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Simple Summary: Tumor cells show different metabolism compared to normal tissue. For instance,
they increase ATP-citrate lyase (Acly) expression for increased proliferation. Acly is therefore
currently being targeted for cancer therapy. However, targeting this enzyme may have side effects on
other cells within the tumor microenvironment, including tumor-associated macrophages (TAMs)
which are immune cells crucial for cancer progression. As Acly deletion previously showed increased
pro-inflammatory responses of macrophages in vitro, we hypothesized that Acly-deficient TAMs
may better control tumor growth. Here, we determined the effect of Acly deficiency specifically in
pro-cancer anti-inflammatory macrophages and TAMs in two mouse models of cancer. While Acly
is crucial for anti-inflammatory macrophage activation, Acly-deficient TAMs do not affect tumor
growth. Together, our results indicate that targeting Acly as anti-cancer therapy has no adverse
effects on TAMs.

Abstract: Cancer cells rely on ATP-citrate lyase (Acly)-derived acetyl-CoA for lipid biogenesis
and proliferation, marking Acly as a promising therapeutic target. However, inhibitors may have
side effects on tumor-associated macrophages (TAMs). TAMs are innate immune cells abundant
in the tumor microenvironment (TME) and play central roles in tumorigenesis, progression and
therapy response. Since macrophage Acly deletion was previously shown to elicit macrophages
with increased pro- and decreased anti-inflammatory responses in vitro, we hypothesized that Acly
targeting may elicit anti-tumor responses in macrophages, whilst inhibiting cancer cell proliferation.
Here, we used a myeloid-specific knockout model to validate that absence of Acly decreases IL-4-
induced macrophage activation. Using two distinct tumor models, we demonstrate that Acly deletion
slightly alters tumor immune composition and TAM phenotype in a tumor type-dependent manner
without affecting tumor growth. Together, our results indicate that targeting Acly in macrophages
does not have detrimental effects on myeloid cells.

Keywords: ATP citrate lyase; macrophage; tumor-associated macrophage; immunometabolism; cancer

1. Introduction

In order to sustain proliferation, cancer cells exhibit altered metabolism compared to
untransformed cells. One example of this is the activation of ATP-citrate lyase (Acly), a
metabolic enzyme converting citrate to acetyl-CoA. Acly is often overexpressed in cancers
and correlates with worse prognosis [1,2]. Acly-derived acetyl-CoA was previously found
to be important for tumor growth and proliferation, as it is the first building block for lipid
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biogenesis [3,4]. Furthermore, acetyl-CoA affects gene transcription programs by altering
histone acetylation in cancer cells [5,6]. Therefore, Acly has been suggested as a promising
therapeutic target for cancer [4–8]. However, a challenge in targeting cancer metabolism is
posed by potential side effects on the metabolism of other stromal cells present within the
tumor microenvironment (TME), including tumor-associated macrophages (TAMs). TAMs
are innate immune cells abundant in the TME that often show a pro-tumoral polarization,
contributing to tumor growth, metastasis and therapy resistance [9].

Intracellular metabolism is increasingly being recognized as a crucial regulator of
immune cell function [10–14]. In LPS-activated macrophages (M(LPS)), increased glycoly-
sis and anabolic pathways like the pentose phosphate pathway and fatty acid synthesis
support inflammation and immune effector functions, whilst enhanced mitochondrial
oxidative phosphorylation and fatty acid oxidation (FAO) characterize IL-4-activated
macrophages (M(IL-4)) [12,14]. Both in vitro LPS and IL-4 stimulation activate Acly to in-
crease acetyl-CoA levels, leading to histone acetylation, chromatin opening and induction
of gene transcription [15,16]. However, care should be taken when interpreting these stud-
ies using pharmacological inhibitors. Indeed, such compounds often show off-target effects
as shown for etomoxir [17]. Previous studies with this carnitine palmitoyl-transferase 1
(CPT1) inhibitor led to the common belief that FAO supports M(IL-4) macrophages [18].
A decade later, experiments with CPT1- and CPT2-deficient macrophages challenge this
dogma and demonstrate that FAO is mostly unnecessary for IL-4-induced macrophage
responses [19,20]. This aforementioned experience with etomoxir highlights the urgent
need to validate earlier observations with Acly inhibitors using genetic knockout mod-
els. This became even more important since a newer study reported that silencing ACLY
in human macrophages does not affect the IL-4-induced expression of a selected set of
genes [21]. Moreover, Acly inhibitors still suppress IL-4-responses in human ACLY knock-
down cells [21], questioning previous pharmacological approaches and the importance of
Acly in mouse IL-4-activated macrophages.

To investigate the role of Acly in macrophages, we recently created a myeloid-specific
Acly knockout mouse model (AclyM-KO) [22]. AclyM-KO bone marrow-derived macrophages
(BMDMs) show increased production of inflammatory mediators in response to LPS stimula-
tion and downregulate specific IL-4-induced markers in vitro [22]. These results indicate that
Acly deletion induces a pro-inflammatory macrophage phenotype in vitro which may poten-
tially translate to an anti-tumor phenotype in vivo. This reprogramming of TAMs has been
proposed as a strategy to dampen tumor growth [23–26]. While increased inflammation in the
tumor microenvironment is not always beneficial [9,27], pro-inflammatory macrophages can
present tumor-associated antigens and activate effector T cells [28,29]. Therefore, we hypoth-
esized that Acly inhibition might be beneficial in combatting tumor growth both by direct
inhibition of cancer cell proliferation as previously demonstrated [3–6] and by reprogramming
macrophages towards an anti-tumor phenotype.

Here, we show in a myeloid-specific knockout (KO) model in an unbiased manner
that loss of Acly diminishes IL-4-responses and that the altered phenotype of AclyM-KO

TAMs does not affect tumor growth. Our results may contribute to the investigation of
cancer therapies and suggest that Acly inhibition aimed to inhibit cancer cell proliferation
will likely not pose negative impacts on TAMs.

2. Materials and Methods
2.1. Mice and Bone Marrow-Derived Macrophage Culture

Mice with a myeloid-specific Acly deletion were created by crossing C57Bl/6J mice
with loxP sites around exon 9 of the Acly gene (Aclyfl/fl) [30] with Lyz2-Cre transgenic mice.
All mouse experiments were approved by the Committee for Animal Welfare (University of
Amsterdam and VU University Amsterdam). Aclyfl/fl and AclyM-KO mice were sacrificed
and femurs and tibias were flushed to collect bone marrow cells. Bone marrow precursors
were subsequently differentiated to macrophages using RPMI-1640 (Gibco, Waltham, MA,
USA) containing 25 mM HEPES (Gibco), 2 mM L-glutamine (Lonza, Basel, Switzerland),
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10% FCS (Biowest, Nuaillé, France), 100 U/mL penicillin (Lonza), 100 µg/mL streptomycin
(Lonza) and 15% L929-conditioned medium for 7 days. Macrophages were stimulated for
24 h with 100 U/mL recombinant murine IL-4 (PeproTech, Rocky Hill, NJ, USA) or left
untreated as controls.

2.2. Tumor Models

Mouse MC38 colon carcinoma cells were cultured in DMEM (Gibco) supplemented
with 10% FCS, 100 U/mL penicillin and 100 µg/mL streptomycin and mouse 3LLR lewis
lung carcinoma cells [31,32] were cultured in RPMI 1640 containing 10% FCS, 100 U/mL
penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine prior to injection. Then, 8-
16-week-old mice of similar male/female distribution per genotype were anesthetized
using 3% isofluorane, and tumor cells in serum-free medium were injected subcutaneously.
MC38 cells were injected at 200,000 cells/mouse in 50 µL while 3LLR cells were injected
at 1 million cells/mouse in 200 µL. Tumors were measured 3 times per week using a
digital caliper in a blinded manner by the same person. Tumor volume was calculated
as 1/6 × π × x3 (x = average of length and width of tumor). Mice were sacrificed when
tumors became visibly necrotic, reached a tumor size > 2000 mm3, or at the endpoint of the
study (21 days for MC38, 12 days for 3LLR). At study endpoint, tumors and spleens were
removed (for MC38, n = 13 for Ctrl and n = 11 for AclyM-KO; for 3LLR, n = 12 for Ctrl and
n = 11 for AclyM-KO).

2.3. Sample Preparation and Antibody Staining

Sample preparation, antibody staining and analysis were performed as previously
reported [33]. Tumors and spleens were cut into pieces with scissors in the presence
of 385 µg/mL liberaseTL enzyme mix (Merck, Darmstadt, Germany) and incubated for
25 min at 37 ◦C on a shaker. After resuspending, ice-cold RPMI 1640 containing 10% FCS,
10 mM EDTA (Merck), 20 mM HEPES and 50 µM β-mercaptoethanol (Gibco) was added to
inactivate digestion enzymes for 10 min at 4 ◦C while shaking. Cells were filtered over a
70 µm cell strainer and washed extensively. Spleens were additionally subjected to ACK
lysis buffer (Gibco) for 3 min at room temperature. Cells were subsequently plated as
3 × 106 cells/well in a 96 V-bottom plate.

For antibody staining, cells were washed in freshly made phosphate buffered saline
(PBS)/bovine serum albumin (BSA) 0.5% and stained for cell surface markers for 30 min
in the dark at 4 ◦C in the presence of anti-CD16/CD32 Fc block (eBioscience, San Diego,
CA, USA). After staining, cells were washed twice with PBS and fixed in 2% PFA for
15 min at room temperature, washed with PBS/BSA and transferred to a FACS plate. For
intracellular iNOS and Arg1 staining, cells were permeabilized using 0.1% saponin (Riedel
de Haen, Charlotte, NC, USA) in PBS/BSA 0.5% for 15 min at room temperature and
stained with antibodies during 30 min in the dark at 4 ◦C. Cells were subsequently washed
with PBS/BSA 0.5% and transferred to a FACS plate. For each tissue, fluorescence minus
one (FMO) controls were created by pooling cells of control and AclyM-KO groups and
stained using the same protocol.

A complete list of antibodies used can be found in Supplementary Table S1.

2.4. Flow Cytometry and Analysis

All samples were acquired at the O|2 Flow Facility at Amsterdam UMC (Netherlands)
on an X20 Fortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) which was
calibrated daily using CS&T calibration beads (BD Biosciences). Cells were filtered using
a 70 µm cell strainer before measuring and acquired using a plate loader set to 1.0 µL/s
acquisition speed. Appropriate single stain and FMO controls were measured on the same
day as the samples.

Data were analyzed using FlowJo (TreeStar, Ashland, OR, USA, v10) and were first
compensated using single stains with UltraComp eBeads (ThermoFisher, Waltham, MA,
USA) labeled with the appropriate fluorochrome. Compensation was subsequently verified
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using FMO controls. Next, cells were gated on FSC-A/SSC-A to gate out debris, then on
viable CD45+ cells and lastly on FSC-A/FSC-H to identify single cells. Further gating was
performed as indicated in the text.

For unbiased tSNE analyses, files were uploaded to the OMIQ online analysis platform
(https://omiq.ai/, accessed on 8 March 2021) and gating was reproduced to subsample
cells. In OMIQ, the tSNE tool was used to create tSNE clustering. For analysis of immune
cell composition, single live CD45+ cells were gated, while for analysis of TAM marker
expression, single live CD45+CD11bhiLy6G−CD64+ cells were included. For both applica-
tions, a maximum of 50,000 single cells was included per sample and 1500 iterations with a
perplexity of 30 and a theta of 0.5 were performed.

Manual gating was executed as represented by tSNE and overlaid on tSNE clustering.
For quantification, this manual gating was recreated in FlowJo and the appropriate tissue-
and subset-specific FMO median fluorescent intensity (MFI) was subtracted from MFI of
phenotypic markers. Graphs were visualized and statistical analyses were performed in
GraphPad Prism (San Diego, CA, USA, V.8.2.1). Corrected MFI was plotted in heatmaps
using the package pheatmap in an R environment calculating a row z-score.

2.5. Transcriptomics

RNA-sequencing and analysis were performed as previously described [34]. In short,
the RNeasy Mini Kit with DNase treatment (QIAGEN, Hilden, Germany) was used to
isolate total RNA from BMDMs. RNA was used to construct strand-specific libraries with
the KAPA mRNA Hyper-Prep kit (KAPA Biosystems, Wilmington, MA, USA). Samples
were sequenced on an Illumina HiSeq 4000 instrument (Illumina, San Diego, CA, USA)
and reads were aligned to the mouse genome mm10 by STAR 2.5.2b with default settings.
Differential expression was analyzed using the R package DESeq2 and volcano plots and
heatmaps were generated using the ggplot2, ggrepel and pheatmap packages. Pathway
analysis was performed using the Metascape analysis platform (https://metascape.org/,
accessed on 31 January 2021) [35] using upregulated genes between IL-4-treated Acly
Control and AclyM-KO BMDMs.2.6. Statistical analysis

Data are reported as mean ± standard error of the mean (SEM) of n = 3 biological
replicates for transcriptomics. Sample size was estimated based on similar assays in our
previous publications and calculated as n = 13 per group for in vivo experiments including
potential losses due to humane endpoints. Statistical significance was evaluated using
a two-tailed Student’s t-test or two-way ANOVA followed by Sidak’s post hoc multiple
comparison test in GraphPad Prism software. Outliers were identified by ROUT test with
Q = 1% and removed from analyses. p values < 0.05 were considered significant, with
* p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Transcriptomics Analysis of Myeloid-Specific Acly-Deficient Mice Validates the Involvement of
Acly in IL-4-Induced Macrophage Activation

Earlier studies with Acly inhibitors and siRNAs indicate that Acly activity and down-
stream acetyl-CoA production are required for IL-4-induced macrophage activation [15].
Additionally, we reported earlier that the IL-4-induced expression of at least a selec-
tion of genes and surface markers was reduced in myeloid-specific Acly-deficient mice
(AclyM-KO) [22]. To follow up on these observations in a more comprehensive and unbiased
manner, we performed RNA-sequencing on naive and IL-4-treated BMDMs derived from
AclyM-KO and Aclyfl/fl littermate controls (Ctrl) (Figure 1A). Together with the prototypical
IL-4-induced gene Arg1, Acly was among the most significantly downregulated genes in
AclyM-KO macrophages. This confirmed the efficiency of Acly knockdown in our model
(Figure 1B). Subsequent pathway analysis indicated effects of Acly deficiency on pathways
related to inflammation, motility, migration and adhesion, and metabolism (Figure 1C). As
many pathways are related and genes may overlap between pathways, we visualized the
top-20 most regulated pathways in clustered networks. These further confirmed the two

https://omiq.ai/
https://metascape.org/
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main and highly significantly regulated clusters related to inflammation and metabolism
(Figure 1D,E). Genes within these pathways did not show clear directionality regarding up-
or downregulation (Supplementary Figure S1A–C).
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Figure 1. Acly regulates IL-4-induced macrophage activation in vitro. (A) Aclyfl/fl Ctrl and AclyM-KO BMDMs were left
untreated or were treated with IL-4 for 24 h for RNA sequencing. (B) Volcano plot of IL-4-treated Aclyfl/fl Ctrl and AclyM-KO

BMDMs. (C) Top 20 differentially regulated pathways of IL-4-treated Aclyfl/fl Ctrl and AclyM-KO BMDMs. (D) Networks
with clustered pathways as identified in (C), colored by cluster and (E) by p-value. (F) Heatmap showing the effect of
AclyM-KO on top 50 highly IL-4-induced genes. (G) Pie chart quantifying up-, down-, and not significantly regulated
genes (p adjusted < 0.05, log2FC > |0.58|) by AclyM-KO on highly IL-4-induced genes. (H) Expression of genes previously
identified as impacted by Acly inhibition for control and AclyM-KO BMDMs, naive or treated with IL-4. p-values are
indicated as <0.05 *, <0.01 **. Results are shown as mean ± SEM from n = 3 technical replicates from three pooled mice.
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To specifically assess the effect of Acly deficiency on IL-4 responses in macrophages,
we first selected the top IL-4-induced genes in Ctrl BMDMs (log2FoldChange > 5 and
adjusted p-value < 0.05). Validating our approach, these included common IL-4-induced
marker genes including Arg1, Cdh1, Cldn11, Ear12 and Mgl2 (Figure 1F) [36,37]. Of the
selected 61 highly IL-4-induced genes, 17 were downregulated and only 3 genes were
upregulated in IL-4-treated AclyM-KO compared to IL-4-treated Ctrl BMDMs (Figure 1G).
Only two of these 20 significantly regulated genes could be found within differentially
expressed genes in unstimulated conditions with neither achieving significance (Supple-
mentary Figure S1D), indicating that Acly effects on IL-4-induced genes are not present
on baseline.

While previous studies already indicated that short-term Acly inhibition or siRNA-
mediated knockdown decreases IL-4 signaling [15], earlier experiences with the Cpt1 in-
hibitor etomoxir indicate that inhibitor studies need to be interpreted with caution [17,19].
To further validate the importance of Acly in regulating IL-4-induced macrophage re-
sponses, we specifically assessed the effect of myeloid Acly deficiency on the expression of
typical IL-4-induced marker genes that were shown to be suppressed by pharmacological
Acly inhibition. Confirming earlier inhibitor studies, data obtained in AclyM-KO BMDMs
highlight the need for Acly for the IL-4-induced induction for most of those marker genes
(Figure 1F–H). Together, our unbiased analysis of the AclyM-KO genetic mouse model
that we recently generated confirms the importance of Acly for IL-4-induced macrophage
responses.

3.2. AclyM-KO Macrophages Do Not Improve In Vivo Anti-Tumor Responses

Reverting tumor-promoting into anti-tumoral TAMs has been proposed as a strategy
to dampen tumor growth [23–25]. Since our observation above and earlier data indicate
that Acly-deficient macrophages display a potentially anti-tumoral phenotype [22], we
next questioned whether AclyM-KO mice would better control tumor growth and employed
two distinct tumor models to investigate this. In the first model, MC38 colon carcinoma
cells were injected subcutaneously (s.c.) and tumors were grown for 21 days (Figure 2A).
We measured tumor size over time and observed that myeloid Acly deletion did not affect
tumor progression (Figure 2B). As AclyM-KO can still modulate immune cell composition or
macrophage phenotype without affecting tumor growth, we investigated immune cell abun-
dance by multiplex flow cytometry and unsupervised clustering (Figure 2C). tSNE analysis
distinguished clear clusters of Ly6G+, CD19+, NK1.1+, CD8+ and CD4+ cells. Additionally,
a large myeloid cluster consisting of CD11b+CD64+ cells showed differential expression of
Ly6C and MHCII within the cluster (Figure 2C). Density distributions indicated a decrease
in the CD11b− lymphoid clusters and an increased presence of myeloid CD64+ and Ly6Chi

cells in the absence of Acly (Figure 2D). Manual gating showed considerable overlap with
the clusters identified by tSNE analysis (Figure 2E,F) and confirmed the increased relative
abundance of myeloid cells over lymphoid cells in tumors of AclyM-KO mice (Figure 2G).
Especially CD64+ and Ly6Chi myeloid cells showed a higher abundance in MC38 tumors of
AclyM-KO mice (Figure 2H,I). Within the lymphoid compartment of MC38 tumors, CD19+,
CD4+ and CD8+ T cell subsets were less abundant in the AclyM-KO group but did not reach
statistical significance (Figure 2J). No systemic differences in immune composition were
found (Supplementary Figure S2A–D).
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Figure 2. AclyM-KO macrophages do not improve in vivo anti-tumor responses in an MC38 tumor model. (A) MC38 colon
carcinomas were subcutaneously injected and grown for 21 days. (B) Growth curves of MC38 tumors for Aclyfl/fl Ctrl and
AclyM-KO mice. (C) Unsupervised clustering analysis of live CD45+ single cells isolated from MC38 tumors. (D) Density
distribution for control and AclyM-KO mice over the unsupervised clustering. (E) Manual gating strategy of different immune
cell populations. (F) Overlay of manually gated populations from (E) on unsupervised clustering in (C). (G) Percentages of
CD11b+ or CD11b− cells of live CD45+ single cells. (H) Percentage of CD64+ of live CD45+ single cells. (I) Percentages of
myeloid or (J) lymphoid cell populations live CD45+ single cells. (K) Heatmap of pro- and anti-inflammatory macrophage
marker protein expression in Ly6Chi, Immature TAM, MHCIIlo and MHCIIhi TAM populations as measured by FACS. For
F-K, colors match the colors used for manual gating in (E). p-values are indicated as <0.05 *, <0.01 **. Results are shown as
mean ± SEM.
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As we observed that Acly-deficiency affects macrophage phenotypes, we further
investigated the expression of phenotypic markers on different CD11bhi/CD64+ TAM
subsets as gated based on distinct MHCII/Ly6C expression as shown in Figure 2E. While
the expression of IL-4-induced surface markers CD206 and CD273 appeared to be reduced
in certain TAM subsets of AclyM-KO mice, other markers associated with pro-tumoral TAMs
like arginase-1 and CD301 expression tended to be increased. Conversely, the expression of
CD80, iNOS and CD11c inflammation-associated proteins seemed higher in the absence of
Acly. Yet, none of these differences reached statistical significance (Figure 2K). In summary,
while myeloid-specific Acly-deficiency modulated the relative abundance of different
myeloid and lymphoid immune cell subsets, this did not translate into a significantly
altered TAM phenotype and had no effect on tumor growth in the MC38 tumor model.

Since effects of myeloid Acly deletion may be tumor type-specific, we also investigated
the effects of myeloid Acly deletion in a Lewis lung carcinoma model (3LLR). Subcuta-
neously injected tumor cells showed no difference in tumor expansion between control
and AclyM-KO mice in this model (Figure 3A,B). Similar to the MC38 model, unsupervised
clustering identified distinct Ly6G+, CD19+, NK1.1+, CD4+ and CD8+ subpopulations. The
CD11bhiCD64+ myeloid cell cluster displayed a clear gradient of MHCII and Ly6C expres-
sion (Figure 3C). Density distributions in this tumor model indicated an increased presence
of Ly6G+ and reduced abundance of Ly6Chi cells in tumors of AclyM-KO mice (Figure 3D)
and this was confirmed by manual gating (Figure 3E,F,I). While CD64+ cells were less abun-
dant in 3LLR tumor-bearing AclyM-KO mice, quantification of the total myeloid/lymphoid
distribution and the lymphoid compartment revealed no differences between both groups
(Figure 3G–J). No systemic differences in immune composition were found (Supplemen-
tary Figure S2E–H). Together, myeloid Acly deficiency slightly altered myeloid subset
abundances in 3LLR tumors but this did not translate into altered tumor growth.

3.3. Acly Modulates In Vivo TAM Phenotype in 3LLR Tumors

Besides immune cell composition, we also investigated surface marker expression on
TAM subsets in 3LLR tumors of AclyM-KO and littermate controls. To gain an unbiased
overview of in vivo TAM phenotype, we performed unsupervised clustering analysis on
gated CD11bhiLy6G−CD64+ macrophages. Two separate flow cytometry panels were de-
signed containing the same CD64/MHCII/Ly6C backbone but different macrophage mark-
ers. Density plots of tSNE clustering, together with manual gating of monocyte and TAM
subsets, showed small but non-significant shifts from Ly6Chi monocytes towards immature
and MHCIIlo TAMs (Figure 4A–E). Myeloid subpopulations showed the same trends as
presented in Figure 3I (Supplementary Figure S3A,B). In general, Ly6C−MHCIIhi TAMs
had high expression of CD11c, CD40 and CD273 and low levels of iNOS (Figure 4F,G).
Other markers such as CD80, IL-4Rα and CD86 showed uniform expression across the
TAM subsets, while arginase-1 and CD206 were the highest on Ly6C−MHCIIlo TAMs
(Figure 4F,G).
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myeloid or (J) lymphoid cell populations live CD45+ single cells. For F–J, colors match the colors used for manual gating in
(E). p-values are indicated as <0.05 *, <0.01 **, <0.001 ***. Results are shown as mean ± SEM.
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expression and (I) ∆MFI of selected macrophage markers for MHCIIlo and MHCIIhi TAM subsets of control and AclyM-KO

mice. ∆MFI was calculated as MFI(sample)-MFI(FMO) on the same subset. P-values are indicated as <0.05 *, <0.01 **.
Results are shown as mean ± SEM.



Cancers 2021, 13, 3054 11 of 15

When comparing differences in marker expression on TAM subsets from both geno-
types, we observed increased iNOS, CD40 and CD273 expression on both MHCIIhi and
MHCIIlo TAM subsets from AclyM-KO mice (Figure 4H,I). Moreover, MHCIIlo TAMs
showed higher levels of arginase-1 and CD206 in AclyM-KO mice (Figure 4H,I). While
this does not indicate a phenotypic shift towards either anti- or pro-tumorigenic TAMs,
these results are consistent with the more complex in vivo phenotype of macrophages
compared to the conventional pro/anti-inflammatory spectrum in vitro. To summarize,
these data suggest that myeloid Acly deletion increases both pro- and anti-inflammatory
TAM phenotypic marker expression in an in vivo 3LLR tumor model.

4. Discussion

In the present paper, we validated the importance of Acly for IL-4-induced macrophage
activation with a myeloid-specific KO model in which Acly loss diminished IL-4-induced
responses. The importance of Acly for M(IL-4) activation was demonstrated by differential
regulation of inflammation- and metabolism-related gene expression clusters, illustrating
the bridge formed by Acly between metabolism and macrophage function. In Acly-deficient
macrophages, most common IL-4-induced marker genes were downregulated, including
genes identified previously as being downregulated by Acly inhibitors [15]. Hereby, our ge-
netic approach using Acly-deficient macrophages confirms earlier findings with inhibitors
and univocally shows that Acly regulates IL-4 responses in mouse macrophages [15]. Upon
IL-4 activation, Akt/mTORC1 signaling was shown to induce Acly activity by phosphory-
lation, thereby increasing acetyl-CoA production [15]. Acetyl-CoA subsequently increases
histone acetylation, allowing gene transcription of some, but not all, IL-4-induced genes [15].
Gene-specific histone acetylation by Acly-derived acetyl-CoA has also been shown during
LPS stimulation [5,16,38]. However, the exact mechanisms by which Acly-derived acetyl-
CoA allows specific transcription of different gene sets for LPS and IL-4-activation remain
to be elucidated.

It was previously shown that Acly deletion downregulates the IL-4 response of
macrophages [22]. We here confirmed these results in an unbiased manner. Generally,
Acly supports proliferation by providing acetyl-CoA for fatty acid synthesis and histone
acetylation and inhibition of Acly activity was previously found to decrease cell cycle
progression [39]. Consistently, in an earlier report, we found “cell cycle checkpoints” as one
of the top differentially regulated pathways in AclyM-KO BMDMs [22]. In line with these
results, cholesterol and lipid biosynthesis, apoptotic signaling and myeloid cell differentia-
tion pathways remained top differentially regulated pathways even after IL-4-activation of
BMDMs, indicating the importance of Acly for the regulation of these pathways. In sum-
mary, the genetic approach applied here unambiguously demonstrates the involvement of
Acly in mouse IL-4-induced macrophage activation and shows that previous conclusions
based on Acly inhibitors in mouse macrophages still hold up. However, the importance
of Acly for IL-4-induced macrophage responses may be subject to species differences [21]
which need to be elucidated further.

As Acly-deficient macrophages were previously shown to polarize towards an anti-
tumor phenotype in vitro [22], we next assessed the ability of AclyM-KO mice to elicit
anti-tumor responses in two distinct tumor models. AclyM-KO mice slightly altered the
immune composition within the TME and phenotypically altered TAM subsets in the 3LLR
model without affecting tumor growth. The effect of myeloid Acly-deficiency on tumor
immune composition was tumor type-specific, as lymphoid cell subsets were slightly
decreased in the MC38 but unaffected in the 3LLR model. Likewise, while the CD64+

and Ly6Chi populations were increased in abundance in MC38-bearing AclyM-KO mice,
both populations were decreased in the 3LLR model. Conversely, an increase in Ly6G+

neutrophils was found in 3LLR which was not present in MC38. Abundance changes in
these populations in either direction did not affect tumor growth in both models. Further-
more, phenotypic markers only showed trends towards upregulation of pro-inflammatory
markers in the MHCIIlo population and decreases of anti-inflammatory markers in both
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MHCIIhi and MHCIIlo TAMs in MC38-bearing AclyM-KO mice. In contrast, AclyM-KO

MHCIIlo and MHCIIhi TAMs upregulated both pro- and anti-tumoral phenotypic markers
in 3LLR. This did not indicate clear directionality of TAM polarization towards either a pro-
or anti-tumoral phenotype in the absence of Acly. However, none of the changes observed
were sufficiently large to affect tumor growth. Our data are consistent with earlier reports
of a 3LLR model in which gene expression for iNOS, IL-4Rα and CD206 was decreased
in MHCIIhi compared to MHCIIlo TAMs [32]. In a sarcoma model, CD206+IL-4Rα+CD64+

macrophages were mainly found in progressively growing tumors and were reduced by
immune checkpoint therapy, whereas iNOS+ macrophages were not found early on but
were induced upon immune therapy [40]. The latter effect was most likely caused by IFNγ

production of rejuvenated T cells [40]. Our findings of low iNOS expression even in the
MHCIIhi TAMs may be explained by the fact that we did not employ immune checkpoint
blockade and therefore have no elevated IFNγ production by T cells. The question remains
whether AclyM-KO could enhance the effects of immune checkpoint therapy in skewing
TAMs towards an anti-tumor phenotype.

The present study illustrates that macrophage profiling according to the typical
pro/anti-inflammatory markers and readouts in vitro is not predictive for what happens
inside the TME where macrophages are exposed to a complex mixture of stimuli with
potentially opposing effects. An earlier study activating macrophages with a variety of
stimuli has extended the traditional dichotomous pro/anti-inflammatory in vitro model to
a spectrum with at least nine different polarization states [41]. TAMs created by a cytokine
cocktail differ from both M(LPS) and M(IL-4) macrophages [42] and co-express pro- and
anti-inflammatory markers but eventually progress towards a pro-tumor phenotype [43].
Moreover, TAM subsets might also acquire an anti-inflammatory profile independent of
IL-4 as was previously illustrated for wound healing macrophages [44]. As such, it is
difficult to directly translate in vitro observations to the in vivo environment.

Furthermore, co-expression of pro- and anti-inflammatory markers on TAMs was
also found in breast cancer and glioma patients [45,46]. LPS/IFNγ and IL-4 stimulation
further negatively cross-regulate transcriptional programs and specific gene expression
differs on a single-cell level [43,47], indicating the difficulty to predict functional conse-
quences of TAM polarization in vivo. In vivo macrophage responses in cancer remain to
be fully elucidated and likely differ regarding spatiotemporal characteristics and between
monocyte-derived and tissue-resident macrophages [46,48]. The latter may further explain
why no major differences were found in vivo: the presented tumor models highly depend
on tumor-infiltrating monocytes which are highly plastic due to low epigenetic rigidity [49].
Therefore, Acly-mediated metabolic changes may only start playing a role with more
differentiated (tumor-associated) macrophages, which are more transcriptionally rigid
and may depend more on intracellular regulation of epigenetics. This may be especially
important since the applied tumor models are quite aggressive and might therefore not
allow revealing potential anti-tumor effects associated with Acly targeting.

5. Conclusions

In conclusion, Acly is crucial for IL-4-induced mouse macrophage activation, and
myeloid-specific KO of Acly slightly affects tumor immune composition and TAM pheno-
type without affecting tumor growth, suggesting that cancer therapies targeting Acly do
not negatively affect TAMs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13123054/s1, Figure S1: AclyM-KO BMDMs do not show directionality in their IL-4-
induced pathways and IL-4-induced genes are not affected at baseline, Figure S2: AclyM-KO does not
affect splenic immune composition during in vivo tumor models, Figure S3: Validation of myeloid
subpopulation distribution in macrophage marker panels of 3LLR tumor model. Table S1: List of
antibodies used.
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