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Abstract

Tumor-associated macrophages (TAMSs) are important tumor-promoting cells. However, the
mechanisms underlying how the tumor and its microenvironment reprogram these cells remain
elusive. Here we report that lipids play a crucial role in generating TAMs in the tumor
microenvironment. Macrophages from both human and murine tumor tissues were enriched with
lipids due to increased lipid uptake by macrophages. TAMs expressed elevated levels of the
scavenger receptor CD36, accumulated lipids, and used fatty acid oxidation (FAO) instead of
glycolysis for energy. High levels of FAO promoted mitochondrial oxidative phosphorylation,
production of reactive oxygen species, phosphorylation of JAK1 and dephosphorylation of SHP1,
leading to STAT6 activation and transcription of genes that regulate TAM generation and function.
These processes were critical for TAM polarization and activity both in vitro and in vivo. In
summary, we highlight the importance of lipid metabolism in the differentiation and function of
pro-tumor TAMs in the TME.

Introduction

Heterogeneity of macrophages (M®s) has long been recognized as the result of the plasticity
and versatility of these cells to different microenvironmental stimuli (1). In tumors, tumor-
associated macrophages (TAMSs) have been shown to regulate many critical processes
associated with malignancy including promotion of tumor cell growth (2,3), drug resistance
(4-6) and metastasis (7), induction of angiogenesis (8), and immune suppression (9,10).

Although it is known that tumor and tumor microenvironment (TME) play an important role
in polarizing M®s into tumor-promoting TAMs (11), the underlying mechanisms remain
partially elucidated. Previous studies showed that prostate cancer-derived cathelicidin-
related antimicrobial peptide reeducated M®s into TAMs (12), and hypoxic cancer cell-
derived oncostatin M and eotaxin differentiated M®s into TAM (13). Moreover, myeloma-
derived MIF drives M®s into TAM differentiation (6). Additionally, as an important factor

3Correspondence should be addressed to Qing Yi (QYi@houstonmethodist.org, +01-3462385064).
These authors contributed equally to this work.

Conflict of interest: The authors have declared that no conflict of interest exists.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal.

Page 2

of TME, hypoxia only maintains the phenotype of M2-like MHC-11'"" TAM (14), although
strong tumor hypoxia and a high density of hypoxic TAMs have been shown to correlate
with a decreased survival rate (15). However, there is very little information regarding the
biological or clinical role of lipid metabolism in TAMs in cancer.

In this study, we report an interesting finding that lipids in TME are crucial for TAM
differentiation and function in different tumor settings. We found that, compared with
control Mds, TAMs from different human and murine tumor tissues were enriched with
lipids. Similar phenomenon was observed with /n vitro differentiated human and murine
TAMs. Thus, we hypothesized that accumulation of lipid in TAMs is crucial for their
differentiation and function in promoting tumor growth. In this study we elucidated the
mechanisms underlying TAM accumulation of lipids and their function on TAM
differentiation and function.

Materials and Methods

Human samples

Mice

Cells

The frozen sections of human breast, colon, and prostate tumor tissues were purchased from
OriGene. Sections of normal tissues from these cancer patients were used as controls. Tumor
tissue samples were obtained from newly diagnosed patients with melanoma or colon
cancer; bone marrow (BM) aspirates were from newly diagnosed patients with multiple
myeloma (MM) or monoclonal gammopathy of undetermined significance (MGUS). The
same patients also provided normal tissue samples as controls. BM aspirates from healthy
donors were used as controls for myeloma. All the human participants provided written
informed consent, and this study was conducted in accordance with the U.S. Common Rule
and approved by the Institutional Review Board at Cleveland Clinic and Houston Methodist
Research Institute.

C57BL/6J, CD36~/~, and NOD.Cg-Prkdcscid 112rgtm1W;jl/SzJ (NSG) mice were purchased
from the Jackson Laboratory. C57BL/KaLwRij mice were purchased from Envigo (Horst,
Netherland). Mice were maintained in a temperature- and humidity-controlled environment
and given unrestricted access to chow diet and acidified water. Detailed methods about EL4
cell-induced lymphoma mouse model, VK*MYC and 5TGM1 cell-induced myeloma mouse
model are described in extended experimental procedures.

Murine myeloma 5TGM1 and 5TGM1-luc cell lines were a kind gift from Dr. Frederic J
Reu (16) and in culture with IMDM medium supplemented with 10% FBS (Gibco). Other
human and murine cell lines were purchased from ATCC and maintained in the indicated
medium. TAMs were generated by culturing Mds with tumor cells or their tumor-
conditioning medium (TCM) for 3 days. All the cell lines (except 5TGM1 and 5TGM1-luc
cells) used in this study were purchased from ATCC. The mycoplasma testing and cell
authentication were performed by The Cytogenetics and Cell Authentication Core of MD
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Anderson Cancer Center (Houston, TX). All cells used in this study were mycoplasma
negative. Detailed method is described in extended experimental procedures.

Isolation and generation of M®s

Murine and human Mds were generated as described previously (4). For mouse Mds
generation, murine BM cells were collected by flushing the femurs of 8 to 10 weeks old
C57BL/6J or CD36 KO mice with ice-cold RPMI 1640 medium to generate M®s. Red
blood cells were lysed with ACK Lysing Buffer (Gibco) and washed twice with RPMI 1640
medium. After 2 hour incubation in RPMI 1640 medium at 37 °C with 5% CO», culture
supernatant was changed with fresh RPMI 1640 supplemented with 10% FBS (Gibco), 100
U/ml penicillin, and 100 pg/ml streptomycin. Human M-CSF (10 ng/mL) was used to
generate BM-derived M®s.

For human Mds, as described previously (17), peripheral blood mononuclear cells (PBMCs)
are isolated from the whole blood by a density gradient centrifugation method using Ficoll.
The cells were incubated in a 24-well or 6-well plate for 2 hours in FBS-free RPMI 1640
medium at 37 °C to remove non-adherent cells. After 2-hour incubation, the adherent cells
were incubated in RPMI 1640 medium supplemented with 10% FBS (Gibco) and 10 ng/mL
M-CSF (216-MC-500, R&D) to induce M® differentiation. Medium was replaced with fresh
RPMI 1640 supplemented with 10% FBS and 10 ng/mL M-CSF every 3 days. On day 7,
Mds were collected and analyzed by flow cytometry.

In vitro generation of TAMs

In vitro differentiated TAMs were generated as described previously (18). Detailed method
is described in extended experimental procedures.

Lipid content measurement
Cellular lipid content was measured using BODIPY 493/503. Briefly, after wash with PBS,
cells were stained for 15 minutes with BODIPY 493/503 at room temperature in PBS (FBS
or fatty acid free) and examined immediately using both confocal microscopy and flow
cytometry.

Quantitative RT-PCR

Total RNA from Mds was extracted with TRIzol RNA isolation reagents (Invitrogen) or a
RNeasy Mini Kit (QIAGEN), followed by cDNA synthesis with the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Real-time quantitative PCR was conducted
with SYBR Select Master Mix (Applied Biosystems). Expression was normalized to the
mouse or human housekeeping gene HPRT. Primers used are listed in the Supplementary
Table 1.

Western blot analysis

Cell lysates and immunoblot were performed as previously described (19).
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Microarray analysis

The datasets during and/or analyzed during the current study are available on the GEO
database (GSE143025 and GSE143583). Detailed method is described in extended
experimental procedures.

Measurement of oxygen-consumption rates

Briefly, control Mds and TAMs after indicated treatment were transferred on to XF
microplates (15, 000 cells per well) in complete culture medium for 1 day. M®ds were
washed and equilibrated for 1 hour. To determine fatty acid oxidation in Mds, Mito Stress
Tests were carried out using sequential injections of oligomycin (1.5 uM), FCCP (1.5 pM),
and Rotenone plus Antimycin A (1.5 uM). To determine glycolysis in M®s, Glycolysis
Stress Test was carried out using sequential injections of glucose (10 mM), oligomycin (1.0
uM), and 2-DG (50 mM). OCR and ECAR were recorded by an Extracellular Flux Analyzer
XF24 (Seahorse Bioscience).

Lipid uptake assay

Fatty acid uptake was measured using a Free Fatty Acid Uptake Assay kit (ab176768,
Abcam, USA), following the manufacturers’ protocol. Briefly, cells were seeded at a density
of 50,000 cells per well in a 96-well plate 1 day before measurement, and these cells were
deprived of serum for 1 hour. Next, cells were incubated with TF2-C12 fatty acid at room
temperature, and fluorescence (excitation: 485 nm, emission: 515 nm) was measured using a
Wallac 1420 Victor? Microplate Reader (Perkin Elmer, USA).

For the fluorescent FA pulse-chase assay, cells were deprived of serum for 1 hour and pulsed
with Red C12 overnight in order to allow the Red C12 to accumulate in lipid droplets. After
washing with PBS, cells were measured with confocal microscopy.

Statistical analysis

The ImageJ software (National Institutes of Health) was used for protein band
quantification. The Student t test (two-tailed) was used to compare various experimental
groups. When more than 2 groups were included in an analysis, Bonferroni’s corrected
significance level was used. Survival was evaluated using Kaplan-Meier estimates and log-
rank tests. One-way ANOVA was performed to analyze the difference of tumor volumes. All
results are shown as mean £ SEM, unless otherwise indicated. A P value less than 0.05 was
considered statistically significant.

Ethics approval and consent to participate

This study was approved by the Institutional Animal Care and Use Committee (IACUC) and
Institutional Review Board (IRB) of Cleveland Clinic (Protocol NO. 2016-0158; IRB # 13—
791) and Houston Methodist Research Institute (Protocol NO. 0918-0053; IRB #
Pro00019970). All animals received humane care in compliance with the “Principles of
Laboratory Animal Care” formulated by the National Society for Medical Research and the
“Guide for the Care and Use of Laboratory Animals” prepared by the Institute of Laboratory
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Animal Resources and published by the National Institutes of Health (NIH Publication NO.
86-23, revised 1996).

Increased lipid accumulation in TAMs from human and murine tumor tissues

We have been investigating the role of TAMs in MM drug resistance (4,6,20) and sorted out
TAMs from MM patient’s BM samples for functional studies. Under light microscope,
TAMs were morphologically different from control M®s (Fig. 1A and B). One of the
striking differences was that TAMs were enriched with lipids (Fig. 1A and B). Additionally,
we observed obvious increase of lipids, which co-localized with CD68 staining in tissue
sections of patients with breast (Fig. 1C and Supplementary Fig. S1A), colon (Fig. 1D and
Supplementary Fig. S1B), and prostate cancers (Fig. 1E and Supplementary Fig. S1C). To
confirm the results, we used a lipophilic fluorescent dye BODIPY 493/503 to semi-quantify
the amounts of lipids in TAMs. As shown in Fig. 1F and G, CD11b*CD68* Mds isolated
from human melanoma (Fig. 1F) and colon cancer (Fig. 1G) tissues displayed significantly
more lipid accumulation compared to M®s isolated from normal tissues. Additionally, an
increased lipid accumulation in TAMs from patient’s BM was positively and significantly
associated with the progression of MGUS to MM (Fig. 1H).

We examined lipid level in TAMSs in tumor-bearing mice. CD11b*/F4/80* Mds isolated
from 5TGM1 murine myeloma-bearing C57BL/KalwRij mice, EL4 murine lymphoma-
bearing or B16 murine melanoma-bearing C57BL/6J mice all contained significantly more
lipid than their normal counterparts of tumor-free mice (Fig. 11).

Next, we examined whether /n vitro generated TAMs also accumulate lipids. Human
PBMC-derived Mds (M®s) were generated and incubated with human tumor cells (Fig. 1J)
or TCM (Fig. 1K) for 72 hours. These tumor-cocultured M®s (TAMSs) displayed more than
two-fold increase in lipid compared with control M®s (Fig. 1J and K). Using confocal
microscopy with BODIPY 493/503 staining of neutral lipids, we showed that TAMs
contained large bright dots which were lipid droplets, while control M®s contained small,
even-distributed green smear (Fig. 1L and M). Similar results were also obtained with mouse
BM cell-derived M®s after (co)cultured with different murine tumor cells or their TCM
(Supplementary Fig. S1D-H). However, no significant difference was observed in lipid
accumulation in TAMSs under hypoxia or normoxia conditions (Supplementary S1I and J),
indicating that hypoxia does not significantly influence TAM accumulation of lipids. These
results clearly showed that both human and murine TAMs accumulate lipids, which may be
important and required for TAM function.

TAMs accumulate lipids by enhanced lipid uptake through surface scavenger receptor

CD36

To elucidate the mechanisms underlying lipid accumulation in TAMSs, in vitro-generated
human TAMs and control Mds were washed, cultured in serum-free medium for 1 hour, and
then treated with fluorescent fatty acid analogue (FA-Red C12). TAMSs showed markedly
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higher uptake of fatty acid than control M®s (Fig. 2A and B). These results suggested that
an increased uptake of lipids may be a reason for the increased lipid accumulation in TAMs.

To investigate why TAMs have higher lipid uptake than control M®s, we analyzed
microarray data to determine the expression of scavenger receptors (SRs) in human control
Mds and TAMs. Compared with control M®s, three of the four major SRs, including CD68,
MARCO, and CD36, were significantly upregulated in TAMs, while MSR-1 was not
detected (Fig. 2C), suggesting that tumor cells upregulate the expression of these SRs on
Mds. This result was confirmed by qPCR (Supplementary Fig. S2A) and flow cytometry
(Supplementary Fig. S2B—F). Next, we studied the role of these 3 receptors in lipid
accumulation in TAMs by using blocking antibodies to MSR1, MARCO and CD36. Among
these receptors, only CD36-blocking antibody abolished lipid accumulation in TAMs (Fig.
2D). To confirm that lipid accumulation in TAMs was indeed mediated by CD36, we used a
CD36-specific inhibitor, sulfo-N-succinimidyl oleate (SSO) to inhibit the enzyme activity of
CD36 in human M®s (Fig. 2E and F), or knocked down (KD) Cd36 expression in murine
M®s by shRNA (Supplementary Fig. S3A). SSO (Fig. 2E and F) or Cd36-KD
(Supplementary Fig. S3B) significantly decreased lipid accumulation in TAMs (Fig. 2E, F
and Supplementary Fig. S3A and B). Additionally, we determined lipid level of TAMSs from
CD36 knockout (KO) mice. Consistent with the above results, lipid accumulation was
dampened in CD36-KO TAMs as compared to wildtype (WT) cells (Fig. 2G, H and
Supplementary Fig. S3C and D). However, no significant effect of hypoxia on lipid uptake
and accumulation in TAMs, or the expression of CD36 and M1/M2 polarization was
observed (Supplementary Fig. S3E-H). Collectively, these results suggested that lipid uptake
and accumulation in TAMs were mainly mediated via the SR CD36.

TAMs accumulate lipids as source of energy

As TAMs accumulate lipids, we hypothesized that TAMs use the accumulated lipids as the
source of fuels to produce energy for their activity. To test our hypothesis, we first analyzed
the expression of genes involved in fatty acid and glucose metabolism in human Mds and
TAMs. As shown in Fig. 3A and B, most of the genes involved in fatty acid B-oxidation
were significantly upregulated in TAMs as compared with control M®s (Fig. 3A and B),
whereas no significant differences were observed in the genes involved in glucose
metabolism (Supplementary Fig. S4A-E) between the cells. We confirmed by qPCR that
TAMs displayed an elevated expression pattern of genes associated with FAO, including
CPTI1A, which is a FAO rate-limiting enzyme, ACADM, HADHA, and HADH, while no
change of the expression of ACACA was observed in human (Fig. 3C) and mice
(Supplementary Fig. S4F). Second, we measured the mitochondrial oxygen consumption
rates (OCRs) in TAMs treated with or without etomoxir, which is the inhibitor of CPT-1, to
determine whether the high level of fatty acid oxidation contributed to ATP production-
linked oxidative phosphorylation in mitochondria. As shown in Fig. 3D, E, and
Supplementary Fig. S4G, TAMs showed an enhanced mitochondrial OCRs, ATP production,
and markedly increased spare respiratory capacity (the quantitative difference between the
maximal OCR and the initial basal OCR) (Fig. 3D, E and Supplementary Fig. S4G), which
are indicative of an increased commitment to oxidative phosphorylation in TAMSs and
suggest that fatty acid oxidation inhibition in TAMs suppresses oxidative phosphorylation

Cancer Res. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal.

Page 7

and ATP production. No difference in extracellular acidification rate (ECAR) was observed
between control Mds and TAMs (Supplementary Fig. S4H and I).

Finally, to further determine the relationship between oxidative phosphorylation and lipid
accumulation in TAMSs, we measured the expression levels of fatty acid oxidation-related
genes and OCRs in control Mds and TAMs from CD36 WT and KO mice. Our data showed
that the expression levels of these fatty acid oxidation-related genes in CD36-KO TAMs
were similar to control Mds but were significantly lower than the WT TAMs (Fig. 3F). We
also observed that the basal respiratory rate, ATP production and oxidative phosphorylation
were significantly attenuated in CD36-KO TAMs compared with WT TAMs (Fig. 3G and
H). Taken together, these findings confirmed our hypothesis that high level of lipids uptaken
by CD36 promotes TAM fatty acid oxidation and oxidative phosphorylation to generate
more energy for TAMs.

Lipid accumulation and fatty acid oxidation are required for the differentiation and
protumor function of TAMs

To determine whether lipid accumulation and enhanced fatty acid oxidation are required for
TAM differentiation, the expression profiles of genes in murine control Mds and TAMs
were investigated. Gene array data showed that, compared with control M®s, TAMs
expressed higher levels of molecules favoring tumor proliferation and progression, such as
Mrel, Tgm2, Argl, Vegf, Hifla, Ccl2, and Pparg (Fig. 4A). Quantitative RT-PCR confirmed
the results (Fig. 4B). Moreover, the elevated expression of these TAM-associated genes in
Mads was significantly reduced by fatty acid oxidation inhibition (Fig. 4C), suggesting that
TAM differentiation is controlled by fatty acid oxidation. We then explored the role of CD36
in TAM polarization. As shown in Fig. 4D, 20 genes were upregulated in WT TAMs
compared with control Mds; 12 genes were downregulated in CD36-KO TAMs compared
with WT TAMs; and 12 genes remained unchanged between CD36-KO and control M®s.
Only two genes, ArgZ and Cc/2, were present in the intersection of the three gene sets,
suggesting that ArgZ and Cc/2are regulated by CD36 in TAMs. This result was confirmed
by examining the mRNA (Fig. 4E) and protein expression (Fig. 4F) of Arg-1and Cc/2in
control Mds and TAMs from CD36 WT and KO mice.

As TAMs play an important role in promoting tumor growth and progression (21), we next
hypothesized that lipid accumulation and metabolism in TAMs are also required for their
tumor-promoting function. We showed that, by determining the expression of Ki-67 and cell
cycle progression in human myeloma cells U266 (Fig. 5A) and ARP-1 (Fig. 5B), human
prostate carcinoma cells LNCaP-LN3 (Fig. 5C), human breast adenocarcinoma cells MDA-
MB-468 (Fig. 5D), as well as murine myeloma cells 5TGM1 (Supplementary Fig. S5A) and
murine lymphoma cells EL4 (Supplementary Fig. S5B), after coculture with control M®s or
TAMs in the presence or absence of etomoxir. TAMSs significantly enhanced the expression
of Ki-67 (Fig. 5A-D and Supplementary Fig. S5A and B) and increased the S-phase
population in tumor cells (Fig. 5E, F and Supplementary Fig. SSC-E) as compared with
control Mds. Etomoxir-treated TAMs failed to promote tumor cell proliferation (Fig. 5SA-F
and Supplementary Fig. S5). CD36-KO TAMs lost their ability to promote tumor
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proliferation (Fig. 5G and H). Taken together, these results suggested that the inhibition of
fatty acid oxidation in TAMSs suppresses their function as a protumor cell.

High levels of fatty acid oxidation enhance the phosphorylation of STAT6

To elucidate the mechanism of fatty acid oxidation in regulating TAM polarization, we
performed the ingenuity pathway analysis (IPA) to identify canonical signaling pathways
that were activated in the cells. As shown in Fig. 6A, TAMs displayed, in comparison with
control Mds, activated signaling pathways including 1L-4, IL-10, IL-13, PPAR-vy, fatty acid
oxidation, CSF1R, and STAT6, which are highly related to immunosuppressive and tumor
promoting function of M®ds (22). As STAT6 cross-talks with these signaling pathways that
are activated in TAMs, we determined the phosphorylation status of STAT6 in the cells.
Compared with control Mds, STAT6 was phosphorylated at Tyr641 in TAMs (Fig. 6B and
Supplementary Fig. S6A). We also observed high levels of oxidative stress in TAMs
compared with control M®s (Fig. 6C). As IL-4 and 1L-13 directly activate the
phosphorylation of STAT6 in Mds (23), we measured the production of IL-4 and IL-13 in
tumor cells used in our study. No production of IL-4/IL-13 was detected in the supernatants
of the tumor cells (Supplementary Fig. S6B-E), indicating that the observed STAT6
phosphorylation in TAMs was not induced by the cytokines but by oxidative stress. To
confirm our hypothesis, we first examined the phosphorylation levels of JAKs (JAK1, JAK2,
and JAK3), STATG6 kinases, and SHP1, which is a STAT6-specific tyrosine phosphatase (24),
in control Mds and TAMSs. As shown in Fig. 6D, E, and Supplementary Fig. S6F-I, the
phosphorylation of JAK1 was significantly increased whereas the phosphorylation of SHP1
was inhibited in TAMs compared with Mds. Second, to determine whether the
phosphorylation of JAK1 and SHP1 in TAMs was regulated by oxidative stress, we treated
Mds with Hy05 and TAMs with antioxidant N-Acetyl-L-cysteine (NAC), and then
examined the phosphorylation levels of JAK1, SHP1 and STATG in the cells. As shown in
Fig. 6F and Supplementary Fig. S6J-M, H,0, treatment significantly enhanced JAK1 and
STAT6 phosphorylation but suppressed SHP1 phosphorylation in M®ds. In contrast, NAC
treatment suppressed JAK1 and STAT6 phosphorylation but increased SHP1
phosphorylation in TAMs (Fig. 6F and Supplementary Fig. S6J-M). No significant changes
in STAT6 or SHP1 phosphorylation were observed in M®ds and TAMs generated from
CD36-KO mice (Fig. 6G). These results clearly indicated that higher fatty acid-oxidation-
induced oxidative stress is responsible for STAT6 phosphorylation by dephosphorylating
SHP1 in TAMs.

Clinical significance of CD36 expression in TAMs

To determine which cells express CD36 in tumor tissues, we analyzed 2 independent single-
cell sequencing data from ArrayExpress and GEO (Supplementary Table 2, available online)
on human lung (25) and breast cancers (26). Interestingly, CD36 was mainly expressed in
CD14*CD11b* myeloid cluster, which was one of 8 unbiased major clusters (Supplementary
Fig. S7TA). The majority (71.9%) of CD36-expressing cells were myeloid cells and 83% of
these myeloid cells were Mds (Supplementary Fig. S7B). Among CD36* Mds, 59.9% were
tumor-derived Mds (TAMSs) and expressed a significantly higher level of CD36 expression
compared with Mds from normal tissues, which is consistent with the elevated levels of
CD36 in total tumor tissues (Supplementary Fig. S7C). Similarly, the majority (49.3%) of
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CD36-expressing cells were M®ds and 99.9% of these Mds were tumor-derived M®s in
human breast cancer (Supplementary Fig. S7D). Moreover, high expression of CD36 in
CD68M9N TAM clusters was positively correlated with an upregulated expression of genes
associated with TAM differentiation and fatty acid oxidation (Supplementary Fig. S7E).
These data indicated that CD36 is mainly expressed by Mds in tumor tissues and related
with TAMs differentiation and fatty acid oxidation of the cells. Furthermore, we analyzed
published array data from human renal carcinoma tissues (27,28) and found relatively higher
levels of CD36 mRNA in tumor tissues than their normal counterparts and a strong
correlation between CD36 expression and TAM signature gene expression (Supplementary
Fig. S7F and G). In addition, we examined the published dataset from glioblastoma tissues
(29) and observed a strong correlation between the expressions of CD36 and gene cluster
involved in fatty acid oxidation pathway (Supplementary Fig. S7H), which is consistent with
the results from our /n vitro co-culture and /n vivo studies. Taken together, these human
cancer results demonstrated that CD36 is indeed highly expressed in human tumor tissues
especially in M®s and its expression is highly correlated with the expression of TAM
signature genes and fatty acid oxidation-related genes.

efficacy of targeting TAM lipid metabolism in cancer treatment

Finally we determined whether targeting TAM lipid metabolic pathways can be used to treat
cancer. First, the VK*MYC myeloma mouse model (30,31) was used and established in WT
and CD36-KO C57BL/6J mice. Interestingly, while most of the WT B6 mice developed
myeloma and succumbed to the disease, all CD36-KO mice survived without developing
tumor (Fig. 7A and B). Second, we subcutaneously injected EL4 lymphoma cells into B6
mice together with or without TAMs generated from WT or CD36-KO mice and monitored
tumor growth. Mice bearing EL4 cells and co-injection of WT TAMs had significantly lager
tumor burdens than mice injected with EL4 alone or co-injected with EL4 and CD36-KO
TAMs, indicating that exogenously injected CD36-KO TAMs did not promote EL4 growth
in vivo (Fig. 7C). We then examined the infiltration of M®s into tumor tissues in tumor-
bearing CD36 WT or KO mice, and found that CD36 deficiency impaired the infiltration of
Mds into tumor bed (Supplementary Fig. SBA-D). In addition, we determined M®
polarization status in tumor-bearing CD36 WT and KO mice using gene microarray analysis
and observed that, compared to CD36 WT Md®s, CD36-deficient Mds expressed
significantly higher M1-signature genes (Supplementary Fig. S8E) and lower M2-signature
genes (Supplementary Figure S8F). gPCR (Supplementary Fig. S8G and H) and flow
cytometry (Supplementary Fig. S81 and J) confirmed these results, indicating that CD36
deficiency polarizes Mds to M1-type cells.

To explored whether inhibiting fatty acid oxidation can be used to treat cancer /n vivo. we
used etomoxir to inhibit fatty acid oxidation. Etomoxir treatment significantly suppressed
tumor growth in EL4 lymphoma- (Fig. 7D) and 5TGM1 myeloma-bearing mice (Fig. 7E and
F). Finally, in human myeloma-xenografted mouse model, etomoxir was also able to inhibit
human myeloma growth /n vivo (Fig. 7G and H). These results provide direct evidence that
inhibiting TAM lipid metabolism could suppress the growth and progression of tumors /in
vivo.
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Discussion

We and others have shown that in the TME, TAMSs can promote tumor growth and induce
drug resistance (4,5). Depleting TAMs exerted promising antitumor responses /n vivo (4). It
is unclear, however, how TAMSs acquire a tumor-promoting phenotype in TME. In this study,
we observed that TAMs from both human and murine tumor tissues were enriched with high
levels of lipid. Inhibition of lipid uptake by blocking CD36 or knocking down Cd36, or
inhibiting fatty acid oxidation in M®s can block the generation of TAMSs abolished their
protumor functions /n vitroand /n vivo. These results indicated that lipid metabolism may
play an important role in the differentiation and function of TAMs. In line with our results, a
number of studies showed that lipid is a crucial factor regulating tumor-associated dendritic
cells (32) and myeloid-derived suppressor cell (MDSC) function (33).

Generally, activated M®s show changes in their metabolism that are associated with their
cellular function. For example, classically in vitro LPS/IFN-y-activated, pro-inflammatory
M1 Mds switch their metabolism toward enhance anaerobic glycolysis (34), while
alternatively activated M2 M®s induced by IL-4/IL-13 are associated with enhanced FAQO
and OXPHOS without changes in glycolysis (35). However, little is known about the
metabolic characteristics of TAMSs and the role of lipid metabolism in modulating their
phonotype and function in the context of cancer development and progression. A recent
study (36) reported that aerobic glycolysis is increased in TAMSs and closely related with the
promotive functions of TAMs on tumors. However, another study (37) demonstrated that
monocyte-derived TAMSs from human gliomas, compared to tissue-resident TAMSs, exhibited
a decreased glycolytic metabolism and an increased immunosuppression in the TME that
were associated with poor patient survival. These studies suggest that reduced glycolytic
activity in TAMs favors tumor progression via both nutritional and immunological
circuitries. Interestingly, a recent study (38) also found that increased FA metabolism in
TAMs was linked to their antitumor/protumor functions dependent on the type of FA
enriched in cells. Compared to cells enriched with saturated FA that have protumor activity,
TAMs enriched with unsaturated FA have antitumor function (39).

TAMs are highly heterogeneous (1), which presents a major challenge in identifying a
treatment modality to target protumor TAMs. It has been shown that tumors can polarize
Mds into TAMs independent in IL-4/1L-13, such as prostate cancer-derived cathelicidin-
related antimicrobial peptide (12), Hypoxic cancer cell-derived oncostatin M and eotaxin
(13), and Myeloma-derived MIF (6). In this study we discovered that enhanced lipid
accumulation and metabolism can also reprogram M®s into TAMs in the TME. Therefore,
our study suggests that targeting lipid metabolism in TAMs may be a promising therapy
method for cancer patients.

CD36 plays a key role in the occurrence and development of tumors and has been repeatedly
proposed as a prognostic marker in various cancers, mostly of epithelial origin such as breast
(40), prostate (41), ovary(42), and colon(43), and also for hepatic carcinoma (44) and
gliomas (45). By analyzing large, published datasets of human cancers, we also confirmed
that CD36 is highly expressed by human tumor tissues especially the Mds, and its
expression is positively correlated with the expressions of TAMSs and fatty acid oxidation
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gene signatures. However, there is little information about the role of CD36 in regulating
TAM development. Our results showed that CD36 is a key receptor for lipid uptake and
TAM generation in M®s. Interestingly, CD36 also plays an important role in MDSCs for
increasing fatty acid uptake and fatty acid oxidation to support their immunosuppressive
functions (46). These findings indicate that CD36 may be a critical factor for regulating the
lipid metabolism in tumor-surrounding cells to promote tumor growth and metastasis and
inhibit the immune system, suggesting CD36 as a potential biomarker or target for
diagnosis, prognosis, and therapy of cancers.

As one of the most abundant components of the TME, TAMs are derived from circulating
monocytes that are recruited to the TME. After entering TME, monocytes need to undergo
metabolic adaptations in order to survive in the harsh microenvironment (3). In other
immune cells fatty acid oxidation is known to support cellular survival and longevity (47).
Consistent with these studies, high levels of fatty acid oxidation and higher proliferation
were observed in TAMs compared with control Mds. However, how the metabolism process
initiates and shapes the generation and function of TAMs in TME is completely unknown.

To elucidate the mechanism underlying fatty acid oxidation-mediated differentiation and
function of TAMs, we analyzed activated signaling pathways between TAMs and control
Mds with IPA, and found that IL-4, IL-13, IL-10, PPARG, and STAT6 related signaling
pathways were significantly activated in TAMs. In M®s, I1L-4 and IL-13 could directly or
indirectly activate STAT6 phosphorylation and enhance PPARYy activity via STAT6. Thus,
we hypothesized that STAT6 phosphorylation may be a potential target of fatty acid
oxidation to initiate and shape the function of TAMs. Indeed, compared with control M®s,
the phosphorylation levels of STAT6 in TAMs were significantly increased. Interestingly, we
observed that the activities of JAK1, an important STAT6 activator, and SHP1, an important
STAT6 negative regulator, were affected by oxidative stress in TAMs, suggesting that fatty
acid oxidation-induced high oxidative stress initiates and shapes the function of TAMs by
regulating the JAK1-STAT6 axis in Mds. However, consistent with a recently published
study (48), neither IL-4 nor 1L-13 was detected in the TCM used in our study, indicating that
STAT6 activation in TAMs may be independent on 1L-4/1L-13 signaling but induced by
enhanced fatty acid oxidation. Thus, our findings provide a plausible explanation as to why
lipid metabolism promotes the generation of M2-like TAM under IL4/IL13-free TME and is
crucial for TAM activity.

To summarize, we describe a novel mechanism underlying lipid metabolism-initiated
process that promotes the differentiation and function of the protumor TAMs in TME. This
finding may not only contribute to a better understanding of the importance of lipid
metabolism in the differentiation and function of protumor Mds but also underscore fatty
acid oxidation-dependent signaling pathway as a potential therapeutic target for the
treatment of human cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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This study highlights the role of lipid metabolism in the differentiation and function of
TAMs and suggests targeting TAM fatty acid oxidation as a potential therapeutic

modality for human cancers.

Significance:
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Fig. 1. Lipid accumulation in TAMs

A-B, Representative fluorescent confocal images showing the morphology and lipid levels
of human M®s sorted from BM samples of normal donors (A) and MM patients (B). TD
represents contrast image by transmitted light differential interference.

C-E, Representative images of lipid levels and CD68 expression in human frozen sections of
breast, colon, and prostate cancer and normal tissues.

F, Representative histogram showing the levels of lipids in CD11b*CD68* M®s from
human colon normal and cancer tissues (left panel). Right panel showing the statistic result
of the mean fluorescence intensity (MFI) of lipids in M®s from normal and tumor tissues.
Statistical significance was determined by two-tailed Student’s t test between control M®s
and TAMs. *** P < 0.001.
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G, Representative histograms (left panel) and quantitative result (right panel) of the lipid
levels in Mds from human normal and melanoma tissues. Statistical significance was
determined by two-tailed Student’s t test between control Mds and TAMs. *** P < 0.001.
H, Bar graph representing the lipid levels in CD11b*CD68* M®s from normal, MGUS, and
MM BM samples. Statistical significance was determined by two-tailed Student’s t test
between normal and disease group. **, P < 0.01; *** P < 0.001.

I, Statistic results of lipid levels in F4/80*CD11b* Mds of tumor tissues and their
corresponding normal tissues from indicated tumor-bearing (TB) or normal mice. Statistical
significance was determined by two-tailed Student’s t test between control Mds and TAMs.
*** P <(0.001.

J-K, Bar graphs depicting the MFI of lipids in M®s cultured with or without indicated
tumor cells (J) or TCM (K). Statistical significance was determined by two-tailed Student’s
t test between control M®s and different TAMs. **, P < 0.01; ***, P < 0.001.

L-M, Representative confocal images of lipid droplet in Mds cultured with tumor cells (L)
or TCM (M).
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Fig. 2. Blocking CD36 abolishes lipid accumulation in TAMs
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m TAMs
m TAMs+SSO

mTAMs
m TAMs+SSO

A, Representative fluorescent confocal images showing Fatty Acid-Red C12 uptake by

human control Mds and TAMs.

B, Bar graph depicting ELISA results of fatty acid uptake by control M®s and TAMSs using
a Free Fatty Acid Uptake Assay kit. Statistical significance was determined by two-tailed

Student’s t test between control Mds and TAMs. ***, P < 0.001.
C, Heat map showing the relative expression of human scavenger receptors in TAMs
compared with control M®s.

D, Representative histograms (left) and statistic results (right) showing lipids in M®s and
TAMs with indicated blocking antibody treatments. Statistical significance was determined
by two-tailed Student’s t test between control Mds and TAMs. **, P < 0.01; ***, P < 0.001;

n.s., not significant.
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E-F, Representative histograms (left) and statistic results (right) showing lipid levels in
control M®s and indicated TAMs cultured with or without SSO. Statistical significance was
determined by two-tailed Student’s t test between control M®ds and TAMs. ***, P < (0.001.
G-H, Representative confocal images of lipids of murine M®s from CD36 WT and KO
mice cultured with or without 5TGM1 (G) or EL4 (H) cells /n vitro.
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Fig. 3. Culturewith tumor cellsincreasesthe fatty acid oxidation in TAMs
A-B, Microarray analysis of genes related to lipid p-oxidation in control Mds and TAMs.

Pie charts showing the percentage of total gene changes (A) in each indicated group of cells.
Heat map showing the relative expression of lipid B-oxidation-associated genes (B) in
control M®s and TAMs.

C, Relative mRNA expression of indicated genes related to lipid B-oxidation in control Mds
and TAMs. Statistical significance was determined by two-tailed Student’s t test between
control Mds and TAMs. *** P < 0.001; n.s., not significant.

D-E, Oxygen consumption rates (OCRs) of control M®s, TAMs and etomoxir treated TAMs
by Seahorse XF Analyzer (D). Statistic results depicting the basal and maximal respiration
and spare respiratory capacity in control M®ds and TAMs by analyzing the OCRs (E).
Statistical significance was determined by two-tailed Student’s t test between control M®s
and TAMs. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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F, Relative mRNA expression of indicated genes in control Mds and TAMs from CD36 WT
and KO mice using qPCR. Statistical significance was determined by two-tailed Student’s t
test between control Mds and TAMs. **, P < 0.01; ***, P < 0.001; n.s., not significant.
G-H, OCRs of control Mds and TAMs from CD36 WT and KO mice (G) and statistic
results (H) depicting the basal and maximal respiration and spare respiratory capacity.
Statistical significance was determined by two-tailed Student’s t test between control Mds
and TAMs. *, P < 0.05; **, P < 0.01; ***, P < 0.001, n.s., not significant.
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Fig. 4. Fatty acid oxidation promotes TAM differentiation
A, Heat map showing the relative expression of TAM signature genes in control M®s and

TAMs.

B, Relative mMRNA expression of TAM signature genes in control Mds and TAMs by qPCR.
Statistical significance was determined by two-tailed Student’s t test between control Mds
and TAMs. *, P < 0.05; ***, P <0.001, n.s., not significant.

C, Relative mRNA expression of indicated genes in the M®s with indicated treatment.
Statistical significance was determined by two-tailed Student’s t test between control M®s
and TAMs. ** P < 0.01; ***, P < 0.001, n.s., not significant.

D, Venn diagram showing the changes in gene expression in control M®ds and TAMSs under
various conditions. Argl and Ccl2 were in the intersection between these three gene sets.
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E-F, Relative mRNA expression (e) and protein levels (f) of Ccl2 and Argl in control Mds
and TAMs from CD36 WT and KO mice. Statistical significance was determined by two-
tailed Student’s t test between control Mds and TAMs. *** P < 0.001, n.s., not significant.
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Fig. 5. Inhibition of fatty acid oxidation impairs protumor function of TAMs
A-D, Representative histograms (left) and statistic results (right) of the expression of Ki-67

in human U266 (A) and ARP1 (B) myeloma cells, LNCap-LN3 prostate tumor cells (C),
and MDA-MB-468 breast tumor cells (D), cultured with control Mds or TAMs in the
presence or absence of etomoxir. Statistical significance was determined by two-tailed
Student’s t test between indicated groups. **, P < 0.01; ***, P < 0.001.

E, Representative dot plots showing cell cycle progression of tumor cells with indicated
coculture conditions using APC-BrdU and 7-AAD.

F, Bar graphs showing the percentage of human U266, ARP1, LNCaP-LN3, and MDA-
MB-468 cells in the indicated cell cycle stages under indicated coculture conditions.
Statistical significance was determined by two-tailed Student’s t test between indicated
groups. *, P < 0.05; **, P <0.01; ***, P < 0.001.
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G-H, Representative histograms (G) and statistic results (H) showing the expression of
Ki-67 in 5TGML1 cells cultured with control Mds or TAMs from CD36 WT and KO mice.
Statistical significance was determined by two-tailed Student’s t test between indicated
groups. ***, P < 0.001; n.s., not significant.
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Fig. 6. High level of fatty acid oxidation enhances the phosphorylation of STAT6
A, IPA analysis of canonical signaling pathways in control Mds and TAMs. The circle

surface area is proportional to —log (P-value) and the color intensity of circles indicates the
Z score.

B, Representative western blots (upper) of 3 independent experiments and statistic result
(lower) showing STAT6 phosphorylation in control Mds and TAMs. Statistical significance
was determined by two-tailed Student’s t test between indicated groups. ***, P < 0.001.

C, Representative histograms showing the levels of superoxide determined by Mitosox Red
(upper) and cellular ROS by DCFDA (lower) in control Mds and TAMs.

D, Representative immunoblots of JAK1 and JAK3 phosphorylation in control Mds and
TAMs.
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E, Representative immunoblots (lower) and quantitative result (upper) of the SHP1
phosphorylation in control M®ds and TAMs. Statistical significance was determined by two-
tailed Student’s t test between indicated groups. ***, P < 0.001.

F, immunoblots of the phosphorylated and total JAK1, STAT6, and SHP1 in M®s with
indicated treatment.

G, Western blots of STAT6 and SHP1 phosphorylation in control Mds and TAMs from
CD36 WT and KO mice. Bar graph showing means = SEM of 3 independent experiments.
Statistical significance was determined by two-tailed Student’s t test between indicated
groups. ***, P <0.001, n.s., not significant.
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Fig. 7. Effect of fatty acid oxidation inhibition on protumor function of TAMs
A, SPEP was performed on a representative Vk*MY C-bearing CD36 WT and KO mice.

Arrows indicate M protein in Vk*MY C-bearing mice.

B, Survival curves of CD36 WT and KO mice bearing Vk*MY C myeloma cells. The results
were analyzed by Log-rank (Mantel-Cox) test (**, P < 0.01).

C, EL4 lymphoma cells were mixed with or without CD36 WT or KO TAMs at a ratio of
5:1, and then injected subcutaneously into C57BL/6J mice. Tumor growth was monitored for
7 days. Results of tumor volumes are shown as means = SEM. (* P < 0.05)

D, EL4-bearing NSG mice were treated with 50 mg/kg etomoxir intraperitoneally every two
days after tumor injection. Tumor growth was followed for 9 days. Results of tumor volumes
were shown as means + SEM. (* P < 0.05)

E, Bioluminescent images of 5TGM1-luc myeloma cell-bearing NSG mice treated with 50
mg/kg etomoxir or vehicle on day 21.
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F, Tumor burden measured as serum concentration of 1gG2b in 5TGM1-bearing mice
treated with etomoxir or vehicle. Results are shown as means + SEM. **, P < 0.01.
G-H, Bioluminescent images (G) and statistic results of bioluminescent signals (H) of
human MM.1S-luc cell-bearing NSG mice on day 21. Results are presented as means +
SEM. ** P <0.01.
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