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Background: The hematopoietic ecosystem comprises both cellular
components such as hematopoietic stem cells (HSCs) and immune cells as
well as non-cellular components including iron. Systemic iron overload, which
leads to serious complications and affects both patients’ quality of life and overall
survival, is a common clinical challenge in patients with acute myeloid leukemia
(AML). We previously elucidated the direct effects of iron overload on AML cells.
It's worth noting that iron overload remodels the hematopoietic ecosystem.
However, whether and how remodeled leukemic microenvironment with
overloaded iron regulates normal HSCs and immune cells, especially leukemia-
associated macrophages (LAMs), in AML have not been elucidated.

Methods: The MLL-AF9-induced AML (MA9) cells were originated from c-kit* BM
cells enriched from C57BL/6J mice that infected with MSCV-MLL-AF9-GFP
retrovirus. The MA9 AML mouse model was established by transplantation of
MA9 cells into C57BL/6 mice. MA9 mice were i.p. administered with iron dextran
every other day for a total of 6 times to established the iron overload MLL-AF9-
induced AML mouse model (MA9/FE). HSC maintenance and differentiation was
assessed by flow cytometry, cell proliferation, cell apoptosis, colony forming and
competitive transplantation assays. LAM activation and function was analyzed by
RNA-sequencing, flow cytometry and coculture assay. Intravenous clodronate
liposome administration was employed to reduce LAMs in AML.

Results: Iron overload skewed myeloid differentiation of normal HSCs.
Furthermore, iron overload affected LAMs in the AML microenvironment by
promoting LAM polarization toward an M2 phenotype. Functionally, iron
overload decreased the phagocytic function of LAMs against leukemia cells
and inhibited LAM-induced T cell activation by acquiring a tolerogenic
phenotype with aberrant immune checkpoints. Moreover, depletion of LAMs
attenuated iron overload caused acceleration of AML progression.
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Conclusions: Collectively, this study reveals the significance of iron overload in
remodeling hematopoietic ecosystem and affecting HSC and LAM function in
AML, providing new insights into the multifaceted role of iron overload

in leukemia.

acute myeloid leukemia, iron overload, myeloid differentiation, leukemia-associated
macrophages, immunosuppression

Introduction

Iron is an essential element involved in numerous fundamental
intracellular and extracellular physiologic processes. Iron
homeostasis disorders play vital roles in the pathophysiology of
various diseases as they cause diverse functional changes and
progressive damages to organs (1-5). The relationship between
the dysregulation of iron metabolism and the occurrence and
progression of hematologic diseases has been reported (6). Acute
myeloid leukemia (AML) is a hematologic malignancy
characterized by the unlimited proliferation of myeloid precursor
cells in the bone marrow (BM) with poor outcome although great
progress has been achieved (7, 8). Iron overload reshapes the
microenvironment, which has adverse effects on the initiation and
progression of AML. Elevated iron promotes myelodysplastic
syndromes (MDS)-AML transformation by causing genetic and
chromosomal abnormalities (9), which could be attenuated by the
treatment of iron chelators (10). Clinical studies have revealed that a
high iron level is associated with a suppressed autologous stem cell
mobilization, a poorer overall survival, and a higher incidence of
relapse in AML patients (11-13). Our previous work demonstrated
that the high level of iron correlated with a worse prognosis in AML
patients and a shortened survival time in AML mice (14). Although
we previously demonstrated that iron overload directly regulated
AML cells by decreasing leukemic stem cells (LSCs) levels but
increasing the tumor load in BM and extramedullary tissues via
promoting the proliferation of leukemia cells through the
upregulation of FOS (14), a comprehensive interpretation of the
pathologic roles of iron overload in leukemia, especially the
crosstalk between iron overload leukemic microenvironment and
normal hematopoietic components, is less well-defined.

Leukemia cells highjack and destroy microenvironments,
potentially shifting the equilibrium of microenvironments from a
state that supports steady-state hematopoiesis to the conditions in
favor of leukemogenesis and progression. Multiple types of cells
including leukemia cells themselves (15, 16), normal hematopoietic
cells (17, 18), immune cells (19), etc. are affected and contribute to
the process. Hematopoietic stem cells (HSCs) are unique and
hierarchically organized subpopulations of blood cells that
maintain the hematopoietic system through self-renewal and
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generation of progenitor cells and mature cells of various lineages
through differentiation in response to physiologic demands (20).
Previous work demonstrated that leukemic microenvironment
exhibited a great impact on HSCs as well as normal
hematopoiesis (17, 18). However, iron overload further remodels
the leukemic microenvironment. Evidence has suggested that iron
may play important roles in hematopoiesis under steady state and
stress conditions. Microbiota, antifungal agents, or transferrin
receptor 1 (Tfrl)-mediated iron uptake have been shown to
regulate HSC fate decisions in the BM (21-23). F-box and
leucine-rich repeats protein 5 (FBXL5) or ferritin heavy chain 1
(FTHI)-mediated cellular iron homeostasis is required for the
maintenance of HSCs functions (19, 24). In addition, the
increased iron uptake by splenic HSCs has been shown to
promote TET2-dependent erythroid regeneration in hemolytic
anemia-induced stress erythropoiesis. However, how remodeled
leukemic microenvironment with overloaded iron affect HSCs has
not been elucidated.

The immunomicroenvironment constituted by mature immune
cells and immune regulatory molecules participates in diverse
physiologic and pathologic processes. Specifically, leukemia cells
induce a leukemic immunomicroenvironment with suppressed
immune response to leukemia cells, thereby impairing the anti-
leukemia immunity, which in turn contributes to leukemia
progression. Evidence demonstrated that a variety of immune
cells including neutrophils (25), macrophages (26), NK cells (27,
28) and T cells (29), were reprogramed to have leukemia-associated
characteristics and played pathologic roles. It is worth noting that
leukemia-associated macrophages (LAMs) were educated by the
leukemic microenvironment to exhibit unique phenotypes and
functions with great heterogeneity in our previous studies (30-
32), highlighting a context- and tissue-dependent macrophage
polarization. However, the leukemic microenvironment becomes
a highly dynamic structure remodeled by iron overload. It was
reported that iron played important roles on the polarization and
function of macrophages under distinct conditions, including in
vitro cytokine stimulation and some in vivo disease models, such as
infection, metabolic disorders, and solid cancers (33-38).
Nevertheless, how remodeled leukemic microenvironment with
overloaded iron reshapes LAMs has not been elucidated.
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In this study, we investigated the impacts of the remodeled
leukemic microenvironment with overloaded iron on HSCs and
immune cells by using an iron overload MLL-AF9-induced mouse
AML model. The results demonstrated that iron overload skewed
myeloid differentiation of normal HSCs. Furthermore, iron
overload promoted LAMs to exhibit a phenotype with increased
M2-related characteristics, decreased phagocytotic potential and
enhanced immunosuppression ability. Moreover, depletion of
LAMs attenuated iron overload-caused acceleration of AML
progression. Therefore, our findings provide new insights into the
mechanisms how iron overload exerts adverse effects in AML and
broaden our knowledge of the multifaceted roles of iron overload
in malignancies.

Materials and methods
Gene expression datasets

Public datasets of leukemia patients were downloaded from The
Cancer Genome Atlas (TCGA). The correlation between gene
expressions of FTHI or FTL and CD68 or CDI163 in AML
patients was studied. The detailed characteristics of the patients
accessible from the database are summarized in Supplementary
Table S1.

Mice

Six to eight week-old C57BL/6] (CD45.2) and B6.SJL (CD45.1)
mice were provided by the Animal Centre of the Institute of
Hematology and Blood Diseases Hospital, CAMS & PUMC. Mice
were maintained in SPF-certified facilities, and all procedures for
animal experiments were approved by the Animal Care and Use
Committees at the Institution.

AML mouse models

The establishment of MLL-AF9-induced AML mouse model
(MA9) was previously described (17, 39). Briefly, c-kit" BM cells
were enriched from C57BL/6] mice and infected with MSCV-MLL-
AF9-GFP retrovirus before transplantation into C57BL/6 mice.

We recently established the iron overload MLL-AF9-induced
AML mouse model (abbreviated as MA9/FE) (14). Briefly, GFP*
AML cells were isolated from MA9 mice and transplanted into
C57BL/6 mice. One week after transplantation, the recipient AML
mice were i.p. administered with 0.2 mL iron dextran
(Pharmacosmos A/S, Denmark) at a concentration of 25 mg/mL
every other day for a total of 6 times. An equal volume of
phosphate-buffered saline (PBS) was administrated to the control
AML mice (also abbreviated as MA9). C57BL/6 mice without AML
cell transplantation were i.p. administered with an equal volume of
iron dextran or PBS (abbreviated as WT/FE or WT).
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Cell culture

All cells were cultured in RPMI-1640 supplemented with 5%
fetal bovine serum (FBS) and antibiotics in a humidified
atmosphere of 5% CO, at 37°C. All culture supplies were
endotoxin free.

Antibodies

Fluorescence-conjugated antibodies against F4/80 (APC) and
Ki67 (PE) and were purchased from BD Biosciences (USA).
Fluorescence-conjugated antibodies against CD45.2 (PE), CD45.2
(PerCP-Cy5.5), Sca-1 (APC), CD117/c-Kit (PE-Cy7), CD16/32
(PerCP-Cy5.5), CD34 (BV421), Flt3 (PE), CD3 (PerCP-Cy5.5),
CD4 (PE-Cy7), CD8 (APC-Cy7), CD19 (PE), CD25 (FITC),
CD44 (APC), Mac-1/CD11b (PE-Cy7), Gr-1 (PE-Cy7), Gr-1
(Pacific blue), CD115 (BV711), CD115 (PE), CD47 (APC),
SIRPO(APC-Cy7), PD-L1 (PE-Cy7), PD-1 (BV421), CD200 (PE-
Cy7), CD200R (FITC), Galectin-9 (PerCP-Cy5.5), Tim-3 (PerCP-
Cy5.5) and Annexin V (PE) were purchased from Biolegend (USA).

Flow cytometric analysis and cell sorting

EasySepTM Mouse Hematopoietic Progenitor Cell Isolation Kit
(#19856, Stem Cell Technologies, USA) was used to enrich the Lin®
cells from the mouse BM. Lin~ cells were enriched by using
streptavidin-coated magnetic particles and biotinylated antibodies
(CD5, CD11b, CD19, CD45R/B220, Gr-1 and Ter119, 7-4; APC-Cy7
conjugated) to remove non-hematopoietic stem/progenitor cells
(HSPCs). Then, LSK" cells were gated as Lin'Scal “c-Kit" from the
GFP" population. Antibodies against CD34 and Flt3 were used to
identify CD34Flt3~ LT-HSC, CD34"Flt3" ST-HSC and CD34"Flt3"
MPP from the GFP Lin'Scal*c-Kit" population. CD34 and CD16/32
antibodies were used to identify CD34"CD16/32" GMP, CD34"CD16/
32" CMP and CD34°CD16/32" MEP from the GFPLin"Scal c-Kit"
population. These HSPCs were used for further analysis. The BM
macrophages were gated as the Gr-1'F4/80*CD115™SSC™!°
subpopulation from the GFP™ population. Canto II and LSR II flow
cytometers (BD Biosciences) were used for FACS analysis. FACS Aria
IIT (BD Biosciences) was used for cell sorting. Data analysis was carried
out using FlowJo software (version 7.6.1).

Cell proliferation assay

Ki67 staining assays were used to detect cell proliferation of
primary LSKs. Normal LSKs from MA9 and MAY/FE mice were
fixed and permeabilized by Cytoﬁx/CytopermTM Fixation/
Permeabilization Solution Kit (BD Biosciences, San Jose, CA)
according to the manufacturer’s protocols. Then, cells were
stained with an anti-Ki67-PE antibody, followed by Hoechst
33342 before FACS analysis.
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Cell apoptosis analysis

Annexin V/PI staining assay was used to detect cell apoptosis of
primary LSKs. Normal LSKs from MA9 and MA9/FE mice were
prepared and washed twice with pre-cold PBS buffer. Then, cells
were incubated with an Annexin V-PE antibody, followed by PI
before FACS analysis.

Colony forming assay

Freshly sorted normal LSKs from MA9 and MA9/FE mice were
suspended in M3434 complete medium (Stem Cell Technologies,
USA) and seeded in 24-well plate at 500 cells/500 pl/well and
cultured according to the manufacturer’s instructions. The number
of burst-forming unit erythroid (BFU-E), colony-forming unit
granulocyte-macrophage (CFU-GM), and colony-forming unit
granulocyte, erythroid, macrophage, and megakaryocyte (CFU-
GEMM) was counted on day 8.

Transplantation assays

For competitive LSK transplantation, normal LSKs (CD45.2,
1x10%) from MA9 or MAY/FE mice and WT competitor cells
(whole bone marrow cells (WBMCs)) (CD45.1, 5x10°) were
transplanted into lethally irradiated (9.5 Gy) recipient B6.SJL
mice (CD45.1). The reconstitution of PB cellularity was analyzed
by FACS every four weeks post-transplantation. Sixteen weeks after
transplantation, BM cells from the recipient mice were collected,
and the chimera rate of the HSPC compartment and lineage
contribution was evaluated by FACS.

Latex bead uptake experiments

Latex bead uptake experiments were used to measure the
phagocytic activity of macrophages. Prior to FACS analysis, BM
macrophages from WT, WT/FE, MA9 or MA9/FE mice were
incubated with FITC-labeled 2 pm latex beads (Sigma-Aldrich,
USA) for 15 mins.

Phagocytotic activity of macrophages
against leukemia cells

Coculture assays were used to test the phagocytosis of leukemia
cells by macrophages. BM macrophages from WT, WT/FE, MA9 or
MAY/FE mice were cocultured with GFP™ BM AML cells at the ratio
of 1:2 in 24-well plates for 18 hrs. Leukemia cells cultured alone
were used as blank controls. After 18 hrs, total cells were counted by
hemocytometer and the proportion of GFP" cells was analyzed by
FACS (18 hrs (test)). The phagocytotic rate was calculated as
follows: (100%- test) - (100%- blank control test).
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Regulatory effect of macrophages on T cell
activation

Co-culture assays were used to test the regulatory effects of
macrophages on T cells. BM macrophages from WT, WT/FE, MA9
or MA9/FE mice were co-cultured for 48 hrs with T cells that were
sorted from the spleen of normal mice, at the ratio of 1:1 in 48-well
plates in the presence of Dynabeads Mouse T-Activator CD3/CD28
(Gibco, USA). Then, the cells were harvested and resuspended in
100 pl PBS. After staining with antibodies at 4°C and washing with
PBS, the cells were analyzed by FACS.

Quantitative real-time PCR

Cells were lysed and total RNA was isolated using RNeasy Mini
Kit (Qiagen, Valencia, CA). Reverse transcription was achieved
using Transcript All-in-one First-Strand cDNA Synthesis SuperMix
(TransGen Biotech, China). qRT-PCR was performed on 0.1-
QuantStudio 5 and 0.2-QuantStudio 5 (Thermo Fisher Scientific,
USA). The expression level of each gene was normalized to the
expression level of GAPDH. Sequences for primers are listed in
Supplementary Table S2.

RNA-seq

BM macrophages were sorted from WT, WT/FE, MA9 and
MAUY/FE mice by FACS. An RNA sequencing library was prepared
and sequenced using an Illumina Nova Seq 6000 by the Beijing
Novogene following standard protocols. The data was analyzed by
Beijing Novogene and is available in the NCBI’s Gene Expression
Omnibus under the accession number GSE226727.

Two-dimensional illustration of
macrophage phenotypes

A two-dimensional illustration was established to describe the
activation phenotype of macrophages (31). For each gene, the value
of macrophage from WT BM was designated as 0. The M1 and M2
values of macrophages were calculated and the mean values of
relative expression of genes were used for calculation:

M1 value=Ymax(-AACtM1,0) - ¥min(-AACtM2,0);
M2 value=Ymax(-AACtM2,0) - ¥min(-AACtM1,0).

Statistical analysis
The statistical analyses were performed using the GraphPad

Prism 6.0 software (San Diego, CA) and the SPSS17.0 software
package (SPSS, Chicago, IL). All data were expressed as the mean +
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SEM and statistical significance was calculated using an unpaired
Student’s t-test (two groups) or one-way ANOVA (> three groups).
Kaplan—Meier analysis was employed to compare the survival time.
P <0.05 was considered statistically significant.

Results

Iron overload affects normal HSC functions
in AML mice

To determine the impacts of iron overload on normal HSCs in
AML, the iron overloaded MLL-AF9-induced AML mouse model
was successfully established and iron overload was validated
(Supplementary Figure S1). The frequency of GFPLin c-Kit*Scal™
cells (normal LSK) in the BM of MA9 and MA9/FE mice was
analyzed, and no statistical difference was detected between the two
groups (Figure 1A). Then, CD34 and Flt3 were used to identify the
HSC subpopulations, i.e. CD34 Flt3~ LT-HSC, CD34 Flt3” ST-HSC
and CD34Flt3" MPP. No significant difference was observed for
those subpopulations between two groups (Figure 1A). These results
suggest that iron overload does not influence the frequency of normal
HSCs and HSC subpopulations in AML.

Next, we investigated whether iron overload had an impact on
the proliferation and apoptosis of normal HSCs in AML. No
significant difference was observed between MA9 and MAY/FE
mice (Figures 1B, C). Colony forming ability determines the self-
renewal potential of HSCs and partly reflects HSC function. MA9/
FE HSCs formed significantly more BFU-E, CFU-GM and CFU-
GEMM colonies than MA9 HSCs (Figure 1D, Supplementary
Figure S2A). These results suggest that iron overload promotes
the colony-forming capacity of normal HSCs in AML mice.

Iron overload skews myeloid differentiation
of normal HSCs in AML mice

To determine whether iron overload affects differentiation of
HSCs, the frequency of normal HPCs and more mature cells of
multiple lineages in the BM of MA9 and MAY/FE mice was
evaluated. CD34 and CD16/32 were used to identify the
committed progenitor cells, CD34" CD16/32" GMP, CD34"
CD16/32" CMP, and CD34 CD16/32" MEP were based on the
GFPLin Scal ¢-Kit" population. A significant increase in the
frequency of GMP was observed in MA9/FE mice when
compared with that in MA9 mice (Figure 1E). In addition, iron
overload resulted in a prominent increase in more mature
compartments of myeloid cells, such as Mac-1", Gr-17 and F4/
80" cells, in the BM (Figure 1F), suggesting that iron overload
enhances myeloid lineage differentiation in AML.

Next, we performed a competitive repopulation assay to dissect
the effect of iron overload on the hematopoietic reconstitution
capacity of normal HSCs (Figure 1G). Donor-derived PB chimera
rate of normal HSCs from MA9/FE mice was significantly higher
than that from MA9 mice during the 16 weeks post-transplantation
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(Figure 1H, Supplementary Figure S2B). Moreover, similar results
were also obtained for donor-derived BM chimera rate 16 weeks
after transplantation (Figure 11, Supplementary Figure S2C). These
results indicate that iron overload promotes the hematopoietic
reconstitution capacity of normal HSCs in AML. Though the
donor-derived BM chimerism of HPCs populations, including
CMP, GMP and MEP, showed no significant difference between
MA9 and MAY/FE mice (Figure 1], Supplementary Figure S2D),
iron overload increased the donor-derived BM chimerism of
myeloid lineages, including Gr-17 and F4/80" cells, while
decreased the BM chimerism of CD19" B cells (Figure 1K).
Together, these findings indicate that iron overload enhances the
capacity of hematopoietic reconstitution and skews the myeloid
differentiation of normal HSCs in AML.

More M2 macrophages correlates with a
worse prognosis in iron overloaded AML
patients

Ferritin consists of heavy and light chains, encoded by FTHI and
FTL genes. CD68 and CD163 are typical markers for macrophages
and M2 macrophages in humans. To assess the clinical significance of
iron overload and macrophages in AML, the public TCGA database
was used to analyze the expression levels of FTHI/FTL and CD68/
CDI163 in leukemia patients and their correlations with disease
prognosis. AML patients from TCGA datasets were divided into
the FTH1"8" FTH1"", FTLM? and FTLY groups, based on the
median gene expression value of FTHI or FTL, respectively. FTH1"&"
and FTL"®" groups expressed higher level of CD68 or CD163 than
their respectively counterparts, while FTH1'®" and FTL'™ groups
expressed lower level of CD68 or CD163 than their respectively
counterparts (Figures 2A-D). We previously demonstrated that
FTH1"" group had a worse prognosis than FTH1'" group (14).
We further analyzed the overall survival (OS) of the CD68Msh,
CD68™Y, CD163"8" and CD163'" subgroups in the FTH1"&" or
FTL"¢" groups. The results showed that no significant difference was
detected between the CD68"" and CD68'*" subgroups (Figures 2E,
F) whereas the OS in the CD163"&" subgroup was significantly
shorter than that in the CD163"" subgroup (Figures 2G, H). The
0S of the CD68M8", CD68'Y, CD163M8" and CD163"" subgroups in
the FTH1'" or FTL'®" groups was also analyzed showing that no
significant difference was detected between the CD68"E" and
CD68™Y subgroups (Figures 21, ), and between the CD163"#" and
CD163"% subgroup (Figures 2K, L). These results suggest that iron
overload correlates with increased level of M2 macrophages and more
M2 macrophages further correlates with a poor prognosis in iron
overloaded AML patients.

Iron overload educates LAM with more M2
characteristics

The gene expression profile and activation phenotype of LAMs
in the iron-overload AML microenvironment were studied. RNA-
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FIGURE 1

Normal HSPCs and more mature cells of multiple lineages in iron-overload AML mice. (A) Representative FACS plots and frequencies of normal HSC
subpopulations (LSK: Lin“c-Kit"Scal®, LT-HSC: CD34 Flt3 LSK* ST-HSC: CD34*FIt3'LSK*, MPP: CD34*FlIt3*LSK") in the BM of MA9 and MA9/FE mice (n =
5). (B) Normal HSCs from the BM of MA9 and MA9/FE mice were stained with Ki67 and Hoechst 33342. The gating strategy for GO (bottom left), G1 (top
left), and S/G2/M (top right) is shown (top panel), and the percentage is plotted (n=5) (bottom panel). (C) Normal HSCs from the BM of MA9 and MA9/FE
mice were stained with Annexin V and PI. The gating strategy for early (bottom right) and late (top right) phase apoptotic cells is shown (top panel), and
the percentage of is plotted (n=5) (bottom panel). (D) Normal HSCs from the BM of MA9 or MA9/FE mice were seeded onto 24-well plates (500 cells/
well) for colony forming assays, and the numbers of BFU-E, CFU-GM, and CFU-GEMM are plotted. (E) Representative FACS plots and frequencies of HPC
subpopulations (GMP: CD34*CD16/32*, CMP: CD34* CD16/32", MEP: CD34™ CD16/32", gated from GFP Lin"Scal c-Kit* population) in the BM of MA9
and MA9/FE mice (n = 5). (F) Lineage distribution in BM assessed by FACS (n = 5). (G-K) Competitive BM transplantation was performed and mice were
sacrificed 16 weeks post-transplantation for chimerism analysis (n = 6). The schematic of the experiment design (G), the chimerism of PB CD45.2* cells at
indicated time points (H) as well as the chimerism of BM CD45.2* cells (I), the absolute numbers of CD45.2* HPC populations (J) and the percentage of
CD45.2" multiple lineages (K) are shown. The results are from three independent experiments. Unpaired Student's t test; *po < 0.05; **p < 0.01.
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Correlation and clinical significance of ferritin and macrophage markers in AML patients. (A-D) Correlations between the relative expression of CD68
or CD163 and FTH1 or FTL in TCGA are shown. AML cases were divided into the FTH1"9", FTH1'®", FTL"9" and FTL'°" groups, based on the median
gene expression value of FTHI or FTL, respectively, and the relative expression of CD68 (A, B) or CD163 (C, D) is plotted. (E-H) In the FTH1"" or
FTLM9" groups, AML cases were divided into CD68"9", CD68'°", CD163"9", and CD163'°" subgroups, based on the median gene expression value of
CD68 or CD163, respectively, and the OS of AML patients was compared by Kaplan-Meier analysis. (I-L) In the FTH1'®" or FTL'°" groups, AML cases
were divided into CD68"9", CD68'°", CD163"9", and CD163'°" subgroups, based on the median gene expression value of CD68 or CD163,
respectively, and the OS of AML patients was compared by Kaplan-Meier analysis. Unpaired Student’s t test; *p < 0.05,; ***p < 0.001.
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seq was performed to study gene expression profiles in the BM
LAMs. Differentially expressed genes (DEGs) are plotted in
Figure 3A (DEGs, FC = 2, FDR <0.01), which reflect the
modulatory effects of iron overload on LAM gene expression
profile in leukemic microenvironment. A Venn diagram shows
the numbers of DEGs between different pairs of samples
(Supplementary Figure S3), and 29-shared DEGs are listed in
Supplementary Table S3. Gene set enrichment analysis (GSEA)
showed that the genes in the annotations, “myeloid leukocyte
activation” and “macrophage activation”, were enriched in MA9/
FE LAMs versus WT/FE macrophages or MA9 LAMs (Figure 3B).
To study the activation phenotype of MA9/FE LAMs, the dynamic
expression of phenotype-associated genes (6 genes for M1 and 6
genes for M2) was monitored. The expression levels of M1- and
M2-related genes (Figures 3C, D) showed considerable differences
among different samples. To obtain an intuitive view of the
phenotypes of macrophages from different samples, a two-
dimensional illustration of macrophage phenotypes was used.
When WT macrophages were used as control, WT/FE
macrophages and MA9 LAMs were in the lower area, i.e. with
more M1 characteristics, whereas MA9/FE LAMs were in the upper
area, i.e. with more M2 characteristics (Figure 3E). Interestingly,
iron overload educated WT macrophages towards M1 phenotype
(WT/FE macrophages) whereas educated MA9 LAMs towards M2
phenotype (MA9/FE LAMs) (Figure 3E). These results suggest that
LAMs show distinct transcriptional modulations in response to iron
overload in the leukemic environment, and exhibit increased M2-
related characteristics, potentially resulting in different biological
activities and functions.

Iron overload decreases the phagocytic
ability of LAMs

To evaluate the potential effects of iron overload on the
functions of LAMs, DEG profiles were analyzed. GSEA showed
that the genes in the annotations, “phagocytosis” and “phagocytosis
engulfment”, were enriched in MA9 LAMs versus WT controls,
MAO9/FE LAMs versus WT/FE controls, and MA9/FE LAMs versus
MA9 LAMs (Figure 4A). Phagocytosis is an important functional
characteristic of macrophages. Hence, non-specific, and specific
phagocytosis were assessed. Non-specific phagocytosis was assessed
using the latex bead uptake experiments. MA9 and MA9/FE LAMs
had a decreased phagocytotic ability, when compared with their
respective control macrophages (Figure 4B, Supplementary Figure
S4A). Specific phagocytosis of AML cells was assessed using in vitro
co-culture experiments. We found that in addition to the decreased
phagocytotic ability of MA9 and MA9/FE LAMs, the phagocytotic
ability of MA9/FE LAMs was much lower than that of MA9 LAMs
(Figure 4C, Supplementary Figure S$4B).

CD47/SIRPo. axis is a major pathway in repressing the
activation and phagocytosis of macrophages. Thus, CD47
expression on leukemia cells and SIRPo. expression on LAMs
were investigated. CD47 expression was upregulated in MA9/FE
AML cells (Figure 4D), whereas no difference was observed in
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SIRPo. expression between MA9 and MA9/FE LAMs (Figure 4E).
These results demonstrate that LAMs have a low phagocytotic
potential against AML cells in response to the iron overload in
the leukemic microenvironment.

Iron overload promotes LAMs-mediated
immunosuppression

GSEA results showed that the genes in the annotations,
“activation of immune response” and “regulation of T cell
activation”, were enriched in MA9 LAMs versus WT controls,
and MA9/FE LAMs versus WT/FE controls. Furthermore, the
annotations, “cells activation involved in immune response” and
“negative regulation of adaptive immune response”, were enriched
in MA9/FE LAMs versus MA9 LAMs (Figure 5A). Hence, the
immunoregulatory potential of LAMs on T cells was analyzed using
in vitro co-culture experiments. CD25 and CD44 expressions,
which are generally related to T cell activation, were analyzed. A
higher level of CD25 was detected in both CD4" and CD8" T cells
co-cultured with MA9 or MA9/FE LAMs, than those co-cultured
with their respective control macrophages. However, CD25
expression level decreased in CD4" and CD8" T cells co-cultured
with MA9/FE LAMs, when compared with that with MA9 LAMs
(Figures 5B-E). Furthermore, a higher level of CD44 was detected
in CD4" T cells co-cultured with MA9 or MA9/FE LAMs, than
those co-cultured with their control macrophages. However, CD44
expression level decreased in CD4" and CD8" T cells co-cultured
with MA9/FE LAMs, when compared with that with MA9 LAMs
(Figures 5F-I). These results suggest that iron overload induces the
inhibition of LAMs-mediated T cell activation.

Iron overload promotes LAMs to acquire
tolerogenic phenotypes that may
contribute to T cell exhaustion

To further evaluate the potential mechanism of LAMs-induced
immune dysfunction in iron-overload leukemic microenvironment,
the expression of immune checkpoints on LAMs was detected. No
difference was observed in the expression levels of PD-L1, CD200
and Galectin9, the immune checkpoint ligands, between MA9
LAMs and their control macrophages. However, MA9/FE LAMs
expressed higher levels of these molecules than those on control
macrophages or MA9 LAMs (Figures 6A-F).

Next, the expression levels of PD-1, CD200R and Tim3, the
immune checkpoint receptors, on T cells after in vitro co-cultured
with macrophages were detected. CD4" T cells co-cultured with
MA9 or MA9/FE LAMs expressed higher level of PD-1 than those
co-cultured with control macrophages. CD4" T cells co-cultured
with MA9/FE LAMs expressed higher levels of CD200R and Tim3
than those co-cultured with control macrophages. Furthermore,
CD4" T cells co-cultured with MA9/FE LAMs had higher
expression levels of CD200R and Tim3 than those co-cultured
with MA9 LAMs (Figure 6G, Supplementary Figures S5A-C).
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FIGURE 3

Iron overload affects the gene expression profile and activation phenotype of LAMs. Macrophages were sorted from the BM of MA9, MA9/FE mice
and their respective normal counterparts (WT and WT/FE mice), and RNA-seq was performed. (A) DEG (FC > 2, FDR < 0.01) expression profiles are
shown. (B) GSEA shows the enrichment of genes in annotations between MA9/FE LAMs and WT/FE macrophages or MA9 LAMs. Expression of M1

(C) and M2 (D) phenotype-associated genes in macrophages was detected by real-time PCR. For each gene, the RQ value of WT macrophages was
designated 1.000, respectively. (E) A two-dimensional illustration of the macrophage phenotype is shown. For each gene, the value of the WT
macrophages was designated 0. The mean values of the relative expression of genes mentioned above were used for the calculation and the M1 and
M2 values. The results are from three independent experiments. Unpaired Student’s t test; *p < 0.05; **p < 0.01; ***p < 0.001..
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FIGURE 4

Iron overload decreases the phagocytic ability of LAMs. (A) GSEA shows the enrichment of genes in annotations between MA9/FE LAMs and WT/FE
macrophages or MA9 LAMs. (B) Macrophages sorted from the BM of WT, WT/FE, MA9 or MAS/FE mice were cultured with FITC-labeled 2 um latex
beads for 15 mins, and the phagocytic activity was assessed by FACS (n=5). (C) Macrophages sorted from the BM of WT, WT/FE, MA9 or MA9/FE
mice were cocultured with sorted leukemia cells for 18 hrs. Cells were collected, and the proportion of GFP* cells was analyzed by FACS (n=5). AML
cells cultured alone were used as a blank control. The phagocytotic rate was calculated as follows: (100%- 18 hrs (test))-(100%- blank control).

(D, E) The expressions of CD47 on leukemia cells (D) and SIRPa. on LAMs (E) were detected by FACS. The results are from three independent
experiments. Unpaired Student's t test; *p < 0.05, **p < 0.01; ***p < 0.001.

CD8" T cells co-cultured with MA9/FE LAMs expressed higher  co-cultured with MA9 LAMs (Figure 6H, Supplementary Figures
levels of PD-1 and CD200R than those co-cultured with control ~ S5D-F). These results suggest that iron overload promotes LAMs
macrophages. Additionally, CD8" T cells co-cultured with MA9/FE  acquisition of tolerogenic phenotypes that may contribute to T
LAMs had higher expression levels of PD-1 and CD200R than those  cell exhaustion.
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FIGURE 5

Iron overload promotes LAMs-mediated T cell activation inhibition. (A) GSEA shows the enrichment of genes in annotations between MA9/FE LAMs
and WT/FE macrophages or MA9 LAMs. (B-1) Freshly sorted T cells from the spleen of WT mice were cocultured with macrophages from the BM of
WT, WT/FE, MA9 or MA9/FE mice in 48-well plates for 48 hrs (n=5). T cells cultured without macrophages were set as the blank group. Typical FACS
results (B) and the expression of CD25 in CD4" T cells (C) are shown. Typical FACS results (D) and the expression of CD25 in CD8" T cells (E) are
shown. Typical FACS results (F) and the expression of CD44 in CD4" T cells (G) are shown. Typical FACS results (H) and the expression of CD44 in
CD8* T cells (1) are shown. The results are from three independent experiments. Unpaired Student's t test; *p < 0.05; **p < 0.01; ***p < 0.001.
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Iron overload promotes LAMs-mediated T cell exhaustion. Macrophages from the BM of WT, WT/FE, MA9 or MA9/FE mice were sorted, and the
expression of immune checkpoint genes was analyzed. Typical FACS results (A) and the expression of PD-L1 in BM macrophages in MFI (B) are
shown. Typical FACS results (C) and the expression of CD200 in BM macrophages in MFI (D) are shown. Typical FACS results (E) and the expression
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from the BM of WT, WT/FE, MA9 or MA9/FE mice in 48-well plates for 48 hrs (n=5). T cells cultured without macrophages were set as the blank
group. The expressions of PD-1, CD200R and TIM-3 in CD4" (G) or CD8" (H) T cells were detected by FACS and are shown in MFI. The results are
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Iron overload accelerates AML progression
and depletion of LAMs hinders AML
progression

Given the suppressive phagocytic function of LAMs and LAM-
induced immune dysfunction in response to iron overload, we
investigated whether in vivo LAM depletion alters the effects of iron
overload on AML progression (Figure 7A). MA9/FE mice had a
significantly shorter survival time than MA9 mice. Although it
could not prolong the survival of either MA9 or MAY/FE mice
(Figure 7B), LAM depletion by liposomal clodronate significantly
decreased PB leukemia cell levels in both MA9 and MA9/FE mice
on day 26 (Figure 7C). Tissue sections from leukemic mice were
subjected to H&E staining showing that leukemia cell-infiltrating
areas in tissues, including the BM, liver, and spleen, were
significantly larger in MA9/FE mice than those in MA9 mice
(Figure 7D). The infiltration of leukemia cells in the pulmonary
veins was more severe in MA9/FE mice than that in MA9 mice.
Additionally, a massive aggregation of leukemia cells was detected
in the renal pelvis in MA9/FE mice. However, the depletion of
LAMs decreased the infiltration of leukemia cells in tissues,
including the BM, liver, spleen, lung and kidneys, in both MA9
and MAY/FE mice. Collectively, these findings indicate that iron
overload shortens the survival time of AML mice, whereas the
depletion of LAMs in iron-overload microenvironment hinders
AML development.

Discussion

In hematological malignancies, although iron overload in AML
is not as common as in MDS, systemic iron overload is still a big
clinical challenge as the results of ineffective hematopoiesis and
disease-specific therapies. The increased iron level correlates with a
poorer overall survival rate, a higher incidence of relapse and a
suppressed autologous stem cell mobilization in AML patients (11,
12, 40). Nevertheless, the pathological significance of iron overload
in AML has not received sufficient attention, and its pathological
roles and mechanisms have not been elucidated. So, it is necessary
to explore. The hematopoietic ecosystem comprises all cellular and
non-cellular component of the hematopoietic system (41). Iron
overload modifies the hematopoietic ecosystem to exert influence
on normal or disease hematopoiesis. We previously dissected the
direct effects of iron overload on leukemia cells (14). Here, we try to
understand the indirect effects of iron overload on leukemia
progression, i.e. the changes in other components of the
hematopoietic ecosystem, specifically HSCs and LAMs. The
results will give deeper understanding of the pathologic
mechanisms of iron overload in leukemia.

HSCs not only maintain the decreased production of normal
blood cells in leukemia, but also determine the effective recovery
from the disease. Evidence has shown the progressively suppressed
function of normal HSPCs in the impaired normal hematopoietic
niche during leukemogenesis (17, 18, 28, 29). Furthermore, an
intricate interplay between iron and HSCs has been revealed for
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HSC maintenance and fate decision (21, 22, 24, 42, 43). Both iron
overload and iron deficiency disrupt HSC homeostasis, highlighting
the delicate balance required for optimal hematopoietic function.
Here, we report that iron overload did not further impact HSC
maintenance in AML, which was distinct from those iron-induced
changes in HSCs under steady state and stress conditions (21, 42,
43). This difference may due to the complexity of the disease-
specific microenvironment. However, iron overload promoted the
colony-forming capacity and further skewed myeloid differentiation
of HSCs in AML. The myeloid-biased differentiation is one of the
characteristics of senescent HSC (44, 45). HSC senescence affects
the progression of leukemia, and is considered as a main factor
resulting in the high incidence of AML in the elderly, which has
important clinical implications. Intrinsic and extrinsic factors have
been implicated in driving HSC senescence, such as DNA damage
and mitochondrial damage, efc. (46, 47), which are also regulated by
iron (48). Thus, iron overload may be involved in HSC senescence
and play adverse roles in leukemia progression.

Different immune cells form the immunomicroenvironment in
the hematopoietic ecosystem. They play sophisticated roles in
leukemia (25, 28, 29, 49). Among them, macrophages attract
much attention (50, 51). Although the M1 (classically activated
macrophage) and M2 (alternatively activated macrophage) binary
classification of macrophage activation phenotypes is well accepted
(52), macrophage activation is more complex as they are signal-
dependently activated into a continuum of states between the two
extremes (31, 32). We previously found LAMs were educated by the
leukemic microenvironment to exhibit unique phenotypes and
functions (30-32). Recent studies suggested that iron metabolism
was involved in regulating macrophage polarization (53), and
induced tremendous plasticity of either M1- or M2- like
phenotype under distinct conditions (33-38). These seemingly
contradictory results highlight a context- dependent macrophage
polarization. Here, we established a connection between iron
metabolism and macrophage in AML. Iron overload correlates
with increased M2 macrophages, which further correlate with a
poor prognosis in iron overloaded AML patients. As the major iron
storage protein, ferritin consists of the heavy and light chains,
encoded by FTH1 and FTL genes. Using the expression level of
FTHI and FTL to reflect iron overload is not a specific indicator for
iron overload in leukemia and has limitation. However, due to
convenient sample collection and relatively low testing cost, ferritin
is still considered as the preferred method for diagnosing iron
overload in clinical practice. Dynamic monitoring the serum ferritin
level in a cohort can more accurately determine iron overload status
and give more solid conclusion. Nevertheless, analysis of
transcriptional levels of FTH1 and FTL genes from public
databases can also give clues for the correlation between
macrophage activation and prognosis in iron overloaded AML
patients. Using CD68 and CD163 to define macrophages and M2
macrophages in human is simple but has obvious limitations.
Despite the fact that M2 macrophages have great heterogeneity
and there is no well-accepted transcriptional profile to define M2
macrophages, using multiple genes or even whole genome
transcriptional profile will improve the performance. The
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FIGURE 7

Depletion of LAMs hinders iron overload caused acceleration of AML progression. (A) Schematic of the experiment design is shown. (B) The mouse
survival time was recorded, and Kaplan—Meier analysis was performed (n = 7). (C) PB leukemia cells were monitored at the indicated time points
during the progression of leukemia. (D) Typical H&E-stained sections of BM, liver, spleen, lung, and kidney are shown. Scale bars (100 um or 50 um)
are indicated. The results are from three independent experiments. Unpaired Student's t test; *p < 0.05,; **p < 0.01; ***p < 0.001.
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approaches like CIBERSORT-based immune de-convolution may
give better results. However, due to the simplicity and convenience
during the detection process at any time, using a typical marker to
define macrophages is still a well-adopted method in the literature.
Furthermore, we demonstrated a phenotypic shift, i.e. iron overload
educated LAMs to exhibit more M2 characteristics. It’s well
accepted that M1 or Ml-like macrophages have anti-tumoral
functions while M2 or M2-like macrophages are pro-tumoral
(54). Therefore, overloaded iron may further educate LAMs to
have more pro-leukemic effects.

Phagocytosis is an important functional characteristic of
macrophages. It’s an effective strategy in cancer immunotherapy to
potentiate macrophages for phagocytosis. We observed that iron
overload decreased the phagocytic potential of LAMs, suggesting a
decreased anti-leukemic effect. CD47/SIRPo. axis is a major pathway
in repressing the phagocytic function of macrophages (55, 56). CD47
was upregulated in iron-overload AML cells, which was consistent
with the results in hMRP8bcr/abl x hMRP8bcl2 leukemic cells (57).
By contrast, no difference was detected in the expression of SIRPo.
between MA9 and MA9/FE LAMs. Therefore, iron overload further
inhibited the phagocytosis of LAMs against leukemia cells. These
events may at least partly account for the accelerated AML
progression mediated by iron overload.

Macrophages are an essential regulator of the intricate immune
regulatory network in disease microenvironments. AML associated
immune dysfunction is also mediated by T cells with impaired
phenotypes (58-61), which is considered to be directly induced by
malignant cells. However, we previously suggested the crosstalk
between LAMs and T cells, and proved that LAMs directly regulated
T cell activation (31). Here, we further demonstrated that iron
overload promoted LAMs-mediated immunosuppression on T cells
in several ways. On the one hand, the decreased CXCL11 level, a
potent chemoattractant for T cells acting (62), expressed by LAMs
in iron-overload mice, may contribute to fewer effector T cells in
AML. On the other hand, iron overload induced the skewing of
LAMs toward a tolerogenic phenotype with aberrant immune
checkpoint expressions, which may contribute to T cell
exhaustion leading to immune escape and progression
acceleration in AML. Hence, due to the defective phenotype and
suppressed functions of LAMs caused by iron overload, we
postulated that LAM depletion might decrease the effects of iron
overload on AML. Successfully, LAM depletion by liposomal
clodronate attenuated iron overload-mediated acceleration of
AML progression. In line with this result, macrophage depletion
also delayed chronic lymphocytic leukemia development (63).
Hence, our data emphasize that in vivo manipulation of
macrophages has a pronounced impact on iron overloaded AML
progression and suggest that AML should be an excellent candidate
for cancer immunotherapy.

Taken together, we demonstrate that iron overload has a
significant impact on normal HSCs and LAMs in the leukemic
hematopoietic ecosystem, which contribute to the adverse roles of
iron overload in AML progression. Therefore, we identify that the
overloaded iron is a vital factor driving remodeling the BM
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microenvironment in AML. These findings provide new insights
into the pathophysiologic mechanisms of iron overload in AML and
broaden the knowledge of multifaceted roles of iron overload
in malignancies.
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