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macrophages suppresses acute myeloid leukemia
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Introduction
Acute myeloid leukemia (AML) is a genetically, biologically, and
clinically heterogeneous set of diseases that share in common
the malignant proliferation of clonal hematopoietic stem and
progenitor cells (HSPCs) within the bone marrow (BM) micro-
environment (1). In a minority of patients with AML, a cure can
be achieved that is medically effected either through intensive
cytotoxic chemotherapy or, alternatively, via an alloimmune-
mediated graft-versus-leukemia mechanism. Curiously, for such a
clinically aggressive, and often chemo-refractory, disease, ex vivo
AML exhibits a high level of spontaneous apoptosis (2-6). Further-
more, relapse for patients who achieve therapy-induced remission
occurs from minimal residual disease sequestered within the BM
microenvironment (7-9). Taken together, these observations illus-
trate the fundamental importance of the BM microenvironment in
leukemia initiation, proliferation, and chemoresistance across the
broad set of AML subtypes.

The BM microenvironment is a complex, highly organized
organ evolved to support the life-long production of blood cells
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The bone marrow (BM) microenvironment regulates acute myeloid leukemia (AML) initiation, proliferation, and
chemotherapy resistance. Following cancer cell death, a growing body of evidence suggests an important role for remaining
apoptotic debris in regulating the immunologic response to and growth of solid tumors. Here, we investigated the role of
macrophage LC3-associated phagocytosis (LAP) within the BM microenvironment of AML. Depletion of BM macrophages
(BMMs) increased AML growth in vivo. We show that LAP is the predominate method of BMM phagocytosis of dead and
dying cells in the AML microenvironment. Targeted inhibition of LAP led to the accumulation of apoptotic cells (ACs) and
apoptotic bodies (ABs), resulting in accelerated leukemia growth. Mechanistically, LAP of AML-derived ABs by BMMs resulted
in stimulator of IFN genes (STING) pathway activation. We found that AML-derived mitochondrial damage-associated
molecular patterns were processed by BMMs via LAP. Moreover, depletion of mitochondrial DNA (mtDNA) in AML-derived ABs
showed that it was this mtDNA that was responsible for the induction of STING signaling in BMMs. Phenotypically, we found
that STING activation suppressed AML growth through a mechanism related to increased phagocytosis. In summary, we
report that macrophage LAP of apoptotic debris in the AML BM microenvironment suppressed tumor growth.

from hematopoietic stem cells (HSCs). HSCs reside within nich-
es, where their fate is mediated through interactions with mul-
tiple hematopoietic and nonhematopoietic cells, regulated by
direct cell-cell contact, growth factors, and cytokines (10-14). BM
macrophages (BMMs) have long been recognized to have diverse
and indispensable, tissue-specific roles in host defense and tissue
homeostasis (15, 16). In the BM, macrophages contribute to the
maintenance of the HSC niche, and their depletion results in the
egress of HSCs into the peripheral blood (17). In addition, BMMs
are involved in processes regulating HSC quiescence and have
been reported to negatively regulate the HSC pool in response to
infection (18, 19). In cancer, protumoral tumor-associated macro-
phages (TAMs) appear to be fundamentally involved in cancer pro-
gression and metastasis and are linked to poorer clinical outcomes
across a diverse spectrum of malignancies and tumor microen-
vironments (20-26). In AML, macrophages have been shown to
interact with leukemic cells to promote AML progression through
mechanisms of action linked to phagocytosis and immune mod-
ulation (27-29). Expression of the transmembrane protein CD47
correlates with a poor prognosis in patients with AML, in part
through inhibition of mononuclear phagocytosis of leukemia stem
cells (LSCs). In vivo experiments using monoclonal antibodies to
block AML cell-surface CD47 interaction with SIRPa on macro-
phages enables the phagocytosis of LSCs (30). This work, which
has since been extended into clinical trials (NCT04778397 and
NCT04912063; refs. 31, 32), provides a proof-of-concept para-
digm for the therapeutic modulation of macrophage phagocytic
function in the AML microenvironment.
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Phagocytosis by mononuclear cells occurs either by an LC3-
dependent or -independent, mechanism. LC3-associated phago-
cytosis (LAP) is physiologically triggered by pathogens and cellu-
lar debris via interaction with phagocyte surface receptors, includ-
ing T cell membrane protein 4 (TIM-4) and FcR. This results in
a rapid response to phagosomal maturation and degradation of
cargo (33). Although LAP shares components similar to those in
canonical autophagy, LAP has been shown to be a distinct pro-
cess (34). Impairment of LAP in myeloid cells has been shown
to suppress solid tumor growth (35), however, the tumor-specific
roles and functions of LAP in blood cancers have not, to our
knowledge, been defined. In the present study, we investigate the
role of LC3-mediated phagocytosis in the context of AML. We
examine the mechanisms regulating BMM LAP in the leukemia
microenvironment and the outcomes of targeting the LAP path-
way in models of AML.

Results

Depletion of phagocytes increases AML tumor burden. To establish the
role played by phagocytes in AML, we used clodronate liposomes
(CLs) to deplete phagocytic macrophages in a series of experiments
using 2 AML in vivo models: myeloid ecotropic viral integration site
1/homeobox A9-driven (MEIS1/HOXA9-driven) AML (36), con-
taining a GFP and a luciferase reporter, and meningioma 1-driven
(MN1-driven) AML (37), containing a GFP reporter, both of which
allowed for detection using in vivo imaging as well as measurement
of tumor burden by the presence of GFP* cells (Figure 1A). We used
flow cytometry to determine the frequency of BMMs, as previously
described (ref. 38 and Figure 1B). Figure 1C shows successful BMM
depletion in response to CL treatment compared with results in
control liposome-treated (CNT-treated) animals. In vivo imaging
of MEIS1/HOXA9-engrafted cells showed that animals depleted
of phagocytic macrophages by CL treatment had increased AML
tumor burden compared with those treated with CNT, 23 days after
the MEIS1/HOXA9 injections (Figure 1D). No bioluminescence
signal was detected in apoptotic MEIS1/HOXA9 cells (Figure 1E).
Using a second model of mouse AML (MN1-GFP), we confirmed
the observation that CL treatment resulted in increased AML tumor
burden in the BM compared with that seen in CNT-treated animals
(Figure 1, F-H, and Supplemental Figure 1, A and B; supplemental
material available online with this article; https://doi.org/10.1172/
JCI153157DS1). To determine whether AML-associated BMMs
exhibit increased phagocytosis compared with control BMMs, we
isolated BMMs (F4/80* cells) from WT and MN1l-engrafted ani-
mals and cultured them with zymosan A bioparticles (Figure 1I).
We found that BMMs from AML-engrafted animals had increased
phagocytosis of the bioparticles compared with BMMs from WT
animals (Figure 1, J and K). To determine whether phagocytosis
involved LC3, we examined LC3 recruitment to phagosomes in
BMMs from MN1-engrafted animals, after incubation with zymo-
san A bioparticles. Figure 1, L and M, shows that phagosomes gener-
ated in BMMs from MN1-engrafted animals recruited LC3.

AML disease progression is accelerated in LAP-deficient animals.
The recruitment of LC3 to phagosomes suggests a role for LAP
during phagocytosis by BMMs. To understand the role of LAP in
the tumor microenvironment of AML, LAP”~ mice lacking the
linker and WD domains of AtgI6L1 (Supplemental Figure 2 and
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ref. 39), which are required for LAP, but not canonical, autoph-
agy (Atgl6L1:%%), were injected with MN1 or MEIS1/HOXA9
cells. We then monitored the animals for tumor growth (Figure
2A). We observed that AML disease burden (by measuring GFP*
cells in the BM) was accelerated in Atgl6L1%%°" mice compared
with WT controls (Atgl6L1%%%%) as determined on days 14 and 20
after injection with MN1-driven AML (Figure 2B). As expected,
increased tumor growth in the LAP-deficient animals was asso-
ciated with decreased survival (Figure 2C). We observed simi-
lar results (by measuring GFP* cells in the BM) using our MEIS/
HOXA9-driven AML model. There were more AML blasts in
the BM of Atgl6L1F2%°" animals, as well as decreased survival of
Atgl6L152%- mice compared Atgl6L15%°* animals (Figure 2, D-F).
To engraft MN1, we conditioned the mice with a sublethal dose of
busulfan. To determine whether busulfan changes BM cellularity,
we treated Atgl6L1%%%" and Atgl6L1%#°* mice with busulfan alone
and compared BM cellularity with that of control mice of each gen-
otype. We observed no significant changes in BM cellularity (Sup-
plemental Figure 3). As a second approach, we performed condi-
tional targeting in macrophages and granulocytes using lysozyme
M-Cre-lox recombination to generate Atgl6L152%1 Cre* mice.
MNT1 cells were injected into Atgl6L1E2%4 Cre- and Atgl6L152300/4
Cre* mice. We found that the AML tumor burden was increased in
Atgl6L1E20%8 Cre* mice compared with that in Atg16L1E2309/ Cre-
mice (Figure 2, G and H, and Supplemental Figure 1C). To deter-
mine whether LAP is important in human AML, we examined LC3
density in isolated CD14" cells. The data showed that LC3 density
was higher in CD14" cells from patients with AML than in controls
(Figure 2T and Supplemental Table 1). These data suggest that LAP
is an important process in reducing AML disease burden.

Next, we assessed the macrophage phenotype within the BM
of AML-engrafted mice. AML TAMs have been characterized as
CD45'Lys6G CD11b* macrophages and are called AML-associ-
ated macrophages (AAMs) (28), whereas tissue-resident BMMs
express CD45'*GR1F4/80*CD115™ (Supplemental Figure 4A and
38). C57BL/6 mice were injected with MN1 cells, and BM was ana-
lyzed 14 days later. The percentage of AAMs in the CD45" cell pop-
ulation were increased in animals engrafted with MN1 compared
with controls. Furthermore, AAMs had decreased CD86 expres-
sion (an indicator of the M1 phenotype) compared with controls.
We found no difference in expression of the M2 marker CD206
between the treatment groups (Supplemental Figure 4B). We
found that BMMs were also increased in mice injected with MN1
cells, with an increase in CD86 and CD206 expression compared
with that in controls (Supplemental Figure 4B). Next, we examined
AAM and BMM phenotypes in Atgl6L1%2*°" mice compared with
Atgl6L1%#* mice engrafted with MNI1. We found no observable
differences between the immunophenotypes of AAMs or BMMs
when MNI1 cells were injected into Atgl6L1%%°- mice compared
with that seen in Atgl6L1%%°* mice (Figure 2, ] and K). This shows
that, although AML changed the phenotype and number of mac-
rophages in the BM, deficiency in LAP did not alter this response.

BMM LAP mediates clearance of AML apoptotic cells. As the
recognition of apoptotic tumor cells has previously been report-
ed to promote antitumor immunity (40-42), we hypothesized
that a link exists between reduced clearance of AML apoptotic
cells (ACs) and apoptotic bodies (ABs) with increased leukemia
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Figure 1. Depletion of phagocytes increases AML tumor burden. (A) MEIS/
HOXAS9 cells transduced with rLV.EF1.mCherry-Mito9 lentivirus (MEIS/
HOXA9-luci) or MN1-GFP cells (1 x 10°) were injected into busulfan-treat-
ed C57/BL6 mice. Animals were treated with either CNTs or CLs on day

19 after injection and sacrificed on day 23. (B) Representative flow plot
and gating strategy for BMMs (CD45*GR1-CD115"/"F4/80"). FSC, forward
scatter; SSC, side scatter. (C) Flow cytometric analysis of the number of
BMMs (n = 5 mice). (D) In vivo imaging analysis of animals engrafted with
MEIS/HOXAS-luci on days 19 and 23, representing before and after CL and
CNT treatment. Graphs show bioluminescence analysis of the CL and CNT
treatment groups (n = 5 mice). (E) Bioluminescence analysis of apoptotic
and live MEIS/HOXAS-luci cells. (F) Representative flow plots for MN1-GFP
engraftment in the CL and CNT treatment groups. BM was extracted and
analyzed for (G) MN1-GFP engraftment and (H) annexin V staining (AnnVv*
AML) of MN1-GFP cells (n = 5 mice). (I) MN1- or vehicle-treated (PBS) cells
(1 x 10°) were injected into busulfan-treated C57/BL6 mice, and BM was
harvested 14 days later. BMM F4/80* cells were isolated via magnetic sep-
aration and incubated with zymosan A bioparticles for 2 hours, followed by
imaging via fluorescence microscopy. (J and K) The number of bioparticles
(red) per macrophage was counted for control and MN1-associated BMMs
via microscopy (n = 25 BMMs). Scale bar: 10 um. (L and M) The number of
bioparticles (red) and LC3 (green) per MN1-associated BMM was counted
and compared with the number of bioparticles without LC3 (n = 25 BMMs).
Scale bar: 10 pm. Data indicate the mean + SD *P < 0.05, **P < 0.01, ***P
< 0.001, and ****P < 0.0001, by 2-tailed Mann-Whitney U test.

progression. We measured ACs in LAP-deficient animals with
AML and compared the results with ACs in WT control animals
with AML. The gating strategy for this is shown in Supplemental
Figure 1A. We found that the percentage of annexin V* staining
was higher in LAP-deficient Atgl6L1%%**" animals with AML than
in WT Atgl6L15%%* animals with AML (Figure 3A). Furthermore,
Atgl6L130- AML-engrafted animals had increased annexin V*
debris compared with WT Atgl6L1%2%°* controls with AML, indi-
cating a defect in the clearance of ABs and ACs in the BM of the
Atgl6L152%- animals (Figure 3B). To determine whether LAP is
important in the clearance of AML ABs, we induced apoptosis in
MNT1 cells in vitro and isolated the ABs (Supplemental Figure 5).
Isolated ABs were labeled with pHrodo to create pHrodo-ABs,
which, when phagocytosed, cause the ABs to fluoresce. We cul-
tured pHrodo-ABs with BMMs from Atgl6L1%%%%* and Atgl6L152%0
mice and found that Atgl6L15%%* BMMs had increased phagocy-
tosis of ABs compared with Atgl6L1E20- BMMs (Figure 3C). Next,
we assessed whether LC3-localized phagosomes occur more fre-
quentlyin Atgl6L1%%°* BMMSs than in Atgl6L1%2*°- BMMs. Costain-
ing the pHrodo-AB phagosome with anti-LC3-GFP showed that
Atgl6L1"°* BMMs had significantly more LC3-localized phago-
somes than did Atgl6L1"%°- BMMs (Figure 3D). To confirm that
BMMs from Atgl6L1%%°* mice deliver ABs to the lysosomes and
that this does not happen in Atgl6L1%%°- BMMs, we used the lyso-
somal inhibitor bafilomycin A. Figure 3E shows that bafilomycin
A inhibited the delivery of ABs to lysosomes in Atgl6L1%%°* mice
and that this did not happen in Atgl6L1%2*° BMMs. These data
demonstrate that LAP enhanced the clearance of apoptotic AML
cells and debris in the BM.

LAP induces STING in BMMs, which suppresses AML growth.
To investigate the impact of LAP in regulating AML progression,
we induced apoptosis in MN1 cells and isolated the ABs and
cocultured them with BMMs from Atgl6L1%°* and Atgl6L1F2%0
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animals for 24 hours. We assayed the cell supernatant for cyto-
kine profile using Proteome Profiler Mouse XL Cytokine Arrays
(Figure 3F and Supplemental Figure 6). Pathway analysis before
and after AB treatment revealed that cytokines and chemokines
related to STING activation were present in the supernatant from
Atgl6L1%#°* BMMs, but absent in that from Atgl6L12°- BMMs
(Figure 3G). BMMs isolated from Atgl6L15%%* and Atgl6L15230-
animals engrafted with AML were therefore examined for STING
activation by measuring Gbp2, Irf7, and Ifit3 gene expression (Fig-
ure 4A and refs. 35, 43). BMM from AML-engrafted Atgl6L1520*
animals showed pronounced activation of STING, indicated by
increased expression of Gbp2, Irf7, and Ifit3 compared with BMMs
from AML-engrafted Atgl6L15%° animals (Figure 4B). To confirm
that the increased cytokine expression resulted from activation of
STING, we treated C57/BL6 mice engrafted with MN1 cells over
7 days with the STING inhibitor H-151. The animals were then
sacrificed, the BM was isolated, and the BMMs were FACS-puri-
fied and analyzed for Gbp2, Irf7, and Ifit3 gene expression (Figure
4C). When compared with control animals, BMMs from H-151-
treated animals had decreased expression of the STING markers
Gbp2, Irf7, and Ifit3 (Figure 4D), but increased expression of the
proinflammatory cytokines I/1b and I/6 (Figure 4E). Furthermore,
animals treated with H-151 had an increase in AML tumor burden
(Figure 4F). To confirm the role of LAP, we used the STING inhib-
itor H-151 in the Atg16L1%%° mouse model (Figure 4G). Figure 4H
shows that the STING inhibitor enhanced the tumor burden in
Atgl6L1%%* mice but not in Atgl6L1°" mice.

In solid tumors, STING activation promotes recognition and
killing of cancer cells via mechanisms that include both enhance-
ment of cancer antigen presentation and regulation of CD8" T
cell trafficking and infiltration into tumors (44-46). To under-
stand the antitumoral effects of STING in AML, we first looked
at T cell migration into the BM and subsequent activation. Post-
engraftment analysis showed that CD4* cells were increased in
MN1-engrafted animals compared with control animals, but we
observed no changes in the percentage of CD8" cells or their [FN-y
status (Supplemental Figure 7). Since we observed increased
phagocytosis in AML-primed BMM compared with naive BMMs,
we assessed the phagocytic capacity of F4/80* BMM following
STING inhibition by H-151. Figure 4, I and J, shows that inhibition
of STING reduced phagocytosis in BMMs of pHrodo bioparticles
compared with control BMMs. Therefore, unlike solid tumors, the
antitumoral effect of BMM STING activation in AML functions by
upregulating the phagocytotic potential.

AML-derived ABs contain mitochondria that are processed by
BMMs. As self-DNA (nuclear and/or mitochondrial) has been
shown to stimulate STING in autoinflammatory and malignant dis-
ease (47-50), and both AML growth and chemotherapy-induced
DNA damage dysregulate the BM apoptotic response (51, 52), we
hypothesized that AML-specific BMM STING activation is medi-
ated by local tumor cell apoptosis and cellular debris. To address
this question, we isolated AML-derived ABs from MNI cells
and nonmalignant lineage-negative, SCA-positive, KIT-positive
(LSK) cells (as controls, a surrogate of HSPCs). We cultured these
cells ex vivo with BMMs for 24 hours before analysis of STING-
induced gene expression by quantitative PCR (qPCR) (Figure 5A).
MN1-derived ABs caused upregulation in BMM STING-related
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the percentage of CD86* and CD206* AAMs were analyzed by flow cytometry (n = 3 mice). (K) The percentage of BMMs (CD45*GR1-CD115"/1"F4/80%) in the
BM as well as the percentage of CD86* and CD206* BMM cells were analyzed via flow cytometry (n = 3 mice). Data indicate the mean + SD. *P < 0.05 and

**P < 0.01, by Mann-Whitney U test.
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into busulfan-treated Atg16L1%2%% and Atg16L1%°" mice. BM was harvested 14 days after injection, and the percentage of annexin V* cells in the BM was
analyzed by flow cytometry (n = 5 mice). (B) Percentage of annexin V* debris found in Atg16L1%2%* and Atg16L1%%- mice engrafted with MN1 cells as deter-
mined by flow cytometry (n = 5 mice). (C) MN1-derived ABs were isolated via centrifugation and cultured with Atg16L1523% or Atg16L15%°- BMMs for 3 hours.
Representative fluorescence microscopy images of BMMs cultured with pHrodo-labeled ABs. The number of phagosomes per Atg16L152% or Atg16L15230-
BMM was counted (n =10). Scale bar: 10 um. (D) MN1-derived ABs were isolated via centrifugation and cultured with Atg16L1%% or Atg16L1523°- BMMs for 3
hours. Representative fluorescence microscopy images show BMMs cultured with pHrodo-labeled ABs and stained for LC3. The number of phagosomes per
Atg16L182% or Atg16L152%- BMM was counted (n = 25). Scale bar: 10 pm. (E) MN1-derived ABs were isolated via centrifugation and cultured with Atg16L1523%
or Atg16L13%- BMMs for 3 hours with or without bafilomycin (Baf A; 1 uM). Shown are representative fluorescence microscopy images of BMMs cultured
with pHrodo-labeled ABs. Scale bar: 10 um. Plot shows the quantification of phagosomes per Atg16L1%3%* or Atg16L1523%- BMM (n = 10). (F) MN1 ABs were
isolated and cultured with Atg16L1%2%% or Atg16L1%2*- BMMs for 24 hours. The supernatant was removed and centrifuged at 10,000 rpm for 10 minutes to
remove any debris before performing a cytokine array. (G) Quantification of cytokine array results segmented into inflammatory, regulatory, and STING-
related cytokines. Data indicate the mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001, by Mann-Whitney U test (B-D) or Kruskal-Wallis test (A and E).
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genes when compared with control LSK-derived ABs (Figure 5B).
Activation of STING has been shown to occur in response to mito-
chondrial damage-associated molecular patterns (mtDAMPs),
including mitochondrial DNA (mtDNA) (53, 54). Previously, we
and others have shown that AML cells contain a higher mitochon-
drial mass than do nonmalignant LSK cells (Supplemental Figure
8 and refs. 55, 56). Therefore, we assessed whether ABs from AML
contained mitochondria. We first measured mitochondrial con-
tent in AML-derived ABs and LSK ABs using MitoTracker Green
and VybrantDil membrane stain and analyzed ABs via image flow
cytometry. We observed that MNI-derived ABs had increased
mitochondrial content compared with LSK-derived ABs (Figure
5C). Additionally, we looked at mitochondrial association with
the ABs and found that MitoTracker Green and VybrantDil asso-
ciation was increased in MN1-derived ABs compared with LSK-
derived ABs (Figure 5D). Furthermore, by confocal microscopy,
we directly visualized cell membrane blebs containing mitochon-
dria (Figure 5E). These data demonstrate that the AML-derived
ABs contained mitochondria.

Second, to understand whether this process is unique to the
mouse models used or translates to human disease, we stained
5 separate human AML BM samples, MN1, and nonmalignant
human CD34* cells with MitoTracker Red and isolated the ABs.
Human AML- and MN1-derived ABs had significantly more
MitoTracker Red staining than did nonmalignant human CD34*-
derived ABs (Figure 5F). To determine whether human AML mito-
chondria are processed by BMMs in vivo, we engrafted nonobese
diabetic (NOD) SCID II2rg-knockout (NOD.Cg.Prkdss¢IL2rg™Wit/
Sz]) (NSG) mice with human AML cells (Supplemental Figure 9,
A and B) or human AML cells transduced with mCherry mito9
lentivirus (mCh-AML) to visualize mitochondria (Figure 5G). On
day 35 after tumor cell injection (prior to the disease-associated
terminal end point), the animals were sacrificed, and analysis of
the BMMs from mCh-AML-engrafted animals showed increased
mCherry fluorescence compared with BMMs from control animals
transplanted with nonmalignant CD34* cells (Figure 5H). To con-
firm this BMM-mediated phenotype, we cocultured mCh-AML
cells ex vivo with either BMMs or BM stromal cells (BMSCs) and
analyzed the macrophages and stromal cells for mCherry uptake
via fluorescence microscopy. We found that BMMs had increased
mCherry fluorescence compared with BMSCs (Figure 5I). These
data show that AML-derived ABs containing mitochondria were
phagocytosed by BMM.

AML-derived ABs containing mtDNA activate STING in BMMs
via a LAP-dependent mechanism. Next, as we observed that
AML-derived ABs induced STING regulated gene activation and
that mitochondria containing AML-derived ABs were processed
by BMMs, we investigated whether LAP is required for phagocy-
tosis of ABs containing mitochondria. We first isolated ABs from
mCh-AML cells (mCh-AB) (Supplemental Figure 10) and cultured
them ex vivo with BMMs from Atgl6L1°* and Atgl6L1%° ani-
mals for 24 hours (Figure 6A). After 4 hours, both Atgl6L1%23%* and
Atgl6L1529- BMMs showed an increase in mCherry uptake. This
was reduced after 24 hours in the Atgl6L1%%°* BMMs, but not the
Atgl6L1%%° BMMs, suggesting that Atgl6L1%%°- BMMs took up the
mCh-AB but were unable to deliver them to lysosomes for degra-
dation (Figure 6B). Since mtDNA activates STING, we generated

J Clin Invest. 2022;132(5):e153157 https://doi.org/10.1172/JCI1153157

RESEARCH ARTICLE

MNI1 cells depleted of mtDNA (p® MN1) by long-term culturing
in ethidium bromide and 2',3'-dideoxycytidine (Figure 6C). We
isolated MN1 p°-derived ABs, as well as FACS-purified mitochon-
dria containing ABs from MN1 and LSK cells, and cocultured the
ABs with BMMs from C57/BL6 mice for 24 hours before perform-
ing qPCR to measure gene expression (Figure 6D). Although we
detected an increase in the expression of STING-related genes
in BMMs treated with MN1 mitochondria containing ABs, there
was no increase in STING-related genes from BMMs cocultured
with MN1 p° AB (Figure 6E). To determine whether this response
was LAP dependent, we performed FACS to isolate mitochondria
containing ABs from MN1 and nonmalignant LSK cells (LSK was
used as a control that makes ABs with low levels of mitochon-
dria; see Figure 5D) and incubated these cells with Atgl6L15230- or
Atgl6L152°* BMMs for 24 hours (Figure 6F). We then analyzed the
BMMs for gene expression related to STING. Although we detect-
ed an increase in STING-related gene expression in Atgl6L1E230+
BMMs treated with mtABs from MNI1 cells, there were no such
increases in the Atgl6L12°- BMMs (Figure 6G). Together, these
data show that LAP was required in BMMs to process AML-derived
ABs containing mtDAMPs and resulted in the activation of STING.

Discussion

The presence of TAMs is generally related to a poorer prognosis in
patients with solid tumors (57-62). In contrast, we observed that
in in vivo models of AML, generalized BMM depletion accelerated
AML growth. This occurred because BMM phagocytosis of apop-
totic cellular debris in the BM microenvironment resulted in the
suppression of AML growth. Specifically, we found that phagocy-
tosis of mtDAMPs induced STING activation in the BMMs, confer-
ring an antitumoral phenotype. The activation of STING resulted
in increased phagocytotic capacity of BMMs and inhibited AML
progression, independent of T cell activation.

Our data describing the role of macrophages in the progres-
sion of AML appeared at first look contradictory. In some con-
texts, macrophages in the tumor microenvironment have been
found to promote AML progression. Specifically, displacement
of resident macrophages or invasion of tumor-supporting macro-
phages has been shown to correlate with low survival in patients
with AML (29). Additionally, macrophages have the ability to pro-
tect AML cells from apoptosis (28). Furthermore, the immuno-
suppressive environment created by leukemic cells alters BMMs
to reduce their phagocytic capacity and avoidance of immune
regulation (63). Contrary to these studies, we and others have
shown that depletion of macrophages using CLs increases AML
engraftment (64). Moreover, we found that LAP in macrophages
negatively regulated AML progression by altering the phagocytic
potential of macrophages to promote increased phagocytic clear-
ance. Furthermore, our results show that deficiencies of LAP in
macrophages led to accumulation of apoptotic AML debris, which
resulted in a tumor-supporting environment. The spectrum
of apparently diverse roles of BMMs may be explained in part
through observations leading to experimental subcategorization
of macrophages by phenotypic polarization. Through this, dis-
tinct transcriptional programs are activated, resulting in defined
patterns of cytokine response and protein expression profiles
(20). A simplified conceptual framework has been developed to
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a GFP membrane virus and stained with MitoTracker Red (MTR) and Hoechst. Arrows indicate blebs containing mitochondria. Scale bar: 10 pm. (F)
Nonmalignant CD34, MN1, and human AML cells were stained with MitoTracker Red before isolating the ABs and analyzing them via flow cytometry for
the percentage of ABs containing MitoTracker Red (mito*) (n = 5). (G) Schematic diagram of the experimental design. Primary AML cells were transduced
with rLV.EF1.mCherry-Mito9 lentivirus (mCh-AML) and injected into NSG mice and left for 35 days (n = 3). (H) BM was extracted and BMMs were analyzed
by flow cytometry for mCherry fluorescence (MFI). (I) mCh-AML cells were cocultured with BMSCs and BMMs and analyzed by microscopy for mitochon-
dria uptake, as determined by mCherry MFI (n = 25). Scale bar: 10 um. Data indicate the mean + SD. *P < 0.05 and **P < 0.01, by Mann-Whitney U test
(B, D, and 1) and Kruskal-Wallis test (F and H).

broadly divide macrophages into M1 and M2 subtypes (21), with
“classically activated” macrophages (M1 macrophages) generally
considered to be primed for pathogenic and antitumor respons-
es (20) and “alternatively activated” macrophages (M2 macro-

J Clin Invest. 2022;132(5):e153157

phages) regarded as having immunoregulatory and protumoral
functions (65). However, macrophage polarity likely represents
a dynamic continuous spectrum of phenotypes, within which M1
and M2 polarity is regulated by microenvironmental cues (20, 23,
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Figure 6. AML-derived ABs containing mtDNA activate STING in BMMs via a LAP-dependent mechanism. (A) Primary AML cells were transduced with
rLV.EF1.mCherry-Mito9 lentivirus (mCh-AML), and the ABs were isolated (mCh-AB). mCh-ABs were cultured with BMMs from Atg16L1%°" and Atg16L1%%3%
mice for 24 hours. (B) mCherry intensity between Atg16L152% and Atg16L152°- BMMs was analyzed at 4 and 24 hours by confocal microscopy (n = 5). (C)
Relative mtDNA levels of MN1 cells and p°-generated MN1 cells normalized to DNA levels using TagMan PCR and Tert and ND3 probes (n = 5). (D). Nonma-
lignant LSK cells and MN1 cells were stained for MitoTracker Red, and the ABs were isolated before being sorted on the basis of a positive MitoTracker Red
signal. p® MN1 cell ABs were also isolated. The ABs were cultured for 24 hours with BMMs from C57/BL6 mice, and RNA was extracted for gPCR analysis.
(E) Relative gene expression of Gbp2, Irf7, and Ifit3 in BMMs cultured with sorted mitochondria containing ABs from MN1, LSK, and p°® MN1 cells AB (n = 4).
(F) Nonmalignant LSK and MNT1 cells were stained for MitoTracker Red, and the ABs were isolated before sorting on the basis of a positive MitoTracker Red
signal. The ABs were cultured for 24 hours with BMMs from Atg16L15%%- and Atg16L1%%% mice, and RNA was extracted for gPCR analysis. (G) Relative gene

expression of Gbp2, Irf7, and Ifit3 in Atg16L1¥2% and Atg16L1%3%* BMMs cultured

with sorted mitochondria containing ABs from MN1and LSK cells (n = 5).

Data indicate the mean + SD. *P < 0.05 and **P < 0.01, by Mann-Whitney U test (B and C) and Kruskal-Wallis test (E and G).

24). How these largely ex vitro-defined phenotypes relate to in
vivo pathophysiology and explain the spectrum of macrophage
functions remains to be explained.

Ecologically, tumors exhibit dynamic and synchronous cell
death and proliferation. Apoptosis has previously been thought of
as immunologically silent or even as a tolerogenic death modal-
ity (66-68). However, a growing body of evidence suggests an
important role for uncleared apoptotic debris in stimulating

e

immunologic responses in malignancies (40, 41, 69-71). Here,
we identified LAP-mediated BMM clearance of AML apoptotic
debris as an important regulator of AML disease progression. The
suppression of AML by BMMs through a LAP-dependent mecha-
nism is a phenotype not seen in solid tumors, to our knowledge.
Studies using models of adenocarcinoma and melanoma models
(35) report the recruitment of cytotoxic T cells into tumors in the
context of LAP-deficient myeloid cells, resulting in an antitumor-
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al response. In contrast, our results showed no increased activa-
tion or recruitment or of cytotoxic T cells into the leukemic BM in
LAP-deficient animals.

In this study, we identified the importance of LAP in AML
suppression using a mouse model that lacked the linker and WD
domains of ATG16L1 from E230 in the amino acid sequence (Sup-
plemental Figure 2 and refs. 39, 72). The conventional Atgl 6115230
mouse model is not limited to the myeloid lineage, which may
allow for nonmyeloid cells to be implicated in producing the
results observed in this study. To overcome this limitation, we gen-
erated myeloid-specific Atgl6L1%%*° mice, which when engrafted,
showed an increased tumor burden compared with control mice.
Other studies have used deletion of RUBCN (also known as Rubi-
con; ruben”” mice) (73, 74), which can be targeted to the myeloid
cells. RUBCN is part of a complex upstream of ATG16L1 contain-
ing UVRAG, Beclin 1, and VPS34. RUBCN is essential for LAP,
because it increases the class III PI3 kinase activity of VPS34 to
generate phosphatidylinositol 3-phosphate [PI(3)P] on phago-
somes to stabilize the NOX2 complex for the production of ROS
and recruit the ATG5-ATG12:ATG16L1 complex to conjugate
LC3 to the phagosome membrane (74). Rubcn”~ mouse models
showed inefficient clearance of pathogens and ACs as well as ele-
vated inflammation, leading to the development of autoimmune
diseases such as systemic lupus erythematosus (SLE). Addition-
ally, rubcn™- mice were shown to induce a type I IFN response in
tumor-infiltrating macrophages (35). Rubcn”- mouse models are
LAP deficient and could have been used to determine the role of
LAP in AML progression.

We and others have shown that the mitochondrial content
of AML cells is increased compared with nonmalignant hema-
topoietic and progenitor cells (55, 56). Unlike many tumors that
rely on the Warburg effect for energy production, AML primarily
uses oxidative phosphorylation (OXPHOS) for ATP production,
hence the increased mitochondrial mass (75). The increased
mitochondrial mass and rapid growth of the AML cells leads to
the generation of dysfunctional mitochondria and ultimately to
an increase in ROS as a by-product of OXPHOS (76). Dysfunc-
tional mitochondria also initiate signal cascades for apoptosis
(77-79). In tumor evolution, an increasing cell turnover rate
slows tumor growth but accelerates the rate of evolution for both
proliferation and migration (80). Increasing cell turnover also
results in increased numbers of ACs. ACs generate membrane
blebs that release from the cell in ABs and contain cellular com-
ponents including mtDAMPs (54). mtDNA has been shown to
activate STING via cyclic GMP-AMP synthase (cGAS) to cause
downstream effects, such as a type I IFN response (53). A pre-
vious investigation of AML STING activation has shown that a
AML type I IFN response is not triggered when compared with
solid tumors, where STING activation is responsible for the
maturation of DCs (81). Here, we have shown that mtDNA from
AML-derived ABs was processed by macrophages in a LAP-
dependent manner. Furthermore, we observed that inhibition of
STING in BMMs led to decreased phagocytic potential, increased
AML progression, and no changes in T cell activation. Accord-
ingly, AML rapid cell proliferation was driven by ATP, primarily
from OXPHOS (over glycolysis), but occurred with the metabolic
cost of increased ROS, apoptosis, and dysfunctional mitochon-
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dria released into the BM microenvironment. These observa-
tions reveal tumor-specific vulnerabilities and present strategic
opportunities when considering novel approaches to managing
patients with AML. Clinically, shifting the balance between cell
turnover and tumor growth may be possible through the regula-
tion of processing of ROS and ACs in the BM microenvironment

Recently, CD47 has been identified as a “do-not-eat-me” sig-
nal, which is overexpressed in myeloid malignancies (30, 82, 83).
Blockade of CD47 leads to engulfment of leukemic cells, with pre-
clinical studies demonstrating antimalignant activity in AML and
myelodysplastic syndrome (MDS) (32, 84). Subsequently, clinical
studies have been initiated with CD47-targeting agents in both
AML and MDS as monotherapy and in combination with che-
motherapy (31). Others have shown that STING activation using
5,6-dimethylxanthenone-4-acetic acid (DMXAA) can significant-
ly extend survival in in vivo models of AML (81). In our model,
LAP-dependent activation of STING increased the phagocytosis
of AML cells. In mouse melanoma cells and several other cell
lines, the anthracycline drug doxorubicin induced activation of
STING. Therefore, as anthracycline chemotherapy has long been
the standard of care for younger patients with AML (85), these
data combined led us to hypothesize that chemotherapy-induced
STING activation in macrophages may enhance the anti-AML
effects of CD47 inhibition.

These experimental data, set within the context of the exist-
ing literature, highlight the diversity of macrophage phenotypic
function in AML. This diversity in function is dynamic and entire-
ly dependent on the cell-, tissue-, treatment-, and disease-specific
context induced by the tumor and its microenvironment. Accord-
ingly, the appreciation of the relationship between proliferation
and apoptosis, set within the broader chemotherapy context, will
be vital when planning the drug sequence and timing of treatment
strategies looking to harness the therapeutic potential of macro-
phages in the management of AML.

Methods
Animals. Nonobese diabetic (NOD) SCID Il2rg-knockout (NOD.
Cg.Prkd*<4IL2rg™Wi/Sz]) (NSG) mice were purchased from The Jack-
son Laboratory. C57BL/6] mice were purchased from Charles River
Laboratories. The generation of LAP-deficient mice (Atgl61°%%) has
been previously described (39). Atgl6L1¥2*°%1 Cre* mice were gener-
ated by crossing mice containing the lysozyme M-Cre promoter with
mice containing floxed sites flanking exon 2 of the ATGI6LI gene.
Animals were housed in a specific pathogen-free facility. Mice used
in these experiments were 8-12 weeks of age and were of both sexes.
Primary cells. Nonmalignant and malignant hematopoietic cells
were collected at the Norfolk and Norwich University Hospital. CD34*
HSCs were isolated via density-gradient centrifugation and CD34*
microbeads (Miltenyi Biotec). To engraft nonmalignant CD34* cells
into NSG mice, 3 doses of 25 mg/kg of busulfan were given on day
-3, day -2 and day -1, followed by injection of nonmalignant CD34* on
day 0. Primary AML blasts were obtained from the BM of patients with
AML (Table 1). AML cell isolation was performed by density-gradient
centrifugation using Histopaque (MilliporeSigma). AML cells were
cultured in DMEM containing 10% FBS plus 1% penicillin-streptomy-
cin. To generate mCherry mitochondria in primary AML cells, cells
were seeded at a density of 5 x 10* in 500 pL DMEM supplemented
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Table 1. Information on the patients with AML

Patientno.  Age (yr) Sex WHO diagnosis

AML1 77 M AML not otherwise categorized

AML2 89 M AML with maturation

AML3 72 M AML with myelodysplasia-related changes

AML4 80 M AML with monoblastic/monocytic lineage
differentiation

AML5 58 M AML with biallelic mutations of CEBPA

AML6 73 M AML with minimal differentiation

AML7 37 M AML without maturation

AML8 61 M AML with mutated NPM1

AML9 54 M AML with mutated NPM1

AML10 67 M AML with mutated NPM1

AML11 58 M AML with biallelic mutations of CEBPA

AML12 78 M Acute monoblastic and monocytic leukemia

AML13 54 F AML with t(9;11) (p21.3;q23.3); KMT2A-MLLT3

F, female; M, male.

with 10% FBS and transduced with 0.5 pL rLV.EF1.mCherry-Mito9
lentivirus (Clontech Takara Bio Europe). AML cells were cultured for
1 additional week to ensure that no residual lentivirus remained.
Transduction was confirmed by the detection of mCherry fluores-
cence in AML cells using fluorescence microscopy. To engraft human
AML cells into NSG mice, busulfan was not used; rather, AML cells
were injected into the NSG mice without conditioning.

BM isolation. Isolation of BM was achieved by isolating the femur
and tibia from each mouse. Each bone was cut centrally and placed into
a 0.5 mL microcentrifuge tube containing a hole allowing the removal
of the BM from the bone. This was placed in a 1.5 mL microcentrifuge
and centrifuged for 6 seconds to allow collection of BM cells. The BM
pellet from each mouse was collected and washed in MACS buffer (1x
PBS, 0.5% BSA, 2 mM EDTA, filtered) before being passed through a
40 pum CellTrics filter (Sysmex). The BM was isolated from 1 tibia and
1femur, and the cells were counted via an automated cell counter (Cel-
lometer Auto T4, Nexcelom Bioscience). Absolute live cell numbers
and AML cell numbers were calculated by multiplying the frequencies
of cells by the total numbers of cells per tibia and femur.

LSK cell isolation. Mouse LSK cells were isolated from mouse BM
using Lin- microbeads followed by CD117 microbeads (Miltenyi Bio-
tec) and then sorted for SCA1-APC (Miltenyi Biotech) on a SH800S
Cell Sorter (Sony). The LSK cells were expanded in DMEM containing
10% FBS plus 1% penicillin-streptomycin supplemented with mouse
stem cell factor (mSCF; 100 ng/mL), mouse IL-3 (mIL-3; 10 ng/mL),
and human IL-6 (hIL-6;10 ng/mL) (Peptrotech).

BMMs. Mouse BMMs were isolated from cultured mouse BM
in RPMI-1640 (Gibco, Thermo Fisher Scientific) containing 20%
FBS (Gibco, Thermo Fisher Scientific) plus 1% penicillin-streptomy-
cin (Gibco, Thermo Fisher Scientific) supplemented with 20 ng/mL
macrophage CSF (Peptrotech). Briefly, 1 x 107 to 2 x 10’ BM cells were
plated onto nontissue-cultured treated 10 cm plastic dishes, with fresh
media added on day 3. On day 6 or day 7, cells were washed with 1x
PBS, followed by addition of cold PBS, and cells were removed by
scraping. After cell numbers were established, BMMs were plated in
RPMI-1640 containing 20% FBS plus 1% penicillin-streptomycin for
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24 hours before experimental use. For longer survival, BMMs were
cultured in RPMI-1640 containing 20% FBS plus 1% penicillin-strep-
tomycin supplemented with macrophage CSF (10 ng/mL). Mouse
BMM markers were confirmed by flow cytometry for F4/80* and GR1-
expression. F4/807 cells from BM samples were isolated using positive
selection with F4,/80 microbeads (Miltenyi Biotec).

BMSC isolation. Mouse BSMCs were isolated from mouse BM by
adherence to tissue culture plastic and then cultured in MEM contain-
ing 20% FBS plus 1% penicillin-streptomycin. Mouse BMSC mark-
ers were confirmed via flow cytometry for CD45, CD31, Terll9,
CD105%, and CD140a* expression.

MN1 and MEIS1/HOXA9 cells. MN1 and MEIS1I/HOXA9 cells
were generated as previously described (86) and maintained in DMEM
containing 10% FBS plus 1% penicillin-streptomycin supplemented
with mSCF (100 ng/mL), mIL-3 (10 ng/mL), and hIL-6 (10 ng/mL)
(Peptrotech). MEIS1/HOXA9 cells were infected with pCDH-lucif-
erase-T2A-mCherry for in vivo imaging and were provided by Irmela
Jeremias (Helmholtz Zentrum Miinchen, Munich, Germany; ref. 87).
Transduced MEIS1/HOXA9 cells (MEIS1/HOXA9-luci) were sorted
using mCherry fluorescence on a BD FACSMelody (BD Biosciences).
Culturing of cells was carried out in 5% CO, at 37°C. To engraft AML
cells into WT and Atgl61%°- mice, 2 doses of 25 mg/kg busulfan were
i.p. injected on day -2 and day -1, followed by i.v. tail-vein injection of
MN1 and MEIS1/HOXAQ cells on day O.

CL experiment. C57/BL6 mice were treated i.p. with 25 mg/kg busul-
fan on day -2 and day -1 prior to tail-vein injections of 1 x 10° MEIS/
HOXA9-luci cells or MN1-GFP cells on day 0. Nineteen days after injec-
tion, the animals were imaged via in vivo bioluminescence imaging
(Bruker) and then injected i.p. with either 150 uL CLs or CNTs (Stratech).
Animals were imaged and sacrificed on day 23 after injection. Biolumi-
nescence levels of MEIS/HOXA9-luci cells were analyzed using Image]
(Fiji, NIH). Macrophage numbers (CD45*, GR1, CD115”", F4/80") and
engraftment were analyzed via flow cytometry.

Flow cytometry and cell sorting. The following antibodies were used:
anti-CD45-BV510 (BioLegend), clone 30-F11; anti-CD45-Alexa Fluor
700 (BioLegend), clone 13/2.3; anti-Ly6G-PerCP (BioLegend), clone
1A8; anti-CD11b-BV510 (BioLegend), clone M1/70; anti-GR1-FITC
(BioLegend), clone RB6-8C5; anti-F4/80-PE-Cy7 (BioLegend), clone
BMB&; anti-F4/80-APC (BioLegend), clone BM8; anti-CD115-APC/
Fire 750 (BioLegend), clone AFS98; anti-CD86-BV421 (BioLegend),
clone GL-1; anti-CD206-PE (BioLegend), clone CO68C2; anti-NK1.1-
APC-Cy7 (BioLegend), clone PK136; anti-B220-BV421 (BioLegend),
clone RA3-6B2; anti-CD4-PE-Cy7 (BioLegend), clone GK1.5; anti-
CD8-PerCP (BioLegend), clone 53-6.7; anti-IFN-y-APC (BioLegend),
clone XMG1.2; anti-annexin V-PE-Cy7 (Thermo Fisher Scientific);
anti-annexin V-APC (BioLegend); anti-CD31-Pe-Cy5 (BioLegend),
clone WM59; anti-CD45-APC (BioLegend), clone 30-F11; anti-CD34-
BV421 (BioLegend), clone 561; anti-Lineage Cocktail-Pacific Blue
(BioLegend), clones 17A2, RB6-8C5, RA3-6B2, Ter-119, and M1/70;
and anti-CD33-PE (BioLegend), clone P67.6. Antibody cocktails were
prepared in MACS buffer as described above and incubated with BM
cells for at least 30 minutes at 4°C. In experiments using MitoTrack-
er Green or MitoTracker Red (Invitrogen, Thermo Fisher Scientif-
ic), the cells were incubated at room temperature for 30 minutes,
washed twice in PBS, and centrifuged at 400g for 5 minutes before
any further addition of antibodies. In experiments using Vybrant Dil
Cell-Labeling (Invitrogen, Thermo Fisher Scientific), the cells were
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incubated at room temperature for 20 minutes, washed twice in PBS,
and centrifuged at 1200 rpm for 5 minutes. For sorting of AML-asso-
ciated BMMs, BM cells were resuspended in antibody mix, and cells
were sorted directly into lysis buffer. Sorted BMMs were also sorted
into RPMI-1640 containing 20% FBS plus 1% penicillin-streptomycin
supplemented with macrophage CSF (10 ng/mL). Sorted mitochon-
dria-containing ABs were sorted directly into PBS. Compensations
and fluorescence minus one (FMO) controls were run for each panel.

Flow cytometry was performed using a FACSCanto II flow
cytometer (BD Bioscience), and cell sorting was performed on a BD
FACSMelody (BD Bioscience) or an SH800S Cell Sorter (Sony). Image
flow cytometry was carried out using the Amnis ImageStream* Mk II
(Luminex). Data were analyzed using Flow]Jo (TreeStar).

qPCR. RNA from cells was isolated using the ReliaPrep RNA Mini-
prep System (Promega). A real-time qPCR assay was performed with
1-step SYBR Green technology (PCR Biosystems) with QuantiTect
Primer Assays (QIAGEN). After a reverse transcription step (45°C for
10 minutes), PCRs were then amplified for 45 cycles (polymerase acti-
vation at 95°C for 2 minutes followed by cycles of 95°C for 10 seconds,
60°C for 10 seconds, and 72°C for 30 seconds) on a Roche 384-well
LightCycler480. mRNA expression was normalized to GAPDH using
the comparative cycle threshold method, and calculations were done
using the AACt method.

p° MN1 generation. MN1 cells (5 x 10°) were cultured in DMEM
containing 10% FBS plus 1% penicillin-streptomycin supplemented
with mSCF (100 ng/mL), mIL-3 (10 ng/mL), hIL-6 (10 ng/mL), ethid-
ium bromide (1 pg/mL), 2',3'-dideoxycytidine (ddC) (200 uM), sodi-
um pyruvate (100 pg/mL), and uridine (50 ug/mL). Every 7 days, cells
were centrifuged at 1200 rpm for 5 minutes and resuspended in fresh
media. On day 20, mtDNA detection was performed using qPCR as
previously described (11). Briefly, DNA was extracted from MN1 and
p® MN1 cells using the GenElute Mammalian Genomic DNA Miniprep
Kit (MilliporeSigma) according to the manufacturer’s protocols. Puri-
fied DNA was then analyzed via TagMan probe ND3 for mtDNA and
normalized to Tert for genomic DNA (Thermo Fisher scientific). The
relative ratio of mtDNA to genomic DNA (gDNA) was calculated using
the AACt method.

Apoptosis induction and AB isolation. To induce apoptosis, cells
were treated with 5 uM cytosine arabinoside (ara-C) for 24 hours.
Apoptosis was determined by annexin V-PE-Cy7 labeling (Invitro-
gen, Thermo Fisher Scientific) using flow cytometry. ABs were iso-
lated via centrifugation as previously described (88). Briefly, cells
were spun at 500¢ for 10 minutes. The supernatant was spun at
12,000g¢ for 10 minutes, and the pellet was resuspended in either
PBS or the appropriate media.

Microscopy. Isolated F4/80* BMMs were plated at a density of 2 x
10° on a p-Plate 24-well black plate (ibidi) in 500 pL RPMI-1640 con-
taining 20% FBS plus 1% penicillin-streptomycin supplemented with
macrophage CSF (10 ng/mL) until required or in FluoroBrite DMEM
containing 10% FBS plus 1% penicillin-streptomycin for immediate
use. Zymosan A (Saccharomyces cerevisiae) BioParticles, Texas Red
conjugate (Invitrogen, Thermo Fisher Scientific) were incubated for
2 hours with the BMMs according to the manufacturer’s instructions.
Cells were washed twice with PBS before fixation and permeabiliza-
tion (Thermo Fisher Scientific), during which LC3-FITC and DAPI
were incubated with the BMMs for 20 minutes. Cells were washed
twice with PBS, and 500 uL FluoroBrite DMEM was added. Cells were
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observed under an EVOS M5000 Imaging System (Thermo Fisher Sci-
entific) at x40 magnification. BMMs were plated at a density of 2 x 10°
cells on a p-Plate 24-well black plate in 500 pL RPMI-1640 containing
20% FBS plus 1% penicillin-streptomycin for 24 hours. MN1 ABs were
generated and isolated as described above, with the exception that
ACs were incubated for 30 minutes with pHrodo Red, SE (Invitrogen,
Thermo Fisher Scientific), according to the manufacturer’s instruc-
tions, before AB isolation. The media were removed from the BMMs,
500 uL FluoroBrite DMEM was added, and ABs were cultured with
the BMMs for 3 hours. Cells were fixed and permeabilized (Thermo
Fisher Scientific), during which LC3-FITC and DAPI were incubated
with the BMMs for 20 minutes. Cells were washed twice with PBS,
and 500 pL FluoroBrite DMEM was added. Cells were observed under
an EVOS M5000 Imaging System at x40 magnification (Invitrogen,
Thermo Fisher Scientific). Sorted BMMs were plated at a density of
1.5 x 10° cells on a p-Plate 24-well black plate in 500 pL RPMI-1640
containing 20% FBS plus 1% penicillin-streptomycin for 24 hours. The
media were changed to 500 pL FluoroBrite DMEM containing 10%
FBS plus 1% penicillin-streptomycin, and BMMs were cultured with
the STING inhibitor H-151 (10 puM, InvivoGen) or vehicle (PBS with
0.1% Tween-80) for 2 hours. BMMs were then incubated with pHro-
do Red E. coli BioParticles (Invitrogen, Thermo Fisher Scientific) for
2 hours before imaging on a Zeiss LSM 800 Axio Observer.Z1 confocal
microscope with a x63 water objective (Carl Zeiss).

Human AML cells were transduced with a rLV.EF1.AcGFP-Mem9
lentivirus (Clontech Takara Bio Europe) for plasma membrane
expression of GFP (AML-GFP). AML-GFP cells were stained with
MitoTracker Red (Invitrogen, Thermo Fisher Scientific) according to
the manufacturer’s protocol and with Hoechst 33342 (Thermo Fisher
Scientific). Images were captured on a Zeiss LSM 800 Axio Observer.
Z1 confocal microscope with a x63 water objective (Carl Zeiss). For
May-Grunwald Giemsa-stained BM smear slides, an Olympus BX51
light microscope was used.

Cytokine array. BMMs were isolated from Atgl61®°* and
Atgl161F230- mice as described earlier in Methods and plated at a density
of 2.5 x 10° cells in 24-well plates in 200 pL RPMI-1640 containing
10% FBS plus 1% penicillin-streptomycin. Vehicle (PBS) or ABs from
MNI1 cells were generated as described above and added to the BMMs
for 24 hours. The supernatant was removed, pooled, and centrifuged
at 10,000 rpm for 10 minutes to remove any debris. Cell supernatant
was used for the Proteome Profiler Mouse XL Cytokine Arrays (R&D
Systems) following the manufacturer’s protocol. Cytokine membranes
were analyzed using the G:BOX Chemi XRQ system (Syngene) and
quantified using Image]J (Fiji, NIH).

Invivo STING inhibition. Mice were treated with 25 mg/kg busul-
fan on day -2 and day -1 prior to tail vein injections of 1 x 10 MN1-
GFP cells on day 0. On days 7, 9, 11, and 13 after MN1-GFP injection,
mice were i.p. injected with 200 uL H-151 (750 nmol, InvivoGen)
or vehicle (PBS with 0.1% Tween-80). The animals were sacrificed
on day 14 after injection, and BM was isolated as described earlier
in Methods. The BM was analyzed using flow cytometry for MN1
engraftment and T cell activity. BMMs were sorted, and the RNA was
extracted for QPCR analysis.

Engraftment of AML cells into NSG mice. Primary AML blasts (1 x
10°), with and without rLV.EF1.mCherry-Mito9 lentivirus transduc-
tion, were injected i.v. into nonirradiated 6- to 8-week-old NSG mice.
At predefined humane endpoints, the animals were sacrificed, BM was
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isolated, and engraftment was determined according to expression of
human CD45. Mouse BM cells were examined via flow cytometry for
BMSCs (CD45-CD105*), BMMs (CD45*GR1"CD115“/"'F4/80), and
mature lymphoid cells (CD45'CD3"). The MFI mCherry intensity of
each population was analyzed using Flow]Jo software.

Statistics. For statistical analysis of 2 groups, an unpaired
Mann-Whitney U test was used. When more than 2 groups were
compared, a Kruskal-Wallis test (1-way ANOVA) was performed
followed by a Dunn’s post hoc test for significance using GraphPad
Prism, version 7.0a for Mac OSX (GraphPad Software). Differences
among group means were considered significant when the P value
was less than 0.05.

Study approval. All animal work in this study was carried out in
accordance with regulations established by the UK Home Office (Lon-
don, United Kingdom) and the Animal Scientific Procedures Act of
1986. Nonmalignant and malignant hematopoietic cells were collect-
ed at the Norfolk and Norwich University Hospital. Studies were per-
formed following approval from the United Kingdom Health Research
Authority research ethics committee (ref. 07/H0310/146). Primary
AML blasts were obtained from the BM of patients with AML after
informed consent and under the approval of the UK National Research
Ethics Service (LRCE, ref. 07/H0310/146).

Author contributions

JAM, JJM, KMB, NB, and SAR designed the research. JAM, JJM,
CH, RHH, EEW, and AJ performed the research. JAM, JJM, NB,
SAR, and CH and carried out the in vivo work. TW and MJ pro-
vided essential reagents and knowledge and proofread the manu-
script. JAM, NB, KMB, and SAR wrote the manuscript.

The Journal of Clinical Investigation

Acknowledgments

The authors wish to thank the Norwich Research Park (NRP), the
Rosetrees Trust, the Big C, and the UK National Health Service
(NHS). The authors also thank Allyson Tyler and Karen Ashurst
from the Laboratory Medicine Department at the Norfolk and Nor-
wich University Hospital for technical assistance. The authors also
wish to thank Rachel Stanley at the Norwich Research Park (NRP)
Biorepository (UK) for supporting primary tissue collection, as well
as the team at the Disease Modeling Unit of the University of East
Anglia for assistance with the in vivo studies. EEW is supported by
a Sir Henry Welcome Postdoctoral Fellowship (213731/Z/18/Z),
and JAM is supported by the Rosetrees Trust. CH is funded by a
Wellcome Trust Clinical Research Fellowship. This work was sup-
ported by the Medical Research Council (MRC) project grant SAR
(MR/T02934X/1). TW and NB are supported by the Biotechnol-
ogy and Biological Sciences Research Council (BBSRC) Institute’s
Strategic Programme Gut Microbes and Health (BB/R012490/1:
BBS/E/F/000PR10353, BBS/E/F/O00PR10355). The authors
also acknowledge support from the BBSRC, part of UK Research
and Innovation’s Core Capability Grant BB/CCG1720/1, and the
National Capability (BBS/E/T/O00PR9816). The authors also
wish to thank Professor Irmela Jeremias for providing pCDH-
luciferase-T2A-mCherry for in vivo imaging.

Address correspondence to: Stuart Rushworth, Kristian Bowles,
or Naiara Beraza, Department of Molecular Haematology, Nor-
wich Medical School, Norwich Research Park, Norwich, NR4
7UQ, United Kingdom. Email: s.rushworth@uea.ac.uk (SAR);
k.bowles@uea.ac.uk (KMB); naiara beraza@quadram.ac.uk (NB).

1. Shafat MS, et al. The bone marrow microenviron-
ment - Home of the leukemic blasts. Blood Rev.
2017;31(5):277-286.

2. Abdul-Aziz AM, et al. MIF-induced stromal
PKCB/IL8 is essential in human acute myeloid

does not deplete normal hematopoietic stem

cells but induces cytopenias by impeding

their differentiation. Proc Natl Acad Sci U S A.

2013;110(33):13576-13581. 1
11. Mistry J], et al. ROS-mediated PI3K acti-

cell pool in response to interferon gamma at
steady state and during infection. Stem Cells.
2015;33(7):2294-2305.

. Hur J, et al. CD82/KAI1 maintains the dormancy
of long-term hematopoietic stem cells through

Ne)

leukemia. Cancer Res. 2017;77(2):303-311.

3. Matsunaga T, et al. Interaction between leukemic-
cell VLA-4 and stromal fibronectin is a decisive fac-
tor for minimal residual disease of acute myeloge-

nous leukemia. Nat Med. 2003;9(9):1158-1165.
4. Nervi B, et al. Chemosensitization of acute

myeloid leukemia (AML) following mobilization

by the CXCR4 antagonist AMD3100. Blood.
2009;113(24):6206-6214.

5. Rushworth SA, et al. Identification of Bruton’s
tyrosine kinase as a therapeutic target in acute

myeloid leukemia. Blood. 2014;123(8):1229-1238.

6. Lane SW, et al. The leukemic stem cell niche:

current concepts and therapeutic opportunities.

Blood. 2009;114(6):1150-1157.

~

the European LeukemiaNet MRD Working Party.

Blood. 2018;131(12):1275-1291.
8. Walter RB, et al. Resistance prediction inAML:
analysis of 4601 patients from MRC/NCRI,

HOVON/SAKK, SWOG and MD Anderson Can-

cer Center. Leukemia. 2015;29(2):312-320.

Schuurhuis GJ, et al. Minimal /measurable resid-
ual disease in AML: a consensus document from

vation drives mitochondrial transfer from
stromal cells to hematopoietic stem cells in
response to infection. Proc Natl Acad SciU S A.
2019;116(49):24610-24619.

12. Baldridge MT, et al. Quiescent haematopoi-

etic stem cells are activated by IFN-gamma
inresponse to chronic infection. Nature.
2010;465(7299):793-797.

13. Broxmeyer HE, et al. Rapid mobilization of

murine and human hematopoietic stem and
progenitor cells with AMD3100, a CXCR4 antag-
onist. ] Exp Med. 2005;201(8):1307-1318.

14. Pinho S, Frenette PS. Haematopoietic stem cell

activity and interactions with the niche. Nat Rev
Mol Cell Biol. 2019;20(5):303-320.

15. Auger MJ. Mononuclear phagocytes. BMJ.

1989;298(6673):546-548.

16. Chen K, et al. Communications between bone

marrow macrophages and bone cells in bone
remodeling. Front Cell Dev Biol. 2020;8:598263.

17. Winkler IG, et al. Bone marrow macrophages

maintain hematopoietic stem cell (HSC) niches
and their depletion mobilizes HSCs. Blood.

20.

2

—

22.

23.

24.

interaction with DARC-expressing macrophages.
Cell Stem Cell. 2016;18(4):508-521.

Mantovani A, et al. Macrophage polarization:
tumor-associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes. Trends
Immunol. 2002;23(11):549-555.

. Maller O, et al. Tumour-associated macrophages

drive stromal cell-dependent collagen cross-
linking and stiffening to promote breast cancer
aggression. Nat Mater. 2021;20(4):548-559.
Gordon SR, et al. PD-1 expression by
tumour-associated macrophages inhibits
phagocytosis and tumour immunity. Nature.
2017;545(7655):495-499.

Haque ASMR, et al. CD206" tumor-associated
macrophages promote proliferation and invasion
in oral squamous cell carcinoma via EGF produc-
tion. Sci Rep. 2019;9(1):14611.

Huang R, et al. CCL5 derived from tumor-
associated macrophages promotes prostate
cancer stem cells and metastasis via activating
B-catenin/STAT3 signaling. Cell Death Dis.
2020;11(4):234.

__JCI ¥

9. Dohner H, et al. Acute myeloid leukemia. N Engl
Med. 2015;373(12):1136-1152.
10. Miraki-Moud F, et al. Acute myeloid leukemia

2010;116(23):4815-4828.
18. McCabe A, et al. Macrophage-lineage cells
negatively regulate the hematopoietic stem

25. Yeung OW, et al. Alternatively activated (M2)
macrophages promote tumour growth and inva-
siveness in hepatocellular carcinoma. ] Hepatol.

J Clin Invest. 2022;132(5):e153157 https://doi.org/10.1172/)CI153157


https://www.jci.org
https://doi.org/10.1172/JCI153157
mailto://s.rushworth@uea.ac.uk
mailto://k.bowles@uea.ac.uk
mailto://beraza@quadram.ac.uk
https://doi.org/10.1016/j.blre.2017.03.004
https://doi.org/10.1016/j.blre.2017.03.004
https://doi.org/10.1016/j.blre.2017.03.004
https://doi.org/10.1158/0008-5472.CAN-16-1095
https://doi.org/10.1158/0008-5472.CAN-16-1095
https://doi.org/10.1158/0008-5472.CAN-16-1095
https://doi.org/10.1038/nm909
https://doi.org/10.1038/nm909
https://doi.org/10.1038/nm909
https://doi.org/10.1038/nm909
https://doi.org/10.1182/blood-2008-06-162123
https://doi.org/10.1182/blood-2008-06-162123
https://doi.org/10.1182/blood-2008-06-162123
https://doi.org/10.1182/blood-2008-06-162123
https://doi.org/10.1182/blood-2013-06-511154
https://doi.org/10.1182/blood-2013-06-511154
https://doi.org/10.1182/blood-2013-06-511154
https://doi.org/10.1182/blood-2009-01-202606
https://doi.org/10.1182/blood-2009-01-202606
https://doi.org/10.1182/blood-2009-01-202606
https://doi.org/10.1182/blood-2017-09-801498
https://doi.org/10.1182/blood-2017-09-801498
https://doi.org/10.1182/blood-2017-09-801498
https://doi.org/10.1182/blood-2017-09-801498
https://doi.org/10.1038/leu.2014.242
https://doi.org/10.1038/leu.2014.242
https://doi.org/10.1038/leu.2014.242
https://doi.org/10.1038/leu.2014.242
https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1073/pnas.1301891110
https://doi.org/10.1073/pnas.1301891110
https://doi.org/10.1073/pnas.1301891110
https://doi.org/10.1073/pnas.1301891110
https://doi.org/10.1073/pnas.1301891110
https://doi.org/10.1073/pnas.1913278116
https://doi.org/10.1073/pnas.1913278116
https://doi.org/10.1073/pnas.1913278116
https://doi.org/10.1073/pnas.1913278116
https://doi.org/10.1073/pnas.1913278116
https://doi.org/10.1038/nature09135
https://doi.org/10.1038/nature09135
https://doi.org/10.1038/nature09135
https://doi.org/10.1038/nature09135
https://doi.org/10.1084/jem.20041385
https://doi.org/10.1084/jem.20041385
https://doi.org/10.1084/jem.20041385
https://doi.org/10.1084/jem.20041385
https://doi.org/10.1038/s41580-019-0103-9
https://doi.org/10.1038/s41580-019-0103-9
https://doi.org/10.1038/s41580-019-0103-9
https://doi.org/10.1136/bmj.298.6673.546
https://doi.org/10.1136/bmj.298.6673.546
https://doi.org/10.3389/fcell.2020.598263
https://doi.org/10.3389/fcell.2020.598263
https://doi.org/10.3389/fcell.2020.598263
https://doi.org/10.1182/blood-2009-11-253534
https://doi.org/10.1182/blood-2009-11-253534
https://doi.org/10.1182/blood-2009-11-253534
https://doi.org/10.1182/blood-2009-11-253534
https://doi.org/10.1002/stem.2040
https://doi.org/10.1002/stem.2040
https://doi.org/10.1002/stem.2040
https://doi.org/10.1002/stem.2040
https://doi.org/10.1002/stem.2040
https://doi.org/10.1016/j.stem.2016.01.013
https://doi.org/10.1016/j.stem.2016.01.013
https://doi.org/10.1016/j.stem.2016.01.013
https://doi.org/10.1016/j.stem.2016.01.013
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1038/s41563-020-00849-5
https://doi.org/10.1038/s41563-020-00849-5
https://doi.org/10.1038/s41563-020-00849-5
https://doi.org/10.1038/s41563-020-00849-5
https://doi.org/10.1038/nature22396
https://doi.org/10.1038/nature22396
https://doi.org/10.1038/nature22396
https://doi.org/10.1038/nature22396
https://doi.org/10.1038/s41598-019-51149-1
https://doi.org/10.1038/s41598-019-51149-1
https://doi.org/10.1038/s41598-019-51149-1
https://doi.org/10.1038/s41598-019-51149-1
https://doi.org/10.1038/s41419-020-2435-y
https://doi.org/10.1038/s41419-020-2435-y
https://doi.org/10.1038/s41419-020-2435-y
https://doi.org/10.1038/s41419-020-2435-y
https://doi.org/10.1038/s41419-020-2435-y
https://doi.org/10.1016/j.jhep.2014.10.029
https://doi.org/10.1016/j.jhep.2014.10.029
https://doi.org/10.1016/j.jhep.2014.10.029

The Journal of Clinical Investigation

2015;62(3):607-616.

26. Jung KY, et al. Cancers with higher density of

tumor-associated macrophages were associated
with poor survival rates. ] Pathol Transl Med.
2015;49(4):318-324.

27.HanY, et al. Monocyte-derived macrophages are

impaired in myelodysplastic syndrome. J Immu-
nol Res. 2016;2016:5479013.

28. Al-Matary YS, et al. Acute myeloid leukemia

cells polarize macrophages towards a leukemia
supporting state in a Growth factor indepen-
dence 1 dependent manner. Haematologica.
2016;101(10):1216-1227.

29. Zhou X, et al. Tumor-associated macrophages

maybe associated with acute myeloid leukemia sur-
vival and prognosis. Blood. 2017;130(suppl 1):5090.

30. Majeti R, et al. CD47 is an adverse prognos-

tic factor and therapeutic antibody target on
human acute myeloid leukemia stem cells. Cell.
2009;138(2):286-299.

31. Chao MP, et al. Therapeutic targeting of the mac-

rophage immune checkpoint CD47 in myeloid
malignancies. Front Oncol. 2019;9:1380.

32. LiuJ, et al. Pre-clinical development of a human-

ized anti-CD47 antibody with anti-cancer thera-
peutic potential. PLoS One. 2015;10(9):e0137345.

33. Sanjuan MA, et al. Toll-like receptor signalling

in macrophages links the autophagy pathway to
phagocytosis. Nature. 2007;450(7173):1253-1257.

34. MartinezJ, et al. Microtubule-associated pro-

tein 1light chain 3 alpha (LC3)-associated
phagocytosis is required for the efficient clear-
ance of dead cells. Proc Natl Acad Sci U S A.
2011;108(42):17396-17401.

35. Cunha LD, et al. LC3-associated phagocytosis in

myeloid cells promotes tumor immune tolerance.
Cell. 2018;175(2):429-441.

36. Collins CT, Hess JL. Deregulation of the HOXA9/

MEIS1 axis in acute leukemia. Curr Opin Hema-
tol. 2016;23(4):354-361.

37. Heuser M, et al. MN1 overexpression induces

acute myeloid leukemia in mice and predicts
ATRA resistance in patients with AML. Blood.
2007;110(5):1639-1647.

38. Chow A, et al. Bone marrow CD169" macro-

phages promote the retention of hematopoietic
stem and progenitor cells in the mesenchymal
stem cell niche. ] Exp Med. 2011;208(2):261-271.

39.Rai§, et al. The ATG5-binding and coiled coil

domains of ATG16L1 maintain autophagy and
tissue homeostasis in mice independently of the
WD domain required for LC3-associated phago-
cytosis. Autophagy. 2019;15(4):599-612.

40. Obeid M, et al. Calreticulin exposure dictates the

immunogenicity of cancer cell death. Nat Med.
2007;13(1):54-61.

41. Casares N, et al. Caspase-dependent immunoge-

nicity of doxorubicin-induced tumor cell death.
JExp Med.2005;202(12):1691-1701.

42. Kroemer G, et al. Inmunogenic cell death in can-

cer therapy. Annu Rev Immunol. 2013;31:51-72.

43. Honda K, et al. IRF-7 is the master regulator of

type-Iinterferon-dependent immune responses.
Nature. 2005;434(7034):772-777.

44. Woo SR, et al. The STING pathway and the T

cell-inflamed tumor microenvironment. Trends
Immunol. 2015;36(4):250-256.

45. Demaria O, et al. STING activation of tumor

J Clin Invest. 2022;132(5):e153157 https://doi.org/10.1172/JCI1153157

46.

4

48.

49.

50.

5

—

5

N

53.

54.

5

ol

56.

57.

58.

59.

60.

61.

62.

N

endothelial cells initiates spontaneous and thera-
peutic antitumor immunity. Proc Natl Acad Sci
USA.2015;112(50):15408-15413.

Ohkuri T, et al. STING contributes to antiglioma
immunity via triggering type I TFN signals in the
tumor microenvironment. Cancer Immunol Res.
2014;2(12):1199-1208.

Gall A, et al. Autoimmunity initiates in nonhema-
topoietic cells and progresses via lymphocytes in
an interferon-dependent autoimmune disease.
Immunity. 2012;36(1):120-131.

Ahn J, et al. Intrinsic self-DNA triggers inflam-
matory disease dependent on STING. ] Immunol.
2014;193(9):4634-4642.

Swann JB, et al. Demonstration of inflamma-
tion-induced cancer and cancer immunoediting
during primary tumorigenesis. Proc Natl Acad Sci
USA.2008;105(2):652-656.

Klarquist J, et al. STING-mediated DNA
sensing promotes antitumor and autoim-
mune responses to dying cells. J Immunol.
2014;193(12):6124-6134.

. Testa U, Riccioni R. Deregulation of apoptosis

in acute myeloid leukemia. Haematologica.
2007;92(1):81-94.

. Pluta A, et al. Prognostic value of inhibitor of

apoptosis protein family expression in patients
with acute myeloid leukemia. Leuk Lymphoma.
2015;56(9):2529-2535.

Bode C, et al. Human plasmacytoid dentritic cells
elicit a Type I Interferon response by sensing
DNA via the cGAS-STING signaling pathway.
Eur ] Immunol. 2016;46(7):1615-1621.

West AP, et al. Mitochondria in innate immune
responses. Nat Rev Immunol. 2011;11(6):389-402.

. Marlein CR, et al. NADPH oxidase-2 derived

superoxide drives mitochondrial transfer from
bone marrow stromal cells to leukemic blasts.
Blood. 2017;130(14):1649-1660.

Boultwood J, et al. Amplification of mitochondri-
al DNA in acute myeloid leukaemia. Br ] Haema-
t0l.1996;95(2):426-431.

Fan QM, et al. Tumor-associated macrophages
promote cancer stem cell-like properties via
transforming growth factor-betal-induced epi-
thelial-mesenchymal transition in hepatocellular
carcinoma. Cancer Lett. 2014;352(2):160-168.
Tiainen S, et al. High numbers of macro-
phages, especially M2-like (CD163-positive),
correlate with hyaluronan accumulation and
poor outcome in breast cancer. Histopathology.
2015;66(6):873-883.

Hollmén M, et al. Characterization of macro-
phage--cancer cell crosstalk in estrogen receptor
positive and triple-negative breast cancer. Sci
Rep. 2015;5:9188.

Goswami KK, et al. Supraglottic laryngeal tumor
microenvironmental factors facilitate STAT3
dependent pro-tumorigenic switch in tumor asso-
ciated macrophages to render utmost immune
evasion. Immunol Lett. 2013;156(1-2):7-17.

Zhang QW, et al. Prognostic significance of
tumor-associated macrophages in solid tumor:
ameta-analysis of the literature. PLoS One.
2012;7(12):e50946.

Ryder M, et al. Increased density of tumor-asso-
ciated macrophages is associated with decreased
survival in advanced thyroid cancer. Endocr Relat

RESEARCH ARTICLE

Cancer.2008;15(4):1069-1074.

63. Jafarzadeh N, et al. Alteration of cellular and
immune-related properties of bone marrow mes-
enchymal stem cells and macrophages by K562
chronic myeloid leukemia cell derived exosomes.
] Cell Physiol. 2019;234(4):3697-3710.

64. Theocharides AP, et al. Disruption of SIRPa sig-

naling in macrophages eliminates human acute
myeloid leukemia stem cells in xenografts. ] Exp
Med. 2012;209(10):1883-1899.

65. Mevorach D, et al. Complement-dependent
clearance of apoptotic cells by human macro-
phages. ] Exp Med. 1998;188(12):2313-2320.

66. Hanayama R, et al. Autoimmune dis-

ease and impaired uptake of apoptotic
cells in MFG-E8-deficient mice. Science.
2004;304(5674):1147-1150.

67. Ferguson TA, et al. Uptake of apoptotic antigen-
coupled cells by lymphoid dendritic cells
and cross-priming of CD8(+) T cells produce
active immune unresponsiveness. ] Immunol.
2002;168(11):5589-5595.

68. Hugues S, et al. Tolerance to islet antigens and

prevention from diabetes induced by limited
apoptosis of pancreatic beta cells. Immunity.
2002;16(2):169-181.

69. Bondanza A, et al. Inhibition of phosphatidylser-
ine recognition heightens the immunogenicity
of irradiated lymphoma cells in vivo. ] Exp Med.
2004;200(9):1157-1165.

70. Poon IK, et al. Apoptotic cell clearance: basic biol-

ogy and therapeutic potential. Nat Rev Immunol.
2014;14(3):166-180.

71. Condeelis J, Pollard JW. Macrophages: obligate
partners for tumor cell migration, invasion, and
metastasis. Cell. 2006;124(2):263-266.

72. Wang Y, et al. Non-canonical autophagy
functions of ATG16L1 in epithelial cells limit
lethal infection by influenza A virus. EMBO J.
2021;40(6):€105543.

73. Martinez J, et al. Noncanonical autophagy inhib-
its the autoinflammatory, lupus-like response to
dying cells. Nature. 2016;533(7601):115-119.

74. Martinez J, et al. Molecular characterization of
LC3-associated phagocytosis reveals distinct
roles for Rubicon, NOX2 and autophagy proteins.
Nat Cell Biol. 2015;17(7):893-906.

75. Suganuma K, et al. Energy metabolism of leuke-
mia cells: glycolysis versus oxidative phosphory-
lation. Leuk Lymphoma. 2010;51(11):2112-2119.

76. Basak NP, Banerjee S. Mitochondrial dependency
in progression of acute myeloid leukemia. Mito-
chondrion. 2015;21:41-48.

77. Jensen PK. Antimycin-insensitive oxidation of
succinate and reduced nicotinamide-adenine
dinucleotide in electron-transport particles.

11. Steroid effects. Biochim Biophys Acta.
1966;122(2):167-174.

78. Sies H. Oxidative stress: oxidants and antioxi-
dants. Exp Physiol. 1997;82(2):291-295.

79. Redza-Dutordoir M, Averill-Bates DA. Acti-
vation of apoptosis signalling pathways by
reactive oxygen species. Biochim Biophys Acta.
2016;1863(12):2977-2992.

80. Gallaher JA, et al. The impact of proliferation-

migration tradeoffs on phenotypic evolution in
cancer. Sci Rep. 2019;9(1):2425.
81. Curran E, et al. STING pathway activation stim-

= [


https://www.jci.org
https://doi.org/10.1172/JCI153157
https://doi.org/10.1016/j.jhep.2014.10.029
https://doi.org/10.4132/jptm.2015.06.01
https://doi.org/10.4132/jptm.2015.06.01
https://doi.org/10.4132/jptm.2015.06.01
https://doi.org/10.4132/jptm.2015.06.01
https://doi.org/10.3324/haematol.2016.143180
https://doi.org/10.3324/haematol.2016.143180
https://doi.org/10.3324/haematol.2016.143180
https://doi.org/10.3324/haematol.2016.143180
https://doi.org/10.3324/haematol.2016.143180
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1371/journal.pone.0137345
https://doi.org/10.1371/journal.pone.0137345
https://doi.org/10.1371/journal.pone.0137345
https://doi.org/10.1038/nature06421
https://doi.org/10.1038/nature06421
https://doi.org/10.1038/nature06421
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1016/j.cell.2018.08.061
https://doi.org/10.1016/j.cell.2018.08.061
https://doi.org/10.1016/j.cell.2018.08.061
https://doi.org/10.1097/MOH.0000000000000245
https://doi.org/10.1097/MOH.0000000000000245
https://doi.org/10.1097/MOH.0000000000000245
https://doi.org/10.1182/blood-2007-03-080523
https://doi.org/10.1182/blood-2007-03-080523
https://doi.org/10.1182/blood-2007-03-080523
https://doi.org/10.1182/blood-2007-03-080523
https://doi.org/10.1084/jem.20101688
https://doi.org/10.1084/jem.20101688
https://doi.org/10.1084/jem.20101688
https://doi.org/10.1084/jem.20101688
https://doi.org/10.1080/15548627.2018.1534507
https://doi.org/10.1080/15548627.2018.1534507
https://doi.org/10.1080/15548627.2018.1534507
https://doi.org/10.1080/15548627.2018.1534507
https://doi.org/10.1080/15548627.2018.1534507
https://doi.org/10.1038/nm1523
https://doi.org/10.1038/nm1523
https://doi.org/10.1038/nm1523
https://doi.org/10.1084/jem.20050915
https://doi.org/10.1084/jem.20050915
https://doi.org/10.1084/jem.20050915
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1038/nature03464
https://doi.org/10.1038/nature03464
https://doi.org/10.1038/nature03464
https://doi.org/10.1016/j.it.2015.02.003
https://doi.org/10.1016/j.it.2015.02.003
https://doi.org/10.1016/j.it.2015.02.003
https://doi.org/10.1073/pnas.1512832112
https://doi.org/10.1073/pnas.1512832112
https://doi.org/10.1073/pnas.1512832112
https://doi.org/10.1073/pnas.1512832112
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://doi.org/10.1016/j.immuni.2011.11.018
https://doi.org/10.1016/j.immuni.2011.11.018
https://doi.org/10.1016/j.immuni.2011.11.018
https://doi.org/10.1016/j.immuni.2011.11.018
https://doi.org/10.4049/jimmunol.1401337
https://doi.org/10.4049/jimmunol.1401337
https://doi.org/10.4049/jimmunol.1401337
https://doi.org/10.1073/pnas.0708594105
https://doi.org/10.1073/pnas.0708594105
https://doi.org/10.1073/pnas.0708594105
https://doi.org/10.1073/pnas.0708594105
https://doi.org/10.4049/jimmunol.1401869
https://doi.org/10.4049/jimmunol.1401869
https://doi.org/10.4049/jimmunol.1401869
https://doi.org/10.4049/jimmunol.1401869
https://doi.org/10.3324/haematol.10279
https://doi.org/10.3324/haematol.10279
https://doi.org/10.3324/haematol.10279
https://doi.org/10.3109/10428194.2014.1003052
https://doi.org/10.3109/10428194.2014.1003052
https://doi.org/10.3109/10428194.2014.1003052
https://doi.org/10.3109/10428194.2014.1003052
https://doi.org/10.1002/eji.201546113
https://doi.org/10.1002/eji.201546113
https://doi.org/10.1002/eji.201546113
https://doi.org/10.1002/eji.201546113
https://doi.org/10.1038/nri2975
https://doi.org/10.1038/nri2975
https://doi.org/10.1182/blood-2017-03-772939
https://doi.org/10.1182/blood-2017-03-772939
https://doi.org/10.1182/blood-2017-03-772939
https://doi.org/10.1182/blood-2017-03-772939
https://doi.org/10.1046/j.1365-2141.1996.d01-1922.x
https://doi.org/10.1046/j.1365-2141.1996.d01-1922.x
https://doi.org/10.1046/j.1365-2141.1996.d01-1922.x
https://doi.org/10.1016/j.canlet.2014.05.008
https://doi.org/10.1016/j.canlet.2014.05.008
https://doi.org/10.1016/j.canlet.2014.05.008
https://doi.org/10.1016/j.canlet.2014.05.008
https://doi.org/10.1016/j.canlet.2014.05.008
https://doi.org/10.1111/his.12607
https://doi.org/10.1111/his.12607
https://doi.org/10.1111/his.12607
https://doi.org/10.1111/his.12607
https://doi.org/10.1111/his.12607
https://doi.org/10.1038/srep09188
https://doi.org/10.1038/srep09188
https://doi.org/10.1038/srep09188
https://doi.org/10.1038/srep09188
https://doi.org/10.1016/j.imlet.2013.09.003
https://doi.org/10.1016/j.imlet.2013.09.003
https://doi.org/10.1016/j.imlet.2013.09.003
https://doi.org/10.1016/j.imlet.2013.09.003
https://doi.org/10.1016/j.imlet.2013.09.003
https://doi.org/10.1371/journal.pone.0050946
https://doi.org/10.1371/journal.pone.0050946
https://doi.org/10.1371/journal.pone.0050946
https://doi.org/10.1371/journal.pone.0050946
https://doi.org/10.1677/ERC-08-0036
https://doi.org/10.1677/ERC-08-0036
https://doi.org/10.1677/ERC-08-0036
https://doi.org/10.1677/ERC-08-0036
https://doi.org/10.1002/jcp.27142
https://doi.org/10.1002/jcp.27142
https://doi.org/10.1002/jcp.27142
https://doi.org/10.1002/jcp.27142
https://doi.org/10.1002/jcp.27142
https://doi.org/10.1084/jem.20120502
https://doi.org/10.1084/jem.20120502
https://doi.org/10.1084/jem.20120502
https://doi.org/10.1084/jem.20120502
https://doi.org/10.1084/jem.188.12.2313
https://doi.org/10.1084/jem.188.12.2313
https://doi.org/10.1084/jem.188.12.2313
https://doi.org/10.1126/science.1094359
https://doi.org/10.1126/science.1094359
https://doi.org/10.1126/science.1094359
https://doi.org/10.1126/science.1094359
https://doi.org/10.4049/jimmunol.168.11.5589
https://doi.org/10.4049/jimmunol.168.11.5589
https://doi.org/10.4049/jimmunol.168.11.5589
https://doi.org/10.4049/jimmunol.168.11.5589
https://doi.org/10.4049/jimmunol.168.11.5589
https://doi.org/10.1016/S1074-7613(02)00273-X
https://doi.org/10.1016/S1074-7613(02)00273-X
https://doi.org/10.1016/S1074-7613(02)00273-X
https://doi.org/10.1016/S1074-7613(02)00273-X
https://doi.org/10.1084/jem.20040327
https://doi.org/10.1084/jem.20040327
https://doi.org/10.1084/jem.20040327
https://doi.org/10.1084/jem.20040327
https://doi.org/10.1038/nri3607
https://doi.org/10.1038/nri3607
https://doi.org/10.1038/nri3607
https://doi.org/10.1016/j.cell.2006.01.007
https://doi.org/10.1016/j.cell.2006.01.007
https://doi.org/10.1016/j.cell.2006.01.007
https://doi.org/10.1038/nature17950
https://doi.org/10.1038/nature17950
https://doi.org/10.1038/nature17950
https://doi.org/10.1038/ncb3192
https://doi.org/10.1038/ncb3192
https://doi.org/10.1038/ncb3192
https://doi.org/10.1038/ncb3192
https://doi.org/10.3109/10428194.2010.512966
https://doi.org/10.3109/10428194.2010.512966
https://doi.org/10.3109/10428194.2010.512966
https://doi.org/10.1016/j.mito.2015.01.006
https://doi.org/10.1016/j.mito.2015.01.006
https://doi.org/10.1016/j.mito.2015.01.006
https://doi.org/10.1113/expphysiol.1997.sp004024
https://doi.org/10.1113/expphysiol.1997.sp004024
https://doi.org/10.1038/s41598-019-39636-x
https://doi.org/10.1038/s41598-019-39636-x
https://doi.org/10.1038/s41598-019-39636-x
https://doi.org/10.1016/j.celrep.2016.05.023

RESEARCH ARTICLE The Journal of Clinical Investigation

ulates potent immunity against acute myeloid progenitor cell mechanisms in myelodys- Blood. 2019;133(5):446-456.
leukemia. Cell Rep. 2016;15(11):2357-2366. plastic syndromes. Proc Natl Acad Sci U S A. 87.Vick B, et al. An advanced preclinical mouse
82.Kim D, et al. Anti-CD47 antibodies promote 2013;110(8):3011-3016. model for acute myeloid leukemia using
phagocytosis and inhibit the growth of human 85. Kantarjian H, et al. Acute myeloid leukemia: patients’ cells of various genetic subgroups and
myeloma cells. Leukemia. 2012;26(12):2538-2545. current progress and future directions. Blood in vivo bioluminescence imaging. PLoS One.
83. Jaiswal S, et al. CD47 is upregulated on circulat- Cancer J. 2021;11(2):41. 2015;10(3):¢0120925.
ing hematopoietic stem cells and leukemia cells 86. Abdul-Aziz AM, et al. Acute myeloid leukemia 88. Livshits MA, et al. Isolation of exosomes by dif-
to avoid phagocytosis. Cell. 2009;138(2):271-285. induces protumoral p16INK4a-driven senes- ferential centrifugation: theoretical analysis of a
84. Pang WW, et al. Hematopoietic stem cell and cence in the bone marrow microenvironment. commonly used protocol. Sci Rep. 2015;5:17319.

16 J Clin Invest. 2022;132(5):e153157 https://doi.org/10.1172/)CI153157


https://www.jci.org
https://doi.org/10.1172/JCI153157
https://doi.org/10.1016/j.celrep.2016.05.023
https://doi.org/10.1016/j.celrep.2016.05.023
https://doi.org/10.1038/leu.2012.141
https://doi.org/10.1038/leu.2012.141
https://doi.org/10.1038/leu.2012.141
https://doi.org/10.1016/j.cell.2009.05.046
https://doi.org/10.1016/j.cell.2009.05.046
https://doi.org/10.1016/j.cell.2009.05.046
https://doi.org/10.1073/pnas.1222861110
https://doi.org/10.1073/pnas.1222861110
https://doi.org/10.1073/pnas.1222861110
https://doi.org/10.1073/pnas.1222861110
https://doi.org/10.1038/s41408-021-00425-3
https://doi.org/10.1038/s41408-021-00425-3
https://doi.org/10.1038/s41408-021-00425-3
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1371/journal.pone.0120925
https://doi.org/10.1371/journal.pone.0120925
https://doi.org/10.1371/journal.pone.0120925
https://doi.org/10.1371/journal.pone.0120925
https://doi.org/10.1371/journal.pone.0120925
https://doi.org/10.1038/srep17319
https://doi.org/10.1038/srep17319
https://doi.org/10.1038/srep17319

