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Abstract

Tumor-associated macrophages (TAMs) are one of the most abundant
immunosuppressive cells in the tumor microenvironment and possess crucial
functions in facilitating tumor progression. Emerging evidence indicates that altered
metabolic properties in cancer cells support the tumorigenic functions of TAMs.
However, the mechanisms and mediators the underly the cross-talk between
cancer cells and TAMs remain largely unknown. In the present study, we revealed
that high solute carrier family 3 member 2 (SLC3A2) expression in lung cancer
patients was associated with TAMs and poor prognosis. Knockdown of SLC3A2 in
lung adenocarcinoma cells impaired M2 polarization of macrophages in a coculture
system. Using metabolome analysis, we identified that SLC3A2 knockdown altered
the metabolism of lung cancer cells and changed multiple metabolites, including
arachidonic acid, in the tumor microenvironment. More importantly, we showed that
arachidonic acid was responsible for SLC3A2-mediated macrophage polarization in the
tumor microenvironment to differentiate into M2 type both in vitro and in vivo. Our
data illustrate previously undescribed mechanisms responsible for TAM polarization
and suggest that SLC3A2 acts as a metabolic switch on lung adenocarcinoma cells to

induce macrophage phenotypic reprogramming through arachidonic acid.
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1 | INTRODUCTION

Macrophages have an essential and indispensable role in homeosta-
sis and immunity, but in the context of cancer they lose their protec-
tive functions and become TAMs.! Tumor-associated macrophages
are one of the most abundant immunosuppressive innate immune
cell populations in the TME.? It is well documented that TAMs play
a tumor-promoting role in the growth and invasion of cancer pri-
mary and metastatic sites and high TAM levels correlate with ag-
gressive cancer phenotype and disease progression in various types
of human cancer.® Tumor-associated macrophages interact with
tumor cells and facilitate proliferation, chemoresistance, distance
metastasis, and survival of tumor cells.® In addition, TAMs contrib-
ute to the development of immunosuppressive TME by producing
cytokines and chemokines and triggering the exhaustion of T cells.#
Emerging evidence indicates that altered signaling pathways and
metabolic properties support the tumorigenic functions of TAMs.?
Reprogramming or switching functions from tumorigenic to anti-
tumorigenic TAMs serve as novel therapeutic options of precision
medicine in recent years.

Macrophages are highly heterogeneous. Their plasticity en-
ables them to develop distinct adaptation to slight alteration of
tissue environments, including nutrients, metabolites, and oxy-
gen, which results in significant diversity of TAMs among different
cancer types even within the same tumor. The diversity of mac-
rophages was previously streamlined as the simplified concept of
pro-inflammatory (M1) and alternative (M2) phenotypes.® During
the early period of inflammation, macrophages transit to the pro-
inflammatory (M1) type through the classical activation pathway to
defend against intracellular bacteria or viruses, while in late inflam-
matory or TME, macrophages polarize to the alternative (M2) type
through the alternative activation pathway to help tissue healing
and tolerate self-antigens.” Unlike IL-4/1L-13-stimulated M2 mac-
rophages, TAMs are mainly induced by Toll-like receptor ligands
and A2 adenosine receptor agonists or IL-6.8 In addition, some
noncytokines such as lactic acid, glutamine, and other metabolites
also participate in the induction of TAMs.? As the metabolic char-
acteristics of TAMs largely depend on the surrounding microen-
vironment, the mechanisms underly TAM polarization in different
tissues are highly contextual and cell-type dependent. For exam-
ple, in the early stage of tumor development, TAMs rely on glycoly-
sis to meet their energy demands and produce high concentrations

of lactic acid, which further enhances glycolysis by activating the
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Akt/mTOR pathway.!® This is very similar to the characteristics of
M1 type macrophages that are highly dependent on glycolysis.®**
However, with the development of tumors, TAMs show low glyco-
lytic rates because of hypoxia induces REDD1 upregulation, which
further inhibits mTOR, glucose uptake, and glycolysis, which is sim-
ilar to M2 type macrophages. In addition, TAMs rely on the uptake
and oxidation of fatty acids, with a-ketoglutarate derived from glu-
tamine as a positive metabolic regulator of FAO.*%*? Further under-
standing of the mechanisms by which metabolic changes influence
TAMSs' function is an essential step in developing novel therapeutic
approaches for human cancer.

The SLC family is the second largest family of membrane pro-
teins in the human genome.’® SLC3A2 is the most typical member
of this family, encoding CD98hc protein, which forms heterodi-
meric complexes with light subunits LAT1 and LAT2 to function as
an amino acid transporter.'* SLC3A2 regulates LAT1/LAT2 stability
and plasma membrane localization to uptake glutamine and leucine,
which regulates the mTORC1 pathway and cellular metabolism.*>¢
SLC3A2 is highly expressed in many malignant tumor cells, such as
lung cancer, breast cancer, prostate cancer, colorectal cancer, and
glioma.ﬂ'19 SLC3A2 is overexpressed in 62.5% of large cell neuroen-
docrine carcinoma and 50% of small-cell lung cancer and serves as
an independent prognostic factor for thymic epithelial tumors and
non-small-cell lung cancer.?’ Overexpression of SLC3A2 leads to ra-
diotherapy resistance of tumors, indicating SLC3A2 could become a
promising clinical target for tumor therapy.?! However, whether and
how SLC3A2 influences macrophage polarization in TME remains
elusive.

In this study, we aimed to elucidate the role of SLC3A2-mediated
metabolism in regulating macrophage polarization in lung cancer.
Through the comprehensive analysis of transcriptome and metab-
olome characteristics, our data showed that SLC3A2 plays an im-
portant role in the alternative activation of macrophages through
the metabolic reprogramming of lung cancer cells. The current find-
ings present a novel mechanism that controls TAM polarization and
reveals SLC3A2 as a pivotal regulatory factor in determining TAM

polarization in human lung cancer.

2 | MATERIALS AND METHODS

All methods and key reagents can be found in Appendix S1 and
Table S1.

FIGURE 1 SLC3AZ2 is significantly highly expressed and associated with poor prognosis in lung adenocarcinoma (LUAD). (A) Expression
heatmap of 422 SLC family genes in 17 human cancers. Each grid in the heatmap represents the log2 logarithm of the ratio of the expression
of this gene in the tumor and the adjacent normal tissue. SLC family genes are classified into types I-Ill according to the ratio from low to
high. (B) Multivariate Cox analysis results of type Il SLC family genes in LUAD. Hazard ratio greater than 1 indicates a risk factor and is
associated with poor prognosis. (C, D) Kaplan Meier survival curve of The Cancer Genome Atlas (TCGA) (C) and GSE31210 (D). Patients

are divided into high and low expression groups according to the median expression of SLC3A2. (E) Immunohistochemical staining and
quantification of SLC3A2 in LUAD and adjacent tissues. Representative images are enlarged in the right panel. (a) Normal lung epithelial
cells. (b) Macrophages. (c,d) LUAD cells. Scale bar, 50 pm; n = 51. (F) Kaplan-Meier survival curve of 51 LUAD patients. Patients were divided
into high and low expression groups according to the median expression of SLC3A2 based on immunohistochemical staining
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FIGURE 2 SLC3A2 inhibits lung adenocarcinoma cell proliferation, migration, and invasion. (A) Establishment of A549 and H1299 cells
with stably knocked down SLC3A2. (B) CCK-8 assay to check the effect of SLC3A2 on cell proliferation. (C) Wound healing experiments of
WT and SLC3A2 knockdown cells; quantification data is shown in the right panel. (D) Transwell migration experiments of WT and SLC3A2
knockdown cells; quantification data is shown in the right panel. Graphs show the mean +SEM of at least three independent experiments.
***p <0.001, one-way ANOVA
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FIGURE 3 Tumor SLC3A2 expression is positively correlated with M2 macrophage infiltration. (A) Correlation between immune cell
infiltration and SLC3A2 in The Cancer Genome Atlas. Patients were divided into high and low expression groups, and the proportion of
immune cells in the microenvironment is analyzed. (B) Immunohistochemical (IHC) and H&E staining of SLC3A2, IHC staining of CD163

(M2 marker), CD68 (macrophage marker), and CD11c (M1 marker) was carried out on lung adenocarcinoma samples. Scale bar, 50 um;

n = 51. (C) The H-score of each marker was calculated, and the linear correlation scatter plots of SLC3A2 and three macrophage markers

are plotted respectively. (D) Schematic diagram of coculture of macrophages and A549 cells. (E) Quantitative RT-PCR is used to detect

polarization-related markers in cells cocultured cells. Interleukin (IL)-6, IL-12, and inducible nitric oxide synthase (iINOS)-2 are used as M1
type macrophage markers, while Arginase-1 (ARG-1), IL-10, and CD163 are M2 type macrophage markers. Graphs show the mean+SEM of
at least three independent experiments. *p <0.05, **p <0.01, ***p <0.001, one-way ANOVA. LPS, lipopolysaccharide; ns, no significance
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FIGURE 4 SLC3A2 induces macrophage differentiation into M2 type by arachidonic acid (AA). (A) Wayne diagram of metabolites
whose contents are significantly downregulated in cells with stable KO of SLC3A2. (B) Pathway enrichment map of metabolomic
differential metabolites in cells with stable KO of SLC3A2. (C) Differential metabolite volcano map of cells with stable KO of SLC3A2.

(D) AA and prostaglandin E2 (PGE2) induced macrophage phenotype. PBS was used as the control reagent for AA, and ethanol was used

as the control reagent for PGE2. Interleukin (IL)-6, IL-12, and inducible nitric oxide synthase (iNOS)-2 are M1 type macrophage markers,
whereas Arginase-1 (ARG-1), IL-10, and CD163 are M2 type macrophage markers. (E) Schematic diagram of the polarization effect of

AA on macrophages cocultured with A549 cells. (F) Quantitative RT-PCR detected polarization-related markers in cocultured cells. (G)
Concentration of AA in the extracellular fluid of cells with stable KO of SLC3A2 was determined by ELISA. Graphs show the mean + SEM of
at least three independent experiments. *p <0.05, **p <0.01, ***p <0.001, one-way ANOVA

3 | RESULTS

3.1 | Elevated expression of SLC3A2 is associated
with poor prognosis in LUAD

To find aberrantly expressed SLC family genes in human cancer,
we compared the expression of 422 SLC family genes in tumors
and adjacent normal tissues in 17 tumor types in the TCGA data-
base (Figure 1A). According to the expression pattern, SLC genes
were divided into three types. Remarkably, type Ill SLC genes
were highly expressed in tumors when compared to adjacent nor-
mal tissues, especially in LUAD (Figure 1A). To further screen the
prognosis-related SLC genes, we undertook multivariate Cox sur-
vival analysis on type Il SLC genes in lung cancer and determined
that SLC3A2 was the most relevant risk factor for LUAD prog-
nosis (Figure 1B). Furthermore, high level of SLC3A2 was associ-
ated with poor prognosis in lung cancer (Figure 1C,D). In order to
verify the clinicopathological relevance of SLC3A2 in LUAD, we
performed IHC staining in 51 LUAD patients. As expected, the ex-
pression of SLC3A2 in lung cancer was significantly higher than
that in paired normal tissues, and SLC3A2 was negatively corre-
lated with the overall survival rate of LUAD (Figure 1E,F). In addi-
tion, we found that a few macrophages are also expressed SLC3A2
in tumor adjacent tissues (Figure 1E(b)). In order to further clarify
the expression of SLC3A2 in the TME, we undertook multifluores-
cent microscopy analysis of SLC3A2 and markers of various types
of cells in the TME (including the myofibroblast marker a-SMA, the
T cell marker CD3, the B cell marker CD20, and the macrophages
marker CD68). The results showed that SLC3A2 was mainly ex-
pressed in tumor cells, and rarely expressed in a minority of mac-
rophages (Figure S1).

3.2 | SLC3A2is essential for proliferation,
migration, and invasion of LUAD cells

To investigate the role of SLC3A2 on LUAD cells, we knocked
down SLC3A2 in A549 and H1299 cells by lentiviral transduction
of shRNA (Figure 2A). SLC3A2 knockdown markedly impaired
LUAD cell proliferation (Figure 2B). Wound healing assay showed
that the knockout of SLC3A2 resulted in a significant reduc-
tion in cell migration ability (Figure 2C). Moreover, the Transwell
assay indicated that the downregulation of SLC3A2 significantly
repressed the invasion of LUAD cells (Figure 2D). Overall, the

results indicated that SLC3AZ2 is critical for LUAD proliferation
and migration.

3.3 | SLC3A2in LUAD is critical for M2
macrophage polarization in TME

To further explore the relevance of SLC3A2 in the LUAD immune mi-
croenvironment, we analyzed the infiltration of 22 types of immue
cells in TCGA (Figure 3A). We found high expression of SLC3A2
was associated with increased infiltration of M2 macrophages and
decreased infiltration of M1 macrophages (Figure 3A). By immu-
nohistochemistry analysis in 51 LUAD patients, we confirmed that
SLC3A2 expression is positively or negatively correlated with infil-
tration of M2 or M1 type macrophages, respectively (Figure 3B,C).
To investigate whether SLC3A2 in lung cancer cells affects the po-
larization of macrophages in TME, we cocultured human monocyte
THP-1 cells with either normal or SLC3A2 knockdown A549 cells
and measured macrophage markers by using quantitative RT-PCR
(Figure 3D). Interestingly, we found that THP-1 cells cocultured with
conditional medium from SLC3A2 knockdown A549 cells showed in-
creased expression of M1 macrophage markers iNOS, IL-6, and IL-12
and reduced expression of M2 macrophages marker ARG-1, IL-10,
and CD163 (Figure 3E). These data suggested that SLC3A2 in LUAD
cells is critical in maintaining M2 phenotype of macrophages in TME.

3.4 | Arachidonic acid is responsible for SLC3A2-
mediated M2 macrophage polarization

Due to the critical role of SLC3A2 in cell metabolism, we speculated
that SLC3A knockdown in lung cancer cells might alter the secretion
of metabolites to TME, which led to the impairment of M2 polariza-
tion. To test this hypothesis, we first carried out metabolome analy-
sis in control and SLC3A2 knockdown A549 cells (Table S2). A total
of 813 differential metabolites were identified in SLC3A2 KO cells,
380 of which were downregulated metabolites (Figure 4A). We next
performed enrichment of these downregulated metabolites based
on the Kyoto Encyclopedia of Genes and Genomes and Human
Metabolome Database (Figure 4B). The results indicated that lipid
metabolism and lipids were the most significantly different path-
ways (Figure 4B); AA and PGE2 were the top two downregulated
metabolites in SLC3A2 knockdown cells (Figure 4C). To further in-
vestigate the impact of AA and PGE2 on M2 polarization, we treated
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FIGURE 5 SLC3A2 on lung adenocarcinoma (LUAD) promotes tumor growth and M2 macrophage polarization in vivo. (A) Established
Lewis lung cancer (LLC) cell lines with stable KO of SLC3A2. (B) Schematic diagram of LUAD tumor model with stable KO of SLC3A2.

LLC cells with stable knockout of SLC3A2 and LLC cells expressing empty vector (1 x 10%) were subcutaneously implanted into the flank

of female C57 mice. When the average tumor size was 50-80 mm?, mice were randomly divided into a control group or arachidonic acid

(AA) treatment group, and the tumor tissue injected every 3days. Mice were killed after three treatments, and tumor tissues were taken

for further examination. (C) Gross images of tumors after tumor resection at the endpoint of the experiment. (D) Tumor volumes were
measured every third day and represented as fold change over tumor volume at day 1. (E) Tumor weight (g) was measured after tumor
resection at the experimental endpoint and plotted as a boxplot. (F) Measurement of AA content in control and SLC3A2 KO tumors. (G)
Immunohistochemical (IHC) staining for SLC3A2, CD163 (M2 marker), CD68 (macrophage marker), and CD11c (M1 marker) in mouse tumors.
Scale bar, 50 um; n = 5 for each group. (H) Analysis of CD163, CD68, and CD11c in different groups based on IHC staining. Graphs show

mean+SEM. *p <0.05, **p <0.01, ***p <0.001, one-way ANOVA

cells with those metabolites and measured macrophage marker of
polarization. We found that all those metabolites were sufficient
to increase the expression of surface markers of M2 macrophages
(ARG-1, IL-10, and CD163) (Figure 4D). We then tested whether AA
is responsible for LUAD cells maintaining the M2 phenotype of mac-
rophages by addition of AA to the coculture system of THP-1 cells
and SLC3A2 knockdown A549 cells (Figure 4E). The results indi-
cated that addition of AA partially rescues the defect of polarization
to M2 macrophages cocultured with SLC3A2 knockdown A549 cells
(Figure 4E,F). In addition, we confirmed the content of AA decreased
significantly in knockdown SLC3A2 lung cancer cell lines by ELISA
(Figure 4G).

3.5 | SLC3A2in LUAD cells promotes M2
polarization of TAMs in vivo

To further investigate the role of SLC3A2 in macrophage polari-
zation in vivo, we generated SLC3A2 KO Lewis lung cancer (LLC)
cells using the CRISPR/CAS9 method and implanted them into
C57 mice (Figure 5A,B). Compared with WT tumors, the xenograft
tumor growth rate and tumor volume were significantly decreased
in SLC3A2 tumors (Figure 5C-E). Interestingly, the injection of AA
into tumors could significantly rescue the inhibition of tumor growth
in SLC3A2 KO tumors (Figure 5C-E). By measuring the AA content
in the tumors of each group, the result showed that the AA con-
tent in SLC3A2 KO tumors was significantly lower than that in the
WT tumors (Figure 5F). Subsequently, the results of IHC staining
showed decreased M2 macrophages (CD163%) and increased M1
macrophages (CD11c*) in SLC3A2 KO tumors, while the SLC3A2 KO
tumors injected with AA contained M2 macrophages comparable
to WT tumors (Figure 5G,H). In conclusion, the data indicated that
SLC3A2 acted as a metabolic switch on LUAD cells and induces mac-

rophage phenotype reprogramming through AA (Figure 6).

4 | DISCUSSION

In this study, we identified SLC3A2 as the most relevant risk fac-
tor for LUAD, and knockdown of SLC3A2 showed that SLC3A2 not
only affected the proliferation and migration of LUAD cells but also
indirectly affected the polarization of macrophages. By conducting

metabolomic analyses, we revealed that SLC3A2 mainly affected
the contents of LUAD metabolites in the microenvironment: AA and
PGE2. We further confirmed that AA was responsible for SLC3A2-
mediated TAM polarization both in vitro and in vivo. Our data thus
provided new mechanisms responsible for TAM polarization in lung
cancer and suggested that SLC3A2 acts as a metabolic switch to
induce macrophage phenotypic reprogramming by modulating AA
secretion.

The exact mechanism by which SLC3A2 regulates AA secretion
in LUAD remains to be further investigated. As a polyunsaturated
fatty acid, AA is the direct precursor of many bioactive substances
of circulating eicosanoic acid derivatives, such as PGE2, prostacyclin
(PGI2), thromboxane A2 (TXA2), and leukotriene and C4 (LTC4).?2
These bioactive substances have important regulatory effects on
lipid protein metabolism, leukocyte function, and platelet activa-
tion.?>?* Previous studies have shown that SLC3A2 regulates the
activation of the mTORC1 pathway by regulating leucine transport.
Mammalian TORC1 regulates a variety of metabolic processes, in-
cluding protein synthesis, lipogenesis, energy expenditure, and au-
tophagy, and is highly active in cancer tissues. In fat metabolism,
the mTORC1 signal is a key regulator of the cyclooxygenase-2/
PGE2 pathway and plays a key role in regulating fat inflamma-
tion.?>?” Cyclooxygenase-2 oxidizes AA and converts it into PGE2
and other prostaglandins.?® It would be interesting to further ad-
dress whether the regulatory effects of SLC3A2 on AA are mTORC1
pathway- related.

Although AA and PGE2 were both altered by SLC3A2, AA
showed a more profound effect than PGE2 on macrophage polar-
ization. As one of the metabolites of AA, PGE2 is the most common
prostaglandin found in different human cancers, including colon
cancer, lung cancer, breast cancer, and head and neck cancer.2%°
Studies have shown that PGE2 can promote cell proliferation, mi-
gration, and invasion in an autocrine manner.®! Notably, PGE2 can
induce the transformation of M1 to M2 macrophages by inhibiting
the formation of inflammatory body complex (ASC/Cas-1/NLRP3)
in THP-1 cells.® In contrast, the role of AA in cancer seems more
complex and context-dependent.>*3* It has been found that AA
can enhance the autophagy of tumor cells by inducing caspase-3/7
activation and enhancing oxidative DNA and protein damage in
cells.®® Although the xenograft model in this study cannot com-
pletely exclude the possibility that AA itself plays a role in LUAD
proliferation regardless of macrophages, previous studies suggest
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FIGURE 6 Schematic model of

the polarization mechanism of tumor-
associated macrophages (TAMs).
SLC3A2, as a metabolic switch on lung
adenocarcinoma (LUAD) cells, induces
macrophage phenotype reprogramming
to M2 type through arachidonic acid
(AA), and promotes the progress of
lung adenocarcinoma. TME, tumor
microenvironment

TAM
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that AA does not promote tumor proliferation. In both lung cancer
and melanoma cell lines, AA showed inhibition of tumor prolifer-
ation.3¢ Some studies have shown that AA promotes M2 polariza-
tion through its derived metabolite PGE2 in esophageal squamous
cell carcinoma and does not have the effect of inducing polariza-
tion itself; AA inhibits the viability of macrophages by inducing
cell cycle arrest in S phase.®% Other studies suggest that AA can
directly promote the M2 polarization of macrophages and regu-
late pyruvate kinase M2 (PKM2) and hypoxia inducible factor-1a
(HIF-1a) as well as iINOS against acute myocardial infarction.337
Tumor development is not only dependent on genetic changes
of cancer cells but also affected by interactions with the ECM and
other cell subsets in the TME. Macrophages, one of the most abun-
dant cell types in the TME, are immune cells with reversible activa-
tion states, including tumor suppressing (M1) and tumor promoting
(M2) states.*® Tumor-associated macrophages usually have similar
phenotypes and functions to M2-like macrophages, and participate

M2 macrophage

T
9"‘ ’-\
%\l e
(#

Tumor promotion

in tumor immunosuppression, angiogenesis, and tumor metasta-
sis."*! Deciphering how macrophages regulate the transition from
one state to another is the key to a deeper understanding of tumor
development and related therapies.

The polarization of macrophages is regulated by the metabolic
microenvironment, and macrophages with different phenotypes
have different metabolic levels.*> M1 type macrophages utilize gly-
colysis and pentose phosphate pathways to meet energy supply,
while the metabolic activity of M2 macrophages is characterized by
enhanced FAO and oxidative phosphorylation.>**** As the func-
tional characteristics of macrophages are mainly phagocytosis, lipid
metabolism is particularly important as the basis of plasma mem-
brane replacement.***¢ Macrophages ingest different forms of lipids
from phagocytic dying cells and microenvironment, and free fatty
acids are converted into different products in mitochondria through
the FAO pathway.**® Studies have shown that M2 macrophages
can be reprogrammed to M1 by inhibiting FAO.*®*’ In addition,
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amino acid catabolism is also associated with macrophage polariza-
tion.>® Considering that the metabolism of a tumor is significantly
different from that of normal tissue, and the level of metabolites
in the microenvironment at different stages of tumor development
is also different, the metabolic level of tumor cells could affect the
induction of macrophage phenotype by changing the microenvi-
ronment. Therefore, we speculate that M2-like macrophages might
be reprogrammed into M1-like macrophages by silencing the meta-
bolic switch on tumor cells, to achieve the therapeutic purpose of
tumor suppression. However, due to the limitation of experimental
methods, we are currently unable to remove AA or PGE2 from the
conditioned medium of the coculture system. We hope that this ex-
periment can be further improved by constructing stable cell lines
knocking out AA or PGE2-related synthetases in the future.

In conclusion, our data illustrate molecular mechanisms re-
sponsible for TAM polarization and suggest that SLC3A2 acts as a
metabolic switch on LUAD cells to induce macrophage phenotypic
reprogramming through AA. Our findings thus highlight the impor-
tance of SLC3A2 in lung cancer progression and provide a useful
target for the development of mechanism-based cancer therapeutic

strategies.
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