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Chemotherapy can effectively reduce the leukemic burden and restore immune cell production in most acute myeloid
leukemia (AML) cases. Nevertheless, endogenous immunosurveillance usually fails to recover after chemotherapy,
permitting relapse. The underlying mechanisms of this therapeutic failure have remained poorly understood. Here,
we show that abnormal IL-36 production activated by NF-kB is an essential feature of mouse and human leukemic
progenitor cells (LPs). Mechanistically, IL-36 directly activates inflammatory monocytes (IMs) in bone marrow, which
then precludes clearance of leukemia mediated by CD8* T cells and facilitates LP growth. While sparing IMs, common
chemotherapeutic agents stimulate IL-36 production from residual LPs via caspase-1 activation, thereby enabling
the persistence of this immunosuppressive IL-36-IM axis after chemotherapy. Furthermore, IM depletion by
trabectedin, with chemotherapy and PD-1 blockade, can synergistically restrict AML progression and relapse. Collect-
ively, these results suggest inhibition of the IL-36-IM axis as a potential strategy for improving AML treatment.

INTRODUCTION

Acute myeloid leukemia (AML) represents a group of common he-
matopoietic malignancy characterized with infiltration of hemato-
poietic tissues such as bone marrow (BM) by accumulated aberrant
immature myeloid blasts, resulting in severely repressed normal
hematopoiesis. Although most AML patients initially respond to
the conventional therapies comprising chemotherapy and allogene-
ic BM transplantation (allo-BMT), many of them would relapse in a
few months and acquired therapy resistance (1). Longitudinal studies
showed that AML that relapsed after allo-BMT needed to escape
graft-versus-leukemia immune rejection, while AML that relapsed
after chemotherapy did not experience a selection pressure emanated
from a possibly recovered endogenous immunosurveillance (2, 3).
Also in line with the notion that AML largely belongs to a group of
immune-cold tumors, most AML cases showed overwhelming de
novo resistance to immune checkpoint blockade (4, 5), and only a
portion of immune-infiltrated AML cases responded to flotetuzum-
ab immunotherapy (6). On the other hand, the observation that the
chronic immunosuppression after organ transplantation greatly
increased AML incidence suggested the existence of endogenous
immunosurveillance against AML, albeit its effects probably were at
a restrained level (7). Thus, activating endogenous immunosurveillance
against AML holds great potential to improve AML treatment by
synergizing with other contemporary therapeutic modes.
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It is reported that both leukemia stem/progenitor cells and their
monocytic progeny are capable of suppressing and evading immuno-
surveillance (8, 9). Because chemotherapy largely spares leukemia
stem/progenitor cells while effectively reducing bulk leukemia cells
(10, 11), it is likely that residual leukemia stem/progenitor cells are
capable of creating an immunosuppressive microenvironment that
permits a possible relapse. Similarly, during the very early stage of
leukemic propagation, a few leukemic progenitor cells (LPs) have to
defy a possible local immunosurveillance (for example, in BM) to
strive. However, the underlying mechanisms in these particular
situations remain poorly defined.

Three functional paralogs of interleukin-36a (IL-360), IL-36,
and IL-36y, as well as an antagonist IL-36Ra, constitute the IL-36
family that share a common receptor complex composed of IL-36R
and IL-1RAcP, and the abnormal activation of IL-36 signaling is
involved in the pathogenesis of multiple types of autoimmunity disease
(12-14). While IL-36y artificially expressed in solid tumor was shown to
promote type I antitumor immunity (15), its role in the regulation of
immunosurveillance against AML is unreported. In this study, we
show that proinflammatory LPs, as marked by nuclear factor B
(NF-kB) pathway activation, secrete IL-36, and this feature is sustained
after chemotherapy via a chemotherapy-stimulated caspase-1-IL-
1B-NF-«B autocrine signaling pathway. Mechanistically, IL-36
activates inflammatory monocytes (IMs) within BM, which not only
nurses the survival and proliferation of AML cells, as indicated be-
fore (16), but also precludes a CD8" T cell-mediated AML clearance.
Collectively, our study suggests inhibition of the IL-36-IM axis as a
potential strategy for improving AML treatment.

RESULTS

Leukemia cell-derived Il-367 supports early disease
progression in BM

To investigate how leukemia cells remodel the BM microenvironment
to propagate, we labeled the murine acute promyelocytic leukemia
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(APL) cells derived from BM of hMRP8-PML/RARa transgenic mice
(FVB/NJ) (17) with green fluorescent protein (GFP)-expressing
retroviral vector MigR1 and transplanted 1 x 10* GFP* APL cells
into nonirradiated syngeneic recipients (fig. S1A). This resulted in
leukemic predominance within approximately 3 weeks (fig. S1B).
The leukemic propagation spanned four phases: a relatively long
latent phase followed by a transient early phase (E) wherein the pro-
portion of leukemia cells in BM was between 1 and 5%, but was
almost undetectable in spleen and peripheral blood (PB); leukemic
propagation then intensified throughout the middle phase (M)
(leukemic proportion was 5 to 50% in BM), followed by a late phase
(L) with high leukemic proportion in BM (=50%) (Fig. 1A).

Given that complex changes occurred in BM during the M/L
phases and that leukemia cells were sparse in the latent phase, we
focused on leukemia cells in the E phase, most of which were LPs
(c-Kit") (fig. S1C), which can initiate leukemia (18). Because normal
hematopoietic stem and progenitor cells (HSPCs) (lineage c-Kit")
can regulate the BM microenvironment through cytokine secretion
(19, 20), we then tested whether this regulation might be abnormal
in LPs. Whole transcriptome RNA sequencing (RNA-seq) and
quantitative reverse transcription polymerase chain reaction (qRT-
PCR) assays revealed that the mRNA levels of several cytokines, in-
cluding II-36Y, Cxcl10, Mst1, Tnfsf13, and II-17b, were substantially
up-regulated (more than fivefold) in E-phase LPs compared to their
expression in wild-type (WT) HSPCs (Fig. 1, B and C).

Previous reports have shown the oncogenic role of Tnfsf13 and
II-17b via autocrine signaling to facilitate the AML cell survival (21, 22).
We therefore used a doxycycline (Dox)-inducible, leukemia cell-
specific expression system to characterize the function of the remaining
three cytokines in regulating leukemic progression (fig. SID). We
screened out two short hairpin RNAs (shRNAs) that effectively
suppressed each cytokine and confirmed that they decreased target
cytokine transcription in leukemia cells in vivo after Dox adminis-
tration (fig. S1E). The inducible knockdown (KD) of leukemic I1-36y
starting from the E phase resulted in significantly longer survival of
leukemic mice compared with controls, but not Mstl and Cxcl10
(Fig. 1D and fig. S1F). Meanwhile, II-36y KD delayed leukemic pro-
gression and resulted in increased levels of apoptosis among LPs in
BM (Fig. 1, E to H). Furthermore, enzyme-linked immunosorbent
assay (ELISA) showed that the level of II-36y in BM supernatant
increased during the E or M phases compared to that in normal BM
(Fig. 1I). Because II-36y was preferentially expressed by leukemia cells
compared with nonleukemia cells (Fig. 1]), Dox-induced leukemic
1I-36y KD significantly decreased II-36y in BM supernatant, although
not in PB serum (Fig. 1, K and L). Together, these results sug-
gested that I1-36y locally promoted early leukemic progression
within BM.

LP-derived II-36y supports their capacity to initiate leukemia
Notably, II-36y mRNA levels were higher in APL LPs compared to
non-LPs (c-Kit") (Fig. 2A). To further validate the relevance of this
result in AML, we examined GFP" murine MLL-AF9 AML cells
(fig. S2A) and observed similar patterns of Il-36y expression (Fig. 2B).
Chromatin immunoprecipitation (ChIP)-qPCR assays to quantify
H3K4me3 and H3K27me3 levels revealed that the 5" regulatory ele-
ment of the II-36y locus was in an activated state in LPs compared
with that in non-LPs and HSPCs in both APL and MLL-AF9 models
(fig. S2, B to D), further supporting the above findings that II-36y
transcription was highly activated within the LPs.
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As 11-36y is an inflammatory cytokine, and inflammatory path-
way NF-«xB was previously shown to promote leukemic progression
in multiple subtypes of AML (23-25), we speculated that NF-kB could
induce II-36y expression in LPs. Analysis of published ChIP se-
quencing (ChIP-seq) data revealed a strong NF-xB p65 subunit
binding site in the II-36y promoter region in kdo2-lipidA (KLA)-
treated macrophages (fig. S2E). The results of ChIP-qPCR confirmed
that NF-«B p65 occupied this site in the II-36y promoter in MLL-AF9
LPs (fig. S2F). Furthermore, Gene Set Enrichment Analysis (GSEA)
indicated higher NF-kB activity, but not extracellular signal-regulated
kinase (ERK) and signal transducer and activator of transcription 3
(Stat3) pathways, in APL LPs compared with HSPCs (fig. S2G), in
agreement with Western blots that showed that NF-«kB p-p65 levels
were higher in the LPs of both AML models than in their non-LPs
and HSPC:s (fig. S2H). As expected, NF-kB DNA binding inhibitor,
but not Stat3 or Erk inhibitor, reduced II-36y mRNA levels in the
LPs of both AML models (Fig. 2C).

Furthermore, I1-36y KD reduced the percentage of APL LPs among
the leukemic population in BM (Fig. 2D). This finding prompted us
to test whether AML LP-derived I1-36y enhanced their leuke-
mogenic potential using limiting dilution assay and serial trans-
plantation (Fig. 2E). Limiting dilution assay showed that II-36y KD
resulted in reduced frequency of functional leukemia-initiating cells
compared with the negative control (NC) counterparts (1 in 136 versus
1 in 19) (Fig. 2F), and II-36y KD prolonged the survival of the sec-
ondary APL recipients (Fig. 2G). We also knocked down I1-36y in
GFP" MLL-AF9 cells and performed serial transplantation (Fig. 2H).
Similarly, II-36y KD prolonged the survival of the secondary leukemic
recipients (Fig. 2I). Collectively, these results strongly suggested that
11-36y expressed by LPs supported their potential to initiate leukemia.

II-36y thwarts the CD8" T cell response against AML
On the basis of the above findings, we next sought to determine the
mechanism by which I1-36y promoted LP leukemogenic potential.
II-36y KD caused no observable inhibition of LP growth in vitro
(fig. S3A). However, the prolonged survival conferred by Il-36y KD
in NOG recipients [lacking T, B, and natural killer (NK) cells] was
substantially limited compared to that observed in syngeneic
immunocompetent recipients (Fig. 3A). These observations implied
that I1-36y-induced promotion of AML involved other micro-
environmental factors, such as immunosurveillance components.
To identify the participating components, we next examined the
abundance of CD8" T and NK cells because these cells serve
as the main killers of AML cells (8, 26). We found that BM CD8"
T cell counts decreased in the E phase, while NK cells remained
stable (fig. S3, B and C). Conversely, at 4 days after II-36y KD, when
the leukemic burden and NK cell counts were unchanged in BM,
the number of functional CD8" T cells was significantly increased
(Fig. 3, B and C). Accordingly, depletion of CD8" T cells, but not
NK cells, mediated by antibodies led to significantly shorter sur-
vival of Il-36y KD APL recipient mice (Fig. 3D and fig. S3, D to G).
Moreover, the recipients that survived through primary transplan-
tation with I1-36y KD APL cells were conferred protection against
rechallenge with APL cells (Fig. 3, E and F), while CD8" T cells
isolated from the surviving recipients showed a stronger protec-
tive effect against APL establishment than that provided by
unprimed CD8" T cells (Fig. 3G). These results indicated an immuno-
suppressive role of leukemic I1-36y on the APL-responsive cyto-
toxic T lymphocytes.
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Fig. 1. Leukemic II-36y promotes early disease progression in BM. (A) APL mouse models were established as described in fig. STA. The percentages of APL cells in
recipients’ organs were determined at the indicated time points (n =5 mice per time point). E (early), M (middle), and L (late). (B and C) Whole transcriptome RNA-seq (B)
and qRT-PCR analysis (C) of proinflammatory cytokines were conducted in BM HSPCs (lineage™c-Kit") sorted from WT FVB/NJ mice and BM LPs (c-Kit") sorted from APL
mice (n=3). (D to H) NC/II-36y KD APL mouse models were established as described in fig. S1D. Dox (200 ug/ml) was supplied in drinking water beginning on day 10. (D)
Survival curves were generated (n =8 mice per group). (E to H) Mice were examined on day 9 of Dox treatment and sacrificed on day 12 (n =5 mice per group). The per-
centage of APL cells in BM (E) and PB (F), spleen weights (G), and percentages of annexin V* cells in BM LPs (H) are shown. Photo credit: He-Zhou Guo, Shanghai Institute
of Hematology, Ruijin Hospital affiliated with Shanghai Jiao-Tong University School of Medicine. (1 and J) WT FVB/NJ mice and APL mice in E or M phases were sacrificed.
() 1I-36y relative protein levels in BM supernatant were measured using ELISA (n =5 mice per group). (J) Relative mRNA levels of /-36y in discrete subsets of BM cells were
measured using qRT-PCR (n =3). (Kand L) NC/II-36y KD APL mouse models were established as described in fig. S1D. Dox was started on day 10, and mice were sacrificed

after 12 days of Dox treatment (n =5 mice per group). Il-36y relative protein levels in BM supernatant (K) and PB serum (L) are shown. Data are presented as means + SD.
**P<0.01, ***P < 0.001. ns, not significant.
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Fig. 2. LP-derived II-36y enhances leukemia initiation. (A to C) qRT-PCR analysis of /l-36y mRNA in (A) BM LPs and non-LPs from E-phase APL mice; (B) BM HSPCs from
WT C57BL/6, BM LPs, and non-LPs from MLL-AF9 mice (see fig. S2A); and (C) LPs treated with inhibitor of NF-xB (SC75741, 5 uM), Erk (U0126, 10 uM), or Stat3 (Stattic, 1 uM)
for 24 hours in vitro (n = 3). (D) NC/II-36y KD APL mice (see fig. S1D) were treated with Dox beginning on day 10 and sacrificed after 12 days of Dox treatment. The percent-
age of LPs in BM APL cells were measured (n =6 mice per group). (E to G) Flow chart (E) of the limiting dilution assay (F) and serial transplantation (G). i.v., intravenously.
(F) BM NC/II-36y KD APL cells were serially diluted to 20, 2 x 102, and 2 x 10° total cells and transplanted into nonirradiated FVB/NJ mice to calculate LIC frequency (n=6
mice per dilution). Dox was given since transplantation and continually for >120 days. (G) BM NC/II-36y KD APL cells (2 x 10°) were transplanted into nonirradiated FVB/
NJ mice. Dox was given since transplantation and continually for 20 days. Then, 1 x 10* BM NC/Il-36y KD APL cells from moribund leukemic mice in the first transplantation
experiment were transplanted into nonirradiated FVB/NJ mice for survival analysis without Dox treatment (n = 6 mice per group). (H and 1) BM NC/II-36y KD MLL-AF9 cells
(5% 10°) were transplanted into sublethally irradiated C57BL/6 mice for survival analysis. Then, 5 x 10° BM NC/II-36y KD MLL-AF9 cells from the moribund leukemic mice

in the first transplantation assay were transplanted into nonirradiated C57BL/6 mice for survival analysis (n=6 mice per group). Data are presented as means+ SD.
*P <0.05, **P < 0.01, ***P < 0.001.
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Fig. 3. II-367 thwarts a CD8" T cell response against AML. (A) NC/II-36y KD APL cells (1 x 10% were transplanted into nonirradiated FVB/NJ or NOG mice for survival
analysis (n =5 mice per group). Dox was given since transplantation. (B and C) NC/II-36y KD APL mice (see fig. S1D) were sacrificed after 4 or 7 days of Dox treatment (Dox
was started on day 10). The numbers of APL cells (n =6 mice per group) (B), NK cells (n =6 mice per group), and CD8" T cells (n =4 mice per group) (C) in BM were deter-
mined. (D) Survival curves were generated for NC/II-36y KD APL mice (n =6 mice per group) after anti-CD8 treatment (see fig. S3D). (E to G) Experimental schematic (E)
for evaluation of immune memory. I-36y KD APL recipients that survived more than 100 days were identified as survivors. (F) Il-36y KD APL cells were transplanted into
survivors (Rechallenge) or WT FVB/NJ mice (Ctrl) for survival analysis (n =6 mice per group). (G) Spleen CD8" T cells (1 x 106) from survivors or WT FVB/NJ mice were
cotransplanted with 1x 10 Il-36y KD APL cells into nonirradiated FVB/NJ mice for survival analysis (n =6 mice per group). Dox was given since transplantation. (H to J)
MLL-AF9-OVA cells (H) and tetramer* CD8" T (I) in BM of MLL-AF9-OVA model (see fig. S3H) on day 12 after AML inoculation were examined (n =5 mice per group). (J) T
cell killing assay was conducted using activated spleen CD8" T cells from NC/II-36y KD mice as effector cells. MLL-AF9-OVA or MLL-AF9 cells were used as targets (n=3).
(K) Survival curves were generated for H2-K1 KD MLL-AF9 mice (see fig. S3K) (n =5 mice per group). Data are presented as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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To further explore this effect, MLL-AF9 cells expressing ovalbumin
(OVA) as a model tumor antigen were established (fig. S3H). We first
verified that MLL-AF9 cells with puromycin resistance presented
OV A-derived SIINFEKL peptide on H-2K" (fig. S3I) and that MLL-
AF9-OVA cells, but not MLL-AF9 cells, were killed in vitro by acti-
vated OV A-specific CD8" T cells derived from splenocytes of OT-1
transgenic mice (fig. S3]). Subsequently, we found that II-36y KD
decreased the percentage and number of MLL-AF9-OVA cells
while increasing the abundance of CD8" T cells in BM that specifi-
cally bound H-2K’/OVA tetramer (Fig. 3, Hand I). In addition, the
CDS8" T cells isolated from the I1-36y KD leukemic mice exhibited
enhanced cytotoxicity toward MLL-AF9-OV A cells but not MLL-AF9
cells in vitro as compared to the CD8" T cells isolated from the NC
leukemic mice (Fig. 3]). To test whether killing by CD8" T cells re-
quired recognition of major histocompatibility complex (MHC) class I-
restricted antigen, we generated a second KD of H2-K1 in II-36y KD
MLL-AF9 cells and found that loss of H2-K1 led to shortened survival
of AML recipients (Fig. 3K and fig. S3, K and L). Together, these results
strongly suggested that leukemic I1-36y attenuated a classic cytotoxic
T lymphocyte (CTL) response induced by AML tumor antigens.

To test whether I1-36y can directly promote the suppression of
CD8" T cells by AML cells, we cultured APL cells together with
CD8" T cells in vitro. The results showed that APL cells moderately
promoted, rather than attenuated, CD8" T cell activation in vitro
and that this effect was not affected by I1-36y KD (fig. S3M), thus
excluding a direct suppressive effect of 11-36y on CD8" T cells in
AML. Moreover, in contrast with Il-36y elevation in BM during APL
progression, levels of interferon-y (Ifn-y) declined (fig. S3N), while
11-12 (p70) and I1-2 that synergized with I1-36y to activate CD8"
T cells were not increased (fig. S3N) (27). These results suggested
that I1-36y did not result in the activation of type I immunity in
AML, in contradiction with published reports of the effects of II-36y
overexpression in a solid tumor model (15).

1I-367 activates IMs to increase leukemic propagation by
inactivating CD8" T cells and promoting LP growth

We next searched for missing factors that could mediate I1-36y-
induced inactivation of CD8" T cells in vivo. Cell counts indicated
that IMs (CD3 B220 Ter119”Gr-1*CD115") increased in the E-phase
BM, whereas other potential CD8" T cell-inactivating cells such as
neutrophils (Neu) (CD37B220 Ter119”Gr-1"CD1157), macrophages
(Mac) (CD37B220 Ter119”Gr-1"CD115 F4/80*SSC*"), and regu-
latory T cells (Tyegs) (CD3"CD4"FOXP3") did not (Fig. 4, A and B).
Conversely, IMs decreased after 4 days of Dox-induced II-36y KD,
while other cell types did not (Fig. 4C). Given that the IM subtype
of myeloid-derived suppressor cell (MDSC) can facilitate evasion of
tumor immunity (28), we next used trabectedin, which eliminates IMs
and their progeny (29, 30), to examine whether I1-36y-stimulated
IMs may contribute to leukemic progression and CD8" T cell inac-
tivation. After a single trabectedin injection, IMs in BM were de-
creased and trabectedin exhibited inhibition effects on leukemic
progression of the treated APL mice (fig. S4, A to C).

To test whether targeting of IMs plays a major role in the antitumor
activity of trabectedin, we also used clodrolip, which is only toxic to
phagocytic cells and can be used to deplete IMs (31, 32). Although
clodrolip and trabectedin exerted no direct toxicity on APL cells in vitro
(fig. S4D), IMs and APL propagation were decreased by clodrolip in
BM (fig. S4, E to G). Nevertheless, trabectedin showed no additional
antileukemia effects in clodrolip-treated APL mice (fig. S4, E to G).
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We further performed adoptive transfer of IMs after trabectedin
treatment and found that IMs promoted the leukemic progression
in the NC group but not in the II-36y KD group (fig. S4, H and I).
Accordingly, the inhibitory effects on leukemic progression conferred
by I1-36y KD were abolished by depletion of IMs (Fig. 4, D and E).
These results suggested that the increased abundance of IMs was
required for the promotion of leukemia downstream of the LP-
derived I1-36y.

Notably, multiple applications of trabectedin led to increased
survival time of APL mice, while CD8" T cell depletion attenuated
the protective effect (Fig. 4, F and G). These findings suggested that
elevated IM levels contributed to inactivation of CD8" T cells with
AML-clearing potential. To examine potential mechanisms con-
trolling the effect, we checked Nos2 and Argl expression, two func-
tional markers of MDSCs, and found that they were up-regulated in
leukemic IMs but were attenuated by leukemic I1-36y KD (Fig. 4H).
In addition, exposure to leukemic IMs led to inhibited CD8" T cell
proliferation in vitro, but WT IMs did not, while both II-36y KD
and treatment with Nos2 or Argl inhibitor attenuated this ability of
IMs to inhibit the proliferation of CD8" T cells (Fig. 4, I and J).
Cumulatively, these results indicated that elevated Il-36y levels not
only increased IM abundance but also enhanced their MDSC activity.

Because II-36R was highly expressed in the BM IMs (Fig. 4K),
11-36RNC or 11-36R*P hematopoietic chimeric mice were generated
by inoculating lethally irradiated syngeneic recipients with BM
HSPCs carrying an shRNA for targeted suppression of Il-36R
(fig. S4, J and K). Compared to 11-36RNC IMs, transplantation of
11-36R*P IMs that were sorted from the chimeric mice exhibited a
decreased ability to enhance leukemic propagation (fig. S4L), thus
suggesting that II-36y could directly activate IMs. In support of this
possibility, we observed that exposure to recombinant I1-36y stimu-
lated the proliferation of IMs and their suppressive activity, which
could be subsequently blocked by addition of II-36Ra, a natural antago-
nist of 11-36y (Fig. 4, L and M). Likewise, compared to control medium,
LP-conditioned medium (CM) enhanced the proliferation of 1-36RNC
IMs and their ability to suppress CD8" T cells (Fig. 4, N and O), and
11-36R*P IMs displayed lower activation by LP-CM in the prolifera-
tion and inhibition of CD8" T cell (Fig. 4, N and O).

It warrants mention here that these separate lines of evidence
pointed to an additional T cell-independent leukemia-promoting
effect conferred by the I1-36y-IM axis (Figs. 3, A and D, and 4G).
We suspected that this effect could be related to a previously reported
nursery role by activated IMs in facilitating AML cell growth (16). Thus,
we cultured NC or I1-36y KD LPs alone or together with IMs in vitro.
The results showed that exposure to IMs promoted the LP growth in
a manner dependent on Il-36y signaling (fig. S4M). Together, these re-
sults demonstrated the essential contribution of I1-36y-stimulated
IMs in creating a BM microenvironment conducive to LP growth
while circumventing CD8" T cell-mediated immunosurveillance.

Stimulated residual LPs can sustain the ll-36y-IM axis

after chemotherapy

We then used the MLL-AF9 murine AML model to examine a plausible
involvement of the I1-36y-IM axis in the phenomenon that immuno-
surveillance against AML was not activated by chemotherapy (2, 3).
After establishing an overt leukemic phenotype, we performed
intravenous administration of cytarabine (Ara-C) plus doxorubicin
(AD), a common first-line chemotherapeutic regimen for human AML
(fig. S5A). Treatment with AD for five consecutive days significantly
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diminished the leukemic burden in BM, and we observed leukemic
regrowth within 5 days after AD withdrawal (Fig. 5A). The number
of IMs was not reduced, and LPs were enriched by AD treatment
(Fig. 5, B and C). Furthermore, AD treatment led to higher levels of
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functions could be blocked by the persistence of the I1-36y-IM axis.
As expected, KD of leukemia cell-derived I1-36y resulted in lower
IM numbers in BM after chemotherapy (Fig. 5G). In this scenario,
CD8" T cell depletion could partially block the protective effects of
1I-36y KD and chemotherapy on host survival (Fig. 5H).

We then treated AML mice with AD alone or AD combined with
trabectedin and found that the combination therapy significantly
improved the survival of AML recipients (Fig. 5I). However, because
this therapeutic benefit was potentially attributable to the synergistic
cytotoxicity of AD and trabectedin against MLL-AF9 cells, we then
tested the role of IMs in relapse by using clodrolip, which has no
additive toxicity on leukemic cells in vitro (Fig. 5J). The results
showed that IM depletion increased the survival time of AML recipients
but did not enhance the effectsinduced by I1-36y KD (Fig. 5, Kand L).
This anti-AML effect was compromised by CD8" T cell depletion
(Fig. 5M). To examine whether Il-36y-activated IMs could also
directly protect LPs from chemo-cytotoxicity, we then treated the
LP-only cultures, IM-only cultures, and LP-IM cocultures with Ara-C. IMs
were refractory to Ara-C-mediated cytotoxicity (Fig. 5N), and the
presence of IMs reduced the chemo-cytotoxicity toward LPs, which could
be attenuated by Il-36y KD (Fig. 50). These results demonstrated the
protective effects of II-36y-activated IMs on chemotherapy-treated LPs.

Next, we investigated how chemotherapeutic reagents stimulated
II-36y expression in MLL-AF9 LPs. An autocrine Il-13-NF-«B sig-
naling pathway has been shown to be central to maintain the malignant
stemness of MLL-AF9 LPs (33). In addition, chemotherapy can re-
portedly activate Nlrp3 inflammasomes in myeloid cells to trigger
caspase-1 activation, which, in turn, promotes II-1pB release (34).
These observations led us to test whether an activated caspase-1-I1-
1B-NF-kB axis functioned in AML LPs after chemotherapy. We
found that activation of caspase-1 in residual LPs was enhanced by
AD treatment (fig. S5B), and double staining with annexin V and
FLICA-1 confirmed that chemotherapy elevated the levels of active
caspase-1 activity within the surviving LPs (fig. S5C), with higher
concentrations of LP-derived I1-1pB detected after AD treatment
(fig. S5D). As expected, chemotherapy further increased the level of
p-p65 in the surviving LPs (fig. S5E). Similarly, treatment with low
Ara-C concentrations (80 nM), which did not induce LP cell death,
elevated the activated caspase-1 in LPs in vitro (fig. S5, F and G).
Moreover, Ara-C also enhanced the expression of Il-1B, p-p65, and
11-36y (fig. S5, H and I), whereas caspase-1 KD attenuated these effects
induced by Ara-C (fig. S5, ] to L), thereby verifying a functional role
of chemotherapy-induced caspase-1. Furthermore, the effects of Il-
1B-neutralizing antibody on reducing Il-36y secretion and endogenous
p-p65 levels in LPs suggested that Il-1p autocrine signaling likely
contributed to enhancing Il-36y production (fig. S5, M and N).

Human LP-derived IL-36a stimulates IMs to inactivate

CD8" T cells

We then investigated whether this IL-36-IM axis is conserved in
human AML. To this end, we checked inflammatory factor expres-
sion in human AML cell lines and found that some of these, such as
MLL-AF9* MV4-11 and THP-1, expressed IL-36a rather than IL-36§3
and IL-36y concurrently with elevated NF-kB p-p65 level (fig. 56, A and B).
Subsequent analysis of published ChIP-seq data revealed that NF-
kB can directly bind IL-360 promoter region in IL-1B-stimulated
human aortic endothelial cells (fig. S6C), while ChIP-qPCR assays
verified that II-360 was a direct target of NF-«B (fig. S6D). These results
indicated that NF-«B preferentially activated IL-360 expression,
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rather than IL-36y, in human AML. In line with this finding, we
determined that IL-360 was higher in 7 of 11 primary AML samples
(group 2) compared with that in normal BM samples, while IL-36y
was undetectable (Fig. 6A and table S1). We cultured healthy BM
mononuclear cells (BMMCs) with recombinant IL-36y or IL-36a,
and these could directly promote the proliferation of human IMs
(SSC™"CD45"CD24”CD56 CD16 CD14") and their CD8" T cell-
suppressive activity (Fig. 6, B and C). Therefore, IL-360. could serve as
a functional substitute for Il-36y in the pathogenicity of human AML.
Using the published AML BM blastic complementary DNA (cDNA)
microarray data (35, 36), we performed unsupervised clustering
analysis with 39-gene MDSC signatures, which categorized 494 patients
into three subtypes: MDSC-high, MDSC-medium, and MDSC-low
(fig. S6E) (37). This analysis showed that IL-360 mRNA was signifi-
cantly up-regulated in the MDSC-high group compared to the
MDSC-medium and MDSC-low groups, as well as that detected in
normal BM samples (fig. S6F). Among individual samples, IL-360
mRNA levels were positively correlated with the expression of genes
related to IM recruitment and activation (such as CCL2 and CSF2)
as well as MDSC function (such as NOS2 and PD-L1) (fig. S6G).
Likewise, GSEA indicated that NF-xB pathway activity was higher
in the MDSC-high group compared to MDSC-medium and MDSC-low
groups (fig. S6H). Results drawn from the HemaExplorer database
showed that IL-360. mRNA levels were significantly higher in multiple
types of AML blastic BM samples compared to those of normal hema-
topoietic stem cells (HSCs) and myeloid subsets at various stages of
differentiation (fig. S6I). Together, these results suggested a possible
link between leukemic blast-derived IL-360 and IM activation.
According to a published dataset of human CD34"CD38~ AML
leukemia stem cell (LSC) expression profiles, IL-360 was one proin-
flammatory cytokine among 128 LSC signature genes (38), which we
were able to verify in cord blood and AML BM samples (Fig. 6, D and E,
and table S1). Next, we collected LP-CM to stimulate healthy BMMCs
and found that the CM exerted a strong stimulatory effect on the pro-
liferation of IMs and their CD8" T cell-suppressive activity, while
control medium did not (Fig. 6, F to H, and table S1). As expected,
addition of Il-36Ra attenuated IM proliferation and activation in-
duced by LP-CM (Fig. 6, I and ], and table S1), thus verifying a
pathogenic role for human AML LP-derived IL-36a in the stimula-
tion of IM proliferation and subsequent CD8" T cell inactivation.
Moreover, Ara-C-activated caspase-1 was able to stimulate IL-1f
production and increase the levels of p-p65 and IL-360 transcription
in caspase-1-expressing THP-1 cells, but not in U937 cells that did
not express caspase-1 (fig. S6, ] to M) (39), while IL-360 transcription
was decreased by NF-xB or caspase-1 inhibitors (fig. S6N). These
findings indicated the participation of chemotherapy-stimulated IL-1§
autocrine signaling in driving IL-360 expression. Similarly, Ara-C
was shown to stimulate caspase-1 activation and promote IL-1p and
IL-360 secretion in four of eight AML blastic samples, which were
defined as responders (Fig. 6, K and L, and table S1). Among these
responders, caspase-1 inhibitor decreased the levels of IL-1f and
IL-36a as stimulated by Ara-C (Fig. 6M and table S1). In addition,
we treated primary LPs sorted from two responders with Ara-C in
the presence or absence of the caspase-1 inhibitor VX-765 and then
collected the conditioned medium to test its effects on healthy IM-
containing BMMC:s. The results showed that VX-765 decreased the
ability of Ara-C-treated LPs to stimulate IM proliferation and
immunosuppressive activity (Fig. 6, N and O, and table S1).
Together, these results suggested that chemotherapeutic agents could

9of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

A B (o8
IMs cD8* T IL-36a IL-36a
600 1 6 4 2 - 14 - 34
2 E
= - © . © . 3 " 3 *
E —_ 2]
2 5. = 5] = 2 2
281300- 53- % 51{_ 57- g
% 5 s S 3 F E e
= v w = =
= 5 . 5 \
e wt o |-am @
0- 0- O' I -
> N 2] \ & 2] \ & ) ) % )
& f - i & - - o &8 NN
& & O N/ VN P %0(\
F G H |
£ IMs cD8' T IMs
3 P 81 21 21 e PBS
= « . m IL-36Ra
£ I o | . o | — -
2 2 2
£4] £ g4 —I— _I,
3 ES SF s
3 2 2 x 2 + 5
K ==
= 04 0. ol — .
O N
9 &oé\ & &o‘(\ > oF w0
& % & % N\ S
@ NN NN ks S
CD45 CD14
IL-36a IL-1
J K L B
4 cosT Responder res'\rl)g::ier Responder res':(;:;jer Responder res'\;‘)‘c))z;ier
] ® PBS 100 - <4 10
° —— m IL-36Ra 9 &
=2} ~ o —
g : 2 | — w =
S 24 8 [ =
ke I + 504 ns 22 ns 5 1
i < Q
k3 g / — g ns
0 T :ﬂ °
> - o oY 0l—— é !
X 0 > 5 O ©» O 5 O 5 O
N4 Vv R° & X & R° & & & R’ & & &
® N W W R K RABRECHRE S RAIRECHRI S
M N 0 X
4 360 IL-18 IMs cbe T
s 2 e DMSO 161 e DMSO
i = o + W VX765 o B VX-765
3 S * — =)
> C — (=
L2 _» \ 2 2a *
Q c1 _I_ g 1 *
= ie]
© \ Ke) K} -I_
o e g
& \ \ _I_ _I_ % -I_
0 1
A ol — : ol £, :
o o7 & &

Fig. 6. Human AML LP-derived IL-36a. stimulates IMs to suppress CD8" T cells. (A) ELISA assay on IL-360 level in BM supernatant of healthy donors (n=7) and AML
patients (group 1, n=4; group 2, n=7). (B and C) Healthy BMMCs (n = 3) were treated with IL-36y or IL-360. (200 ng/ml) for 4 days. Then, IMs were counted (B) and sorted
for T cell proliferation assay (C). (D) qRT-PCR assay on IL-36a level in CD34" cord blood cells (n = 3) and AML LPs (CD33*CD34") (n=6). (E) qRT-PCR assay on IL-360. level in
LPs and non-LPs (CD33*CD34") from four AML blastic BM samples. (F to H) Healthy BMMCs were cultured with normal medium or LP-derived CM from three patients for
4 days. (F) Representative flow cytometric analyses of IMs after culture. The IMs were further counted (G) and sorted for T cell proliferation assay (H). (I and J) Healthy
BMMCs were cultured in LP-derived CM from two patients and treated with PBS or IL-36Ra (2 ug/ml) for 4 days. Then, IMs were counted (n=3) (I) and sorted for T cell
proliferation assay (n = 3) (J). (K and L) LPs from eight AML patients were treated with PBS or Ara-C (80 nM) for 30 hours. The percentage of FLICA-1* LPs (K) and the relative
levels of IL-360 and IL-1B in medium (L) are shown. (M to O) LPs from four responders were treated with Ara-C (80 nM) in the presence of DMSO or VX-765 (100 uM) for
30 hours to collect CM. (M) Relative levels of IL-360 and IL-1p in CM. Furthermore, healthy BMMCs were cultured in CM from two patients for 4 days. Then, IMs were counted
(N) and sorted for T cell proliferation assay (O). Data are presented as means + SD. *P < 0.05, ¥**P < 0.01, ***P < 0.001.
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stimulate a portion of human AML blasts to produce IL-360 that, in
turn, activated immunosuppressive IMs.

11-36y-IM axis disruption sensitizes AML to immune
checkpoint blockade

To date, programmed cell death protein 1 (PD-1) blockade has shown
limited success as a monotherapy or in combination with chemo-
therapy in AML treatment (4, 5). We found that MLL-AF9 murine
AML model showed no response to anti—-PD-1 therapy whether it
was combined with AD treatment or not (Fig. 7, A and B, and
fig. S7, A and B). Because MDSCs are known to perform major
roles in establishing de novo resistance to immune checkpoint block-
ade (40), we tested whether the refractory response of AML to anti—
PD-1 therapy could be due, at least in part, to the Il-36y-IM axis.

The results showed that 11-36y KD sensitized AML to anti-PD-1
therapy, thus resulting in a lower leukemic burden and increased accu-
mulation of CD8" T cells in BM (fig. S7, C to E). Similarly, combination
of anti-PD-1 antibody with trabectedin led to a potent, synergistic,
antileukemia effect and further enhanced the accumulation of
CD8" T cells in BM (fig. S7, F to H).

1I-36y KD also improved the therapeutic efficacy of anti-PD-1
treatment following AD administration, which was accompanied
by further accumulation of functional Ifn-y"CD8" T cells in BM
(Fig. 7, C and D). In accordance with the possibility that type I
immunity was activated, PD-L1 expression was induced in AML cells
by I1-36y KD (Fig. 7E), and we observed similar results under tra-
bectedin treatment (Fig. 7, F to H). Last, we found that combined
regimen of chemotherapy, anti-PD-1, and trabectedin could obviously
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Fig. 7. 1I-36y-IM axis disruption sensitizes AML to anti-PD-1 therapy. (A and B) The MLL-AF9 mice model was treated with IgG or anti-PD-1 [150 pg, intraperitoneally
(i.p.)] on indicated days. The AD regimen was conducted from days 7 to 11 (A). (B) Survival curves were generated (n =6 mice per group). (C to E) NC/II-36y KD MLL-AF9
cells (1 x 104) were inoculated into nonirradiated C57BL/6 and treated as depicted in (A). The mice were sacrificed on day 23. The numbers of leukemia cells (C) and T cells
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improve survival of AML mice (Fig. 7I). Collectively, these results
indicated a new combinatorial therapeutic regimen capable of sus-
tained eradication of AML.

DISCUSSION

Inflammation is frequently detectable in tumorigenic microenvi-
ronment and involves tumorigenesis (41). Proinflammatory IL-1
signaling pathway elevated NF-«B activity and supported AML
progression in an autocrine manner (16, 33). Here, we show that
BM-infiltrating AML LPs were highly proinflammatory compared
to normal HSPCs and that the marked IL-36 overexpression, as regu-
lated by NF-kB activation, represented an essential feature of the
AML LPs. Moreover, we noticed that the chemotherapeutic agents
further stimulated IL-1B signaling pathways, thus contributing to
an enhanced IL-36 expression in residual LPs and persistence of the
immunosuppressive IL-36-IM axis. In this study, we also describe a
new scenario in which IL-36 production protects the AML LPs from
CTL killing and chemo-cytotoxicity by activating BM-resident IMs,
expanding our understanding about how proinflammatory features
of the AML LPs contribute to the persistence of AML malignancy.

We propose two mechanisms to explain why the LP-derived Il-
36y and solid tumor cell-derived II-36y exert opposite roles in regu-
lating T cell activation. First, the immune microenvironment in
AML BM is quite different from that in solid tumor. For example,
IMs are derived from BM hematopoiesis and thus are more enriched
in BM than in solid tumor. Second, the level of two cytokines—I1-2
and Il-12—that act synergistically with I1-36y to activate the type I
immunity did not increase during AML progression.

The abundance of MDSCs was correlated with the pathogenesis
and poor therapeutic response of AML (42), while their activation
pathways remain to be further explored. It was reported that the
monocytic progenies of AML LPs act as MDSCs (9). Alternatively,
AML blasts also showed to activate MDSCs through secreting exomes
and/or soluble molecules (43, 44). After excluding that AML LPs
were able to directly inactivate CD8" T cells, our work specifies an
involvement of IMs that, as activated by LP-derived IL-36 in para-
crine manner, not only act as a subtype of monocytic MDSCs but
also protect the LPs from chemo-induced cytotoxicity.

The persistence of the I1-36y-IMs axis, before or after chemo-
therapy, dampened the response of AML toward PD-1 blockade therapy,
implicating it as an important immunosuppressive pathway in AML.
Trabectedin, a U.S. Food and Drug Administration-approved drug that
is known to deplete IMs (29), combined with chemotherapy and
immune checkpoint blockade, markedly improves the survival of MLL-
AF9 AML mice, suggesting the potential of a new and available combi-
national therapeutic regimen in improving the treatment of human AML.

MATERIALS AND METHODS

Mice

FVB/NJ mice, C57BL/6 mice, and NOD.Cg-PrkdcscidIl2rgtm1Sug/
JicCrl (NOG) mice were purchased from Beijing Vital River Labo-
ratory Animal Technology. OT-1 transgenic mice were purchased
from Shanghai Model Organisms. For each experiment, the same
sex- and age-matched (4 to 8 weeks) mice were used and randomly
allocated to each group. The number of mice in each group treatment
or strain of mice for each experiment is indicated in the figures or
figure legends. All animal experiments were carried out in accordance
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with the guidelines provided by the Laboratory Animal Resource
Center of Shanghai Jiao Tong University School of Medicine.

Human and mouse samples

Human samples were obtained after receiving informed consents
from AML patients and healthy donors admitted to the Department
of Hematology in Ruijin Hospital, Shanghai Ninth People’s Hospital
and Children’s Hospital of Soochow University according to the
principles of the Declaration of Helsinki (see also table S1). The Human
Ethics Committee of Ruijin Hospital approved the protocol for the
recruitment of AML patients and healthy volunteers. Human pri-
mary AML samples, BMMCs, and PBMC:s of healthy donors were
isolated by Ficoll-Hypaque density gradient centrifugation. Human
IMs were sorted from BMMCs of healthy donors by using the hu-
man Classical Monocyte Isolation Kit (130-117-337, Miltenyi Biotec).
Human CD34" cells were isolated using EasySep Human Cord Blood
CD34 Positive Selection Kit III (17897, STEMCELLTechnologies).
Human T cells were isolated from PBMC:s of healthy donors by using
the human Pan T Cell Isolation Kit (130-096-535, Miltenyi Biotec).
Murine APL cells were originally isolated from hMRP8-PML-RARa.
transgenic mice generated in the laboratory of J. M. Bishop (University
of California, Los Angeles). Mouse CD8" T cells were isolated by
using the mouse CD8a" T Cell Isolation Kit (130-104-075, Miltenyi
Biotec). Mouse IMs were fluorescence-activated cell sorting (FACS)-
sorted from the enriched BM monocytes by using a mouse Mono-
cyte Isolation kit (BM) (130-100-629, Miltenyi Biotec).

Cell culture

Human leukemia cell lines (THP-1, U937, MV4-11, and HL-60)
were obtained from the cell bank of Shanghai Institute of Hematology
(Shanghai, China) and cultured in RPMI 1640 medium (A1049101,
Gibco) containing 10% fetal bovine serum (FBS; 10099, Gibco). Human
primary leukemia cells and BMMCs were cultured with Iscove's modi-
fied Dulbecco's medium (IMDM) supplemented with 20% BIT (09500,
STEMCELL Technologies). Mouse BM cells were cultured in IMDM
(12440061, Gibco) containing 10% FBS. Mouse leukemia cells and
IMs were cultured alone or cocultured in IMDM containing 10% FBS,
mouse stem cell factor (mSCF) (50 ng/ml; 455-MC-050, R&D Systems),
mouse IL-6 (mIL-6) (10 ng/ml; 406-ML-200, R&D Systems), and mouse
IL-3 (mIL-3) (6 ng/ml; 403-ML-050, R&D Systems). Plate-E cells
and 293T cells were cultured with Dulbecco’s modified Eagle’s
medium (11965092, Gibco) supplemented with 10% FBS.

GFP labeling and genetic incorporation of a Dox-inducible
shRNA expression system into APL cells

For GFP labeling, the retroviral plasmid MigR1-GFP and the pack-
aging plasmid Ecopack were cotransfected into the plate-E cells to
produce retrovirus. Then, c-Kit"CD11b~ BM cells derived from
hMRP8-PML-RARa transgenic mice were incubated with the retro-
viral supernatant in RPMI 1640 medium containing 10% FBS, mSCF
(50 ng/ml), mIL-6 (10 ng/ml), mIL-3 (6 ng/ml), and polybrene
(4 pg/ml; Sigma-Aldrich) for 48 hours. Then, the GFP" cells were
sorted and transplanted into sublethally irradiated (4.5 Gy) FVB/N]
mice to allow GFP-labeled cells to repopulate in vivo. After 3 to
4 weeks, the recipients were sacrificed when they became moribund,
and the GFP" APL cells were sorted and inoculated into nonirradiated
FVB/N]J mice to establish APL model. For the integration of
Dox-inducible shRNA expression systems, MigR1-TET3G-IRES-YFP
retroviral plasmid was used to produce retrovirus 1. The shRNAs of
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I11-36y, Mstl, or Cxcl10 were designed at website (http://sirna.
wi.mit.edu/) and cloned into Dox-inducible retroviral plasmid
coexpressing GFP to produce retrovirus 2. Then, ¢-Kit"CD11b~ BM
cells derived from the hMRP8-PML-RARa transgenic mice were in-
fected with retrovirus 1 and transplanted into sublethally irradiated
(4.5 Gy) FVB/NJ mice to allow the yellow fluorescent protein (YFP)-
labeled cells to repopulate in vivo. Furthermore, YFP* APL cells were
infected with retrovirus 2. Last, YEP*'GFP" APL cells were inoculated
into nonirradiated FVB/NJ mice to establish APL model that were
responsive to Dox. The shRNA target sequences are as follows:
IL-36y KD1, 5'-GAGCTGGGCTATTTGTATCTTC-3'; IL-36y KD2,
5-AAGTGATGTTGAGATGGAACAC-3'; Mstl KD1, 5-CAAG-
GACCTTCGTGAGAATTTC-3'; Mstl KD2, 5'-GAGAGTTGA-
CAAGAGTAATAAA-3". Cxcll0 KD1, 5-CATAGGGAAGCT
TGAAATCATC-3'; Cxcl10 KD2, 5'-AATCTAAGACCAT-
CAAGAATTT-3'.

MLL-AF9 mice model and RNA KD

MLL-AF9 cDNA was cloned into retroviral plasmid MigR1-GFP to
produce retrovirus. Lineage™ (Ter119™, CD3", B220", CD11b ", Gr-17)
BM cells derived from C57BL/6 mice were incubated with the retro-
viral supernatant in RPMI 1640 medium containing 10% FBS, mSCF
(50 ng/ml), mIL-6 (10 ng/ml), mIL-3 (6 ng/ml), and polybrene
(4 ug/ml) for 48 hours. The cells were harvested and sorted for the
GFP" subpopulation, which was then transplanted into lethally
irradiated (9 Gy) C57BL/6 mice. After 4 to 5 weeks, the recipients
were sacrificed when they became moribund, and the labeled GFP*
MLL-AF9 cells were sorted and inoculated into nonirradiated
C57BL/6 mice to establish MLL-AF9 mice model. To knock down
I1-36y and caspase-1, shRNAs were cloned into lentiviral plasmid
that coexpress mCherry and transfected into 293T cells with package
plasmid Vsvg and Pspax2 to produce lentivirus. GFP™ MLL-AF9
cells were infected with these lentiviruses for 48 hours. Then,
GFP'mCherry" MLL-AF9 cells were sorted for experiments. To knock
down H2-K1, shRNAs were cloned into lentiviral plasmid that co-
express Puro to produce lentivirus. GFP*mCherry" 1I-36y KD MLL-
AF9 cells were infected with these lentiviruses for 48 hours. After
infection, cells were treated with puromycin (2 ug/ml; Sigma-Aldrich)
for 2 days. Then, cells were used for experiments. The shRNA target
sequences are as follows: caspase-1 KD1, 5'-CAGCTGAAACATTTGT
TGCTA-3'; caspase-1 KD2, 5-GGGCAAAGAGGAAGCAATTTA-3;
H2-K1KD1, 5-GAATGTAACCTTGATTGTTAT-3'; H2-K1 KD2,
5'-CAGATACCTGAAGAACGGGAA-3'.

MLL-AF9-OVA mice model

OVA cDNAs were subcloned into lentiviral plasmid coexpressing
Puro to produce lentivirus. GFP* MLL-AF9 cells were infected with
the lentivirus for 2 days. After infection, cells were treated with
puromycin (2 pg/ml) for 2 days. Then, cells were transplanted into
sublethally irradiated (4.5 Gy) C57BL/6 mice to allow GFP" MLL-
AF9-OVA cells to repopulate in vivo. Then, GFP* MLL-AF9-OVA
cells were isolated from these recipients and infected with control
or 11-36y KD lentivirus for 48 hours. After infection, 5 x 10°
GFP'mCherry" control or II-36y KD MLL-AF9-OV A cells were trans-
planted into nonirradiated C57BL/6 mice to establish the model.

T cell killing assay
Splenocytes from the OT-1 transgenic mice or leukemic mice were
cultured in RPMI 1640 medium containing 10% FBS, mouse II-2
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(65 IU/ml; 402-ML-020, R&D Systems), and SIINFEKL peptide
(7.5 ug/ml; Nanjing Peptide Biotech) for 5 days. Then, CD8" T cells
were purified and then cocultured with leukemia cells at 8:1 ratio for
4 hours. After that, leukemia cells were assessed for annexin V staining.

T cell proliferation assay

Mouse CD8" T cells were stained with carboxyfluorescein diacetate
succinimidyl ester (CFSE; 423801, BioLegend) according to the
manufacturer’s instruction. Then, CD8" T cells (1 x 10° per well)
were cocultured with leukemia cells at a 16:1 ratio for 3 days or IMs
at a 1:1 ratio for 5 days in 96-well plates coated with anti-CD3
(354720, Corning) in RPMI 1640 medium containing 10% FBS. The
percentages of proliferating CD8" T cells were determined by CFSE
dilution. In some experiments, Dox (1 pg/ml); a nitric oxide synthase
inhibitor, L-NMMA (0.5 mM); or an arginase inhibitor, nor-NOHA
(0.5 mM) was added (see Fig. 4). Human T cells (1 x 10° per well)
were stimulated with anti-CD3/CD28-coated beads (130-091-441,
Miltenyi Biotec) and cocultured with human IMs sorted from the same
donors ata 1:1 ratio in 96-well plates for 3 days. Then, the harvested
cells were analyzed by flow cytometry.

In vivo treatment

To knock down the genes of interest in APL cells in vivo, Dox
(200 pg/ml) was administrated in the drinking water on the indicated
day and water was changed every 3 days. To deplete IMs in leukemic
mice, trabectedin (0.2 mg/kg) or clodronate liposomes (200 ul) were
administrated intravenously on the indicated day. Control mice were
given vehicle [2% dimethyl sulfoxide (DMSO)] or control liposomes
[phosphate-buffered saline (PBS)]. To deplete CD8" T cells or NK cells
in leukemic mice, anti-CD8, anti-NK1.1, or immunoglobulin G
(IgG) antibodies were injected intraperitoneally (150 pug per mouse)
on the indicated days. To conduct immunotherapy, anti-PD-1 or
IgG antibodies were injected intraperitoneally (150 ug per mouse) on
the indicated days. To conduct chemotherapy, leukemic mice were
administered intravenously by injecting Ara-C (100 mg/kg) for 5 days
and doxorubicin (Doxo) (3 mg/kg) for 3 days. Ara-C was co-delivered
with Doxo on the first 3 days and then alone for 2 days, mimicking
the 7 + 3 regimen used in treating human AML patients.

Statistical analyses

Leukemia-initiating cell (LIC) frequencies and P values were calculated
at website (http://bioinf.wehi.edu.au/software/elda/). Survival curves use
two-sided Mantel-Cox log-rank test. Normal distribution and similar
variation between experimental groups were examined for appropriate-
ness before statistical tests were conducted. Comparisons between
two groups were performed by unpaired, two-tailed ¢ test. Compar-
isons between more than two groups were performed by one-way
ANOVA using Prism 6.0 software (GraphPad Software). Statistical
tests were done with biological replicates. Data are presented as
means + SD. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg4167

View/request a protocol for this paper from Bio-protocol.
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