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Eliminating chronic myeloid leukemia stem cells by
IRAK1/4 inhibitors
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Leukemia stem cells (LSCs) in chronic myeloid leukemia (CML) are quiescent, insensitive to
BCR-ABL1 tyrosine kinase inhibitors (TKls) and responsible for CML relapse. Therefore,
eradicating quiescent CML LSCs is a major goal in CML therapy. Here, using a Go marker
(GoM), we narrow down CML LSCs as GoM- and CD27- double positive cells among the
conventional CML LSCs. Whole transcriptome analysis reveals NF-kB activation via inflam-
matory signals in imatinib-insensitive quiescent CML LSCs. Blocking NF-kB signals by inhi-
bitors of interleukin-1 receptor-associated kinase 1/4 (IRAK1/4 inhibitors) together with
imatinib eliminates mouse and human CML LSCs. Intriguingly, IRAK1/4 inhibitors attenuate
PD-L1 expression on CML LSCs, and blocking PD-L1 together with imatinib also effectively
eliminates CML LSCs in the presence of T cell immunity. Thus, IRAK1/4 inhibitors can
eliminate CML LSCs through inhibiting NF-xB activity and reducing PD-L1 expression. Col-
lectively, the combination of TKls and IRAK1/4 inhibitors is an attractive strategy to achieve a
radical cure of CML.
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ARTICLE

hronic myeloid leukemia (CML) results from the trans-

formation of hematopoietic stem cells (HSCs) by BCR-

ABLI fusion proteinl-3. BCR-ABLI, which arises from the
chromosomal translocation t(9;22), encodes a 210kD chimeric
protein (p210 BCR-ABL1) with constitutive tyrosine-kinase
activity. BCR-ABL1 tyrosine kinase stimulates proliferation,
activates pro-survival signaling pathways, inhibits apoptosis, and
contributes to genomic instability to drive the disease*~7. The
development of the first BCR-ABLI1 tyrosine kinase inhibitor
(TKI) imatinib has dramatically improved CML therapy and the
survival of CML patients®®. However, TKI treatment fails to
eliminate CML leukemia stem cells (LSCs) even in patients
reaching the stage of complete molecular responses, and the
residual CML LSCs can be identified in a quiescent HSC
fraction!0-14, Even the second-generation TKIs nilotinib and
dasatinib are not effective at eradicating quiescent CML
LSCs!>16, CML LSCs share many features with normal HSCs,
such as the quiescent state, localization in the hypoxia niche, and
self-renewal ability!7-21, Their quiescent state is one of the major
reasons why CML LSCs are resistant to BCR-ABL1 TKIs?223,
This is probably because quiescent CML LSCs are not absolutely
dependent on BCR-ABL activity for their survival!>%4, In fact, the
abrogation of the quiescent state of CML LSCs by Fbxw?7 ablation
increases their sensitivity to imatinib?>. Moreover, the combina-
tion of histone deacetylase (HDAC) inhibitors, which induce
apoptosis in quiescent cancer cell lines, with imatinib induces
apoptosis in quiescent CML LSCs2%27, Thus, the ablation of the
quiescence of CML LSCs is a key to enhancing their sensitivity to
TKIs. On the other hand, imatinib partially contributes to their
quiescent state?8, Overall, how the quiescent state of CML LSCs is
regulated in the presence of TKIs has yet to be elucidated.

NF-«B activation by BCR-ABL1 has been observed in culture
and in a mouse CML-like model?®-30. Inhibitors of NF-kB acti-
vation attenuate the lymphoid and myeloid leukemogenesis by
BCR-ABLI and decrease the number of CML LSCs in the mouse
model3!. NF-xB blockade by PS-1145, an IxB kinase (IKK)
inhibitor, is effective at suppressing the growth of imatinib-
resistant CML cell lines and bone marrow (BM) cells of imatinib-
resistant CML-chronic phase (CML-CP) patient bone marrow
(BM) cells in vitro32. These reports indicate that NF-kB activation
is responsible for the TKI-resistance of CML LSCs.

Notably, CML LSCs express higher levels of IL-1 receptors (IL-
1Rs) and are more sensitive to IL-1-induced NF-«B signaling
than normal HSCs. Accordingly, the combination of a recombi-
nant IL-1R antagonist (IL-1RA) with a TKI resulted in sig-
nificantly greater inhibition of CML LSCs compared with the TKI
alone®3. Additionally, primitive CD34+CD38" CML-CP cells
proliferate and activate NF-«B in response to IL-1f stimulation3.
These reports indicate that the IL-1R-NF-xB signal axis is
important for the proliferation of CML LSCs.

Although IL-1Rs share their downstream signaling pathways
with Toll-like receptors (TLRs) except for TLR3, TLR signaling in
CML has not been well examined. IRAK1/4, two serine/threonine
kinases, are mediators of IL-1R/TLR-NF-«B signaling pathways.
It was reported that the blockade of IRAK1/4 is effective at era-
dicating myelodysplastic syndrome (MDS) cells by inhibiting
growth and inducing apoptosis through the deactivation of NF-
kB3>, The inhibition of IRAKI is also effective at reducing the
growth of acute myeloid leukemia (AML) cell lines and primary
AML patient cells>®. These studies indicate that IRAKI is a key
factor for the survival of myeloid leukemia cells. Therefore, the
development of effective therapeutic approaches that target the
IRAK1/4-NF-xB pathway with TKIs could be considered an
attractive option for the eradication of CML LSCs.

The immune system plays an important role in the control of
most malignancies including CML, and CML cells are susceptible

to T cell immunity?”. Among hematologic neoplasms, CML is
sensitive to graft-versus-leukemia immunity3. The combination
therapy of donor-derived CD8 T cells and imatinib results in
prolonged leukemia-free survival of mice with BCR-ABLI-
induced CML-like disease’®. In relation to this, CML cells
express programmed cell death ligand 1 (PD-L1), and a high
expression of PD-L1 on human CD34% CML cells is a negative
prognostic factor?®#l. Furthermore, PD-L1 is constitutively
expressed on LSCs and leukemia progenitors in a mouse CML-
like model. Finally, blocking the PD-1/PD-L1 interaction
enhances the survival of CML mice in blast crisis*?. These studies
indicate that PD-L1 protects CML LSCs from T cell immunity.
However, the efficacy of the combination of PD-1/PD-L1 block-
ade and TKIs on the eradication of CML LSCs has not been
examined.

Previously we reported that G, marker (GoM), a fusion protein
between the fluorescent protein mVenus and p27K-, which is a
p27 mutant lacking cyclin-dependent kinase (Cdk) inhibitory
activity, is a useful tool for visualizing the quiescent states of
conventional long-term HSCs, and the stemness of the cells was
correlated with the intensity of GoM*344. In the present study, we
applied GoM to identify and visualize quiescent CML LSCs. Gene
expression analysis revealed that the NF-kB signal is important
for their survival in the presence of imatinib. The deactivation of
NF-«kB by an IRAK1/4 inhibitor with imatinib was extremely
effective at eliminating CML LSCs compared with imatinib alone
in a mouse CML-like model and a xenograft model with primary
CML-CP patient samples. Moreover, we found that the IRAK1/4
inhibitor attenuated PD-L1 expression on CML LSCs in addition
to having a proapoptotic function. These data indicate that the
pharmacological inhibition of IRAK1/4 together with TKIs exerts
a potent dual antileukemia effect partly through the assistance of
antitumor immunity.

Results

Identification of CML LSCs by G, marker and CD27. We
introduced G, marker (GoM) to a mouse CML-like model to
visualize quiescent CML LSCs. We retrovirally overexpressed
BCR-ABLI in BM cells from 5FU-treated GoM mice, in which
Cre-inducible GoM in a Rosa26 allele is regulated by Vav1-Cre*4,
and then injected the cells into lethally irradiated wild-type
recipient mice to develop mouse CML-like disease (Fig. 1a). CML
derived from BM cells carrying GoM was developed in about
3 weeks, and imatinib treatment prolonged the survival of leu-
kemic mice (Fig. 1b), ensuring that GoM did not affect CML
development or imatinib treatment. To assess the expression of
GoM in CML LSCs, we subdivided the conventional CML LSC
fraction (CML LSK; BCR-ABL1tLin~ScaltcKit*) in the BM
from leukemic mice by GoM and CD27, a marker for the CML
stem/progenitor cell fraction®>. The combination of CD27 and
GoM split the CML LSK fraction into four factions: GoM+CD27+
(double positive: DP), GoM~CD27" (single positive: SP),
GoMTCD27~, and GgM~CD27~ (double negative: DN) (Fig. 1c).
To evaluate the LSC potential, we performed colony-forming
assays and secondary transplantation assays on these fractions.
The colony-forming ability was highly enriched in the DP frac-
tion (Supplementary Fig. 1a). Kinetic analysis of the chimerism of
BCR-ABLIT cells (GFPT cells) in peripheral blood (PB) revealed
that, while the levels of chimerism gradually increased in the PB
of mice transplanted with DP cells, engraftment of SP cells peaked
at 25 days and then declined (Supplementary Fig. 1b). Chimerism
of GFP™ myeloid cells in PB also increased in DP cell-engrafted
mice, whereas that in SP cell-engrafted mice decreased and was
undetectable at day 47 after the transplantation (Supplementary
Fig. 1c). The secondary transplantation assay showed that mice
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Fig. 1 GoM and CD27 identify quiescent CML LSCs. a Experimental design. BMT: bone marrow transplantation. b Survival curves for mice treated with

vehicle (n=9) and imatinib (n =11). ¢ Representative FACS plots of BCR-ABL1*Lin"Scaltc-Kit* cells in the BM from mice treated with vehicle and

imatinib. d Absolute number of LSCs (GoM*TCD27+ cells in FACS plots in €) in the BM from CML mice transplanted with SP cells (n=5) and DP cells

(n=4). e Survival curves for recipient mice transplanted with the indicated populations from CML mice treated with vehicle. DP (n=8), SP (n=8),

GoM+CD27— (n=38), and DN (n= 7). f Representative FACS plots of BCR-ABL1tLin~Scaltc-Kit* cells in the BM from the recipient mice transplanted
with DP and SP cells in e. g The percentage of LSCs (GoMTCD277 cells in FACS plots in F) in BCR-ABL1T cells in the BM from CML mice transplanted with

SP cells (n=3) and DP cells (n = 3). h Survival curves for recipient mice transplanted with the indicated populations from CML mice treated with imatinib.
DP (n=05), SP (n=4), GogM*+CD27~ (n=3), and DN (n = 3). i Representative FACS plots of BCR-ABL1*Lin"ScalTc-Kit* cells in the BM from the recipient
mice transplanted with DP and SP cells in H. j The percentage of LSCs (GoM+CD27+ cells in FACS plots in i) in BCR-ABL1* cells in the BM from CML mice
transplanted with SP cells (n =3) and DP cells (n = 3). All treatments were continued during the observation period. Data are shown as the mean + SEM.
P values are calculated by the log-rank test (b, e, h) or by two-tailed Student's t test (d, g, j).

engrafted with DP cells exclusively developed CML (Fig. le).
Giemsa staining of these four fractions showed that both DP and
SP cells were blast-like cells, CD27~GoM™ cells were mast-like
cells as previously reported?®, and DN cells were differentiated
cells (Supplementary Fig. 1d). Moreover, only DP cells could
reconstitute the four fractions within CML LSK cells in the BM
after secondary transplantation, whereas SP cells could recon-
stitute three fractions but not the DP fraction (Fig. 1f, g). Imatinib
did not affect the characteristics of the four fractions (Fig. 1h—j

and Supplementary Fig. le, f). Importantly, imatinib augmented
the proportion of DP cells in the CML LSK fraction and the
absolute number of DP cells compared with vehicle (Fig. 1c, d).
These results demonstrated that CML LSCs were enriched in the
DP fraction in the retroviral transduction model and were
insensitive to imatinib.

Upregulation of NF-kB signaling pathways in imatinib-
resistant CML LSCs. To clarify the molecular basis of the LSC
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Fig. 2 Inflammatory signal pathways are enriched in imatinib-insensitive CML-LSCs. a Principal component analysis (PCA) of the gene expression
profiles of the indicated CML populations (SP, DP, IMSP, and IMDP cells: n = 3 each) and normal HSCs (GSE138884) (n = 6). b, ¢ Pathway analyses by the
Enrichr web tool. Positive correlation features of PC1 (b) and negative correlation features of PC2 (¢) in a. d PCA of the gene expression profiles of the four
different CML populations. e, f Pathway analyses by the Enrichr web tool. Negative correlation features of PC2 (e) and PC1 (f) in d.

potential of DP cells, we performed whole-transcriptome
(RNA-seq) analysis of SP and DP cells from vehicle- and
imatinib-treated CML mice. Principal-component analysis (PCA)
and subsequent Enrichr analysis*’ along with a comparison to
normal HSCs*4 revealed that DP cells from vehicle-treated mice and
DP cells from imatinib-treated mice (IMDP cells) had more HSC
features than SP cells from vehicle-treated mice or SP cells from
imatinib-treated mice (IMSP cells) (Fig. 2a, b). Representative fea-
tures for DP and IMDP cells comprised the NF-kB signaling
pathway, inflammatory response, IL-2/STAT5 signaling, interferon
gamma response, and hypoxia (Fig. 2c). These features are
equivalent to CML LSC features, confirming that DP cells represent
CML LSCs. Next, we assessed the impact of imatinib on gene
expression changes in CML LSCs. PCA clearly separated the four
CML populations (Fig. 2d). The subsequent Enrichr analysis showed
that negatively correlated features of PC2, which are equivalent to
imatinib-resistant features, comprised TLR, TRAF6-mediated, and
IL-1P processing pathways, whereas the negatively correlated fea-
tures of PC1, which are equivalent to CML LSC features, comprised
inflammatory response and type II interferon signaling pathways
(Fig. 2e, f). The RNA-seq data also revealed that DP cells expressed
significantly higher Tnf mRNA than normal HSCs and that imatinib
treatment attenuated it to near normal HSC levels, indicating that
TNFa signaling is not the cause of NF-kB activation in IMDP cells
(Supplementary Fig. 2a). In addition, mRNA expression of receptors
associated with the non-canonical NF-kB pathway was nearly
identical between IMDP cells and HSCs, indicating that the non-
canonical NF-kB pathway was also not involved (Supplementary
Fig. 2b). These data indicate that signaling pathways related to NF-
kB activation via inflammatory signals are crucial for the main-
tenance of CML LSCs in the presence of imatinib.

Combination of IRAK1/4 inhibitor and imatinib effectively
eliminates CML LSCs. We next examined whether inflamma-
tory signals in CML LSCs are crucial for the cell survival in the
presence of imatinib. TLR1, TLR,2, TLR4, and TLR6 were
expressed on CML stem/progenitor cells, and TLR1 and TLR6
were highly expressed on IMDP cells. IL-1R1 was highly
expressed on IMSP and IMDP cells (Supplementary Fig. 2c).
These data suggested that the inflammatory signals on CML
LSCs in the presence of imatinib were transmitted through
TLRs/IL1Rs. TLRs except for TLR3 and IL1Rs transduced their
signals through Myd88, IRAK1/4, and TRAF6 to NF-kB to
activate an inflammatory signaling cascade, and IRAK1/4
inhibitor could block the signals (Fig. 3a). To block TLR/IL1R-
NF-«kB inflammatory signaling pathways in CML LSCs in the
presence of imatinib, we assessed the efficacy of IRAK1/4
inhibitor. We treated CML mice with imatinib, IRAK1/4 inhi-
bitor or the combination of these. The combination greatly
prolonged the survival of CML mice and reduced the spleno-
megaly of CML mice, whereas IRAK1/4 inhibitor alone did not
(Fig. 3b, ¢). In addition, the imatinib-induced increase of the
absolute number of DP cells in the BM from CML mice was
suppressed by the combination (Fig. 3d, e). Moreover, the
combination deactivated NF-xB in DP cells, whereas neither
imatinib nor IRAK1/4 inhibitor alone did (Fig. 3f, g). These
results demonstrated that NF-«B activation via inflammatory
signals was crucial for the survival of CML LSCs in the presence
of imatinib, and NF-kB activation via either BCR-ABLI or
inflammatory signals was enough to maintain CML LSCs.
Collectively, the combination of IRAK1/4 inhibitor and imati-
nib is an attractive therapeutic strategy for the elimination of
imatinib-insensitive CML LSCs.
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Fig. 3 IRAK1/4 inhibitor together with imatinib eliminates CML LSCs. a The IL1R/TLR-IRAK1/4 signaling pathway. b Survival curves for mice treated with
vehicle, imatinib, IRAK1/4 inhibitor (IRAKi (R930259 Diet): 100 ppm) and the combination (n = 6 each). ¢ Spleen weights of CML mice treated with

vehicle (n=5), imatinib (n = 7), IRAKi (n = 7), and the combination (n = 7). Representative spleens are shown in the bottom. d Representative FACS plots
of BCR-ABL1FLin~Scaltc-Kitt cells in the BM for all treatment conditions. e Absolute number of LSCs (GoMTCD27+ cells in FACS plots in D) in the BM
from CML mice treated with vehicle (n = 3), imatinib (n = 5), IRAKi (n = 3), and the combination (n = 5). f p65 localization in sorted DP cells as CML LSCs
for all treatment conditions. g Quantification of nuclear p65 in sorted DP cells as CML LSCs from CML mice treated with vehicle (n =3), imatinib (n=4),
IRAKi (n=3), and the combination (n=4). Scale bar, 5 um. All treatments were continued during the observation period. All measurements in c-g were
performed on days 18-20 after transplants. Data are shown as the mean = SEM. P values are calculated using log-rank test (b) or one-way ANOVA with

Tukey's correction for multiple comparisons (c, e, g).
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Fig. 4 IRAK1/4 inhibitor together with imatinib is detrimental to human CML LSCs. a-f CD34" cells (1x103) from the BM of a newly diagnosed CML-CP
patient were cultured in liquid culture in the presence of imatinib (IM: 0.5 uM) or IRAK1/4 inhibitor (IRAKi (R568): 1, 3 or 10 uM) alone or in combination
for one week (n = 3 each) (a). Similar results from two different patients are shown in Fig. S3. Absolute number of total live cells (b), CD34TCD38 cells
(¢) and CD34+tCD38-CD90+CD45RA~ cells (d). Percentage of apoptotic cells in CD341tCD38~ cells (e) and CD34+CD38-CD90+CD45RA~ cells (f)
was measured by annexin staining. g-j NOG-hIL-3/hGM-CSF mice were transplanted with CD34+ cells from the BM of a CML-CP patient (n=1) and
treated with vehicle (n=3), imatinib (n = 4), IRAK1/4 inhibitor (IRAKi (R930259 Diet): 100 ppm) (n=3), or the combination of these (n=4). g

Experimental design. Absolute number of human CD45% cells (h), CD34+CD38~ cells (i), and CD34TCD38~CD90+CD45RA~ cells (j) in the BM were
analyzed at the end of the experiment. Data are shown as the mean + SEM. P values are calculated using one-way ANOVA with Tukey's correction for

multiple comparisons (b-f, h-j).

Combination of IRAK1/4 inhibitor and imatinib is effective at
reducing human CML LSCs. We extended the examination of
the efficacy of IRAK1/4 inhibitor on CML LSCs to newly diag-
nosed CML-CP patient samples. CML CD34 1 cells were isolated
from the BM mononuclear cells of CML-CP patients (Supple-
mentary Table 1) by immunomagnetic column separation. The
CML CD347 cells were subjected to leukemic stem/progenitor
cell expansion culture in the presence of imatinib (0.5 pM),
increasing concentrations of IRAK1/4 inhibitor or the combina-
tion of these for 7 days (Fig. 4a). The absolute number of total
cells, CD34+7CD38~ cells that corresponded to hematopoietic
progenitor cells and CD34+CD38~CD45RA~CD90™" cells that
corresponded to HSCs was compared after 7 days culture. A
dose-dependent impairment on the proliferation of total cells,
CD34%CD38~ cells and CD347CD38-CD45RA~CD90+ cells
was observed in the presence of IRAK1/4 inhibitor, but the
impairment was more effective in combination with imatinib
(Fig. 4b-d and Supplementary Fig. 3a-d). Additionally, the
increasing concentration of IRAK1/4 inhibitor in the presence of
imatinib increased the proapoptotic activity (Fig. 4e, f). Next, we
transplanted CML CD34%1 cells into sublethally irradiated
immunocompromised NOG mice constitutively producing
human interleukin-3 (IL-3) and granulocyte/macrophage-colony
stimulating factor (GM-CSF) (NOG hIL-3/GM-CSF Tg*) to
assess the efficacy of the combination of IRAK1/4 inhibitor and
imatinib on the elimination of CML LSCs in a xenograft model
with  CML-CP patient samples (Fig. 4g). The combination
eliminated CD45% cells more effectively than imatinib alone
(Fig. 4h). IRAK1/4 inhibitor alone and the combination exhibited
a potent efficacy on the elimination of CD34+TCD38~ cells and

CD341TCD38 CD90TCD45RA™ cells compared with imatinib
alone (Fig. 4i, j). There was a tendency, though not statistically
significant, for the combination to be more potent than IRAK1/4
inhibitor alone. We also assessed whether imatinib affects IRAK1
activity and whether IRAK1/4 inhibitors affect BCR-ABLI
activity in K562 cells. Imatinib did not affect levels of either
pIRAKI or IRAK1 (Supplementary Fig. 3e). IRAK1/4 inhibitors
did not affect levels of either pCRKL or CRKL as one of readout
of BCR-ABLI activity (Supplementary Fig. 3f). The combination
showed slightly stronger inhibition of both pIRAK1 and pCRKL
compared to single treatments. These results indicated that
IRAK1/4 inhibitors in combination with imatinib has strong
efficacy in eliminating human CML-CP LSCs.

PD-L1 blockade together with imatinib is effective at elim-
inating CML LSCs. Our RNA-Seq analysis showed that the
expressions of immune checkpoint molecules such as PD-LI,
CD80/86, and TIM-3 were relatively higher in IMDP cells than
other cell types (Fig. 5a and Supplementary Fig. 4a—c), with PD-
L1 mRNA expression highest among them. DP and IMDP cells
showed a higher protein level of PD-L1 than SP and IMSP cells,
respectively, based on the flow cytometry analysis (Fig. 5b). These
data indicated the possibility that PD-L1 is involved in the sur-
vival of CML LSCs. PD-L1 expression is regulated by NF-kB via
inflammatory signaling such as ILIR, TLR, and IFN signals??,
which were linked to the imatinib-insensitivity of CML LSCs in
our RNASeq analysis. The combination of imatinib and IRAK1/4
inhibitor, which deactivated NF-kB, attenuated PD-L1 expression
on mouse and human CML LSCs compared with imatinib or
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IRAK1/4 inhibitor alone (Supplementary Fig. 4d-f). These
observations encouraged us to set up a combination therapy of
imatinib and anti-PD-L1 antibody. We treated CML mice with
imatinib, anti-PD-L1 antibody, or the combination of these. The
combination greatly prolonged the survival of CML mice com-
pared with imatinib or anti-PD-L1 antibody alone (Fig. 5¢). The
combination also reduced the absolute number of DP cells and

splenomegaly compared with imatinib alone (Fig. 5d-f). In par-
ticular, the combination therapy-induced apoptosis in CML LSCs
(Fig. 5g). Further, PD-L1 expression on CML LSCs from CML
mice with the combination treatment was significantly attenuated
compared with imatinib alone (Supplementary Fig. 4g). The
combination efficacy was abolished when Rag2KO mice®,
which lack T cell immunity, were used as recipients in the mouse
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Fig. 5 The blockade of PD-L1 together with imatinib eliminates CML LSCs. a RPKM values for PD-L1 among the indicated populations (n=3 (DP, SP,
IMDP, and IMSP) and 4 (HSC)). b MFI of PD-L1 among the indicated populations (n =3 (DP and SP) and 4 (IMDP and IMSP)). ¢ Survival curves for mice
treated with vehicle (n=6), imatinib (n=9), anti-PD-L1 antibody (n = 8) and the combination (n=9). d Representative FACS plots of BCR-ABL1*Lin"
Scaltc-Kit™T cells in the BM from imatinib and the combination-treated groups. @ Absolute number of LSCs (GoMTCD277 cells in the FACS plots in d) in
the BM from all treatment groups (n=4 (Vehicle), 6 (Imatinib), 5 (anti-PD-L1Ab), and 6 (Imatinib and anti-PD-L1 Ab)). f Spleen weights of CML mice
from all treatment groups (n = 3 (Vehicle), 6 (Imatinib), 6 (anti-PD-L1Ab), and 5 (Imatinib and anti-PD-L1 Ab)). g The percentage of apoptotic cells in CML
LSCs from all treatment groups was measured by annexin staining (n =4 (Vehicle), 6 (Imatinib), 5 (anti-PD-L1Ab), and 4 (Imatinib and anti-PD-L1 Ab)).
h Survival curves for Ly5.1 Rag2 knockout CML mice treated with vehicle, imatinib, anti-PD-L1 antibody (PD-L1), 2 x 106 MACS-purified CD8* T cells from
Ly5.1 mice (CD8) and the combination (n = 4-5). i Survival curves for CML mice treated with imatinib alone (n=9) or with one of anti-PD-L1, anti-PD-1
and anti-CTLA4 (n = 6 each). j BCR-ABL1 International Scale (IS) from CML-CP patients treated with dasatinib alone (n =14) or dasatinib together with
anti-PD-1 antibody (nivolumab) (n=1) at 6, 9, and 12 months after commencement of dasatinib treatment. MMR (major molecular response) and

molecular responses MR4, MR4.5, and MR5 represent BCR-ABL1 transcript levels of £0.1%, £0.01%, £0.0032%, and £0.001%(IS), corresponding to a 3-
log, 4-log, 4.5-log, and 5-log reduction from a standardized baseline, respectively. UMRD, undetectable minimal residual disease (The copy numbers of
BCR-ABLT and ABL are as follows; 7.16 and 263921 (6 month), 3.05 and 244113 (9 month), and 0.00 and 135146 (12 month)). All treatments were

continued during the observation period. All measurements in d-g were performed at days 18-20 after transplants. Data are shown as the mean + SEM. P

values are calculated using one-way ANOVA with Tukey's correction for multiple comparisons (a, b, e-g) or log-rank test (c, h, i).

CML-like model. However, CD8 T cell transfer together with the
combination successfully recovered the efficacy in these mice
(Fig. 5h). Intriguingly, none of the treatments without CD8 T cell
transfer prolonged the survival of CML mice, indicating that T
cell immunity was crucial for the eradication of CML LSCs. To
prove that the treatment effect with the anti-PD-L1 antibody was
due to immune checkpoint blockade and not to antibody-
dependent cell-mediated cytotoxicity (ADCC), we also assessed
PD-1 and CTLA4 which do not induce ADCC. Both anti-PD-1
and anti-CTLA4 antibodies exhibited comparable efficacy with
anti-PD-L1 antibody in combination with imatinib, indicating
that T cell immunity is more responsible for the effective elim-
ination of CML LSCs than ADCC (Fig. 5i). The efficacy of
blocking the immune checkpoint molecules was equivalent to that
of IRAK1/4 inhibitor. These results indicate that CML LSCs
express immune checkpoint molecules to protect themselves from
T cell antitumor immunity. Thus, inducing T cell antitumor
immunity by the blockade of immune checkpoint molecules on
CML LSCs together with TKIs is potentially effective for the
eradication of CML LSCs. Since the combination of IRAK1/4
inhibitor and imatinib attenuates PD-L1 expression on CML
LSCs, the combination also induces T cell antitumor immunity in
addition to its proapoptotic activity.

We experienced a 60-year-old male with CML which developed
during sunitinib therapy against relapsed renal cell carcinoma for
10 months. The Sokal score was in a middle-risk category (Sokal
score: 1.02). The patient was treated successfully with dasatinib. In
addition to dasatinib, the patient received continuous nivolumab
treatment against relapsed renal cell carcinoma 4 months after the
dasatinib commencement (Supplementary Fig. 4h). The patient
achieved a molecular response with a 4.5-log reduction in BCR-
ABLI transcripts from baseline (MR4.5; BCR-ABL1 transcript
level £0.0032% [International Scale]) at 6 months and an
undetectable minimal residual disease (UMDR) at 12 months,
whereas none of 14 patients treated with dasatinib alone at
Juntendo University Hospital achieved a MR4.5 at 6 months, and
two with low risk (Sokal score < 0.8) did at 12 months (Fig. 5j and
Supplementary Table 2). Additionally, only less than 2.0% of all
patients who received dasatinib achieved a MR4.5 at 6 months in
the phase III Dasatinib Versus Imatinib Study in Treatment-Naive
Chronic Myeloid Leukemia Patients (DASISION) trial®!. These
results suggest that the combination of dasatinib and nivolumab in
this patient happened to result in an early achievement of the deep
molecular response (>4 log reduction) in CML.

Inhibition of IRAK1/4-NF-kB-PD-L1 pathway effectively
decreases CML-inducing activity of CML LSCs. We finally

assessed whether the reduction of DP cells by inhibition of
IRAK1/4-NF-kB-PD-L1 pathway by either IRAK1/4 inhibitors or
anti-PD-L1 antibody in combination with imatinib results in
attenuating CML reconstitution activity by secondary transplan-
tation. To this end, we transplanted the whole BM cells from
primary CML mice treated with vehicle, imatinib, a combination
of imatinib and IRAK1/4 inhibitor and a combination of imatinib
and anti-PD-L1 antibody into lethally irradiated recipient mice
(Fig. 6a). The number of DP cells in both combination groups
was again greatly reduced compared to that in vehicle and ima-
tinib groups (Fig. 6b). In consistent with this, survival of CML
mice transplanted with whole BM cells from both combination
groups significantly prolonged compared to that from vehicle and
imatinib groups (Fig. 6¢). Therefore, the decrease of DP cells was
correlated with a decrease in the CML reconstitution activity,
indicating that CML LSCs are highly enriched in DP cells. Col-
lectively, the inhibition of IRAK1/4-NF-kB-PD-L1 pathway
effectively decreases CML LSCs

Discussion

CML LSCs are thought to be quiescent. This is one of the
properties that make them insensitive to TKIs>>>3. However,
the full portrait of CML LSCs and the mechanisms for TKI-
resistance are still enigmatic mainly due to the lack of appropriate
methods to identify quiescent CML LSCs. Therefore, develop-
ment of appropriate models to examine the features of quiescent
CML LSCs are important. In this study, using a G, marker
(GoM)*3, we found that quiescent CML LSCs are highly enriched
in GoMTCD27T7CML LSK cells (DP cells). A transcriptomic
analysis also revealed that previously reported CML LSC features
such as inflammatory signaling, IL2/STAT5 signaling, IFNy
response, and hypoxia pathways were enriched in DP
cells!7:1846,54-57 " enguring that DP cells are CML LSCs. The
identification of CML LSCs by GoM and CD27 enabled us to
directly characterize quiescent CML LSCs. We demonstrated that
the number of DP cells was increased by imatinib treatment in a
mouse CML-like model, indicating that DP cells are insensitive to
imatinib. Of note, signaling pathways related to inflammatory
response such as TLRs and IL1p signaling pathways were linked
to the imatinib insensitivity and pharmacological inhibition of
IRAK1/4, mediators of inflammatory response signaling path-
ways, enhanced the efficacy on eliminating imatinib-insensitive
CML LSCs. Moreover, we found that DP cells expressed sig-
nificantly higher levels of PD-L1 compared to normal HSCs.
Because IRAK1/4 inhibitors attenuated PD-L1 on DP cells and
the blockade of PD-L1 was also effective on elimination of DP
cells, PD-L1 expression is partially regulated by innate immune
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Fig. 6 A combination of imatinib and IRAK1/4 inhibitors or anti-PD-L1 antibody efficiently reduces the number of CML LSCs. a Experimental design.
b Absolute number of DP cells in the BM from primary recipient mice in the indicated treatment groups (n = 4 (Vehicle), 5 (Imatinib), 5 (Imatinib + IRAKi),
and 7 (Imatinib 4+ PD-L1)). ¢ Survival curves for secondary recipient mice transplanted with whole BM cells from primary recipient mice in the indicated
treatment groups (n =4 (Vehicle), 5 (Imatinib), 7 (Imatinib + IRAKi) and 7 (Imatinib + PD-L1)). Data are shown as the mean £ SEM. P values are
calculated using one-way ANOVA with Tukey's correction for multiple comparisons (b) or log-rank test (c).

stress signals in imatinib-insensitive CML LSCs. Taken together,
maintaining PD-L1 expression via inflammatory response signals
could be responsible for the insensitivity to imatinib.
Inflammatory response pathways are activated by proteins in
cellular stress responses®®. Melgar et al. showed that activation of
inflammatory response pathway via IRAK1 and IRAK4 is
essential for adaptive resistance to FLT3 inhibitor in FLT3-
mutated AML. Activation of inflammatory response pathways via
IRAKI and IRAK4 are also reported in MDS, AML, T cell acute
lymphoblastic leukemia, and lymphoma3>36:>%-62. In CML,
inhibition of IL-1 signaling enhances elimination of TKI-treated
LSCs3%34. Here we also have shown that IRAK1/4 inhibitors were
effective on the elimination of imatinib-treated CML LSCs.
Therefore, these data indicate that inflammatory response path-
way is also crucial for adaptive response to TKIs in CML LSCs.
Imatinib-insensitive CML stem/progenitor cells highly expressed
TLR1 and TLR6, which are also overexpressed in MDS BM
CD34% cells and AML cells®. Therefore, the dysregulation of
TLRs may be a common adaptive response feature of myeloid
leukemias, implicating TLRs as good therapeutic targets. Collec-
tively, inflammatory response pathways are essential for the
survival of LSCs in the presence of targeted therapy. However, the
precise mechanism of how target therapies activate inflammatory
response pathways is not resolved in these studies and our study.
Inflammatory response pathways functions through activation of
NEF-kB and therefore direct inhibition of NF-«xB should also work.
Indeed, pharmacological blockade of NF-kB activation by an
IKK?2 inhibitor was reported to be effective on imatinib-resistant
CML cells®. This indicates that maintaining NF-kB activation is
a key mechanism for the survival of LSCs. We showed that nei-
ther imatinib nor the IRAK1/4 inhibitor alone deactivated NF-kB,

suggesting that BCR-ABLI1 activates NF-kB in the absence of
imatinib, whereas IRAK1/4-mediated signals activate NF-kB in
the presence of imatinib. Consistently, ILIR/TLR signal pathways
were upregulated in CML LSCs in the presence of imatinib.
Therefore, upregulation of inflammatory response pathways may
work as a surrogate pathway of maintaining NF-kB activation
upon targeted therapies.

BM niche is a critical player in both normal hematopoiesis and
leukemia®>6. CML development induces significant alteration in
the BM niche, including markedly altered levels of inflammatory
cytokines and chemokines®’, which may enhance LSCs and
contribute to TKI resistance®®. Inflammatory cytokines such as
IL-1B from CML cells transform an endosteal BM niche to leu-
kemic one which expresses II-Irl, Tnf, and Tgfb2 significantly
higher than normal one and supports CML progression by
abnormal production of inflammatory cytokines such as TL-13%.
This suggests that inflammatory response pathways are also
upregulated in the leukemic niche. Therefore, although we did
not examine how IRAK1/4 inhibitors affect the leukemic niche in
this study, pharmacological inhibition of IRAK1/4 would also
block inflammation of the BM leukemic niche which may
enhance leukemic transformation. TLRs should also be involved
in this positive feedback of inflammatory response pathways
between CML cells and the leukemic niche, but the roles of TLRs
in this context is still largely unknown.

CML is considered to be one of the cancers most sensitive to
immunological manipulation’%. One of the escape mechanisms of
CML LSCs from immunological attack is the expression of
immune checkpoint molecules. We here demonstrate that PD-L1
expression on CML LSCs is higher than that on CML progenitors,
consistent with a previous study*!. PD-L1 expression on human
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CML-LSCs (Lin-CD34+CD38/1o%) s also higher than that on
the same population of healthy controls?>7!, In addition, block-
ing the PD-1/PD-L1 interaction by PD-L1 or PD-1 antibody
together with cytotoxic T cell (CTL) transfer eradicates CML
LSCs*142, indicating that PD-L1 protects CML LSCs from CTL-
mediated elimination. Consistent with this, we identified that the
combination of imatinib and anti-PD-L1 antibody effectively
eliminated CML LSCs in the mouse CML-like model. In addition,
the efficacy of the blockade of the PD-L1/PD-1 interaction was
abolished in the absence of T cell immunity. Importantly, both
anti-PD-1 and anti-CTLA4 antibodies in combination with
imatinib were also effective at prolonging the survival of CML
mice, suggesting that immune checkpoint molecules are crucial
for the protection of CML LSCs against T cell antitumor
immunity. These results indicate that blocking the interactions of
immune checkpoint molecules, PD-1/PD-L1 or CTLA4/CD80/
CD86 interactions, together with TKIs is effective at eliminating
human CML LSCs in the presence of T cell immunity. These
results also suggest that both PD-L1 and CD80/CDS86 are
required for the protection of CML LSCs. Here we reported one
clinical case who received dasatinib for newly diagnosed CML-CP
and nivolumab for the existing relapsed renal cell carcinoma. This
patient exhibited an early MR4.5 achievement compared with
dasatinib alone at Juntendo University Hospital and in the
DASSISION trial. However, since some studies have reported that
approximately 20% of patients with dasatinib exhibited a MR4.5
achievement by 6 months’?73, this case was not unheard of.
While no conclusion can be drawn from a single case, it is
tempting to think that combination therapy between TKIs and
anti-PD-L1 antibodies would be beneficial for CML patients. In
addition, since dasatinib has been reported to have immuno-
suppressive effects and the immune properties of this combina-
tion therapy may be different from those of imatinib, this case
may not fully support our experimental results. Ongoing trials
using checkpoint inhibitors in combination with TKIs (imatinib,
dasatinib, nilotinib, and bosutinib)”# will shed light on this dis-
crepancy. However, at present, it would not be practical to use
checkpoint inhibitors for patients with CML-CP because TKI
alone is able to efficiently extend the survival of the patients
without severe side effects but on the contrary checkpoint inhi-
bitors may cause severe side effects. Therefore, safer strategies for
the blockade of PD-1/PD-L1 other than PD-1 or PD-L1 anti-
bodies are needed.

Intriguingly, the IRAK1/4 inhibitor in combination with ima-
tinib attenuated PD-L1 expression on mouse and human CML
LSCs. Since PD-L1 expression is regulated by NF-«kB7>76, the
deactivation of NF-kB by the combination resulted in the
attenuation of PD-L1 expression on CML LSCs. Therefore, a part
of the efficacy of the IRAK1/4 inhibitor should be mediated by
activation of T cell antitumor immunity via the attenuation of
PD-L1 expression. Moreover, since IRAK1/4 inhibitors induced
apoptosis in human CML LSCs in the absence of T-cell immu-
nity, it is likely that the inhibitors themselves also directly induce
apoptosis in CML LSCs. Collectively, IRAK1/4 inhibitors appear
to have at least two functions in the elimination of CML LSCs. On
the other hand, Suzuki et al. showed that IRAK4 signaling is also
essential for eliciting adaptive immune responses’>. Therefore,
IRAK1/4 inhibitor may have some negative effects on T cell
immunity. However, considering that the combination of IRAK1/
4 inhibitor and imatinib was effective at eliminating CML LSCs in
the presence of T cell immunity, the negative effect of IRAK1/4
inhibitor may be minor in our experiments. PD-L1 has been
reported to directly enhance cancer cell survival and tumor
progression, in addition to its immunosuppressive function’’-7?,
indicating that the PD-L1 blockade itself is detrimental to CML
LSCs. However, because PD-L1 blockade was not effective at

eliminating CML LSCs in the absence of T cell immunity, the
proapoptotic function of the IRAK1/4 inhibitor is independent of
the attenuation of PD-L1.

In summary, we developed a method for detecting quiescent
CML LSCs using GoM in a mouse CML-like model. The identi-
fication of quiescent CML LSCs enabled drug screening directly
against quiescent CML LSCs. Using this system, we found that an
IRAK1/4 inhibitor in combination with imatinib eliminated CML
LSCs by dual functions. The one is proapoptotic and the other is
the induction of antitumor immunity by attenuating immune
check point molecules. Therefore, IRAK1/4 inhibitors are
attractive drugs in eliminating CML LSCs with TKIs. However,
since IRAK1/4 are central mediators of inflammatory responses,
optimization of the drug dose is crucial for clinical use.

Methods

Reagents. Imatinib was purchased from LC Laboratories. IRAK1/4 inhibitor
(R568 for in vitro experiments and R930259 Diet (100 ppm) for in vivo experi-
ments) was provided by Rigel Pharmaceuticals, Inc.

Mice. C57BL/6] mice were purchased from Japan SLC. GoM mice (VavI-Cre;
RosaR26R-GOM/ R26R-wt [B6 Cg-Gt(ROSA)26Sor<tm1(mVenus/Cdknlb<*>)Toki>,
BRC No. 109200]) mice were obtained by in-house breeding. Rag2 knockout
(B6(Cg)-Rag2tm1.1Cgn/J) mice were purchased from Sankyo Labo Service Cor-
poration. NOG hIL-3/GM-CSF Tg (NOD.Cg-Prkdecscid I12rgtm1Sug Tg(SRa-IL3,
CSF2)7-2/Jic) mice were provided by the Central Institute for Experimental Ani-
mals (CIEA; Japan). All animal studies were approved by the Animal Care
Committee of the Institute of Medical Science at the University of Tokyo (approval
number: PA13-19 and PA16-31) and were conducted in accordance with the
Regulation on Animal Experimentation at the University of Tokyo based on
International Guiding Principles for Biomedical Research Involving Animals.

Patient samples. Proper informed consent was obtained from all participants. All
experiments were performed according to the Declaration of Helsinki and were
approved by the Ethics Committee of Juntendo University School of Medicine
(IRB#2019113) and the Research Ethics Review Committee of the Institute of
Medical Science of the University of Tokyo (2019-8-0702). Heparin-anticoagulated
BM cells were obtained from 5 newly diagnosed CML-CP patients (Table S1).
Informed consent was obtained in accordance with the Declaration of Helsinki,
and all procedures were approved by the Research Ethics Board at Juntendo
University. Mononuclear cells were isolated using Lymphoprep (STEMCELL
Technologies) density gradient separation, and CD34+ cells (>85%) were enriched
immunomagnetically using an CD34 MicroBead Kit (Milteny Biotec). Purity was
verified by re-staining isolated cells with an allophycocyanin-cyanine7-labeled
(APC-Cy7) anti-CD34 antibody (clone 561, BioLegend), and the cells were ana-
lyzed using a FACSAria (BD) machine.

Preparation of retrovirus. The cDNA encoding human BCR-ABLL1 (a gift from
H.Honda, Tokyo Women’s Medical University) was cloned into the EcoRI site of
the MSCV-IRES-GFP vector. Retroviral packaging cells (Plat-E) were transiently
transfected with the MSCV-BCR-ABL1-IRES-GFP plasmid using polyethylenimine
(Sigma-Aldrich) and used for transplantation into mice as described later.

Generation of a mouse CML-like model. GyM mice were treated with 5FU and
four days later culled to isolate whole BM cells. The cells were cultured in IMDM
medium (Thermo Fisher Scientific) supplemented with 20% FBS, 1% penicillin/
streptomycin, 50 uM f3-mercaptoethanol, 10 ng/ml mouse interleukin (IL)—6,

50 ng/ml human TPO, and 50 ng/ml mouse stem cell factor (SCF) overnight. On
the next day, the cells were infected with the above retrovirus carrying MSCV-
BCR-ABL1-IRES-GFP using RetroNectin®[] (TaKaRa Bio Inc.). In all, 1 x 103
GFP-positive cells were transplanted intravenously into lethally irradiated (9.5 Gy)
C57BL/6 mice together with 1 x 10° BM mononuclear cells from non-irradiated
C57BL/6 mice.

Flow cytometric analysis and antibodies. BM hematopoietic cells were isolated
from the femurs and tibias by flushing and the depletion of red blood cells by ACK
Lysing Buffer (Thermo Fisher Scientific). The cells were stained with the appro-
priate dilution of fluorochrome- and/or biotin-conjugated antibodies and 4',6-
diamidino-2-phenylindole (DAPI) or propidium iodide (PI) for dead cell exclusion
and analysis using a FACSVerse flow cytometer and FASCAria (BD Biosciences).
The following antibodies (all BioLegend) were used: Lineage Cocktail [CD5(53-
7.3)-biotin, TER-119(TER-119)-biotin, CD11b(M1/70)-biotin, Gr-1(RB6-
8C5)-biotin and B220(RA3-6B2)-biotin, 1:1000 each] with streptavidin BV605
(1:500), c-Kit(2B8)-PE-Cy7(1:500), Sca-1(D7)-APC(1:500) and CD27(LG.3A10)-
BV421 (1:500) for mouse CML LSC analysis; CD34(561)-APC-Cy7(1:500),
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CD38(HB-7)-PE-Cy7(1:500), CD90(5E10)-biotin(1:500) with streptavidin
BV605(1:500), CD45RA(HI100)-FITC(1:500), CD45(2D1)-FITC(1:250) or
-BV421(1:250), Lineage Cocktail [CD3(OKT3), CD14(M5E2), CD16(3G8),
CDI19(HIB19), CD20(2H7), CD56(HCD56), 1:100]-BV510 for human CML LSC
analysis; and CD274(10F.9G2 and 29E.2A3)-PE(1:500) for the detection of mouse
and human PD-L1, respectively. The detection of annexin V-positive cells for
apoptosis analysis was performed using either Annexin V-PE or APC.

In vivo treatment of mice with CML-like disease. All treatments were com-
menced 10 days after the BM transplantation. Imatinib (40 mg/kg) or vehicle was
administered once daily by oral gavage. The IRAK1/4 inhibitor was administered
by feed administration (R930259 Diet (100 ppm)). Anti-PD-L1 antibody (10 F.9G2,
BioXcell; 200 pg), anti-PD-1 antibody (29 F.1A12, BioXcel; 200 pg), anti-CTLA-4
antibody (9D9, BioXcel; 200 pg), or their isotype control antibodies were admi-
nistered by intraperitoneal injection once a week. For the CD8 transfer, 2 x 10
CD8 T cells from the spleen were intravenously injected into CML mice.

Secondary transplantation. In all, 1 x 10° whole BM cells of primary recipient
mice from each treatment group were transplanted intravenously into lethally
irradiated (9.5 Gy) C57BL/6 mice.

In vitro drug treatment for patient samples. In all, 1 x 102 or 1 x 10> CML-CP
CD347 cells were cultured using the StemSpan™ Leukemic Cell Culture Kit
(STEMCELL Technologies) in a well of a 96-well flat-bottom plate in the presence
of DMSO, imatinib (0.5 pM), IRAK1/4 inhibitor (R568; 1, 3, and 10 pM), or the
combination of for 7 days. At day 7, all cells were subjected to flow cytometric
analysis to count the number of live cells and assess the proportion of
CD347CD38" and CD34+CD38~CD90TCD45RA™ fractions. Measurements of
Annexin V positive cells in those fractions were performed at the same time.

Immunodeficient murine xenograft experiments. CML CD347 cells were
transplanted (1 x 10° or 1 x 10° cells per mouse) via tail-vein injection into female
8-to-12-week-old sublethally irradiated (2.0 Gy) NOG hIL-3/GM-CSF Tg mice
(CIEA). Human cell engraftment was monitored at 4 to 6 weeks after transplan-
tation by FACS for the presence of human CD457 cells in the blood. Mice that
showed evidence of human cell engraftment were randomized and treated with
vehicle (water), imatinib, IRAK1/4 inhibitor in feed (R930259 Diet (100 ppm)), or
a combination of imatinib and IRAK1/4 inhibitor for 14 or 21 days commencing at
2 weeks after the transplantation. Imatinib (40 mg/kg) or vehicle were administered
once daily by oral gavage. Mice were euthanized at the end of the treatment, and
marrow contents of the femurs and tibias were obtained. The presence of human
CD45, CD34, CD38, CD90 CD45RA, and CD274 on the engrafted cells was
assessed by FACS. Engraftment data were obtained from CML CD34" samples
treated for 21 days from two patients.

Western blotting analysis. BCR-ABL1-expressing K562 cells (CCL-243, ATCC)
were washed with PBS and lysed with pre-heated Laemmli sample buffer (BIO-
RAD, USA; #1610737). Total cell lysates were subjected to western blotting ana-
lysis. Signals were detected with ECL Western Blotting Substrate (Promega, USA;
#W1001), and the immunoreactive bands were visualized by LAS- 4000 Lumi-
nescent Image Analyzer (FUJIFILM). The following antibodies were used in this
study at indicated dilutions: anti-IRAK1 (Cell Signaling Technology, USA; catalog
#4501, clone D51G7, 1:500), anti-phospho IRAK1 (pThr209) (Sigma-Aldrich,
JAPAN; catalog #SAB4504246, 1:500), anti-CrkL (Cell Signaling Technology, USA;
catalog #3182, clone 32H4, 1:500), anti-Phospho-CrkL (Tyr207) (Cell Signaling
Technology, USA; catalog #3181, 1:500), and anti-GAPDH (Cell Signaling Tech-
nology, USA; catalog #5174, clone D16H11, 1:1000).

RNA sequencing. We performed RNA sequencing (RNA-Seq) as described
previously®? with minor modification. In brief, using 100 sorted cells, the first
strand of cDNA was synthesized using a PrimeScript RT reagent kit (TaKaRa Bio
Inc.) and not-so random primers. Following the synthesis of the first strand, the
second strand was synthesized by Klenow Fragment (3’, —5/, exo-; New England
Biolabs Inc.) and complement chains of the not-so random primers. Using purified
double-strand cDNA, the library for RNA-Seq was prepared and amplified using a
Nextera XT DNA sample Prep Kit (Illumina Inc.). These prepared libraries were
sequenced on a Next-Seq system (Illumina Inc.) according to the manufacturer’s
instruction. In addition, each obtained read was mapped to the reference sequence
“GRCm38/mm10” using CLC genomic workbench v11.0.0 (Qiagen), and expres-
sion levels were normalized and subjected to statistical analyses based on EdgeR.

Statistical analyses. Statistical differences were determined using the unpaired
and two-tailed Student’s t-test, one-way ANOVA with Tukey’s correction for
multiple comparisons, and the log-rank (Mantel-Cox) test for the survival analysis
using Graphpad Prizmé6 software (MDF).

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability
The RNA-sequencing data have been deposited in the NCBI gene expression omnibus
under the accession code GSE175323. Source data are provided with this paper.

Received: 1 May 2021; Accepted: 21 December 2021;
Published online: 12 January 2022

References

1. Rowley, J. D. A new consistent chromosomal abnormality in chronic
myelogenous leukaemia identified by quinacrine fluorescence and giemsa
staining. Nature 243, 290-293 (1973).

2. Heisterkamp, N. et al. Localization of the c-abl oncogene adjacent to a
translocation break point in chronic myelocytic leukaemia. Nature 306,
239-242 (1983).

3. Holyoake, T. L. & Vetrie, D. The chronic myeloid leukemia stem cell:
stemming the tide of persistence. Blood 129, 1595-1606 (2017).

4. Cortez, D., Reuther, G. & Pendergast, A. M. The Bcr-Abl tyrosine kinase
activates mitogenic signaling pathways and stimulates G1-to-S phase
transition in hematopoietic cells. Oncogene 15, 2333-2342 (1997).

5. Ren, R. The molecular mechanism of chronic myelogenous leukemia and its
therapeutic implications: studies in a murine model. Oncogene 21, 8629-8642
(2002).

6. Bedi, A., Zehnbauer, B. A. & Barber, J. P. Inhibition of apoptosis by BCR-ABL
in chronic myeloid leukemia. Blood 83, 2038-2044 (1994).

7. Bolton-Gillespie, E. et al. Genomic instability may originate from imatinib-
refractory chronic myeloid leukemia stem cells. Blood 121, 4175-4183 (2013).

8. Goldman, J. M. & Melo, J. V. Targeting the BCR-ABL tyrosine kinase in
chronic myeloid leukemia. New Engl. J. Med. 344, 1084-1086 (2001).

9. Druker, B. J. et al. Five-year follow-up of patients receiving imatinib for
chronic myeloid leukemia. New Engl. J. Med. 355, 2408-2417 (2006).

10. Graham, S. M. et al. Primitive, quiescent, Philadelphia-positive stem cells from
patients with chronic myeloid leukemia are insensitive to STI571 in vitro.
Blood 99, 319-325 (2002).

11. Wong, S. & Witte, O. N. The BCR-ABL story: bench to bedside and back.
Annu. Rev. Immunol. 22, 247-306 (2004).

12. Corbin, A. S. et al. Human chronic myeloid leukemia stem cells are insensitive
to imatinib despite inhibition of BCR-ABL activity. J. Clin. Invest. 121,
396-409 (2011).

13. de Lavallade, H. et al. Imatinib for newly diagnosed patients with chronic
myeloid leukemia: incidence of sustained responses in an intention-to-treat
analysis. J. Clin. Oncol. 26, 3358-3363 (2008).

14. Eisterer, W. et al. Different subsets of primary chronic myeloid leukemia stem
cells engraft immunodeficient mice and produce a model of the human
disease. Leukemia 19, 435-441 (2005).

15. Copland, M. et al. Dasatinib (BMS-354825) targets an earlier progenitor
population than imatinib in primary CML but does not eliminate the
quiescent fraction. Blood 107, 4532-4539 (2006).

16. Jorgensen, H. G., Allan, E. K., Jordanides, N. E., Mountford, J. C. & Holyoake,
T. L. Nilotinib exerts equipotent antiproliferative effects to imatinib and does
not induce apoptosis in CD349 CML cells. Blood 109, 4016-4019 (2007).

17. Cheloni, G. et al. Targeting chronic myeloid leukemia stem cells with the
hypoxia-inducible factor inhibitor acriflavine. Blood 130, 655-665 (2017).

18. Zhang, H,, Li, H,, Xi, H. S. & Li, S. HIF1_ is required for survival maintenance
of chronic myeloid leukemia stem cells. Blood 119, 2595-2607 (2012).

19. Agarwal, P. et al. Mesenchymal niche-specific expression of Cxcl12 controls
quiescence of treatment-resistant leukemia stem cells. Cell Stem Cell 24,
769-784.e6 (2019).

20. Weisberg, E. et al. Inhibition of CXCR4 in CML cells disrupts their interaction
with the bone marrow microenvironment and sensitizes them to nilotinib.
Leukemia 26, 985-990 (2012).

21. Rothe, K. et al. Integrin-linked kinase mediates therapeutic resistance of
quiescent CML stem cells to tyrosine kinase inhibitors. Cell Stem Cell 27, 1-15
(2020).

22. Holtz, M., Forman, S. J. & Bhatia, R. Growth factor stimulation reduces
residual quiescent chronic myelogenous leukemia progenitors remaining after
imatinib treatment. Cancer Res. 67, 1113-1120 (2007).

23. Warfvinge, R. et al. Single-cell molecular analysis defines therapy response and
immunophenotype of stem cell subpopulations in CML. Blood 129,
2384-2394 (2017).

24. Hamilton, A. et al. Chronic myeloid leukemia stem cells are not dependent on
Bcr-Abl kinase activity for their survival. Blood 119, 1501-1510 (2012).

| (2022)13:271| https://doi.org/10.1038/541467-021-27928-8 | www.nature.com/naturecommunications 1


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE175323
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Takeishi, S. et al. Ablation of Fbxw7 eliminates leukemia-initiating cells by
preventing quiescence. Cancer Cell 23, 347-361 (2013).

Burgess, A. et al. Histone deacetylase inhibitors specifically kill
nonproliferating tumour cells. Oncogene 23, 6693-6701 (2004).

Zhang, B. et al. Effective targeting of quiescent chronic myelogenous leukemia
stem cells by histone deacetylase inhibitors in combination with imatinib
mesylate. Cancer Cell 17, 427-442 (2010).

Jin, L. et al. CXCR4 up-regulation by imatinib induces chronic myelogenous
leukemia (CML) cell migration to bone marrow stroma and promotes survival
of quiescent CML cells. Mol. Cancer Ther. 7, 48-58 (2008).

Hamdane, M., David-Cordonnier, M.-H. & D’Halluin, J. C. Activation of p65
NE-kB protein by p210BCR + ABL in a myeloid cell line (P210BCR + ABL
activates p65 NF-kB). Oncogene 15, 2267-2275 (1997).

Reuther, J. Y., Reuther, G. W, Cortez, D., Pendergast, A. M. & Baldwin, A. S.
A requirement for NF-kB activation in Bcr-Abl-mediated transformation.
Genes Dev 12, 968-981 (1998).

Hsieh, M.-Y. & Etten, R. A. V. IKK-dependent activation of NF-kB
contributes to myeloid and lymphoid leukemogenesis by BCR-ABL. Blood
123, 2401-2411 (2014).

Cilloni, D. et al. The NF-jB pathway blockade by the IKK inhibitor PS1145 can
overcome Imatinib resistance. Leukemia 20, 61-67 (2006).

Zhang, B. et al. Inhibition of interleukin-1 signaling enhances elimination of
tyrosine kinase inhibitor-treated CML stem cells. Blood 128, 2671-2682
(2016).

Agerstam, H. et al. ILIRAP antibodies block IL-1-induced expansion of
candidate CML stem cells and mediate cell killing in xenograft models. Blood
128, 2683-2693 (2016).

Rhyasen, G. W. et al. Targeting IRAK1 as a therapeutic approach for
myelodysplastic syndrome. Cancer Cell 24, 90-104 (2013).

Hosseini, M. M. et al. Inhibition of interleukin-1 receptor-associated kinase-1
is a therapeutic strategy for acute myeloid leukemia subtypes. Leukemia 32,
2374-2387 (2018).

Molldrem, J. J. et al. Evidence that specific T lymphocytes may participate in
the elimination of chronic myelogenous leukemia. Nat. Med. 6, 1018-1023
(2000).

Kolb, H.-J., Schmid, C., Barrett, A. J. & Schendel, D. J. Graft-versus-leukemia
reactions in allogeneic chimeras. Blood 103, 767-776 (2004).

Lu, Y.-F. et al. Distinct graft-versus-leukemic stem cell effects of early or
delayed donor leukocyte infusions in a mouse chronic myeloid leukemia
model. Blood 119, 273-284 (2012).

Christiansson, L. et al. Increased level of myeloid-derived suppressor cells,
programmed death receptor ligand 1/programmed death receptor 1, and
soluble CD25 in sokal high risk chronic myeloid leukemia. PLoS ONE 8,
€55818 (2013).

Riether, C., Gschwend, T., Huguenin, A.-L., Schiirch, C. M. & Ochsenbein, A.
F. Blocking programmed cell death 1 in combination with adoptive cytotoxic
T-cell transfer eradicates chronic myelogenous leukemia stem cells. Leukemia
29, 1781-1785 (2015).

Mumprecht, S., Schiirch, C., Schwaller, J., Solenthaler, M. & Ochsenbein, A. F.
Programmed death 1 signaling on chronic myeloid leukemia-specific T cells
results in T-cell exhaustion and disease progression. Blood 114, 1528-1536
(2009).

Oki, T. et al. A novel cell-cycle-indicator, mVenus-p27K—, identifies quiescent
cells and visualizes GO-G1 transition. Sci. Rep. 4, 4012 (2015).

Fukushima, T. et al. Discrimination of dormant and active hematopoietic stem
cells by GO marker reveals dormancy regulation by cytoplasmic calcium. Cell
Rep 29, 4144-4158 (2019).

Schiirch, C., Riether, C., Matter, M. S., Tzankov, A. & Ochsenbein, A. F.
CD27 signaling on chronic myelogenous leukemia stem cells activates Wnt
target genes and promotes disease progression. J. Clin. Invest. 122, 624-638
(2012).

Kobayashi, C. I. et al. The IL-2/CD25 axis maintains distinct subsets of
chronic myeloid leukemia-initiating cells. Blood 123, 2540-2549 (2014).
Chen, E. Y. et al. Enrichr: interactive and collaborative HTML5 gene list
enrichment analysis tool. BMC Bioinformatics 14, 128 (2013).

Ito, R. et al. Establishment of a human allergy model using human IL-3/GM-
CSF-transgenic NOG mice. J. Immunol. 191, 2890-2899 (2013).

Sun, C., Mezzadra, R. & Schumacher, T. N. Regulation and function of the
PD-L1 checkpoint. Immunity 48, 434-452 (2018).

Hao, Z. & Rajewsky, K. Homeostasis of peripheral B cells in the absence of B
cell influx from the bone marrow. J. Exp. Med. 194, 1151-1164 (2001).
Cortes, J. E. et al. Final 5-year study results of DASISION: the dasatinib versus
imatinib study in treatment-naive chronic myeloid leukemia patients trial. J.
Clin. Oncol. 34, 2333-2340 (2016).

Holyoake, T., Jiang, X., Eaves, C. & Eaves, A. Isolation of a highly quiescent
subpopulation of primitive leukemic cells in chronic myeloid leukemia. Blood
94, 2056-2064 (1999).

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Kinstrie, R. et al. CD93 is expressed on chronic myeloid leukemia stem cells
and identifies a quiescent population which persists after tyrosine kinase
inhibitor therapy. Leukemia 34, 1613-1625 (2020).

Yamashita, M. & Passegué, E. TNF-a coordinates hematopoietic stem cell
survival and myeloid regeneration. Cell Stem Cell 25, 357-372 (2019).

Ng, K. P. et al. Physiologic hypoxia promotes maintenance of CML stem cells
despite effective BCR-ABLI inhibition. Blood 123, 3316-3326 (2014).
Madapura, H. S. et al. Interferon y is a STAT1-dependent direct inducer of
BCL6 expression in imatinib-treated chronic myeloid leukemia cells. Oncogene
36, 4619-4628 (2017).

Held, S. A. E. et al. Interferon gamma modulates sensitivity of CML cells to
tyrosine kinase inhibitors. Oncolmmunology 5, e1065368 (2016).
Muralidharan, S. & Mandrekar, P. Cellular stress response and innate immune
signaling: integrating pathways in host defense and inflammation. J. Leukoc.
Biol. 94, 1167-1184 (2013).

Li, Z. et al. Inhibition of IRAK1/4 sensitizes T cell acute lymphoblastic
leukemia to chemotherapies. J. Clin. Invest. 125, 1081-1097 (2015).

Singer, J. W. et al. Inhibition of interleukin-1 receptor-associated kinase 1
(IRAKI1) as a therapeutic strategy. Oncotarget 9, 33416-33439 (2018).

Kelly, P. N. et al. Selective interleukin-1 receptor-associated kinase 4
inhibitors for the treatment of autoimmune disorders and lymphoid
malignancy. J. Exp. Med. 212, 2189-2201 (2015).

Smith, M. A. et al. U2AF1 mutations induce oncogenic IRAK4 isoforms and
activate innate immune pathways in myeloid malignancies. Nat. Cell Biol. 21,
640-650 (2019).

Wei, Y. et al. Toll-like receptor alterations in myelodysplastic syndrome.
Leukemia 27, 1832-1840 (2013).

Lounnas, N. et al. NF-xB inhibition triggers death of imatinib-sensitive and
imatinib-resistant chronic myeloid leukemia cells including T315I Bcr-Abl
mutants. Int. J. Cancer 125, 308-317 (2009).

Morrison, S. J. & Scadden, D. T. The bone marrow niche for haematopoietic
stem cells. Nature 505, 327-334 (2014).

Hoggatt, J., Kfoury, Y. & Scadden, D. T. Hematopoietic stem cell niche in
health and disease. Annu. Rev. Pathol. Mech. Dis. 11, 555-581 (2016).
Zhang, B. et al. Altered microenvironmental regulation of leukemic and
normal stem cells in chronic myelogenous leukemia. Cancer Cell 21, 577-592
(2012).

Bhatia, R., McGlave, P., Dewald, G., Blazar, B. & Verfaillie, C. Abnormal
function of the bone marrow microenvironment in chronic myelogenous
leukemia: role of malignant stromal macrophages. Blood 85, 3636-3645
(1995).

Schepers, K. et al. Myeloproliferative neoplasia remodels the endosteal bone
marrow niche into a self-reinforcing leukemic niche. Cell Stem Cell 13,
285-299 (2013).

Vonka, V. & Petra¢kova, M. Immunology of chronic myeloid leukemia:
current concepts and future goals. Expert Rev. Clin. Immunol. 11, 511-522
(2015).

Giustacchini, A. et al. Single-cell transcriptomics uncovers distinct molecular
signatures of stem cells in chronic myeloid leukemia. Nat. Med. 23, 692-702
(2017).

Maiti, A. et al. Long-term results of frontline dasatinib in chronic myeloid
leukemia. Cancer 126, 1502-1511 (2020).

Nagvi, K. et al. Long-term follow-up of lower dose dasatinib (50 mg daily) as
frontline therapy in newly diagnosed chronic-phase chronic myeloid
leukemia. Cancer 126, 67-75 (2020).

Zeidan, A. M. et al. Blast MRD CML 1 Trial: blockade of PD-1 added to
standard therapy to target measurable residual disease (MRD) in chronic
myeloid leukemia (CML)- a phase II study of adding the anti-PD-1
pembrolizumab to tyrosine kinase inhibitors in patients with chronic myeloid
leukemia and persistently detectable minimal residual disease: a trial of the
ECOG-ACRIN Cancer Research Group (EA9171). Blood 136, 1-1 (2020).
Antonangeli, F. et al. Regulation of PD-L1 expression by NF-«B in cancer.
Front. Immunol. 11, 584626 (2020).

Wang, W. et al. Upregulation of PD-L1 via HMGB1-activated IRF3 and NF-
kB contributes to UV radiation-induced immune suppression. Cancer Res. 79,
2909-2922 (2019).

Chang, C.-H. et al. Metabolic competition in the tumor microenvironment is a
driver of cancer progression. Cell 162, 1229-1241 (2015).

Clark, C. A. et al. Tumor-intrinsic PD-L1 signals regulate cell growth,
pathogenesis, and autophagy in ovarian cancer and melanoma. Cancer Res. 76,
6964-6974 (2016).

Gupta, H. B. et al. Tumor cell-intrinsic PD-L1 promotes tumor-initiating cell
generation and functions in melanoma and ovarian cancer. Signal Transduct.
Target. Ther. 1, 16030 (2016).

Hayashi, T. et al. Single-cell full-length total RNA sequencing uncovers
dynamics of recursive splicing and enhancer RNAs. Nat. Commun. 9, 619
(2018).

| (2022)13:271] https://doi.org/10.1038/s41467-021-27928-8 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Acknowledgements

We thank H. Honda for BCR-ABL1 ¢cDNA. This work was supported by the following
grants: SENSHIN Medical Research Foundation (Y.T.) and Takeda Science Foundation
(Y.T.). We acknowledge the IMSUT FACS Core Laboratory and the IMSUT Animal
Research Center.

Author contributions

Conceptualization and methodology, Y.T. and T.K; investigation, R.T., K.M.,
T.Fukushima, K.A,, S.A,, M.T.,, T.U,, H.T,, and Y.T.; writing - original draft, Y.T. and
T.K,; writing — review and editing, Y.T., S.G., and T.K,; funding acquisition, Y.T. and
T.K,; resources, S.T., NNW., SM., M.I,, M.A,, M.N,, T.T., N.K, RI, CL, and ESM,;
Supervision, S.G., T.Fukuyama, and T.K.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27928-8.

Correspondence and requests for materials should be addressed to Yosuke Tanaka or
Toshio Kitamura.

Peer review information Nature Communications thanks Jorge Cortes, Martina Seiffert
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:271| https://doi.org/10.1038/541467-021-27928-8 | www.nature.com/naturecommunications 13


https://doi.org/10.1038/s41467-021-27928-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Eliminating chronic myeloid leukemia stem cells by IRAK1/4 inhibitors
	Results
	Identification of CML LSCs by G0 marker and CD27
	Upregulation of NF-κB signaling pathways in imatinib-resistant CML LSCs
	Combination of IRAK1/4 inhibitor and imatinib effectively eliminates CML LSCs
	Combination of IRAK1/4 inhibitor and imatinib is effective at reducing human CML LSCs
	PD-L1 blockade together with imatinib is effective at eliminating CML LSCs
	Inhibition of IRAK1/4-NF-kB-PD-L1 pathway effectively decreases CML-inducing activity of CML LSCs

	Discussion
	Methods
	Reagents
	Mice
	Patient samples
	Preparation of retrovirus
	Generation of a mouse CML-like model
	Flow cytometric analysis and antibodies
	In vivo treatment of mice with CML-like disease
	Secondary transplantation
	In vitro drug treatment for patient samples
	Immunodeficient murine xenograft experiments
	Western blotting analysis
	RNA sequencing
	Statistical analyses

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




