV785 BioLegend 101243 Myeloid https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-
mouse-human-cd11b-antibody-7958

Mouse Grl (Ly6G) APC BioLegend 108412 Myeloid https://www.biolegend.com/en-us/products/apc-anti-mouse-ly-6g-ly-6¢-
gr-1-antibody-456

Mouse B220 PE-Cy7 BioLegend 103222 B Lymphoid https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-human-
cd45r-b220-antibody-1930

Mouse CD3e FITC BioLegend 100306 T Lymphoid https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd3epsilon-
antibody-23

Mouse CD45 APC BioLegend 103112 Host+ https://www.biolegend.com/en-us/products/apc-anti-mouse-cd45-antibody-97
Human CD45 BV421 BioLegend 304032 Donor+ https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-human-
cd45-antibody-7332

Human CD19 BV711 BiolLegend 302246 B Lymphoid https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-
human-cd19-antibody-8519

Human CD33 PE-Cy7 BioLegend 303434 Myeloid https://www.biolegend.com/en-us/products/pecy7-anti-human-cd33-
antibody-15780

Human CD3e FITC BioLegend 317306 T Lymphoid https://www.biolegend.com/en-us/products/fitc-anti-human-cd3-
antibody-3644

Human CD235a (GlyA) PE BioLegend 349106 Erythroid https://www.biolegend.com/en-us/products/pe-anti-human-cd235a-
glycophorin-a-antibody-6769

Isotype Controls:

Isotype for: Protein Target Conjugate Company Cat. # Notes Link

Ab#_(Human CD201) Rat IgG1k APC BD 554686 http://www.bdbiosciences.com/us/applications/research/intracellular-flow/
intracellular-antibodies-and-isotype-controls/anti-rat-antibodies/apc-rat-iggl-isotype-control-r3-34/p/554686

Ab#_(Human CD49f) Rat IgG2ak BV711 BD 563047 http://www.bdbiosciences.com/us/reagents/research/antibodies-buffers/
immunology-reagents/anti-mouse-antibodies/cell-surface-antigens/bv711-rat-igg2a-isotype-control-r35-95/p/563047

Ab# _(Mouse CD34) Rat IgG2a BV421 BD 562602 http://www.bdbiosciences.com/us/reagents/research/antibodies-buffers/
immunology-reagents/anti-mouse-antibodies/cell-surface-antigens/bv421-rat-igg2a-isotype-control-r35-95/p/562602
Ab#_(Mouse CD135) Rat IgG2ak PE BioLegend 400508 https://www.biolegend.com/en-us/products/pe-rat-igg2a--kappa-
isotype-ctrl-1843

Ab#_(Mouse CD150) Rat IgG2ak BV711 BioLegend 400551 https://www.biolegend.com/en-us/products/brilliant-violet-711-rat-
igg2a--kappa-isotype-ctrl-9028

Ab#_(Mouse CD48) Arm. Hamster IgG PerCP Cy5.5 BioLegend 400931 https://www.biolegend.com/en-us/products/percp-
cy5-5-armenian-hamster-igg-isotype-ctrl-4195

Ab#_(Mouse PD-L1) Rat IgG2bk BV785 BioLegend 400647 https://www.biolegend.com/en-us/products/brilliant-violet-785-rat-
igg2b--kappa-isotype-ctrl-8387

Ab#_(Mouse PD-1) Rat IgG2ak BV605 BioLegend 400539 https://www.biolegend.com/en-us/products/brilliant-violet-605-rat-
igg2a--kappa-isotype-ctrl-7631

Ab#_(Mouse CD24) Rat IgG2bk BV510 BioLegend 400646 https://www.biolegend.com/en-us/products/brilliant-violet-510-rat-
igg2b--kappa-isotype-ctrl-8018

Ab#_(Mouse TIM-3) Rat IlgG2ak BV711 BioLegend 400551 https://www.biolegend.com/en-us/products/brilliant-violet-711-rat-
igg2a--kappa-isotype-ctrl-9028

Ab#_(Mouse CD278) Arm. Hamster IgG BV711 BioLegend 400936 https://www.biolegend.com/en-us/products/brilliant-
violet-711-armenian-hamster-igg-isotype-ctrl-13578

Ab#_(Human CD278) Arm. Hamster IgG BV711 BioLegend 400936 https://www.biolegend.com/en-us/products/brilliant-
violet-711-armenian-hamster-igg-isotype-ctrl-13578

Ab#_(Human PD-1) Rat IgG2ak BV605 BioLegend 400161 https://www.biolegend.com/en-us/products/brilliant-violet-605-
mouse-iggl--kappa-isotype-ctrl-7630

Human CD366 (Tim3) Mouse IgG1, k BV711 BioLegend 400167 https://www.biolegend.com/en-us/products/brilliant-violet-711-
mouse-iggl--kappa-isotype-ctrl-7930
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Human CTLA-4 Mouse IgG2a, k PE-Cy7 BioLegend 400231 https://www.biolegend.com/en-us/products/pe-cy7-mouse-igg2a--
kappa-isotype-ctrl-1924

Human TIGIT Mouse IgG2a, k PE BioLegend 400211 https://www.biolegend.com/en-us/products/pe-mouse-igg2a--kappa-
isotype-ctrl-1401

Human CD223 (LAG-3) Mouse IgG1, k BV510 BioLegend 400171 https://www.biolegend.com/en-us/products/brilliant-
violet-510-mouse-igg1--kappa-isotype-ctrl-8014

Human PD-L1 Mouse IgG2b, k BV510 BioLegend 400345 https://www.biolegend.com/en-us/products/brilliant-violet-510-
mouse-igg2b--kappa-isotype-ctrl-8016

Human Galectin-9 Mouse IgG1, k APC BioLegend 400121 https://www.biolegend.com/en-us/products/apc-mouse-iggl--kappa-
isotype-ctrl-fc-3034

Human CD80 Mouse IgG1, k PE BioLegend 400111 https://www.biolegend.com/en-us/products/pe-mouse-iggl--kappa-isotype-
ctrl-1408

Human CD155 Mouse IgG1, k PE-Cy7 BioLegend 400125 https://www.biolegend.com/en-us/products/pe-cy7-mouse-iggl--
kappa-isotype-ctrl-1926

Human HLA-DR Mouse 1gG2a, k BV711 BioLegend 400271 https://www.biolegend.com/en-us/products/brilliant-violet-711-
mouse-igg2a--kappa-isotype-ctrl-8958

Reagents:

All mammals Annexin V PerCP Cy5.5 BiolLegend 640936 apoptosis https://www.biolegend.com/en-us/products/percp-cy5-5-
annexin-v-9789

All mammals Annexin V BV421 BioLegend 640924 apoptosis https://www.biolegend.com/en-us/products/brilliant-violet-421-
annexin-v-9286

All mammals Annexin V Binding Buffer none BioLegend 422201 apoptosis https://www.biolegend.com/en-us/products/annexin-
v-binding-buffer-5162

All cells DNA 7AAD BioLegend 420404 viability https://www.biolegend.com/en-us/products/7-aad-viability-staining-
solution-1649

Mouse CD16/32 none BiolLegend 156604 prevent nonspecific binding https://www.biolegend.com/en-us/products/trustain-fcx-
plus-anti-mouse-cd16-32-antibody-17085

Human CD16/32 none BioLegend 422302 prevent nonspecific binding https://www.biolegend.com/en-us/products/human-
trustain-fcx-fc-receptor-blocking-solution-6462

Cyto-Last Buffer N/A N/A BioLegend 422501 Store stained cells up to 2 weeks https://www.biolegend.com/en-us/products/cyto-
last-buffer-8022

Human AML HSPC LSC ICB Panel

Target Species Protein Target Conjugate Company Cat. # Notes Link

Human CD45RA FITC BioLegend 304148 Neg. https://www.biolegend.com/en-us/products/fitc-anti-human-cd45ra-antibody-686
Human/Mouse pS552-beta-catenin PE In house Custom (Li Lab)

Human CD34 APC BiolLegend 343608 https://www.biolegend.com/en-us/products/apc-anti-human-cd34-antibody-6204
Human CD38 BV421 BiolLegend 303526 https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-human-cd38-
antibody-7145

Human TIM-3 (CD366) BV711 BioLegend 345024 https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-human-
cd366-tim-3-antibody-10207

Human PD-1 (CD279) BV605 BiolLegend 367426 https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-human-
cd279-pd-1-antibody-15336

Human PD-L1 (CD274) BV510 BioLegend 329734 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-human-
cd274-b7-h1--pd-I1-antibody-13504

Human Immune Checkpoint Panels

Target Species Protein Target Conjugate Company Cat. # Notes Link

Human PD-1 (CD279) APC BioLegend 329908 https://www.biolegend.com/en-us/products/apc-anti-human-cd279-pd-1-
antibody-4413

Human TIM-3 (CD366) BV711 BioLegend 345024 https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-human-
cd366-tim-3-antibody-10207

Human CTLA-4 PE-Cy7 BioLegend "369614 " https://www.biolegend.com/en-us/products/pe-cy7-anti-human-cd152-ctla-4-
antibody-13816

Human TIGIT PE BioLegend 372704 https://www.biolegend.com/en-us/products/pe-anti-human-tigit-vstm3-antibody-13796
Human LAG3 BV510 BioLegend 369318 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-human-cd223-
lag-3-antibody-14805

All mammals Annexin V BV421 BioLegend 640924 apoptosis https://www.biolegend.com/en-us/products/brilliant-violet-421-
annexin-v-9286

All cells DNA 7AAD BioLegend 420404 viability https://www.biolegend.com/en-us/products/7-aad-viability-staining-
solution-1649

Human PD-L1 (CD274) BV510 BioLegend 329734 https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-human-
cd274-b7-h1--pd-I1-antibody-13504

Human Galectin-9 APC BioLegend 348908 https://www.biolegend.com/en-us/products/apc-anti-human-galectin-9-
antibody-8036

Human CD80 PE BioLegend 305208 https://www.biolegend.com/en-us/products/pe-anti-human-cd80-antibody-554

Human CD155 PE-Cy7 BiolLegend 337614 https://www.biolegend.com/en-us/products/pe-cy7-anti-human-cd155-pvr-
antibody-11925

Human MHC Il / HLA-DR BV711 BioLegend 307644 https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-
human-hla-dr-antibody-7939

All mammals Annexin V BV421 BiolLegend 640924 apoptosis https://www.biolegend.com/en-us/products/brilliant-violet-421-
annexin-v-9286

All cells DNA 7AAD BioLegend 420404 viability https://www.biolegend.com/en-us/products/7-aad-viability-staining-
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solution-1649
Mouse Immune Checkpoint Panels

Mouse PD-1 (CD279) BV605 BioLegend 135220 https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-
cd279-pd-1-antibody-7648

Mouse TIM-3 (CD366) BV711 BioLegend 119727 https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-
cd366-tim-3-antibody-14918

Mouse CTLA-4 APC BioLegend 106310 https://www.biolegend.com/en-us/products/apc-anti-mouse-cd152-antibody-5455
Mouse TIGIT PE BioLegend 142104 https://www.biolegend.com/en-us/products/pe-anti-mouse-tigit-vstm3-antibody-7429
Mouse LAG3 PE-Cy7 BioLegend 125226 https://www.biolegend.com/en-us/products/pe-cy7-anti-mouse-cd223-lag-3-
antibody-14782

All mammals Annexin V BV421 BiolLegend 640924 apoptosis https://www.biolegend.com/en-us/products/brilliant-violet-421-
annexin-v-9286

All cells DNA 7AAD BioLegend 420404 viability https://www.biolegend.com/en-us/products/7-aad-viability-staining-
solution-1649

Mouse PD-L1 (CD274) BV785 BiolLegend 124331 https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-
cd274-b7-h1--pd-I1-antibody-13497

Mouse Galectin-9 APC BioLegend 137912 https://www.biolegend.com/en-us/products/apc-anti-mouse-galectin-9-
antibody-16375

Mouse CD80 PE-Cy5 BiolLegend "104712 " https://www.biolegend.com/en-us/products/pe-cy5-anti-mouse-cd80-antibody-2339
Mouse CD155 PE BiolLegend 132206 https://www.biolegend.com/en-us/products/pe-anti-mouse-cd155-pvr-antibody-5570
Mouse MHCII (I-A/I-E) FITC BioLegend 107606 https://www.biolegend.com/en-us/products/fitc-anti-mouse-i-a-i-e-antibody-366
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Validation The S552 antibody was validated as shown in Fig. 3. All have been validated by the manufacturer (eBiosciences or BioLegend, see
web links above).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293 (ATCC)

Authentication ATCC uses morphology, karyotyping, and PCR based approaches to confirm the identity of human cell lines and to rule out
both intra- and interspecies contamination.

Mycoplasma contamination Tested negative

Commonly misidentified lines  None used
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The HSC-SCL-Cre-ERT PtenloxP/loxP Bcat(Ctnnb1)loxP(Exon3)/+ (hereafter, Pten:B-catAct) mouse model combines conditional
deletion of LoxP flanked Pten, resulting in activation of the PI3K/Akt pathway, and exon 3 of B-catenin (B-catAct), resulting in
constitutive activation of B-catenin. The hematopoietic stem/progenitor cells (HSPCs)-specific Cre recombinase, HSC-SCL-Cre-
ERT, was used to study of the combined effects of both pathways starting with HSPCs and without the HSC activating effects of
induction by interferon. HSC-SCL-Cre, Pten, and B-catAct, were obtained from Joachim Goethert (University of Duisburg-Essen,
Germany), Hong Wu (UCLA, Los Angeles, CA), and Makoto Taketo (Kyoto University, Japan), respectively. TCF/Lef:H2B-GFP
reporter mice were obtained from Anna-Katerina Hadjantonakis (Sloan-Kettering, NY, USA). NOD SKID IL2Rg. Half male/half
female used at 6-8 weeks unless otherwise noted in the manuscript and were obtained from Jax.

Wild animals This study did not involve wild animals.
Field-collected samples This study did not involve samples collected from the field.
Ethics oversight All necessary protocols were approved by Stowers IACUC and IRB (University of Kansas Medical Center)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

8107 120120

Policy information about studies involving human research participants

Population characteristics Ages Eligible for Study: 18 Years and older (Adult, Older Adult)
Sexes Eligible for Study: All
Accepts Healthy Volunteers: No




Criteria

Inclusion Criteria:

Ability to understand and the willingness to sign a written informed consent or have parental consent.
Age > 18 years

Pathological confirmation by bone marrow documenting the following:

AML which has relapsed after Complete Remission

AML which has been refractory to two prior induction attempts

ALL which has relapsed after Complete Remission

ALL which has been refractory to two prior induction attempts

Disease status allows delay of additional anti-leukemia therapy for the duration of the study (hydroxyurea is allowed for control
of WBC throughout study)

Eastern Cooperative Oncology Group (ECOG) performance status score of 0-3

Able to adhere to the study visit schedule and other protocol requirements

Cardiac ejection fraction >45% by ECHO

Serum alanine aminotransferase or aspartate aminotransferase < 3 times the ULN

Women of child-bearing potential and men with partners of child-bearing potential must agree to use adequate contraception
prior to study entry, for the duration of study participation, and for 90 days following completion of therapy.

Exclusion Criteria:

Concurrent use of conventional or investigational anticancer agents, except hydroxyurea (Standard prophylactic anti-infectives
and medications to prevent/treat tumor lysis syndrome are allowed. Hydroxyurea may be used to keep the WBC<25,000.
Additional anti-leukemia therapy is prohibited during the study.).

Patient has received chemotherapy or radiotherapy within 2 weeks prior to entering the study or has not recovered from
adverse events due to agents administered more than 2 weeks earlier, with the exception of hydroxyurea.

Patients with known active uncontrolled central nervous system (CNS) leukemia

History of allergic reactions attributed to compounds of similar chemical or biologic composition to daunorubicin

Patients with a total lifetime anthracycline exposure exceeding the equivalent of 900 mg/m2 of daunorubicin

Uncontrolled intercurrent iliness including, but not limited to, ongoing or active infection, symptomatic congestive heart failure,
unstable angina pectoris, cardiac arrhythmia, or psychiatric illness/social situations that would limit compliance with study
requirements.

Unwilling or unable to undergo serial bone marrow aspirate/biopsy

Pregnant or nursing
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Recruitment Patients meeting the above criteria were recruited with no bias.

Ethics oversight Approved by the University of Kansas Medical Center IRB.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration https://clinicaltrials.gov/ct2/show/NCT02914977
Study protocol NCT02914977
Data collection University of Kansas Cancer Center - Clinical Research Center

Fairway, Kansas, United States, 66205
Start: 9/26/2016 End: 6/24/2019

Outcomes No pre-defined outcome was determined; exploratory study

ChlIP-seq

Data deposition

|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links http://www.stowers.org/research/publications/LIBPB-791 8

May remain private before publication. r%
N

Files in database submission CT analysis of semiquantitative PCR of ChIP sample E

Genome browser session https://genome.ucsc.edu/cgi-bin/hgTracks?

(e.g. UCSC)

db=mm10&IlastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&po
sition=chr10%3A43574072-43589362&hgsid=683054713_1TqQRnAiAlk9Ji9c3k6huKximXi5




Methodology

Replicates 1-2

Sequencing depth Single end, read length 50bp

Antibodies Anti-flag M2 (Sigma F3165)

Peak calling parameters Sequencing data was acquired through the default Illumina pipeline using Casava v1.8. Reads were aligned to the mouse

genome UCSC mm10 using the Bowtie2 aligner v2.2.0(Langmead et al., 2009). Reads were extended to 150 bases toward
the interior of the sequenced fragment and normalized to total reads aligned (reads per million; RPM).

Data quality Peaks of each replicate with IDR<0.01 were selected. Associated control samples were used to determine statistical
enrichment ata p < 1le-3.

Software Peak detection was done using MACS2 v2.1.0.20140616(Zhang et al., 2008).
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Flow Cytometry

Plots
Confirm that:
& The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were flushed out of femurs into PBS+2%FBS, up to 1E6 cells/0.1ml were stained on ice for 30 mins, washed twice and
analyzed.

Instrument BioRad ZE5; Millipore MACSQuant

Software Everest; BD FACSDiva

Cell population abundance  Post-sort analysis showed at least 90% purity.

Gating strategy Gating strategy is shown in the figures.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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