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Background: Dysregulated inflammation is important in the pathogenesis of
many diseases including cancer, allergy, and autoimmunity. Macrophage
activation and polarisation are commonly involved in the initiation,
maintenance and resolution of inflammation. Perhexiline (PHX), an antianginal
drug, has been suggested to modulate macrophage function, but the molecular
effects of PHX on macrophages are unknown. In this study we investigated the
effect of PHX treatment on macrophage activation and polarization and reveal
the underlying proteomic changes induced.

Methods: We used an established protocol to differentiate human THP-1
monocytes into M1 or M2 macrophages involving three distinct, sequential
stages (priming, rest, and differentiation). We examined the effect of PHX
treatment at each stage on the polarization into either M1 or M2 macrophages
using flow cytometry, quantitative polymerase chain reaction (qPCR) and enzyme
linked immunosorbent assay (ELISA). Quantitative changes in the proteome were
investigated using data independent acquisition mass spectrometry (DIA MS).

Results: PHX treatment promoted M1 macrophage polarization, including
increased STAT1 and CCL2 expression and IL-1B secretion. This effect occurred
when PHX was added at the differentiation stage of the M1 cultures. Proteomic
profiling of PHX treated M1 cultures identified changes in metabolic (fatty acid
metabolism, cholesterol homeostasis and oxidative phosphorylation) and immune
signalling (Receptor Tyrosine Kinase, Rho GTPase and interferon) pathways.

Conclusion: This is the first study to report on the action of PHX on THP-1
macrophage polarization and the associated changes in the proteome of these cells.
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Introduction

Macrophages are heterogenous innate immune cells critical in
shaping the local immune microenvironment. Activated
macrophages have been subdivided into two cell states based on
the cytokine and other factors to which they have been exposed
during differentiation. Classically activated M1 macrophages are
polarized by microbial products including lipopolysaccharides
(LPS) or T helper (Th) 1 released cytokines such as interferon
gamma (IFN-y). M1 macrophages eliminate microbial pathogens by
phagocytosis and release type 1 inflammatory cytokines that help
activate T cell responses. Alternatively activated M2 macrophages
are polarised by Th-2 cytokines like interleukin 4 (IL-4) and are
involved in releasing anti-inflammatory cytokines (TGF-f} and IL-
10), efferocytosis of dead cells, and promoting tissue regeneration
(1, 2). Recent advances in single cell RNA sequencing have shown
that macrophage polarization is more diverse and plastic than
previously appreciated (3, 4), however classifying macrophages as
proinflammatory M1 or anti-inflammatory M2 is still useful,
particularly when considering the development of drugs to
modulate macrophage states in disease.

Macrophage dysregulation is common in many immunopathologies
(5). Autoimmune diseases are commonly associated with an increase in
MiI-like macrophages leading to the chronic inflammation (6). In cancer,
infiltration of M2-like macrophages leads to increased anti-tumour
immune suppression, angiogenesis, cancer outgrowth and metastasis
(7, 8). Severe forms of chronic airway diseases such as asthma and
chronic rhinosinusitis are linked with disrupted airway microbiomes (9-
11) that correlate with a M2-like macrophage profile with disrupted
phagocytic capacity leading to chronic inflammation at these sites
(12-16).

Therapeutic interventions that target macrophages, including
depletion, repolarization or functional inhibition, have been
investigated in many autoimmune, chronic inflammatory diseases,
and in cancers (8, 17, 18). Different macrophage subsets have
characteristic metabolic pathway profiles, with M1-like macrophages
increase reliance on glycolysis, M2-like macrophages fatty acid
oxidation (FAO) and oxidative phosphorylation (19, 20). Drugs
which target metabolic pathways to inhibit particular subsets are
currently being explored as novel therapeutics for macrophage
related diseases (20).

Perhexiline, (2-(2,2-dicyclohexylethyl)piperidine, PHX), is used
clinically to treat ischaemic refractory angina, and its utility has also
been studied in aortic stenosis and heart failure (21-23).
Mechanistically, PHX has been shown to reduce FAO through the
inhibition of carnitine palmitoyltransferase-1 (CPT-1), an enzyme
responsible for mitochondrial uptake of long-chain fatty acids (22). It
has been suggested that PHX limits M2 macrophage polarization also
by inhibiting this pathway (24). Furthermore, due to its ability to
activate kriippel-like factor 14 (KLF14), PHX can mitigate
macrophage mediated inflammation by ultimately downregulating
IL-1B (25, 26). These results suggest that PHX may be a suitable
candidate drug for the management of diseases which involve
dysregulation of macrophage phenotypes by ultimately shifting
macrophage states. The aim of this study was to determine the
effect of PHX on the differentiation of the THP-1 monocytoid cell line
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into M1-like and M2-like states and using DIA MS, identify the
unique proteomic changes that occur in PHX treated macrophages.

Material and methods
Cell lines, cell culture and reagents

The THP-1 cell line was purchased from American Type Culture
Collection (ATCC). The cells were cultured in complete medium
consisting of RPMI 1640 Medium containing sodium bicarbonate
(Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich), 200 U/
mL penicillin, 200 pg/mL streptomycin and GlutaMAX Supplement
(Life Technologies) and incubated at 37 °C with 5% CO,. Cells were
tested for mycoplasma using the MycoAlert mycoplasma detection kit
(Lonza). The THP-1 cells were differentiated into M0, M1 or M2
macrophages using a standard protocol with minor modifications (27).
Briefly, 1x10° THP-1 cells were seeded into 24 well plates and treated
with 5 ng/mL phorbol-12-myristate-13-acetate (PMA, Sigma-Aldrich)
for 24 hours. PMA was then replaced with fresh complete medium and
the cells incubated for 72 hours, followed by stimulation with either 250
ng/mL lipopolysaccharide (LPS, Sigma-Aldrich) and 20 ng/mL
interferon-y (IFN-y, Miltenyi Biotec), or 20 ng/mL interleukin-4 (IL-
4, Miltenyi Biotec) for 48 hours, to differentiate them into M1 or M2
macrophages respectively. Perhexiline (PHX, Sigma-Aldrich) was
added at different stages of the culture protocol ie., during addition
of PMA (priming), during resting stage for 72 hours (rest), or for 48
hours along with addition of cytokines and LPS (differentiation). For
the IL-1P release experiments, cell-free supernatant was collected from
M1 macrophages after differentiation. Then, the macrophages were
washed twice with phosphate buffered saline (PBS). Finally, IL-103
release was further stimulated by treating with complete medium
supplemented with 1 pug/mL LPS for 2 hours followed by the
addition of 5 mM adenosine triphosphate (ATP, Sigma-Aldrich) for
1 hour, before the cell-free supernatant was collected. For unstimulated
controls, the medium was complete medium without LPS and ATP.

Flow cytometry

Macrophages were stained with BD Horizon Fixable Viability
Stain 780 (FVS780) (Biolegend). Cells were then treated with 50 uL
of FC block (BD Biosciences), then stained using anti-human CD80
A647, anti-human CD209 BV421, anti-human CD14 FITC and
anti-human B2M PE conjugated antibodies (Biolegend), prepared
in FACS buffer, for 30 minutes at 4 °C. After washing, the cells were
resuspended in FACS buffer and analysed using a FACS Canto II
flow cytometry system (BD Biosciences). The data were analysed
using FlowJo v10.4.1 software (BD Biosciences).

RNA extraction and quantitative
polymerase chain reaction

Cells were washed in PBS and RNA was extracted using
PureLink RNA Mini Kit (Life Technologies). RNA concentrations
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were measured and purity was checked using a Nanodrop-1000
spectrophotometer (Thermo Fisher Scientific). Total RNA (100 ng)
was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-
Rad). qPCR was performed using a ViiA 7 Real-Time PCR System
(Life Technologies) using TagMan Fast Advanced Master Mix (Life
Technologies). Primers (Life Technologies) were purchased for the
following genes: STATI (Hs01013996_m1), STAT6
(Hs00598625_m1), CCL2 (Hs00234140_m1), ¢-MYC
(Hs00153408_m1), and RPML37 (Hs01102345_m]1) as an internal
control. All qPCR analyses were performed using the ACT method
in Design and Analysis Quant studio Software (Thermo
Fisher Scientific).

Enzyme-linked immunosorbent assay

IL-1B from cell-free supernatants were quantified using ELISA
MAX'™ Deluxe Set Human IL-1B kit (Biolegend), following the
manufacturer’s instruction. Absorbance was measured at 450 nm
using a FLUOstar Optima microplate reader (BMG Labtech).

Cell lysate extraction for mass
spectrometry analysis

Vehicle and 5 uM PHX treated M1-like macrophages were lysed
in 50 mM Tris (pH 8.5) buffer containing 1X cocktail of protease
inhibitors (Thermo Fisher Scientific) using manual homogenisation.
Cells were centrifuged at 42,000 x g for 5 min at 4 °C. The protein
content of the supernatant was estimated using a NanoOrange
Protein Quantitation Kit (Thermo Fisher Scientific). Protein and
peptide single-pot solid-phase-enhanced sample preparation (SP3)
with Sera-Mag SpeedBead Carboxylate-Modified Magnetic Particles
(Cytiva) was performed on cell lysates adopting manufacturer’s
instructions. Briefly, proteins were reduced with 10 mM tris (2-
carboxyethyl) phosphine (TCEP) for 30 min at 56 °C, then alkylated
with 20 mM chloroacetamide in the dark for 30 min at room
temperature. Hydrophobic and hydrophilic beads were
resuspended 1:1 in ultra-pure water at 10 ug/puL. A 10:1 bead
/protein ratio was added to lysates. Ethanol (100%) was added at
1:1 volume to the bead/protein mix and incubated for 10 min at 1000
rpm using a ThermoMixer (Eppendorf). Samples were then placed
on a magnetic rack for 2 min. Supernatants were aspirated and
carefully washed 3x in 80% ethanol with each wash having a 1 min
magnetic separation step. Beads were then air-dried for 30 s before
being resuspended in 100 mM ammonium bicarbonate. Trypsin was
added in a 1:20 enzyme-to substrate ratio to each sample and
incubated at 37°C overnight to digest the protein. A follow-up
peptide clean-up was then performed. Following a 2 min magnetic
separation step, supernatants containing peptides were transferred
into a clean tube before being bound to freshly prepared Sera-Mag
SpeedBeads. Acetonitrile (100%) was then immediately added to
reach a final concentration > 95% to initiate peptide binding to beads.
Samples were then incubated for 10 min at 1000 rpm using a
Thermomixer and then washed three times in acetonitrile with
magnetic separation in each step. Beads were then air-dried before
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peptides were eluted with 2% DMSO. The concentration of the
peptides was brought to 1 ug/3 uL prior to mass spectrometry
acquisition. For reproducibility and to build a chromatogram
library, aliquots from five replicates were pooled to ensure that the
pool contained all peptides.

Liquid chromatography

Peptides were analysed with a Dionex Ultimate 3000 UPLC
coupled with a Orbitrap Exploris 480 tandem mass spectrometer
(Thermo Fisher Scientific). An in-house pulled column created
from 75 pm inner diameter fused silica capillary packed with 1.9 pum
ReproSil-Pur C18 beads (Dr. Maisch, Ammerbuch, Germany) to 25
cm, coupled with a PepMapTM 100 trap cartridge (0.3 x 5 mm, 5 pm
C18, Thermo Fisher Scientific) were used. Solvent A was 0.1%
formic acid in water and solvent B was 0.1% formic acid in 80%
acetonitrile. For each injection, 1 pg of peptides was loaded and
separated using a 120 min gradient from 3 to 31.2% solvent B,
followed by a 30 min washing and equilibration gradient.

Spectral library generation

A pooled sample comprised of 1.5 L of each protein digest was
used to generate a sample project specific spectral library for data
dependent analysis (DDA). Six gas phase fractionation (GPF)
chromatogram library acquisitions, each spanning a narrow m/z
range across the 350 — 1200 m/z total mass range (350-500 m/z
method 1, 490-610 m/z method 2, 600-710 m/z method 3, 700-810
m/z method 4, 800-910 m/z method 5, 900-1200 m/z method 6).
For each DDA-GPF analysis two pL of the pooled sample was used
with a three second cycle time instrument method. Briefly, a narrow
spectrum msl scan matching one of the six m/z mass ranges was
performed using an orbitrap resolution of 60,000. A normalised
AGC target of 3e6 with an auto maximum injection time mode was
used. An intensity threshold of 2.5e5 and dynamic exclusion of time
of 45 s was employed for all data dependent ms2 scans that were
acquired at 15,000 resolution, AGC target 5e4, 33% normalised
collision energy (NCE) in the HCD cell, with an auto maximum
inject time mode used.

Quantitative shotgun data independent
acquisition mass spectrometry

For the Data Independent Acquisition (DIA) runs, the Orbitrap
Exploris 480 was configured to acquire 37 16 m/z precursor
isolation windows (396.43 -1004.70 m/z), followed by 37 16 m/z
windows (400.43 -1008.70 m/z) creating a staggered window
pattern. An ms2 resolution of 15,000, AGC target 5e4, maximum
inject time of 20 ms, and normalised HDC collision energy of 28
was employed for all DIA scans. Precursor spectra over a 390 - 1010
m/z mass range were acquired prior to DIA scans with a resolution
of 60,000, AGC target 3e5, maximum inject time 100 ms were used
for all full scan mass spectrometry (MS) spectra.
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DIA data analysis

SpectronautTM (version 15.0.210615.50606, Biognosis) was used
for both spectral library generation and DIA data analysis. Factory
default setting were used for all analysis steps.

Bioinformatic analysis

Differential protein abundance analysis between the control and
PHX treated groups was conducted in R using the DEqMS package
(28). The number of precursors used for quantification counts and
log2 abundance scores for each protein and sample were used in the
analysis. A protein was determined to be present in a sample if it
had at least two number of precursors, in order to guard against
false positives (29). Proteins were included in the differential
expression analysis if they were present in at least two samples in
each group. All p-values were corrected using a false discovery rate
(FDR) of 0.05.

Differentially expressed proteins were then submitted to the
STRING database (30) to generate protein-protein interactions, and
clusters from downregulated proteins were identified using inbuilt
clustering tools with a k-means cluster of three. Gene set enrichment
analysis (GSEA) of individual clusters was undertaken using the
Reactome Knowledgebase (31).

Ranked GSEA was performed with the clusterProfiler package
(32). Gene sets identified as significant (FDR < 0.2, p <0.05) with
GSEA were visualized using the enrichplot package (33). The
following ontologies were included in the analysis of the
Molecular Signatures Database (MSigDB) (34, 35): Hallmark gene
set collection (36), Gene Ontology (GO) (37, 38): Biological Process,
GO: Molecular Function, GO: Cellular Component, KEGG
Pathway (39) and Reactome Knowledgebase (31).

Statistical analysis

Technical and biological replicates were included in all
experiments. Statistical analysis is described in figure legends.

Results

Perhexiline treatment promotes M1
macrophage differentiation

To generate macrophage subsets, we adopted a standardised
protocol that reliably generates THP-1 derived M1 and M2
macrophages with molecular features that mimic human
monocyte derived macrophages (27). A key feature of this
protocol is the utilisation of three distinct culture stages (PMA
priming, rest, and cytokine differentiation) to generate cultures
enriched for MO, M1 and M2 macrophages (Supplementary
Figure 1A). Importantly, this protocol enabled us to investigate at
which stage/s in macrophage differentiation PHX might act. As
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reported, these macrophage subsets had distinct morphological
features (Supplementary Figure 1B). Flow cytometric
measurement of M1 (CD80) and M2 (CD209) cell surface
markers confirmed that the polarizing conditions generated the
expected macrophage subsets (Supplementary Figures 1C, D).
Furthermore, viability was high following culture, although higher
in M2 than M1 cultures (Supplementary Figure 1E). This may
reflect the fact that LPS, a key inducing factor in M1 macrophage
differentiation, is cytotoxic to macrophages. Reported LPS
concentrations in M1 cultures ranges from 0.01 to 1 pg/mL (40).
We titrated the LPS concentration used in our M1 cultures and
showed that 250 ng/mL LPS was required to induce a homogenous
M1 macrophage population (Supplementary Figures 2A, B).
Furthermore, lowering the LPS concentration reduced the CD80
expression per cell (as measured by mean fluorescence intensity
(MFI)) (Supplementary Figure 2C). Thus, we used 250 ng/mL LPS
for all subsequent M1 cultures as in the previously published
protocol (27).

Upon optimising our macrophage culture conditions, we
investigated if PHX affected M1 or M2 macrophage polarization.
As PHX is known to have cytotoxic activity, we first determined that
THP-1 cells tolerated up to 5 pM PHX for 72 hours with no signs of
toxicity, as shown by the alamarBlue viability assay (data not
shown). Next, we determined the effect of 1.25, 2.5 and 5 pM
PHX on the M0, M1 and M2 cultures (Figure 1A). Addition of PHX
did not significantly reduce the viability in any of the cultures
(Figure 1B). By itself PHX did not promote polarization of MO cells
into either M1 or M2 macrophages. We observed a PHX
concentration dependent increase in the proportion of Ml
macrophages in the M1 cultures, and a decrease in M2
macrophages in the M2 cultures (Figures 1C-E). Furthermore,
the reduction in M2 macrophages was not the result of a shift to
M1 macrophage polarization in the M2 culture. These data suggests
that PHX treatment inhibited M2 macrophage differentiation, and
enhanced M1 macrophage differentiation only in conjunction with
MI promoting factors such as LPS and IFN-y.

PHX-mediated M1 polarization occurs
during the differentiation stage

To determine at which stage PHX had its effect, we selectively
added it or vehicle at either the PMA priming, rest, or
differentiation stage of the M0, M1, and M2 cultures (Figure 2).
Our results showed that the addition of PHX specifically at the
differentiation stage of the M1 cultures was enough to enhance M1
macrophage polarization. We observed a significant increase in
CD80" M1 macrophages and a decrease in the already low count of
CD209+ M2 macrophages present in our M1 cultures (Figure 2C).
In support, PHX treatment at the differentiation stage in the M1
cultures significantly increased expression of key M1 macrophage
genes STATI and CCL2 (Figure 3). In contrast, we did not detect a
PHX induced reduction in CD209+ M2 macrophages at any of the
stages in the M2 cultures (Figure 2). However, we did observe a
significant decrease in M2 macrophage related transcription factors
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FIGURE 1

Perhexiline (PHX) promotes THP-1 monocyte differentiation into M1 macrophages. (A) Schematic diagram showing PHX addition during PMA
mediated THP-1 MO, M1 and M2 differentiation. (B) Viability of THP-1 differentiated macrophages with or without PHX treatment. (C) Flow cytometry
plots showing the expression of CD80 and CD209 for THP-1 differentiated macrophages with or without PHX treatment. (D) Quantification of %
CD8O (blue) single positive (SP, Q1 gate) and % CD209 (pink) SP (Q3 gate) with or without PHX treatment and (E) MFI values of CD80 and CD209 of
THP-1 differentiated macrophages (MO top, M1 middle, M2 bottom). Data are pooled from two independent experiments with duplicates (n=4) and
shown as mean + SD. One-way ANOVA with Dunnett's multiple comparisons test was performed for the analysis *p < 0.05; ***p < 0.001.

STAT6 and c-MYC when PHX was added during the cytokine
differentiation stage of the M2 cultures (Figure 3A). This suggests
that PHX may have partially inhibited M2 macrophage
polarization, but higher concentrations or longer treatment times
are required to induce a strong inhibitory effect as observed in
Figure 1. Taken together, our results suggest that PHX may enhance
M1 and inhibit M2 macrophage polarization. Furthermore, PHX
acts primarily when activated THP-1 macrophages are exposed to
M1 differentiating factors.

Analysis of differentially enriched proteins
in PHX-treated M1 macrophage cultures

Because the effect of PHX was most pronounced in M1 cultures, we
next characterised the changes it induced in the proteome of Ml
macrophages (Supplementary Figure 3A). Five experimental replicates
of vehicle and PHX treated (at the cytokine differentiation stage) THP-
1 M1 cultures were subjected to DIA MS, a technique that allows for
reproducible quantitative deep proteome-wide profiling (41, 42). Each
treatment showed high homogeneity between replicates
(Supplementary Figures 3B, C). We identified a total of 2,999 unique
proteins, with 62 and 15 proteins found exclusively in vehicle and PHX
treated M1 cultures, respectively (Supplementary Figure 3D; Table S1).
Interestingly, PHX treatment induced significant changes to the M1
macrophage proteome (Supplementary Figure 3E).
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Using differential expression analysis of quantitative mass
spectrometry data (DEqMS) (28), we identified 488 differentially
expressed proteins (DEP, adj. p-value <0.05) with annotated gene
names that were altered by PHX treatment (Figure 4A). Of these, 44
proteins were upregulated and 444 were downregulated (Table S2),
and 11 upregulated and 80 downregulated proteins had at least a 2-
log fold change in expression (Figure 4A; Table 1). Using the lists of
upregulated and downregulated DEPs, we used the STRING
database to visualise the protein-protein interaction (PPI)
networks that were affected by PHX treatment (30). We identified
that the 433 downregulated DEPs generated a PPI network
consisting of 3 main clusters (Figure 4B; Table S3). Gene set
enrichment analysis (GSEA), based on the Reactome
Knowledgebase (31), showed that Cluster 1 proteins were
primarily involved in RNA metabolism and could be subdivided
into RNA splicing and protein translation (Supplementary
Figure 4A; Table S4). Clusters 2 and 3 had proteins primarily
related to the immune system, with Cluster 3 consisting of
interferon signalling proteins (Supplementary Figure 4; Table S4).
Cluster 2 contained diverse signalling pathways including Rho
GTPase, mTOR, and Receptor Tyrosine Kinase (RTK). RTKs
could be attributed to receptors for growth factors, cytokines, and
hormones which in Cluster 2 included VEGFR2, MET and Eph
receptors (Supplementary Figure 4B). Since PHX has been shown to
downregulate mTOR signalling (43, 44), we confirmed that PHX
downregulated mTOR, raptor, and other mTOR related proteins in
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M1 promotion by PHX occurs during the differentiation stage. PHX was added at either (A) priming, (B) resting or (C) differentiation stage of the
macrophage culture. Schematic diagram describing where PHX was added and quantification of % CD80 (blue) single positive (SP) and % CD209
(pink) SP between MO, M1 and M2 differentiation conditions. Data are pooled from two independent experiments with duplicates and presented as
mean + SD of pooled replicates. One-way ANOVA with Dunnett's multiple comparisons test was performed for the analysis *p < 0.05; **p < 0.01.

M1 cultures (Figure 4C). In contrast, the 44 upregulated DEPs did
not form any strong PPI networks (data not shown).

Recently a proteomic analysis of THP-1 derived MO, M1 and
M2 macrophage cultures identified 68 M1-associated proteins and
20 M2-associated proteins that were found only in their respective
cultures (Table S5) (45). While our culture conditions do not
exactly match that study, comparisons of the two data sets
identified 33 M1- and three M2-associated proteins in common,
supporting that our M1 culture conditions promote differentiation
of M1 macrophage phenotypes (Table S6). DEqQMS for the
identified 33 Ml-associated proteins in common showed that
PHX treatment significantly downregulated 11 M1I-associated
proteins and upregulated one, B2M (Figure 5). Thus, PHX
treatment while promoting M1 macrophage polarization may
eventually downregulate the inflammatory properties of these cells.

GSEA of PHX-treated M1 macrophage
cultures

To gain a deeper insight into the global changes within our
proteomics data, pathway enrichment analysis was performed on all
2999 unique proteins identified by DIA MS. Using the MSigDB, we
performed GSEA against Hallmark, Reactome Knowledgebase and Gene
Ontology (GO) datasets (35, 36). Interestingly, PHX treatment
significantly enriched Hallmark gene sets for oxidative
phosphorylation, adipogenesis, cholesterol homeostasis, and fatty acid
metabolism. Furthermore, in agreement with our differential enrichment
analysis, PHX downregulated genes related to the inflammatory response
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(Figure 6; Table S7). Reactome Knowledgebase pathway analysis
supports these findings, with key pathways in the TCA cycle,
mitochondrial fatty acid beta oxidation, and gluconeogenesis being
upregulated (Supplementary Figure 5; Table S8). Finally, our GO
Cellular Component analysis shows that PHX upregulated proteins
related to the cytoplasm, mitochondria and cell membrane, and
downregulated proteins related to the nucleus and endosome (Figure
S6; Table S9). This once again matches our GO Biological Process
(Supplementary Figure 7; Table S10) and GO Molecular Function
(Supplementary Figure 8; Table S11), where there is an enrichment for
metabolic process related to fatty acid metabolism and oxidative
phosphorylation with a downregulation in RNA metabolism.

Validation of proteomic analyses

To validate our proteomics result, we assessed the cell surface
expression of CD14 and B2M on PHX-treated M1 macrophages by
flow cytometry. Consistent with our proteomics results (Figure 5),
PHX treatment of M1 macrophage cultures resulted in reduced
expression of CD14 and enhanced expression of B2M (Figures 7A,
B). Finally, as IL-1PB was one of the most significantly downregulated
proteins in our data (Figures 4A, 6B), we performed ELISA to
investigate if PHX reduced IL-1f release in our M1 cultures
(Figure 7C). Cell culture supernatants from PHX-treated M1
cultures had lower IL-1B levels compared to vehicle controls
(Figure 7D). Furthermore, stimulation of these M1 cultures with
LPS and ATP showed that while PHX treatment reduced the amount
of IL-1B released, it did not prevent these macrophages from
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FIGURE 3

PHX promotes M1 macrophage transcriptional programming. THP-1
derived M1 or M2 macrophages were treated with PHX during their
differentiation stage and qRT-PCR. mRNA expression of STAT1, CCL2,
STAT6 and c-MYC in M1 (purple) and M2 (pink) macrophages. Data
are pooled from 2 independent experiments with 3 replicates from
each experiment and presented as mean + SD of pooled replicates.
One-way ANOVA with Dunnett's multiple comparisons test was
performed for the analysis *p < 0.05; ***p < 0.001; ****p < 0.0001.

secreting IL-1B (Figure 7E). Taken together, for the first time, we
define the PHX induced changes in the M1 macrophage proteome.

Discussion

Macrophage dysregulation is common in a range of diseases.
For example, an increase in M1-like macrophages is associated with
the chronic inflammation (6), while an increase in M2-like
macrophages in cancer is associated with the suppression of anti-
tumour immune responses, angiogenesis, cancer outgrowth and
metastasis (7, 8). The many findings of associations between altered
macrophage states and disease suggests that drugs which alter
macrophage activation and polarisation may have potential in the
treatment of such diseases. Here we report that PHX treatment
inhibited M2 and promoted M1 macrophage differentiation in our
polarisation cultures, and that proteomic analysis suggests that
macrophages in PHX treated M1 cultures may have adopted an
‘immune suppressed’ state. Our findings show that PHX may have
underappreciated effects on macrophage biology.

The drug PHX has been used clinically for decades in the
treatment of cardiovascular disease, where it is thought to act by
reducing FAO through the inhibition of CPT1. This shifts
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myocardial energy generation away from fatty acid toward a
greater reliance on carbohydrate metabolism, which maintains
myocardial production of ATP but with a lower oxygen
utilisation. We and others have reported that PHX is cytotoxic to
cancer cells in vitro and in vivo. The underlying mechanisms for the
effects on cancer cells remain unclear, with reports suggesting that
several cell pathways may be involved, not just the inhibition of
CPT1. It is not clear if these other pathways reported to be altered
by PHX in cancer cells are specific primary targets or are activated
as a downstream effect of its binding to CPT1 or are a consequence
of cell damage or death resulting from the drug. Because of its
inhibitory effects on cancer cells in a number of experimental
models, there is interest in whether PHX has the potential to be
repurposed as an adjunctive therapeutic in the management of
cancer (46-48).

The growth of a cancer is dependent on more than just the
properties of the cancer cells. Carcinoma establishment and
progression, including invasion and metastasis, is greatly
influenced by interactions between epithelial or tumour cells
and local stromal elements. Macrophages are an important
functional cell within the tumour microenvironment and
can positively or negatively influence tumour progression.
Macrophages can be classified according to how they are
activated or their function. Classically activated macrophages
(M1) tend to inhibit tumour progression, while alternatively
activated macrophages (M2) tend to promote the progression.
The presence and activity of these subsets is not confined to
tumours. The M1 macrophages in general are pro-inflammatory,
while the M2 macrophages tend to dampen inflammation and
promote tissue repair and growth. Imbalance of the ratio of M1/
M2 cells has been reported to be associated with several diseases
with an immune component, such as asthma, inflammatory bowel
disease or fibrotic diseases. A novel therapeutic approach in such
diseases could be the targeting of the macrophages with drugs
which alter their phenotype away from that which promotes the
disease. Thus, drugs which promote M1 macrophage
differentiation may be useful to treat cancer or allergic diseases
where overabundant type-2 inflammation orchestrated by M2
macrophages is associated with worse clinical outcomes (49).

Using standard protocols to differentiate the human THP-1 cell
line into macrophages (27), we have shown that the addition of
PHX to M1 macrophage cultures resulted in more M1-like
macrophages. Our findings are consistent with a recent report
that PHX could shift murine bone marrow-derived M2
macrophages to an M1 macrophage profile (24) and that PHX
delivery in vivo can suppress M2 polarisation in a mouse model of
chronic kidney disease (50). However, our proteomic analysis of
PHX treated M1 macrophages showed that in the treated cells, key
proteins related to inflammation were downregulated. Importantly
we observed the downregulation of IL-1, a key secreted protein for
macrophage-mediated inflammation (51), both in the cell
lysate (proteomics) and culture supernatant (ELISA). This
immunosuppressive effect has been observed in mouse models of
sepsis and atherosclerosis where PHX treatment inhibited
inflammatory macrophage responses including IL-1f through the
activation of KLF14 (25, 26).
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TABLE 1 Significantly (> 2 logFC) expressed proteins in PHX treated M1 macrophages.

Adj. p-value Adj. p-value

(Continued)
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TABLE 1 Continued

Adj. p-value

10.3389/fimmu.2023.1054588

Adj. p-value

Bold was to easily identify the gene name. The highlight red represents proteins that were upregulated and blue were downregulated proteins.

Our DIA MS quantitative proteomics analysis provides
important insights into the effects of PHX on M1
macrophages. We identified 488 differentially expressed
proteins altered by PHX treatment of these differentiating
macrophages. Gene set enrichment analysis showed that in the
M1 macrophages the main protein networks which were affected
by PHX were associated with RNA metabolism, particularly
related to RNA translation, and immune responses. It was
interesting to observe that PHX downregulated proteins
related to interferon signalling, a key component of Ml

macrophage activation and function. Relevant to this, we

Frontiers in Immunology

identified an immune response protein network cluster
representing Rho-GTPases, receptor tyrosine kinases (RTKs)
and mTOR signalling. Previous studies have reported that
PHX can mediate inhibition of mTOR, which is involved in
regulation of cell growth and metabolism (43, 44). mTOR is
found in two distinct molecular complexes, mTORC1 and
mTORC2, which differ structurally and functionally.
Characterization of mTOR related proteins suggest that PHX
inhibited mTORCI1 signalling as evidenced by downregulation of
key proteins RPTOR, RRAGA, RRAGC, and EIF4GlI. In
macrophages, mTORCI signalling is associated with M1
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FIGURE 5

PHX alters expression of M1 macrophage associated proteins. Box plot comparing relative protein expression of known unique THP-1 M1
macrophage specific proteins between vehicle or 5 uM PHX treated M1 macrophages. Student's unpaired t-tests.

differentiation and activation. Loss of mTORCI signalling has
been shown to enhance M1 macrophage function in vivo (52).
RTKs represent a broad range of receptors involved in a variety
of cellular responses. PHX disrupted downstream RTK proteins
found in the VEGFR2, MET and Eph receptor signalling pathways.
VEGFR2 signalling promotes immunosuppressive functions in
myeloid cells and M2 macrophages including the upregulation of

PD-LI1 (53, 54). MET promotes the switching of M1 phenotype to
M2 phenotype (55) and dampens M1 cytokine production such as
IL-6 (56). Eph receptors are involved in macrophage adhesion and
migration but there is little evidence that they affect polarization
(57). Rho-GTPases are involved in macrophage motility and
phagocytosis (58-60). We did not observe changes to key effector
proteins in this pathway and most proteins identified are shared
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FIGURE 6

Gene Set Enrichment Analysis (GSEA) reveals cellular pathways modified by PHX on M1 macrophages. GSEA of 2999 proteins derived from vehicle or
5 uM treated M1 macrophages using the Molecular Signatures Database (MSigDB) Hallmark data set. (A) Enrichment Score (ES) plots of statistically
significant enriched Hallmark data gene sets. (B) Heatmap identifying protein expression associated with each Hallmark gene set.
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Validation of proteomics data set. THP-1 derived M1 macrophages
cultured with 5 uM PHX or vehicle control were examined for
changes in expression of proteins by flow cytometry or ELISA.

(A) Histogram plots and (B) quantitation of geometric mean
fluorescence intensity (geo.MFI) for the expression of CD14 and 2M
on CD80+ macrophages. (C) Experimental workflow describing the
collection of supernatants for IL-1B detection. Supernatants (D) prior
to stimulation or (E) after stimulation with LPS and ATP was
collected from PHX-treated M1 macrophages. Data are pooled 3-4
replicates and presented as mean + SD. Student'’s t-test or One-way
ANOVA with Dunnett's multiple comparisons test was performed for
the analysis. ***p < 0.001; ****p < 0.0001.

with RTK signalling. Together these data suggest that PHX
downregulates a spectrum of proteins involved in Ml
macrophage polarization and function. Indeed, when we
measured protein levels of M1 macrophage unique proteins, all
but B2M were downregulated with PHX treatment.

Of the few proteins upregulated, only B2M and PSAP were
increased by at least 3 log fold. B2M, beta-2-microglobulin, is a
critical component of MHC class I complex and is critical for
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immune activation and has anti-bacterial properties when secreted
(61). PSAP, prosaposin, is a lysosomal protein involved in
glycosphingolipid metabolism, and has recently been shown to
promote glycolysis and oxidative phosphorylation in macrophages
and is inhibited by mTOR signalling (62). Thus, inhibition of
mTOR by PHX may have resulted in upregulation of PSAP in the
MI cultures.

Further investigations are required to determine the relationship
between the observed changes in protein levels and functional
consequences. PHX is a reported inhibitor of CPT1, a key rate-
limiting enzyme involved in mitochondrial FAO by transporting
fatty acids into the mitochondria (22). In our GSEA analysis, it was
interesting to see an enrichment and upregulation of proteins
associated with oxidative phosphorylation, fatty acid metabolism,
adipogenesis and cholesterol homeostasis identified using the
MSigDB hallmark gene set. Consistent with this finding, one of the
first studies describing PHX-mediated oxidative phosphorylation and
fatty acid oxidation inhibition also showed that inhibition leads to the
accumulation of proteins related to complex 1 and IT of the respiratory
chain in hepatocytes (63). Importantly, Oyarce et al. has demonstrated
that PHX treatment impaired oxidative phosphorylation including
mitochondrial basal and maximal respiration in M2 macrophages
(24). While we also saw a statistically significant enrichment of
cholesterol homeostasis and adipogenesis gene sets, careful
interpretation of this data is required as most proteins identified
were shared in oxidative phosphorylation and fatty acid metabolism,
hence detection of these pathways in our GSEA analysis may be in part
due to an accumulation of proteins shared amongst these pathways.
Nevertheless, follow-up studies including functional metabolic assays
are required to confirm whether the increases observed for
mitochondrial proteins in response to PHX treatment correspond to
compensatory changes, maintenance of cellular homeostasis, or reflect
a metabolic perturbation induced by PHX treatment. The
consequences of this putative metabolic perturbation, for example in
energy-intensive functions of macrophages such as motility or
phagocytosis, remain to be investigated and may have implications
for how PHX might affect macrophage function in vivo. It was recently
shown that M2 macrophage reprogramming to M1 macrophages is
possible by using metabolic drug targets including PHX in mice (24).
Future studies are also required to analyse the effects of PHX treatment
on human M2 macrophage repolarisation and subsequent function.
We have preliminary data to suggest that PHX can enhance M2
repolarisation to M1 in the presence of LPS (data not shown). Finally, it
would also be valuable to know if the proteomic changes reported here
are replicated in vivo by studying different macrophage-mediated in
vivo disease models. PHX has been reported to influence macrophage
function in mouse models of sepsis and kidney disease (26, 50).

In this report, we show that PHX treatment inhibits the
differentiation of THP-1 cells into M2 macrophages and
promotes their differentiation into M1 macrophages with altered
expression of inflammatory pathways. We publish two novel
datasets: the baseline proteome of M1 macrophage cultures
generated using a standardised published protocol for THP-1
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cells (27), and the proteomic changes induced by PHX treatment
of M1 macrophages. We envision that this resource will be useful
in future studies into the effect of PHX in macrophage-
related diseases.
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