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Abstract

The bone marrow microenvironment of acute myeloid leukemia (AML) consists of various cell types and signaling
factors, which serve as a niche supporting leukemia cells in their invasion of the human body. However, a systematic
landscape of metabolic heterogeneity and its relationship with immunity in the AML microenvironment at single-
cell resolution has not yet been established. Herein, we addressed this issue by analyzing 208,543 bone marrow cells
from 40 AML patients and 3 healthy donors obtained from GSE130756. We focused on the metabolic preference of
AML progenitor cells and diverse immune cells, especially myeloid immune cells and T cells. Accordingly, the immune
evasion mechanism of leukemia cells was proposed from the view of the allocation of energy and oxygen, providing
a novel direction of treatment. Finally, we tentatively proposed potential targets for AML metabolic therapy, including
ENO1, GSTP1, MT-ND4L and UQCR11. Collectively, our analysis facilitates the development of personalized therapies

targeting unique immunometabolic profiles.

To the Editor,

Acute myeloid leukemia (AML) is a heterogeneous clonal
disease of hematopoietic stem/progenitor cells (HSPCs)
characterized by high morbidity, recidivity and lethal-
ity [1]. There is mounting evidence that the variation of
the bone marrow microenvironment contributes to the
immunosuppression and therapy effect of AML patients
[2]. Additionally, metabolic reprogramming and trained
immunity have gradually become hot targets in the tumor
microenvironment, providing a novel strategy for onco-
therapy [3, 4]. Thus, the metabolic regulation of the bone
marrow microenvironment in leukemia summarized by
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our team has been published in Blood Reviews [5]. How-
ever, there has been no systematic assessment of how
immunity influences metabolism in the leukemia niche.

Herein, we analyzed the normal and AML microenvi-
ronments with a total of 208,543 bone marrow cells from
40 AML patients and 3 healthy donors obtained from
GSE130756 (Additional file 1: Table S1), which came
from a high-throughput and low-cost single-cell RNA
platform — Microwell seq. The major cellular compo-
nents of normal and tumor cellular milieus were detected
by constructing the cell atlas according to Wu’s research.
[6] (Fig. 1a and Additional file 1: Fig. Sla, b).

The metabolic preferences of different cells in AML and
normal environments were of particular concern using
GSVA. As shown in Fig. 1b, although tumor cells were
characterized by rapid proliferation and metastasis [7, 8],
energy metabolism was at a relatively low rate compared
with that of tumor-infiltrating myeloid immune cells,
which obviously increased in the AML bone marrow
microenvironment. In contradiction with the Warburg
effect [9], oxidative phosphorylation and the tricarboxylic
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acid cycle are the major energy sources of AML progeni-
tor cells (Fig. 1b). Recent research suggests that leukemia
stem cell-enriched primary populations are metabolically
dormant and are more dependent on aerobic respiration
than glycolysis for energy production [10], which is con-
sistent with our results (Fig. 1b). Surprisingly, amino acid
pathways are the main “building blocks” in metabolism
microenvironments (Fig. 1c). Moreover, the genes related
to metabolic enzymes and the metabolic activity of T
cells in the tumor microenvironment (TME) decreased
significantly (Additional file 1: Fig. S2a—e). By this token,
the existence of AML progenitor cells promotes the for-
mation of the TME, and most immune cells enhance
their expression of metabolic genes with leukemia cells,
further influencing T cells by decreasing their metabolic
genes and disturbing their energy acquisition, resulting in
damage to the T-cell killing effect.

It is well known that monocytes can polarize to the M1
or M2 phenotype, with anti-inflammatory or proinflam-
matory respectively, similar to neutrophils [11]. We suc-
cessfully distinguished the phenotype of myeloid immune
cells and analyzed their polarization ratio (Fig. 1d, Addi-
tional file 1: Table S2 and Fig. S3). The results show that
the AML bone marrow microenvironment has high lev-
els of myeloid cell infiltration with the increasing pro-
portion of the anti-inflammatory phenotype. Next, we
explored the nutrient and oxygen allocation of leukemia
cells and tumor-infiltrating immune cells in the TME
via GSEA (Additional file 1: Fig. S4-S6). Therefore, we
supplemented the AML immune escape mechanism
once more. Although myeloid immune cells might be
the major energy consumers in the TME, rapidly prolif-
erating leukemia cells deprive them of oxygen, and the
hypoxic microenvironment then affects the direction of
polarization.
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Then, we depicted the communication profile by Cell-
PhoneDB and CellChat. We found that AML progenitor
cells prefer to communication with myeloid immune cells
with an immunosuppressive phenotype (Fig. 1e). Moreo-
ver, the outgoing and incoming signaling profiles of each
cell group were shown, and the signaling pattern in the
TME was uncovered (Additional file 1: Fig. S7, S8). Com-
bining the role played by signaling patterns in metabo-
lism (Fig. 1f and Additional file 1: Table S3), leukemia
cells affect the metabolic characteristics of immune cells
through information communication with surrounding
cells, and vice versa. Immune cells can further influence
the leukemia under the action of signaling factors, form-
ing a feedback loop in the TME.

Finally, a volcano map, GO terms and PPIs of metabolic
differential genes related to AML progenitor cells and
HSPCs are shown (Additional file 1: Fig. S9 and Fig. 2a).
We screened 4 metabolic genes with statistical signifi-
cance related to survival (P <0.05) ENO1, GSTP1, MT-
ND4L and UQCR11, via the GEPIA website (Fig. 2b).
ENOI1 is associated with glycolysis, but MT-ND4L and
UQCRI1 are related to oxidative phosphorylation. More-
over, GSTP1 have antitumor effects, and both serve as
prognostic indicators for AML patients.

Conclusion

Overall, this study is the first to illustrate the immune
evasion mechanism of leukemia cells from the perspec-
tive of metabolism, energy, oxygen and immunity of the
bone marrow microenvironment by scRNA-seq. Cru-
cially, potential metabolic targets of treatment with
clinical significance were proposed (Fig. 2c), which is
important for future studies to further explore metabolic
treatments for AML. However, our work lacks AML sam-
ples for validation, and we need to verify these results in
subsequent design experiments.

(See figure on next page.)

metabolic pathways separately

Fig. 1 a Cell identification of the AML bone marrow microenvironment. b Metabolic heatmap of progenitor cells and immune cells from tumor
and normal bone marrow microenvironments. The energy metabolism of AML progenitor cells is at a relatively low rate compared with that

of tumor-infiltrating myeloid immune cells, including monocytes and neutrophils. Moreover, oxidative phosphorylation, and the tricarboxylic
acid cycle play important roles in glucose metabolism in AML progenitor cells. In addition, amino acid pathways are substantially more active

in tumors. Compared with the normal microenvironment, the metabolic activity of T cells in the TME decreases significantly, but myeloid
immune cells increase markedly (red indicates high expression, and blue indicates low expression). ¢ Metabolic preference of cells in the TME.
GSVA was performed by scoring the three major metabolic pathways, and the results showed that amino acid metabolism is the main source
of cell energy in the AML bone marrow microenvironment. d The ratios of anti-inflammatory phenotype cells (M2/N2) in normal and AML bone
marrow microenvironments. The proportion of neutrophils and monocytes polarized toward the anti-inflammatory phenotype (M2/N2) in the
TME is greater than that in the normal microenvironment. e Heatmap of cell-cell interactions. AML progenitor cells prefer to communicate with
myeloid immune cells with an immunosuppressive phenotype, especially monocyte_CD14 high (red indicates high expression, and blue indicates
low expression). f Relationships between signaling patterns and metabolism. The significant inflammatory cytokines participate in three major
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Fig. 2 a Biological process and pathway enrichment. The top-scoring pathways related to metabolism and focused on OXPHOS, hinting at the
metabolic characteristics of LSCs. b Survival analysis of AML metabolic differential genes (P <0.005). ¢ Immune escape mechanism of the AML bone
marrow microenvironment. In the AML bone marrow microenvironment, leukemia cells compete with immune cells for nutrients and oxygen.
Leukemia cells enhance their metabolic activity to satisfy energy demand. Myeloid immune cells are the major energy consumers and increase
their proportions of anti-inflammatory cells, which have close communication with leukemia cells. Moreover, T cells weaken the cytotoxic effect by
decreasing their metabolic gene expression levels and have little interaction with tumor cells. Furthermore, ENO1, GSTP1, MT-ND4L and UQCR11 are
potential metabolic targets for AML treatment
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