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Abstract

Interactions between acute myeloid leukemia (AML) and the bone marrow microenvironment
(BMME) are critical to leukemia progression and chemoresistance. Altered metabolite levels in the
tumor microenvironment contribute to immunosuppression in solid tumors, while this has not been
studied yet in the leukemic BMME. Metabolomics of AML patient bone marrow serum detected
elevated metabolites, including lactate, compared to age- and sex-matched controls. Excess lactate
has been implicated in solid tumors for inducing suppressive tumor-associated macrophages
(TAMs) and correlates with poor prognosis. We describe the role of lactate in the polarization of
leukemia-associated macrophages (LAMSs) using a murine model of blast crisis chronic
myelogenous leukemia (bcCML) and mice genetically lacking the lactate receptor GPR81. LAMs
were CD206" and suppressive in transcriptomics and cytokine profiling. Yet, LAMs had a largely
unique expression profile from other types of TAMs. We demonstrate GPR81 signaling as a
mechanism of both LAM polarization and the direct support of leukemia cell growth and self-
repopulation. Furthermore, LAMs and elevated lactate diminished the function of hematopoietic
progenitors and stromal support, while knockout of GPR81 had modest protective effects on the
hematopoietic system. We report microenvironmental lactate as a critical driver of AML-induced
immunosuppression and leukemic progression, thus identifying GPR81 signaling as an exciting and

novel therapeutic target for treating this devastating disease.

INTRODUCTION
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Acute myeloid leukemia (AML) is within the top ten cancer subtypes that have the greatest number of
deaths per year in the U.S. [SEER, NIH]. It has a nearly 90% mortality rate at five years past diagnosis
in the most affected age group of greater than 65 years of age (1). Myeloid cells are an important
class of blood and immune cells, including macrophages, neutrophils, megakaryocytes, and
erythrocytes. AML is a hematologic malignancy initiated by genetic mutations in immature myeloid
progenitor cells. Leukemic blasts undergo an uncontrolled proliferation (clonal hematopoiesis) and
then accumulate in the bone marrow (BM) and other tissues (2). Dysfunction of the bone marrow
microenvironment (BMME) ensues, leading to a loss of normal blood cell production and an immune-
suppressed BM. These are critical factors in fatality due to infection, hemorrhage, or BM failure (3,4).
Chemotherapies initially reduce leukemic burden; however, relapse occurs in most patients, and there
are various adverse effects on already stressed hematopoietic tissues (5,6). With approximately

20,000 new cases annually in the United States alone [SEER, NIH] and an increasing global incidence

(7), there is a clear, unmet need for novel treatment options.

Immunotherapy has been an avenue of recent innovation in treating cancer, yet implementing
effective and safe immunotherapies for AML remains challenging. The development of
immunotherapy that will specifically target myeloid leukemia cells is especially difficult because tumor
specific antigens are also found on noncancerous myeloid cells. Furthermore, thus far, the
combination of chemotherapy and immunotherapy has not yet been effective in clearing leukemic
stem cell (LSC) populations that lead to relapse in AML (8). In addition, the therapeutic triggering of
an immune response in the BM to kill leukemia cells must be carried out with care not to harm the
important blood progenitor cells that are produced there. Still, immunotherapies have been greatly
successful in the treatment of other types of leukemia; there are currently ten FDA-approved
immunotherapies for lymphoblastic leukemias, such as CAR T cell therapies and targeted antibodies.

This warrants further investigation for myeloid leukemia immunotherapy.
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Signaling within the BMME directs all blood cell precursors to be produced from hematopoietic
stem cells (HSCs). When not circulating, HSCs reside at endosteal and perivascular areas within the
BM, termed HSC “niches”, where they receive signals from specialized cells to remain quiescent, self-
renew, or exit the niche to begin to differentiate into hematopoietic progenitors. Multiple cell types
have been implicated in the regulation of HSCs including specialized subsets of mesenchymal stromal
cells (MSCs) (9,10), osteoblasts (OBs) (11,12), endothelial cells (13-15), and macrophages (16).
Niche cells signal by cell-cell contact and secretion of numerous regulatory factors, including
extracellular cytokines and inflammatory molecules (9,17-21). Therefore, the BMME must maintain
cellular and extracellular composition for hematopoietic homeostasis. BMME alterations can initiate
or support leukemogenesis, and, reciprocally, leukemia results in an altered BMME (22-24).
Furthermore, AML cells take refuge at the niche, leading to relapse when LSC populations survive
and repopulate after treatment (25,26). A thorough understanding of the microenvironment is needed

to improve treatment and identify potentially safe therapeutic targets.

Solid tumor microenvironments have altered levels of extracellular metabolites, which render
immune cells ineffective while supporting cancer cells (27,28). Thus far, the contribution of
extracellular metabolites to AML progression has not been well-defined. Elevated tumor metabolites
are attributed to the amplified metabolic drive of cancer cells and increased cellular density within the
tumor (29). In contrast, the BMME has a less compact tumor architecture, with ample vessel
availability for nutrient and oxygen transfer throughout. Our research aimed to determine if
microenvironmental metabolites are also altered in the leukemic BMME, and whether they contribute

to an immunosuppressive microenvironment and cancer progression.
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A hallmark of cancer is the “Warburg Effect”, the ongoing production of energy through aerobic
glycolysis, even with fully functional mitochondrial oxidative phosphorylation (OXPHOS) (30). While
AML subtypes, and even leukemic cells within an individual, are heterogeneous in their preferred
metabolic route, many AML cells upregulate both glycolysis and OXPHOS, and leukemia cells are
dependent on glycolysis for survival (31,32). In a final step of glycolysis, pyruvate is converted to
lactate while the critical metabolic coenzyme NAD™ is regenerated. The cell then exports lactate to the
extracellular space. In noncancerous tissues, lactate is converted back to pyruvate by lactate
dehydrogenase (LDH). However, the rate of lactate production by cancer cells exceeds this
conversion by LDH, and lactate accumulates. Lactate concentrations have been reported to be
elevated 5-30-fold in solid tumors and this correlates with poor prognosis (33,34). Recently, increased
lactate in the BM during AML has been reported (35), though this is not yet well-documented. We
hypothesized that metabolites including lactate accumulate in the AML BMME, driving immune

suppression and leukemic progression.

Apart from a metabolic substrate, lactate itself acts as a signaling molecule through multiple
routes. It is an extracellular ligand to the cell-surface “lactate sensor”, G-protein-coupled
hydroxycarboxylic acid receptor 1 (GPR81/HCAR1) (36). GPR81 activation by lactate regulates
cancer cell glycolysis, is crucial for cancer cell survival, and contributes to chemoresistance (37-39).
Also, intracellular lactate levels are coordinated by import/export through monocarboxylate
transporters (MCT)-1 and -4 (40,41). Inside the cell, lactate activates signaling pathways for stress
and growth, such as transcription factor hypoxia-inducible factor-1 (HIF-1) and can be consumed as
metabolic fuel via the TCA cycle (42). Targeting intracellular lactate by inhibiting MCT1/4 or LDH has
been studied as a therapeutic approach for terminating AML cells, which may be more reliant on high
rates of glycolysis than nonmalignant cell types in the BM (31,43). However, a drug targeting these

key cellular proteins may have adverse effects on the nearby stressed hematopoietic system that also
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relies on glycolysis and normal lactate transport for homeostasis. Therefore, a method to target lactate

signaling in leukemia will be useful if it will spare the hematopoietic system.

GPR81 signaling has been linked to the pathophysiology of both cancer cells and the immune-
suppressed tumor microenvironment. Downstream of GPR81 activation in cancer cells, pathways are
upregulated for growth and survival, DNA repair proteins, chemoresistance via compound export (ex.
ABCBL1 transporter), and MCT1/4 expression (37-39). Increased GPR81-lactate signaling has dual
immunoevasive effects, by upregulating PD-L1 on cancer cells, and dysregulating antigen-presenting
cells in lung and breast cancers (44,45). It has also been reported that in leukocytes, such as
macrophages, GPR81 inhibits NF-kB signaling and inflammasome activity (46). However, GPR81

signaling has not yet been studied in AML.

An immune-suppressed BM is well-known in AML, yet lactate has never been directly
connected to this. Lactate signaling in tumors contributes to immunosuppressive tumor-associated
macrophages (TAMSs) that correlate with poor prognosis in multiple cancer types (33,47-52). Activation
of macrophages to a classic/proinflammatory phenotype is marked by expression of inducible nitric
oxide synthase (INOS/Nos2), which mediates the cytotoxic production of NO to assist pathogen killing
and phagocytosis, but suppressive macrophages are alternatively activated and instead express
Arginase 1 (Argl), the enzyme involved in depleting the substrate of INOS, L-arginase (53,54).
Alternative activation generally occurs during the resolution phase of an immune response such as
wound healing, yet chronic immune signals in the cancer microenvironment cause macrophages to

become polarized, rendering T cells less effective towards attack of cancer cells.

Recently, macrophages from AML BM have been found to be alternatively activated, have

decreased phagocytosis, experimentally worsened leukemic transformation, and correlate with poor
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prognosis (55,56). Repolarization of macrophages toward a more pro-inflammatory phenotype
impacts disease state and survival time in murine models of AML (56,57). Still, little is known about
the molecular mechanisms by which leukemia-associated macrophages (LAMs) are polarized to this
phenotype and their specific functions. We hypothesized that elevated bone marrow lactate leads to
polarization of LAMs to an immunosuppressive phenotype via GPR81. This research aimed to
determine if, like solid tumors, lactate contributes to both a suppressive macrophage phenotype and
direct support for AML cell growth and resistance pathways. Additionally, we investigated whether

GPR81 signaling contributes to the pathologic loss of healthy blood cells observed in AML

progression, and whether therapeutically targeting GPR81 would affect normal hematopoiesis.

Materials and Methods

Sampling of human bone marrow extracellular fluid

Deidentified bone marrow aspirates were collected from patients, and immediately centrifuged to
remove cells. The supernatant was quickly taken to storage at -80°C until use. Patients were eligible
if they were diagnosed de novo for AML, and other samples were taken from age- and sex-matched

healthy controls.

Metabolomics by liquid chromatography coupled with mass spectrometry (LC/MS-MS)

See Supplementary Methods

Murine strains and AML model
All murine experiments were performed using male and female wild type C57BL/6J mice

(RRID:IMSR_JAX:000664) or Gpr81’- (GPR81KO) mice on the same background. Experiments
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were performed using the following murine model of AML: A previously established model of blast
crisis chronic myelogenous leukemia (bcCML) (23,58,59), an acutely progressing malignancy
resulting in the accumulation of myeloid blasts in the BM. For more information on murine strains,

ethics, and disease model generation, see Supplementary Methods.

Flow cytometry and fluorescence-activated cell sorting (FACS)

Bone marrow samples underwent red blood cell lysis prior to flow cytometric analyses (see
Supplementary Methods). All samples were resuspended in 1X phosphate-buffered saline (PBS)
(Corning 21-040-CV) with added 2% heat-inactivated fetal bovine serum (htFBS) (Gibco 26140079,
heat-treated at 56°C for 30 min). All antibodies for flow cytometry and cell sorting were obtained
commercially. See Supplementary Methods Table 1 (Table SM1) for a list of flow cytometry
antibodies and Supplementary Methods Table 2 (Table SM2) for markers and gating strategies
used. Fluorescence minus one (FMO) prepared using cells, and positive controls prepared using
UltraComp eBeads compensation beads (ThermoFisher Invitrogen 01-2222-42), were used in each
experiment to ensure accurate staining and appropriate gating. Only the live, single cells were
considered in analyses, where single cells were determined by side scatter and forward scatter, and
live cells were distinguished by DAPI live/dead nuclear stain. Flow cytometric analyses were
performed at the University of Rochester Wilmot Cancer Center on an LSRFortessa Cell Analyzer
(BD Biosciences), and FACS was performed at the Flow Cytometry Core at the University of
Rochester Medical Center on a FACSAria Il system (BD Biosciences) with an 85-micron nozzle at
4°C, using FACSDiva software (BD Biosciences, RRID:SCR_001456), and then analyzed using

FlowJo v10 software (BD Biosciences, RRID:SCR_008520).

Simplified Presentation of Incredibly Complex Evaluations (SPICE)
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The SPICE analysis was performed using SPICE 6 software (RRID:SCR_016603) publicly available

through the NIH NIAID site.

RNA sequencing (RNAseq)

RNA sequencing and analysis were performed by the University of Rochester Genomics Research
Center. Demultiplexing, quality control, alignment, and analysis methods: Raw reads generated from
the lllumina basecalls were demultiplexed using bcl2fastq version 2.19.1. Quality filtering and
adapter removal are performed using FastP version 0.23.1 (RRID:SCR_016962) with the following
parameters: "--length_required 35 --cut_front_window_size 1 --cut_front_mean_quality 13 --
cut_front --cut_tail_window_size 1 --cut_tail_mean_quality 13 --cut_tail -y —r" (60).
Processed/cleaned reads were then mapped to the GRCm39/gencode M31 reference using
STAR_2.7.9a with the following parameters: "—twopass Mode Basic --runMode alignReads --
outSAMtype BAM Unsorted — outSAMstrandField intronMotif --outFilterintronMotifs
RemoveNoncanonical —outReadsUnmapped Fastx" (61,62). Genelevel read quantification was
derived using the subread-2.0.1 package (featureCounts, RRID:SCR_012919) with a GTF
annotation file GRCm39/gencode M31, and the following parameters for stranded RNA libraries "-s
2 -t exon -g gene_name" (63). Differential expression analysis was performed using DESeq2-1.34.0
with a P-value threshold of 0.05 within R version 3.5.1 (https://www.R-project.org/) (64). A PCA plot
was created within R using the pcaExplorer to measure sample expression variance (65). Heatmaps
were generated using the pheatmap package (RRID:SCR_016418) using rLog transformed
expression values (66). Gene ontology analyses were performed using the EnrichR package
(RRID:SCR_001575) (67-69) Volcano plots and dot plots were created using ggplot2

(RRID:SCR_014601) (70).

Transcriptomic pathway analysis and GSEA
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See Supplementary Methods

Macrophage cytokine profiling

To identify differential cytokines secreted by LAMs and normal macrophages: A stromal monolayer
of murine whole bone marrow was grown in complete to confluency in “complete” (with 10% htFBS
and 1x antibiotic-antimycotic (anti-anti) (Gibco 15240062)) Minimum Essential Medium a (MEM a)
(with nucleosides and L-glutamine, without ascorbic acid, Gibco A10490-01). Macrophages were
then sorted from nonleukemic mice or LAMs were sorted from bcCML mice via FACS. The
macrophages were cocultured in the stromal monolayer dish for 4 days to establish a
microenvironment, then the cell culture media was collected and stored immediately at -20C until
use. The Proteome Profiler Mouse XL Cytokine Array (Bio-Techne (Minneapolis, MN, USA) R and D
Systems ARY028) was used according to manufacturer protocol to perform an ELISA for a variety of
cytokines. The blot was imaged using the ChemiDoc MP Imaging System (Bio-Rad (Hercules, CA,
USA)) and Image Lab software (Bio-Rad) on the western blot high sensitivity setting for automatic
exposure. Images were equally adjusted for background and the blot was qualitatively assessed for

cytokine presence.

Bone marrow-derived macrophage (BMDM) production

Whole BM was plated in a vented tissue culture-treated 75cm? flask (NEST 708001) overnight in
complete Dulbecco’s Modified Eagle Medium (DMEM) (Corning 10-013-CV). The next day, all non-
adherent cells were transferred in the same culture media to be plated on 12-well cell culture dishes
at 400,000 cells/well in 1 mL + recombinant murine macrophage colony-stimulating factor (M-CSF)
(PeproTech 315-02), plus any treatment conditions. Media was changed on day 4 including
stimuli/lactate, and differentiation to BMDMs was complete by day 7, where cells were either treated

or grown/passaged up to P1.

10
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Macrophage polarization experiments
Treatment groups were serum-starved for 6 hours before treatment (DMEM, anti-anti, and M-CSF
without htFBS), and treatment conditions (100 ng/mL lipopolysaccharides (LPS) from E. coli O55:B5
(Sigma-Aldrich (St. Louis, MO, USA) L6529), or 5 ng/mL of recombinant murine interleukin (IL) -4
and -13 (IL-4, IL-13) (ILs) (ThermoFisher (Watham, MA, USA) PeproTech (Cranbury, NJ, USA) 214-
14, 210-13), were added to the serum-free media for the time indicated. To remove cells for flow
analysis, 0.25% trypsin-EDTA (ThermoFisher Gibco 25200056) was added for 5 min then cell
scrapers were used. Additional syrosingopine (Sigma SML 1908, resuspended in DMSO)

treatments were done at 5 uM. To determine if polarization is reversible, BMDMs were treated with

polarization stimuli for 24 hours, then changed to fresh media and cultured for up to 48 hrs.

Quantitative real-time polymerase chain reaction (QRT-PCR)

Cells were grown to 70% confluency in corresponding media in tissue culture-treated 12-well plates.
Media was changed to serum-free media for 12-24 hours before lactate treatment. Lactate was
added to wells at 10 mmol/L and cells were cultured for the desired time. For BMDMs 5 ng/mL of IL4
and IL13 was also added to stimulate polarization. Wells were treated for 0, 1, 2, 4, 6, or 9 hours,
and cells were then removed from the well by treatment with 0.25% trypsin-EDTA for three minutes
then by the additional use of a cell-scraper for macrophage cultures. All cells were collected in an
Eppendorf tube and centrifuged at 3000 x g for 3 minutes to pellet the cells. The supernatant was
removed, and cells were resuspended in RLT lysis buffer (Qiagen), then stored at -20C until RNA
extraction by RNeasy Plus Mini Kit (Qiagen 74134). The cDNA libraries were then prepared using
the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, ThermoFisher 4368814).
The TagMan Gene Expression Master Mix (ThermoFisher 4369016) was used for gRT-PCR along

with the following TagMan Gene Expression Assays (FAM) (ThermoFisher 4331182): Gpr81/Hcarl

11
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mouse (Mm00558586_s1), Mctl mouse (Mm01306379 _m1l), Mct4 mouse (Mm01246825 m1),
Argl mouse (Mm00475988 m1), iINOS mouse (Mm00440502_m1), and beta-actin mouse
(MmO04394036_g1). The assay was run on the QuantStudio 12KFlex Real-Time PCR System at the
UR Genomics Research Center. The relative quantification (RQ) of mMRNA expression was

calculated using the 2% method (Ct = cycle threshold).

Colony forming unit (CFU-C) assays

To plate cells for CFU-Cs, all cells were collected from the wells by collecting the media with non-
adherent cells in a 15 mL conical tube, and then using 0.25% trypsin-EDTA on the adherent cells for
five minutes then flushing the wells with fresh MEM a and adding it to the tube. Cells were pelleted
by centrifugation for five minutes at 900 x g. Then, cells were resuspended in 0.5 mL of MEM a.
From here, both 1:20 and 1:100 dilutions were made in 2.5 mL of media in separate Eppendorf
tubes. Then, 0.2 mL of these dilutions were resuspended each in 2.5 mL aliquots of MethoCult
(StemCell Technologies (Vancouver, CA) M3434) methylcellulose-containing media and
immediately plated in duplicates of 1.2 mL into 35mm x 10mm sterile suspension culture dishes
(Corning (Corning, NY, USA) 430588). These were placed inside a sterile 150 mm x 25 mm dish
(NEST (Woodbridge, NJ, USA) 715001), with one open dish of sterile dH20 in the center to retain
humidity and prevent drying of the cultures. These were incubated for 10-14 days (5% COz2; 37C),
then colonies were counted using a microscope. For a description of experimental conditions see

Supplementary Methods.

Additional Methods can be found in Supplementary Methods

Results

12
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Extracellular metabolite levels are altered in bone marrow of AML patients, including elevated
lactate

To profile the metabolite levels of the AML bone marrow microenvironment (BMME), we performed
metabolomics on serum from bone marrow (BM) biopsies of AML patients at diagnosis, as well as
healthy age- and sex-matched controls (Fig. 1A). The disease samples included different age, sex,
and mutational subtypes (Supplementary Table S1). AML bone marrow displayed a general increase
in extracellular metabolites (Fig. 1B and 1C). Six metabolites were significantly altered during disease,
listed in Table 1, and, of these, lactate was the most highly elevated. Lactate concentrations were
measured to be approximately 2-5-fold higher in AML BM compared to controls (Fig. 1D). Collection
of BM aspirate unavoidable dilutes the sample with peripheral blood, so actual lactate concentrations

in vivo are likely greater than the reported concentrations.

Next, we aimed to identify a murine model to study lactate signaling in the leukemic BMME in
vivo. We performed metabolomics on BM extracellular fluid from a murine model of blast-crisis chronic
myelogenous leukemia (bcCML) (Supplementary Fig. 1A). BcCML cells contain translocation gene
products BCR-ABL (Philadelphia chromosome) and NUP98-HOXA9 commonly found in myeloid
leukemias and will engraft and then accumulate rapidly in the BM; this model of bcCML has been
previously characterized and presents similarly to AML in humans (23,58,71-73). BcCML is especially
useful in the study of the BMME because irradiation is not necessary to precondition the BM before
transplantation of leukemic cells. Therefore, all changes observed in the microenvironment are without
confounding effects of radiation. BcCML presented with elevated BM metabolites and lactate
(Supplementary Fig. 1B). Supplementary Table S2 lists the compounds with significantly altered
levels. The lactate increase in the bcCML BM was relative to human AML BM (Supplementary Fig.

1C and 1D), demonstrating that this model is well-suited to study elevated lactate in the AML BMME.
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Leukemia-associated macrophages are alternatively activated to a CD206", suppressive
phenotype

We hypothesized that elevated lactate has a role in AML BM immune suppression through
macrophage polarization, as it does in solid tumors. Using flow cytometry, we profiled the activation
phenotype of leukemia-associated macrophages (LAMs) (Ly-6C-, Ly-6G-, CD45", F4/80*) in the BM
of bcCML mice, compared to nonleukemic (NL) controls (Fig. 2B). BcCML cells were distinguished
from nonleukemic myeloid lineage cells by green fluorescent protein (GFP) co-expressed with the
leukemic gene. Well-described  macrophage  activation markers were  surveyed:
classic/proinflammatory CD38 and major histocompatibility complex class 1l (MHCII) (74,75), and
alternative/suppressive early growth response protein 2 (EGR2) and macrophage mannose receptor
(MR/CD206) often found on tumor-associated macrophages (TAMs) (48,53,76-78). The software
“Simplified Presentation of Incredibly Complex Evaluations” (SPICE 6.1) (NIH) was used to quantify
the frequency of all combinations of macrophages based on the antibodies used. This unbiased
approach identified a subset of LAMs increased in disease that overexpressed both CD206 and MHCII
compared to NL macrophages (Fig. 2B), indicating a shift in macrophage subpopulations in the BM
during leukemia. This subpopulation expressing both classic and alternative polarization markers
reinforces the oversimplification of grouping macrophage activation states into M1/pro-and M2/anti-
inflammatory based on markers (79), hence why we are not using the traditional M1-like and M2-like

terminology herein.

Globally, there was an increase in the frequency of CD206" LAMs (Fig. 2C) and expression
level of CD206 was increased on the CD206" LAMs compared to NL macrophages (Fig. 2D),
indicating a higher extent of polarization in LAMs compared to NL. The increase in CD206 was distinct

to non-leukemia-derived (GFP") cells displaying the macrophage markers, and not from the myeloid
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leukemia cells that display similar markers. CD206 was elevated throughout the disease course when
>20% leukemia cells were present in the BM (Supplementary Fig. 2A). Despite the subset of LAMs
identified by SPICE as increase in disease, the global frequency of macrophages positive for MHCII
was lower in bcCML, and CD38 and EGR2 were unchanged (Supplementary Fig. 2B-D). The shift
towards high CD206 and low MHCII on LAMs indicates an alternatively activated/suppressive
phenotype. Interestingly, macrophages from leukemic spleen were less activated, supporting that the
BM is the source of polarization stimuli (Supplementary Fig. 2E-I). An increase in CD206 was

detectable on BM LAMs by an early stage of disease (7-10% leukemic cells in the BM)

(Supplementary Fig. 2J and 2K).

We further examined the functional phenotype of LAMs by transcriptional profiling. RNA
sequencing (RNAseq) was performed on BM LAMs or NL controls. The LAM transcriptome was
distinct from NL macrophages (Fig. 2E and 2F). Top significantly downregulated Gene Ontology (GO)
pathways identified by EnrichR analysis included neutrophil interactions and cell cycle control
(Supplementary Fig. 2L). Top upregulated pathways were associated with regulation of immune and
hematopoietic cells (Supplementary Fig. 2M). This supports an alternative function of LAMs, with a
contribution to the immune-privileged and dysregulated hematopoietic BMME observed in AML.
Proteome profiling detected several cytokines exclusively expressed by LAMs (Fig. 2G and Table 2).
These cytokines have previously been implicated in solid tumors for an immunosuppressive
microenvironment (CCL12, CCL6, PCSK?9) (80,81), tumor cell proliferation and invasion (CXCL10)
(82), immune cell chemotaxis (CCL12/MCP-5, CXCL10) (80,82), and tumor growth and metastasis

(CXCL5/LIX, MMP3, proprotein convertase 9 (PCSK9)) (83-85).

To our knowledge, this is the first published transcriptomic dataset of murine TAMs from

leukemic bone marrow. As such, we asked whether LAMs share transcriptional similarities/differences
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with TAMs from other types of cancers. LAMs were compared and contrasted to murine F4/80* TAMs
from solid tumors models of colorectal metastasis (CM) (86) and breast cancer (BC) (87) (accessed
via the NIH National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEQO)).
A pathway analysis identified common GO elements upregulated/downregulated in LAMs and TAMs
compared to their internal controls (Fig. 2H). Common upregulated GO elements are listed in Table
3. Only two GO elements were common to LAMs and both types of TAMs. One was C-type lectin
receptor (CLR) signaling, which functions in immunometabolism and macrophage polarization
(88,89). CLRs recognize polysaccharides, namely from pathogens, and a notable CLR is the mannose
receptor (MR) (90), also known as CD206, which we identified as elevated in LAMs. The other was
nuclear casein kinase and cyclin-dependent kinase substrate 1 (NUCKS1), a nuclear DNA binding
protein. NUCKS is a highly phosphorylated protein ubiquitously expressed in mice and humans,
implicated in signal transduction related to the cell cycle and DNA damage response. NUCKS also
regulates inflammation through NF-kf mediated cytokine expression (91). Though NUCKS

overexpression in various cancers has been reported (92,93), the role of NUCKS in macrophage

polarization and function has not yet been studied.

LAMs shared an additional six common elements with TAMs from CM: tumor necrosis factor
(TNF) and transforming growth factor B (TGF-B) signaling, two key pathways in immunomodulation
generally related to T cells and the permissive cancer microenvironment (94-96); IRF8, involved in
chronic inflammation, myeloid differentiation, and the activation of macrophages (97), and two
parasite-response pathways. However, there were generally few common pathways between LAMs
and TAMs. A greater number of downregulated elements were shared, the majority of which are
related to the cell cycle (Supplementary Table S3), suggesting that augmented growth/replication

occurs in cancer-associated macrophages from solid tumors and leukemic BM.
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Then, to directly compare the LAM transcriptome to TAMs, gene set enrichment analyses
(GSEA) were performed using “hallmark” gene sets from the Human Molecular Signatures Database
(MSigDB), which are genes associated with well-defined biological states/pathways that have
homology in mice and humans (Fig. 2I). Table 4 lists the gene sets enriched in LAMs as compared
to both CM and BC TAMs, these include cell growth and cell cycle control (MYC targets, E2F targets,
DNA repair, G2M checkpoint, MTORCL1 signaling, PIBK/AKT/mTOR pathway), cell metabolism (both
OXPHOS and glycolysis, and fatty acid metabolism), allograft rejection, heme metabolism, and cell
stress pathways (reactive oxygen species and unfolded protein response). Additionally, compared to
CM TAMs, LAMs were enriched for the inflammatory signaling pathway IL2/STATS5 involved in the
development of Tregs and PD-L1 expression, recently reported in AML (35,98). LAMs were also
enriched for the growth and cellular stress pathway PI3K/AKT/MTOR signaling (polarizes
macrophages to an alternative phenotype (99)), protein secretion, the cell-cycle P53 pathway, and
apoptosis (for a full list see Supplementary Table S4). Instead, gene sets enriched in both TAM types
compared to LAMs included epithelial to mesenchymal transition and angiogenesis (Fig. 2N), which
are functions more relevant to solid tumors. BC TAMs were also more enriched than LAMs for several

inflammatory signaling pathways (see Supplementary Table S5). In all, LAMs are alternatively

activated, yet they largely differ from TAMs and therefore should be separately investigated.

Lactate signaling through GPR81 contributes to the suppressive phenotype of leukemia-
associated macrophages

Next, we addressed whether the increased BM lactate polarizes LAMs to the CD206", suppressive
phenotype. To isolate the effect of lactate, bone marrow-derived macrophages (BMDMs) were treated
in vitro with physiologically relevant levels of lactate. To determine a physiologically relevant level we
considered the following: BM extracellular lactate concentrations are likely higher in vivo than the

measured mean concentration 4 mmol/L because AML patient BM biopsy samples are unavoidably
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diluted by some peripheral blood upon collection. Also, we postulate that areas exist near AML cell-
dense pockets that are higher in lactate concentration, as the BM is known to be spatially
heterogeneous for concentrations of similar molecules, and pH (100). Therefore, 5-15 mmol/L of
lactate was added for experiment treatments. As positive controls, we used lipopolysaccharide (LPS)
as proinflammatory/ classic macrophage polarization stimuli, or interleukins (IL)-4 and -13 (IL-4, IL-
13) as stimuli for alternative macrophage activation (101-104). IL-4/13 are well-described Type 2

helper T (Th2) cytokines produced in inflammatory responses such as tissue repair that persist during

chronic type 2 inflammatory states, such as the AML BMME (105).

Polarization to CD206" BMDMs increased when lactate was combined with IL-4 and IL-13 (Fig.
3A and 3B), compared to treatment with lactate or ILs alone. This indicated that lactate primes
alternative macrophage polarization. Interestingly, the polarized state was nonpermanent, it reversed
after the removal of stimuli for 48 hours (Fig. 3C). To assay for the functional phenotype of CD206"
lactate-polarized BMDMs, we measured transcript levels of inducible nitric oxide synthase
(INOS/Nos2) which is expressed during a proinflammatory response, or Arginase 1 (Argl) during a
suppressive response. CD206" lactate-polarized BMDMs induced Argl expression, and not iNOS
(Supplementary Fig. 3A and 3B). These findings support that CD206"macrophages in AML are

suppressive and are sensitized to become alternatively activated by excess lactate.

To address which lactate signaling pathway results in alternative macrophage polarization in
vivo, we considered available murine strains. Genetic knockout of MCT1 is embryonically lethal (106).
While MCT4 knockout mice are viable (107), MCT1 would be present, and has a higher affinity for
lactate (43). However, mice genetically lacking the lactate receptor GPR81 (Gpr81- or GPR81KO)
grow to healthy adulthood, produce blood cells at a normal ratio, and have a similar weight and BM

cellular density as wt mice (Supplementary Fig. 3C-L). Further, GPR81 has been implicated in the
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suppressive cancer microenvironment in solid tumors (44,45). Therefore, we used GPR81KO mice to
investigate the role of lactate-GPR81 signaling in LAM polarization in vivo. Wild type (wt) bcCML was
initiated in GPR81KO mice, to eliminate GPR81 signaling from all non-leukemic BM cells (Fig. 3D).
Elevated metabolites were also in the BM extracellular fluid from GPR81KO mice with bcCML

(Supplementary Fig. 3M), supporting the use of this strain to study GPR81 signaling in the leukemic

BMME.

We reinvestigated the polarization of LAMs in GPR81KO mice with bcCML. The increased
frequency of macrophages in the BM observed in bcCML was partially reversed in GPR81KO mice
(Fig. 3E). This suggests that GPR81 signaling regulates the growth/over proliferation of macrophages
in disease. The LAMs in the GPR81KO BMME also expressed much lower CD206 levels, indicating
that GPR81 promotes polarization of LAMs (Fig. 3F and 3G). Further, the frequency of MHCII*
macrophages was higher (Fig. 3H), and the proinflammatory polarization marker CD38 was also
increased in macrophages from GPR81KO mice (Supplementary Fig. 3N). GPR81KO mice
displayed a similar leukemic burden in the BM as wild type by late-stage disease, however, there was
a significant decrease in the peripheral blood and spleen (Supplementary Fig. 30-Q), indicating a

delay in disease course and/or a diminished peripheralization of leukemic blasts.

Assays for BMDM polarization in vitro confirmed the contribution of GPR81 signaling as a
mechanism of LAM polarization. Gpr81”- BMDMs did not upregulate CD206 as highly as wt BMDMs
(Fig. 3l and 3J). The range of Argl expression also followed the trend of CD206 expression
(Supplementary Fig. 3R). There was not a significant increase in the expression Gpr81, Mct4, or
INOS, though there was an increase in Mctl for only wt macrophages (Supplementary Fig. 3S). This
suggests that GPR81 sensing of lactate induces upregulation of MCT1 for lactate import/export in

macrophages. Other effects of GPR81 signaling are carried out by activation of the receptor and not
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by changes in expression level of these related proteins. To assay for lactate import/export as an
additional polarization mechanism, syrosingopine was used, a dual inhibitor of MCT1/4. A contribution
of MCTs to polarization was observed (Supplementary Fig. 3T-V). Neither knockout of GPR81,
inhibition of MCT1/4, nor combination of both completely blocked polarization, due to the strong

stimulus with IL-4 and -13. Nevertheless, both intracellular and extracellular lactate signaling

pathways contributed to macrophage polarization.

Lactate-GPR8L1 signaling drives leukemia cell growth and self-repopulation

We next investigated whether GPR81 signaling impacts myeloid leukemia cells, as it is known to be
crucial for the survival of other types of cancer cells (38). Gpr81”/- bcCML cells were generated and
then used to initiate disease either in wt mice or in GPR81KO mice (double-knockout (DKO)), where
GPR81 signaling is not present on leukemic cells or in the BMME (Fig. 4A). Leukemic burden was
largely reduced in the BM, peripheral blood, and spleen of by the time point of late-stage disease in
GPR81KO DKO bcCML as compared to wt bcCML controls (Fig. 4B-D). There was a delayed rapid
expansion of engrafted cells when GPR81KO bcCML cells were used (Fig. 4E), the leukemic burden
was near zero at the time-point of early-stage disease when compared to wt bcCML cells
(Supplementary Fig. 4A-C). The time to progression to >50% leukemic cells in the BM was

significantly longer in GPR81 DKO compared to wt (Fig. 4F).

GPR81 is highly transcriptionally upregulated on some types of cancer cells, such as breast
cancer (37). To assess the expression level of GPR81/HCAR1 on human AML cells, analyses of
publicly available RNA sequencing databases were performed. A dataset of BM from 707 AML
patients, BeatAML 2.0 (accessed at vizome.org) (108), revealed that HCARL1 is dysregulated in
disease samples compared to healthy BM (Supplementary Fig. 4D). Further, 163 AML patient BM

samples from The Cancer Genome Atlas (TCGA) Pan-Cancer Atlas database were analyzed
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through cBioPortal for Cancer Genomics (accessed at cbioportal.org) (109). This dataset shows a
rare subset of AML patient samples with “altered”/high GPR81/HCAR1 mRNA expression greater
than 2x, and these patients had a median survival time of 11 months less than those with
“‘unaltered” HCAR1 (5.03 vs 16.08 months) (Supplementary Fig. 4E). No gene mutations or
structural variants of HCAR1 were in AML subjects from TCGA datasets. This suggests that

upregulation of GPR81 activity correlates with poor prognosis, though it is not largely overexpressed

on AML cells.

As residual LSCs after chemotherapy are the primary reason for relapse in patients (25,26),
we experimentally determined the impact of GPR81 signaling on LSC self-repopulation. When serial
passaging in methylcellulose-containing media, Gpr81” bcCML cells produced fewer colonies on
average at PO and P1 and lost repopulating capacity by P2-P3, while wt bcCML cells continued to
repopulate colonies to at least P7 (Fig. 4G and 4H). Together, these data display the importance of

GPRS8L1 signaling to the rapid growth and self-repopulation of leukemia cells.

Elevated lactate is harmful to the hematopoietic bone marrow microenvironment

We considered that excess lactate in the BM may also be harmful to normal hematopoiesis. As we
have previously reported, bcCML presented with an increase in the percentage of phenotypic
hematopoietic stem and progenitor cells (HSPCs), also known as LSK cells, and multipotent
progenitors (MPP): megakaryocyte-biased MPP2, myeloid-biased MPP3, and lymphoid-primed MPP4
(Supplementary Fig. 5A-F, see Supplementary Methods Table SM2 for markers and gating
strategies) (59). Also as previously reported, MSCs were expanded within the leukemic bone (23), a
key stromal cell type for the maintenance of HSPCs; this was nonspecific to MSC subsets known to
be important to HSC adhesion and self-renewal at the niche: PDGFRa/CD51 (PaaV) or

PDGFRa*Sca-1* (PaS) MSCs (Supplementary Fig. 5G-I) (110-112). Still, mature blood cell
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populations are lost by late-stage bcCML (59), showing a dysfunction in progenitor cell maintenance

and/or differentiation. Therefore, we investigated whether lactate impacts HSPCs and stromal cells.

To determine if lactate reduces the hematopoietic potential of HSPCs, colony-forming unit cell
(CFU-C) assays (113,114) were performed. When treated with 10-15 mmol/L of lactate, HSPCs lost
colony-forming potential after 72 hours (Fig. 5A). We asked if HSC-niche supportive stromal cells
could increase the maintenance of HSPCs in the presence of lactate; CFU-C assays with lactate
treatment were repeated on HSPCs cocultured with an adherent stromal monolayer (Fig. 5B). The
stromal monolayer is grown from the adherent cells from whole BM and is composed of both a small
percentage of MSCs (>1%, like the percentage seen in the bone in vivo) and macrophages
(Supplementary Fig. 5J and 5K). However, cocultures also showed reduced CFU-Cs (Fig. 5C),
suggesting that stromal cells do not protect HSPCs from elevated lactate. Since we have previously
reported that aged macrophages can alter the colony-forming potential of HSPCs (112), we tested the
addition of LAMs to the cocultures compared to macrophages from NL mice rather than treatment by
lactate (Fig. 5D). The HSPCs showed reduced CFU-Cs when cocultured with LAMs compared to
healthy macrophages (Fig. 5E), suggesting that LAMs also provide altered hematopoietic

maintenance signals compared to healthy BM macrophages.

We also asked whether lactate alters key stromal HSC niche cell types: MSCs and OBs. MSC
cultures with lactate treatment produced fewer pre-OB colonies, and displayed reduced colony-
forming ability to fibroblasts (CFU-F), a measure of MSC self-renewal potential (Fig. 5F-H). This is
consistent with a loss of functional OBs and bone volume that we have previously reported as a
pathophysiology of AML (23). These results highlight multiple damaging effects of elevated lactate on

critical components of hematopoiesis in the BM.
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Targeting GPR81 has modest protective effects on hematopoietic compartments

It will be important to determine whether targeting lactate in the BM via GPR81 will help or harm
normal blood cell production and hematopoietic support. We posited that GPR81 may be largely
dispensable to hematopoiesis, due to the fact that nonleukemic, adult Gpr81-- mice have appropriate
ratios of mature blood cells (Supplementary Fig. 3C-H). Next, we investigated whether hematopoietic
populations are impacted by GPR81 signaling during pathologic conditions. The increased frequency
of LSKs and short-term HSCs in bcCML was reversed when initiated in GPR81KO mice (Fig. 6A-F).

Hematopoietic progenitor populations were otherwise unchanged. Frequencies of MSCs and OBs in

bone were also unaffected (Supplementary Fig. 6A-D).

Additionally, we assayed whether GPR81 signaling is responsible for the reduction in colony-
forming potential of HSPCs and MSCs by increased lactate. Gpr817- HSPCs showed a moderate
reduction of CFU-C loss with or without a stromal monolayer compared to wild type (Fig. 6G and 6H).
However, lactate-treated Gpr81-- MSCs still displayed a loss of pre-OBs and fibroblastic colonies (Fig.
6l and 6J). Altogether, these data show that reducing GPR81 signaling has a positive impact on

hematopoietic progenitors, without harmful effects to stromal support populations.

Discussion

Identifying novel therapeutic targets that consider the bone marrow microenvironment (BMME) as a
whole is pertinent to improving AML treatment. Current chemotherapies commonly lead to relapse
and are harsh on the noncancerous cells within the BM. Safe and effective immunotherapies for
myeloid leukemias are still under development and pose the challenge of shared antigens with the
myeloid immune cells. Herein, we report elevated levels of metabolites in the BMME during AML,

defining excess lactate as a critical driver of AML-induced macrophage polarization and leukemia
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progression. Using a bcCML model of AML and GPR81” mice, we identify GPR81 as a mechanism
of leukemia-associated macrophage (LAM) polarization to a suppressive phenotype. Our results
highlight the potential of GPR81 as a novel therapeutic target for both the leukemic suppression of
the immune system and for AML cell self-repopulation. Additionally, knockout of GPR81 had mild

preservative effects on the hematopoietic BMME during leukemia.

We conclude that GPR81 is a mechanism of polarization to CD206" LAMs during bcCML.
CD206 is a known marker of suppressive TAMs in solid tumors associated with poor prognosis
(48,76). Furthermore, CD206 has been recently suggested as a prognostic factor for AML (115) and
is induced on monocytes cocultured with AML blasts (53). These findings, alongside our own, suggest
that the polarization of LAMs is partly due to AML-cell secretion of lactate and that LAMs are the
source of the CD206 linked to poor prognosis. Overall, LAMs also had lower MHCII expression, which
is important for antigen presentation. However, SPICE analysis (NIH) identified an increased
subpopulation in disease where both CD206 and MHCII were co-expressed. Future research should
determine if there are specific functions of these subpopulations (CD206"/MHCII vs.
CD206*/MHCII*). Cytokines that LAMs secreted that healthy nonleukemic bone marrow macrophages
did not were associated with immunosuppression, lymphocyte trafficking, and cancer growth and
metastasis. This offers future opportunities to confirm the role of each of these cytokines in the BMME
during AML. As the polarized state was reversible, there is potential for therapeutic repolarization of
LAMs to increase the efficacy of chemotherapies or other immunotherapies, such as CAR-T cell

therapy.

Others have reported a role of the intracellular signaling cascades of GPR81 in anti-
inflammatory-like macrophage polarization (47). One way by which GPR81 signals is by reducing

cyclic AMP (cAMP)/cAMP-dependent protein kinase A (PKA), leading to decreased activation of
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cAMP-response element binding (CREB) transcription factor (116). CREB is ubiquitously expressed
and responsively induces genes associated with cell proliferation, differentiation, survival, and
macrophage polarization to an M2-like/alternative phenotype (117,118). The mechanism of
polarization can be confirmed by determining whether the same signaling pathways downstream of

GPRS8L1 are responsible for LAM phenotypes.

Comparative transcriptomic analysis found few shared common elements between LAMs and
TAMs, highlighting LAMs as a unique type of cancer-associated macrophage. Upregulation of CLR
signaling (such as CD206) was displayed by all. Shared downregulated elements related to cell cycle
control may explain an increased frequency of macrophages in the leukemic bone marrow (Fig. 3E).
LAMs were enriched for cell metabolism, cell stress pathways, and immune regulation compared to
TAMs. Shifts in metabolism can influence phenotypes that are energy-sensitive, for example, the
activation phenotype of macrophages. Generally, proinflammatory and phagocytic macrophages have
higher energy demands and shift to glycolysis upon activation, while alternative/suppressive and non-
activated macrophages preferentially use OXPHOS (119). LAMs were enriched for both glycolysis

and OXPHOS compared to other types of TAMSs, yet still display an alternative phenotype.

A recent study by Weinhéauser et al. performed single-cell RNA sequencing on human AML-
associated macrophages (AAMs), and reported heterogeneity, alternative polarization, and
overexpression of CD206, similar to our findings on LAMs (55). The human alternatively polarized
macrophages correlated with poor prognosis in a cohort of MDS patients and influenced engraftment
of patient-derived xerographs. Also, our GSEA analysis reflected the altered transcriptional program
in these AAMs, with upregulated mitochondrial function including fatty acid oxidation, and NAD+
generation, which is associated with converting pyruvate to lactate. This suggests that the

upregulation of glycolysis by macrophages may be an additional source of excess lactate in the BM
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during AML. The similarity of our LAM findings to these human AAMs highlights the translatability of
our model and findings to human AML. However, while data from Weinhauser et al. suggested that
the alternative functionality of AAMs that were not derived from the leukemic clone is in part due to
the acquisition of AML-like mutations, our research demonstrates that the polarization phenotype of

non-leukemia-derived macrophages can also occur solely due to alterations to the microenvironment.

Our unbiased metabolomics screening identified lactate as the most elevated extracellular
metabolite in the BMME during AML, which has been identified as having the strongest prognostic
risk value of metabolites detected in the serum from cytogenetically normal AML patients (120). The
second most altered metabolite was citrulline, which was depleted. This may be a result of the
citrulline-arginine cycle during prolonged production of nitric oxide (NO) by proinflammatory
macrophages (121). Of the additional four significantly increased metabolites that we identified, serine
has been previously connected to AML cell survival (122), while dihydroxyacetone phosphate (DHAP),
ribose-P, and ornithine are intermediates in metabolic reactions and can be further studied for their
influence on AML progression. To note, an amino acid-enriched BMME was observed during bcCML,
and amino acids are critical for cancer cells to thrive (27,123); the reason or source of the extra amino

acids is yet to be determined.

Our research also supports the further study of T cell suppression in AML, induced through
secretion of cytokines from LAMs and directly by lactate. Interestingly, regulatory T cells (Tregs), Which
are inhibitory to T cells, are more resistant to lactate-mediated inhibition than other T cell types (124),
and are increased in AML patients (125). Furthermore, alternatively activated macrophages induce
chemotaxis/differentiation of Tregs Which further the pro-tumor microenvironment (81,126,127). Atthe
hematopoietic niche, Tregs provide an immune-suppressed niche where LSCs may escape immune

attack (128). Lactate can directly affect interactions between cancer cells and T cells, leading to CD8+
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T cell exhaustion, suppression of MHCII" immune cells and tumor-infiltrating T-cells, and expression
of PD-L1 on tumor cells (45,129). The impact of lactate and GPR81 signaling on T cell subsets in the

BM has not yet been studied.

Relapse following chemotherapy is currently one of the greatest hurdles in treating AML.
GPR8L1 reduced the repopulation capacity of leukemia cells and extended survival time in our model.
The signaling pathways downstream of GPR81 are numerous, and multiple pathways have been
investigated in cancer cell metabolism, DNA repair, and chemoresistance (37-39). Defining the
signaling pathways downstream of GPR81 in AML and other hematopoietic malignancies is promising

for identifying additional mechanisms to target LSCs in the BM.

Alterations to the BMME and the loss of normal hematopoiesis lead to fatal complications of
the disease. Unfortunately, most current treatment options for AML exacerbate this. Therefore, novel
therapeutic targets for AML must also be investigated for effects on the hematopoietic BMME. The
experimental knockout of GPR81 described herein exhibited a protective effect of inhibiting GPR81
signaling in the leukemic BM, on the inappropriate expansion of HSPC populations that may lead to
their exhaustion. However, this data shows that GPR81 is not the only signaling mechanism by which

lactate harms HSPCs and stromal support.

Limitations of this study include the use of an acute murine myeloid leukemia model in which
the disease state progresses extremely rapidly, and therefore, may miss some long-term harm to the
BM caused by chronically elevated lactate. Also, repolarization of LAMs did not cause a detectable
change in the leukemic burden in the BM during this acute model but was detectable in the spleen
and peripheral blood. This is interesting because macrophage depletion has been found to promote

mobilization of HSCs (16). Further research is needed to determine if the excess of macrophages in
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the BM promotes retention of HSCs/LSCs at the niche. If so, does this increase the escape of
chemotherapeutic treatment? Other limitations include the lack of a specific inhibitor to GPR81 to
replicate assays on human macrophages or human AML cell models. Future research may leverage
SIRNA or CRISPR-Cas9 systems to knock out GPR81 in human cells. This study supports the

development of a specific GPR81 antagonist, both for research and translational use as a therapeutic.

In conclusion, this research suggests that targeting GPR81 signaling in the BMME during AML
may be a selective and well-tolerated therapeutic option to prevent LSC repopulation and rescue
microenvironmental dysfunction. GPR81 has the unique potential of dual targeting to immune and
cancer cells. Additionally, as lactate production is a hallmark of cancer, findings on the mechanisms
of lactate signaling to immune and hematopoietic cells within the BMME are potentially applicable to
multiple malignancies with BM involvement, including additional types of leukemia as well as bone

metastases of solid tumors.
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Figure Legends

Fig. 1) Lactate is elevated in the bone marrow microenvironment (BMME) during acute myeloid
leukemia (AML).

A-C, Metabolomics of bone marrow serum from AML patients or normal controls: Graphical depiction
of procedure (A), heatmap showing the relative abundance of detectable metabolites (B), and scores
plot of principal component analysis (C) (n = 4, in triplicates). D, Lactate concentration in AML and
normal bone marrow (BM) serum (n = 4). Significance level determined by unpaired t test for B and
D are indicated as: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Error bar indicates mean

+ standard deviation (SD).

Fig. 2) Lactate contributes to the polarization of leukemia-associated macrophage (LAMs) to
an alternatively activated phenotype.

A, Gating scheme for flow cytometric analysis of polarization markers on murine macrophages. B,
Simplified Presentation of Incredibly Complex Evaluations (SPICE) analysis of LAM subpopulations
from late-stage bcCML (55-70% GFP* cells in BM) (n = 5), arrows indicate population enriched in
disease. C and D, Frequency of CD206" (C) and expression level by mean fluorescence intensity
(MFI) of CD206 on CD206* (D) nonleukemic control macrophages (Ctrl), leukemia-associated
macrophages (LAMs), or leukemic (GFP*) macrophages (n = 7). E and F, Bulk RNA sequencing of
LAMs vs. macrophages from nonleukemic (NL) controls: heatmap of differentially expressed genes
(E) and principal component analysis (PCA) of the top 500 variable genes (F). G, Cytokine profiling
of media from macrophages sorted from nonleukemic or leukemic mice and cultured for four days (n
= 2), representative example, arrows indicate a qualitative difference. H, Venn diagrams displaying

the number of GO pathways significantly upregulated or downregulated by F4/80* cancer-associated
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macrophages compared to each study’s own healthy controls: by bcCML LAMs (n = 6) or tumor-
associated macrophages (TAM) from murine models of colorectal liver metastasis (CM) (n = 5) or
breast cancer (BC) (n = 3). I, Hallmark gene sets enriched in LAMs compared directly to TAMs, as
determined by gene set enrichment analysis (GSEA): Venn diagram displaying numbers of
significantly enriched gene sets, and representative enrichment plots of top significant sets.
Significance levels determined by one-way ANOVA for C and D, are indicated as: ***, P < 0.001;

***% P < 0.0001. Error bar indicates mean * SD. Significance for | was determined by GSEA as an

FDR g-value of < 0.25.

Fig. 3) Lactate-GPR81 signaling contributes to leukemia-associated macrophage (LAM)
polarization.

A and B, Expression level of CD206 on bone marrow-derived macrophages polarized in vitro by
treatment with 10 mmol/L lactate, lipopolysaccharide (LPS) as proinflammatory stimuli, and/or IL-4
and IL-13 as suppressive stimuli, in serum-free media for 12 hours (A) (n = 6) or 1 week (B) (n = 3).
C, Following polarization with 10 mmol/L of lactate and 5 ng/mL of IL-4 and IL-13 (ILs), fold change
of CD206 expression on CD206* BMDMs 48 hours after removal of stimuli by media change relative
to untreated control (n = 2-4). D, Graphical depiction of the initiation of wt bcCML in a Gpr81’- BMME.
E-H, Flow cytometric analysis of live nonleukemic (GFP-) bone marrow cells from wt bcCML initiated
in wt or Gpr817 (GPR81KO) mice or nonleukemic (NL) controls: fold change frequency of
macrophages relative to NL controls of the same genetic background (E) (n = 4-7), frequency of
CD206" macrophages (F), expression level of CD206 on CD206* BM macrophages relative to NL
controls of the same genetic background (G), frequency of MHCII* BM macrophages (H) (n = 4-11).
I, MFI of CD206 on CD206"* wt or Gpr81”7- BMDMs treated with LPS, ILs, and/or 10 mmol/L lactate (n

= 3). J, Frequency of CD206" wt or GPR81“- BMDMSs with or without polarization by ILs and lactate.
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Significance levels determined by one-way ANOVA for A-B, E-H, and I-J are indicated as: ns, not
significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001. Error bar indicates mean * SD.
Fig. 4) GPR81 signaling on leukemic cells drives expansion rate and leukemia stem cell (LSC)
self-renewal.

A, Graphical depiction of the production of Gpr81” (GPR81KO) bcCML cells and initiation in
GPR81KO mice (GPR81 DKO). B-D, Leukemic burden in the bone marrow (BM) (B), peripheral blood
(C), and spleen (D), of wt or GPR81KO bcCML by the timepoint of wt late-stage disease (n = 5). E,
Leukemic burden in the BM over time of wt or GPR81KO bcCML (n = 5-7). F, Time to progression to
late-stage disease in wt or GPR81 DKO bcCML (n =5). G and H, LSC repopulation assays of wt vs.
Gpr817- bcCML cells: number of colonies at each passage (G), and probability of survival by passage
(H) (n = 3, in duplicates). Significance levels determined by unpaired t tests for B-E, and log-rank

(Mantel-Cox) test for F and H, are indicated as: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Error bar

indicates mean = SD.

Fig. 5) Lactate drives loss of hematopoietic stem and progenitor cell (HSPC) function and
support.

A, Fold change colony-forming unit cell (CFU-C) colonies of HSPCs with or without lactate treatment
for 72 hours, relative to the 0 mmol/L lactate control group (n = 7-10). B and C, HSPCs cocultured on
a bone marrow (BM) stromal monolayer for 72 hours with or without lactate treatment: graphic of
experimental procedure (B) and fold change CFU-Cs relative to the 0 mmol/L lactate control group
(C) (n = 12-14). D and E, HSPCs cocultured with a BM stromal monolayer and either 60,000 added
LAMs or healthy control (Ctrl) macrophages for four days: graphical depiction of procedure (D) and
fold change CFU-Cs relative to control group (E) (n = 4). F-H, Relative area of colony forming units
(CFU) of BM mesenchymal stem cells with or without lactate treatment past day 4: after 14 days

differentiation to pre-osteoblastic (CFU-preOB) colonies (F) (n = 6), fibroblastic colonies (CFU-F) after
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10 days culture in non-differentiation media (G) (n = 6), and representative images (H). Significance
levels determined by one-way ANOVA for A, C, F, and G, or by unpaired t test for E are indicated as:

*** P <0.001; **** P < 0.0001. Error bar indicates mean + SD.

Fig. 6) GPR81 signaling partially regulates HSPC function and does not impact critical bone
marrow hematopoietic support.

A-F, Wt bcCML initiated in wt or GPR81KO mice, hematopoietic progenitors’ frequency in the bone
marrow relative to the nonleukemic (NL) control of the same genetic background: hematopoietic stem
and progenitor cells (HSPCs/LSK) (A), long-term hematopoietic stem cell (HSC) (B), short-term HSC
(C), multipotent progenitor (MPP) subsets MPP2 (D) MPP3 (E) and MPP4 (F) (n = 4). G and H, CFU-
Cs of wt or Gpr81” (G) lactate-treated HSPCs cultured alone (G) (n = 4-13) or cocultured with a
stromal monolayer (H) (n = 3-7), relative to the 0 mmol/L lactate control group of the same genetic
background. | and J, CFU-preOB (I) and CFU-F (J) of wt or Gpr81/- MSCs with lactate treatment,
relative to the O mmol/L lactate control of the same genetic background. Significance levels
determined by one-way ANOVA for all are indicated as: ns, not significant; *, P < 0.05; **, P < 0.01,

*** P <0.001; **** P < 0.0001. Error bar indicates mean + SD.
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lactate 5.8818 6.42E-06 5.1922 0.000224

citrulline -4.0561 0.00052604 3.279 0.0092
serine 3.748 0.0011128 2.9536 0.00974
DHAP 3.6597 0.0013779 2.8608 0.00974

ribose-P 3.6554 0.0013923 2.8563 0.00974

ornithine 3.4174 0.0024667 2.6079 0.0143

Table 1: Significantly Altered Extracellular Metabolites in
Human AML Bone Marrow
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CXCL10/IP-10 Immunosuppressive Tumor Microenvironment
CCL12 (MCP-5) Immunosuppressive Tumor Microenvironment
CCL6/C10 (MRP-1) Immunosuppressive Tumor Microenvironment
Proprotein Convertase 9 Tumor Growth and Metastasis, and
(PCSK9) Immunosuppressive Tumor Microenvironment
LIX (CXCLD5) Tumor Growth and Metastasis
MMP3 Tumor Growth and Metastasis

Table 2: Cytokines Upregulated in LAM Cocultures and Reported
Functions in the BM or Cancer Progression
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6 Common
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olorectal Mets TAMs

tional license.
3 Common Upregulated

Elements in Colorectal
Mets TAMs and Breast

Cancer TAMs

C-type lectin receptor
(CLR) signaling pathway

Apoptosis

Lysosome

NUCKS1 24931609 ChlP
Seq HEPATOCYTES
Mouse

Toxoplasmosis

TYROBP Causal Network

WP3625

Chagas disease
(American
trypanosomiasis)

Microglia Pathogen
Phagocytosis Pathway
WP3626

TNF signaling pathway

IRF8 27001747 Chip-Seq

BMDM Mouse

TGF Beta Signaling
Pathway WP113

Table 3: Differential Expression - Common Upregulated Elements in

LAMs and TAMs

erpetuity. It is made
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Gene sets Enriched in LAM vs. both Colorectal
Mets TAMs and Breast Cancer TAMs

nternational license.

HALLMARK_E2F_TARGETS

HALLMARK_OXIDATIVE_PHOSPHORYLATION

HALLMARK_MYC_TARGETS_V1

HALLMARK_DNA_REPAIR

HALLMARK_MYC_TARGETS_V2

HALLMARK_MTORC1_SIGNALING

HALLMARK_G2M_CHECKPOINT

HALLMARK_HEME_METABOLISM

HALLMARK_UNFOLDED_PROTEIN_RESPONSE

HALLMARK_FATTY_ACID_METABOLISM

HALLMARK_ADIPOGENESIS

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY

HALLMARK_PEROXISOME

HALLMARK_GLYCOLYSIS

HALLMARK_ALLOGRAFT_REJECTION

HALLMARK_SPERMATOGENESIS

HALLMARK_ESTROGEN_RESPONSE_LATE

HALLMARK_BILE_ACID_METABOLISM

HALLMARK_XENOBIOTIC_METABOLISM

Table 4: Gene Set Enrichment
Analysis — Hallmark Genes Enriched in
LAMs as Compared to TAMs from
Both Colorectal Metastasis and Breast
Cancer
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