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ABSTRACT

M2-like tumor-associated macrophages promote tumor progression by establishing an immunosuppres-
sive tumor microenvironment. The phenotype and activity of immunosuppressive macrophages are
related to their mitochondrial metabolism. Thus, we studied if drugs targeting mitochondrial metabolic
pathways can repolarize macrophages from M2 into an M1-like phenotype or can prevent MO-to-M2
polarization. The drugs selected are clinically approved or in clinical trials and target M2-specific metabolic
pathways: fatty acid oxidation (Perhexiline and Trimetazidine), glutaminolysis (CB-839), PPAR activation
(HX531), and mitochondrial electron transport chain (VLX-600). Murine bone marrow-derived macro-
phages were either polarized to M2 using IL-4 in the presence of the drugs or polarized first into M2
and then treated with the drugs in presence of IFN-y for re-polarization. Targeting both fatty acid
oxidation with Perhexiline or the electron transport chain with VLX-600 in the presence of IFN-y, impaired
mitochondrial basal, and maximal respiration and resulted in M2 to M1-like re-polarization (increased
iNOS expression, NO production, IL-23, IL-27, and TNF-a secretion), similar to LPS+IFN-y re-polarization.
Moreover, drug-induced macrophage re-polarization resulted in a strong tumor-cytotoxic activity.
Furthermore, the polarization of M0- to M2-like macrophages was impaired by CB-839, Trimetazidine,
HX531, and Perhexiline, while Hx531 and Perhexiline also reduced MCP-1 secretion. Our results show that
by targeting cell metabolism, macrophages could be re-polarized from M2- into an anti-tumoral M1-like
phenotype and that MO-to-M2 polarization could be prevented. Overall, this study provides rational for
the use of clinically applicable drugs to change an immunosuppressive tumor environment into a pro-
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inflammatory tumor environment that could support cancer immunotherapies.

INTRODUCTION

The immunosuppressive tumor microenvironment (TME) is
considered a major barrier for effective cancer immunothera-
pies based on checkpoint inhibitors." Besides tumor cell-
induced immune suppressive mechanisms, tumor-associated
macrophages (TAMs) have been shown to be involved in the
establishment and maintenance of the immunosuppressive
TME.” In many tumors, TAMs display pro-tumoral activity,
yet a whole spectrum from pro- to anti-tumoral macrophages
can be present.” TAMs have been classically categorized into
a spectrum of functionally and phenotypically different subsets:
in one extreme, macrophages with pro-inflammatory and anti-
tumoral activity, which resemble the phenotype of in vitro LPS
+IFN-y stimulated macrophages (M1 from now on), and
a second subset displaying anti-inflammatory and pro-
tumoral activity, similar to in vitro IL-4 stimulated macro-
phages (M2).* This complex mix makes it challenging to spe-
cifically target M2-like macrophages to prevent their activity or
polarization and thus improve cancer immunotherapies.

To support tumor growth, tumor cells, and immune cells
secrete chemokines (e.g., MCP-1) that promote the infiltration
of monocytes and their polarization into macrophages.” M1-
like TAM activation can be induced by several pro-
inflammatory signals (e.g., interferon-y (IFN-y) plus lipopoly-
saccharide (LPS)) which engage them to express co-
stimulatory molecules (CD80 and CD86), secrete pro-
inflammatory cytokines (IL-1pB, IL-6, IL-27, and TNF-a), and
produce effector molecules such as reactive nitrogen inter-
mediates (e.g., nitric oxide), through inducible nitric oxide
synthase (iNOS) increased expression.® On the other hand,
M2-like TAM polarization is driven by anti-inflammatory
cytokines (e.g., IL-4, IL-10, and IL-13) and is associated with
the expression of MHC-II and secretion of IL-10, TGF-p, and
CCL2.%” Furthermore, in murine macrophages, increased
Arginase 1 (Argl) expression and low NO production are key
Macrophage polarization involves changes in cell
metabolism.*® LPS+IFN-y polarized M1 macrophages show
increased glycolysis and reduced mitochondrial respiration
due to a broken tricarboxylic (TCA) cycle.'® On the other
hand, IL-4-induced M2 macrophages mostly rely on fatty
acid oxidation (FAO) and glutaminolysis to fuel the TCA
cycle and to produce energy and metabolites required by
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oxidative phosphorylation (OXPHOS)."' The main controller
of lipid metabolism upregulation is the peroxisome prolifera-
tor-activated receptor gamma (PPARYy) transcription factor,
which is activated upon IL-4 stimulation'* and promotes an
increase in oxygen consumption and mitochondrial
biogenesis.'' PPARy activity is modulated by the co-
activators PGC-1"" and RXR." Ultimately, IL-4 polarized
macrophage will display an increased FAO activity, linked to
an increase in fatty acid transport to the mitochondrial matrix
by carnitine palmitoyl transferase (CPT) and the activity of
enzymes responsible of B-oxidation, '"'* whose products will
fuel the TCA cycle and supply the electron transport chain
(ETC). A functional TCA cycle is fundamental for M2
polarization'® and besides glycolysis and FAO, glutaminolysis
replenishes it. It has been shown that glutamine deprivation
prevents IL-4 differentiation, > supporting the importance of
glutaminolysis metabolism for M2 polarization. In M2 macro-
phages, electron carriers NADPH and FADPH fuel the mito-
chondrial ETC, leading to ATP production; contrary to what is
observed in M1 macrophages, in which the ETC is working in
reverse to increase ROS production."

Coordinating and fine-tuning of all metabolic changes is
essential for IL-4 driven polarization. Disturbing these pro-
cesses prevents functional polarization of macrophages and
can lead to macrophage repolarization. Few studies have
shown that IL-4 polarized macrophages can be re-polarized
into a pro-inflammatory M1-like phenotype.'® Increasing glu-
cose transporter 1 (GLUT-1) expression resulted in increased
glycolysis and pentose phosphate pathway metabolites,
reduced oxygen consumption, and enhanced LPS+IFN-y
polarization.'” Knock-down of pyruvate dehydrogenase
kinase-1 -glycolysis regulatory enzyme- was shown to suppress
LPS+IFN-y polarization and improve IL-4-mediated M2 dif-
ferentiation by enhancing mitochondrial respiration.'®

Opverall, preventing IL-4 mediated polarization or promot-
ing re-polarization to a proinflammatory M1-like phenotype
could be achieved by changing the metabolism of macro-
phages. While this has been mostly studied using reagents
targeting specific pathways or by genetic modifications, '**°
little is known whether clinically relevant drugs can reshape
macrophage activity. Here we determined the activity of drugs
(clinically approved or currently being evaluated in clinical
trials) targeting mitochondrial metabolism, in driving M2-to-
M1 re-polarization or preventing IL-4-induced M2
polarization.

MATERIALS AND METHODS
Media, cytokines, drugs, and reagents

RPMI-1640 with Glutamax, non-essential amino acids
(NEAA), sodium pyruvate, and penicillin-streptomycin (P/S)
were from Gibco (Paisley, Scotland, UK). Fetal bovine serum
(FBS) was purchased from Life Science Production (Barnet,
UK). Cytokines M-CSF, IL-4, and IFN-y were purchased from
Biolegend (San Diego, CA, USA). 2-Deoxy-D-glucose (2-DG),
Oligomycin (Oligo), Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP), Rotenone (R/Rot,), and Antimycin
A (AA) were purchased from Abcam (Cambridge, UK).

Perhexiline (PerHx) and H531 (Hx) were purchased from
Tocris (Bristol, UK). CB-839 was purchased from FOCUS
Biomolecules (Plymouth Meeting, PA, USA). Trimetazidine
(TMZ) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). VLX-600 (VLX) was purchased from Cayman
Chemical (Ann Arbor, MI, USA). Lipopolysaccharide (LPS)
from E. Coli was obtained from Sigma-Aldrich. Any other
material used was of analytical grade.

Mice

Pathogen-free female C57BL/6 mice were used at 8-12 weeks
of age. The animals were purchased from Envigo (The
Netherlands) and kept according to UMCG institutional
guidelines. All animal procedures were approved by the local
Animal Experimentation Ethical Committee.

Bone marrow-derived macrophage culture and treatment

Bone marrow-derived macrophages (BM-M) were generated
from flushed bone marrow suspension from freshly isolated
bones (femurs, tibias, and hips). Cells were centrifuged for
5 min at 400xg, treated with ACK lysis buffer (NH,Cl 150 mM,
KHCO; 10 mM, Na,EDTA 0.1 mM, pH 7.4) for 5 min, washed
with PBS, centrifuged again, and then cultured for 6 days in
a complete medium (RPMI-1640 with Glutamax supplemented
with 10% FBS, 1% NEAA, 1% sodium pyruvate, and 1% P/S)
supplemented with 20 ng/ml M-CSF. The medium was
refreshed every 2-3 days. On day 6, BM-M were detached
using citrate buffer (KCI 135 mM and Na;C¢HsO; 15 mM)
for 15-20 min at 37°C and gentle resuspending. Cells were
washed, counted, and cultured in a complete medium supple-
mented with M-CSF.

Polarization and re-polarization

After being detached, BM-M were seeded in 24-well flat-
bottom, non-treated plates from Corning (Corning, NY,
USA) at a density of 2 x 10° cells/well. For M0-to-M2 polariza-
tion, cells were first treated with TMZ (100 uM), CB-839
(5 uM), HX531 (10 uM), PerHx (5 uM), or VLX (10 pM) for
1 h and then stimulated with IL-4 (20 ng/ml) for 24 h. For M2-
to-M1 re-polarization studies, cells were first polarized to M2
using IL-4 and then washed and treated with the drugs. After
a 1 h drug treatment, IFN-y (20 ng/ml) was added for another
24 h. To induce M1 polarization (positive control) cells were
stimulated with LPS (100 ng/ml) plus IFN-y.

Flow cytometry

For surface markers, cells were stained for 30 min at 4°C in 50 pl
of PBS-FBS 2% using anti-CD11b BV510-conjugated, anti-F/
480 PerCP-Cy5.5-conjugated (Biolegend). Zombie Violet
(BioLegend) was used to determine cell viability. For intracel-
lular staining, cells were first fixed and permeabilized with the
Fixation/Permeabilization Kit from BD Biosciences (San Jose,
CA, USA) according to the manufacturer’s instructions. Briefly,
cells were fixed (15 min), permeabilized (1 h), washed, and then
stained for intracellular markers using anti-iNOS PE-Cy7-



conjugated eBioscience (San Diego, CA, USA) and anti-
Arginase-1 PE-conjugated from R&D systems (Minneapolis,
MN, USA) for 30 min at 4°C in 50 pl of perm/wash buffer.
After washing, the cells were resuspended in PBS-FBS 2% and
analyzed by flow cytometry. 10,000 events were acquired within
ZV°“CD11b*F4/80"" gate. Samples were assessed in
a FACSVerse cytometer (BD Bioscience), and the data analyzed
using FlowJo X (TreeStar Inc., Ashland, OR USA).

Cytokine bead array

BM-M (1x10° cells/well) were cultured in 96-well plates (flat
bottom, cell culture-treated, from Corning) in 200 pL of com-
plete media. Cells were polarized or re-polarized in the pre-
sence of drugs as described above. After 24 h of treatment, the
supernatant was collected, centrifuged 600xg for 5 min to
remove debris, and immediately analyzed using BioLegend’s
LEGENDplex Mouse Inflammation Panel (13-plex) according
to the manufacturer’s instructions. Samples were analyzed by
flow cytometry in duplicate.

Extracellular bioenergetics-Seahorse analyses

Experiments were performed according to the manufacture’s
recommendations (Agilent, Santa Clara, CA, USA). Briefly,
5 x 10* BM-M were seeded per well (6-8 replicates) of an
XF96 culture plate (Seahorse XFe96 FluxPak from Agilent)
for 1 h at room temperature and then incubated overnight at
37°C with 5% CO,. Cells were treated as described in the
results section. Cells were washed with warm PBS and then
assay medium (sodium bicarbonate- and glucose-free DMEM
supplemented with sodium pyruvate 1 mM, pH 7.4) was
added and the cells were kept for 1 h at 37°C without CO.,.
The background recording extracellular acidification rates
(ECAR, milli pH/min) and oxygen consumption rates
(OCR, pmol/min) were measured first. Glucose (25 mm;
Sigma), Oligomycin (1,5 pM; Sigma), FCCP (1,5 pM;
Sigma), and the mix of 2-deoxyglucose (50 mM),
Antimycin A (1 pM), and Rotenone (1 uM) were injected
when indicated. After lysis of the cells with RIPA buffer
(Merck) with proteinase inhibitors (Roche complete
Protease Inhibitor, Basel, Switzerland) protein concentra-
tions were determined using BCA protein assay from
Thermo-Fischer Scientific (Waltham, MA, USA). ECAR and
OCR data were normalized to protein concentration and
analyzed as described before.*!

Measurement of NO production

The concentration of NO in culture supernatants was mea-
sured using Griess Reagent System from Promega (Madison,
WI, USA). Macrophages were seeded in a 24-well, non-treated
plate at a density of 1.2 x 10° per well and polarized or re-
polarized as described in the results section. Supernatants were
collected, mixed with Griess reagent (1:1), and incubated for
10 min at room temperature, avoiding direct light exposure.
The samples were read at 545 nm in a plate reader (Synergy
HT5, BioTek, Winooski, VT, USA) and NO concentration was
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calculated by referencing a standard curve generated from
known concentrations of NaNO,.

Mitochondrial mass, potential, and ROS

BM-M (2x10° cells/well) were plated in a non-treated 24-well
plate and polarized or re-polarized as described in the results
section. BM-M were washed twice with PBS and then incu-
bated with 500 uM of MitoSpy Green (Biolegend) and 500 uM
of MitoTracker Red CMXRos (Thermo-Fischer Scientific) in
PBS at 37 °C for 30 min, then washed once with PBS+FBS 10%
and once with PBS. BM-M were detached using citrate buffer,
washed, and analyzed by flow cytometry.

Co-culture and apoptosis determination

BM-M were harvested, counted, and plated (4.8x10%/well) in
24-well, non-treated plates. After 18 h, macrophages were
polarized to M2 and then re-polarized with the drugs plus
IFN-y, as described above. LPS+IFN-y treatment was used as
a positive control of re-polarization. TC-1 tumor cells were
maintained and cultured in a complete RPMI medium. TC-1
cells were kindly donated by Dr. Cornelis J. Melief (Leiden
University Medical Center, The Netherlands). The TC-1 cell
line was generated from C57Bl/6 primary lung epithelial cells
with a retroviral vector expressing HPV16 E6E7. 3 x 10° TC-1
cancer cells were incubated with 5 pM CFSE (Biolegend) for
15 min at 37°C. Unstained cells were kept as control and
freshly stained cells were assessed by flow cytometry as input
control. Macrophages were washed twice with warm PBS and
CFSE-labeled TC-1 cells (2.4x10%) were added to get aratio of 2
to 1 (macrophages to TC-1). After 24 h, the cells were har-
vested and stained with anti-CD45 APC-Cy7-conjugated
(Biolegend), CD11b, F4/80, and ZV, as described above.
10,000 events were acquired within the gate ZV'**CD45".

The percentage of cytotoxicity was calculated as follows: % of
cytotoxicity = 100x(1-X/Y), in which X is the calculated number
of TC-1 cells in experimental co-cultures and Y is the calculated
number of TC1 cells in the control co-cultures. The number of
TC-1 cells was calculated based on the initial input of macro-
phages, the macrophage/TC-1 ratio after 24 h, and the assump-
tion that the macrophages did not divide during the 24 h co-
culture. For apoptosis determination, the co-cultured cells were
stained with FITC-conjugated annexin V and propidium iodide
(PI) following manufacturer’s guidelines (BD Biosciences).

Tumor cell proliferation

TC-1 (2x10%/well) were seeded in a 96-well plate (flat bottom,
cell culture treated) in three replicates. After 24 h, cells were
treated with TMZ (100 uM), CB-839 (5 uM), HX531 (10 uM),
PerHx (5 pM), and VLX (10 uM), leaving the drugs present
during the whole experiment; or with the supernatant of drug-
treated macrophages (1 h) after none, 1, 2 or 3 washes. Cell
growth was monitored using the IncuCyte ZOOM Live Cell
Imaging System (Essen Bioscience, Ann Arbor, MI, USA). Cell
confluence (%) was calculated using IncuCyte ZOOM
software.
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Statistical analysis

Experimental data are presented as the mean + SEM of the
number of experiments indicated as “n”. For determination of
significance, one-way analysis of variance was used (ANOVA)
followed by Fisher’s LSD post hoc using Prism 6 (GraphPad.
San Diego, CA, USA). A p value of 0.05 was considered
a statistically significant difference between the data compared

(*=p <.05,* =p<.01 and *** = p <.001).

RESULTS
Selection of drugs

Drugs were selected based on their mechanism of action, i.e.,
targeting fundamental metabolic pathways. From these, we
considered the ones that are clinically available or are under-
going clinical evaluations and that have proven in vitro efficacy
in other cells than macrophages. Overall, we selected 5 drugs to
be tested. To impair fatty acid transport into mitochondria
through CPT-1 inhibition, Perhexiline (PerHx) was
selected.”” PerHx is used as a prophylactic antianginal
agent.”> To decrease FAO, we targeted 3-ketoacylthiolase
(3-KAT) -which catalyzes the final step in FAO- by using
Trimetazidine (TMZ), an FDA-approved drug for the treat-
ment of angina pectoris.** To inhibit glutaminolysis, we tar-
geted the first enzyme of the pathway, glutaminase 1 (GLS)
using CB-839 (Telaglenastat), > a promising anti-cancer drug
currently in clinical phase 2 trials (NCT03875313). VLX600
(VLX), a novel iron chelator that interferes with intracellular
iron metabolism was used to impair mitochondrial
respiration.”® VLX has shown promising results preventing
tumor cell proliferation in vitro*” and displayed a high-safety
profile in clinical studies.”® Finally, to decrease the activity of
PPARYy, we selected HX531, a compound that blocks the activ-
ity of RXR (part of the heterodimer PPARy/RXR).*’ Although
HX531 is not yet FDA-approved, it has shown promising
results for diabetes type 2 treatment.*

Mitochondrial respiration is impaired upon LPS+IFN-y
treatment of IL-4-polarized macrophage

Considering that most TAMs are anti-inflammatory M2-like
macrophages, re-polarizing them into a pro-inflammatory
MIl-like phenotype would induce an inflammatory milieu,
which could support cancer immunotherapies.”® We first
analyzed the extent of M2-to-M1 re-polarization that can be
achieved in vitro upon LPS+IFN-y stimulation. For this,
mouse bone marrow-derived macrophages (BM-M) were
first polarized using IL-4 for 24 hours, washed, and then
treated with LPS+IFN-y for another 24 hours (gating strategy
Sup. Figure la). From the CDI11b"F4/80" population, we
assessed iNOS and Argl expression as M1 and M2 markers,
respectively. As shown in Figure la (upper, left panel), IL-
4-induced polarization increased Argl but not iNOS expres-
sion. Opposite, LPS+IFN-y polarized macrophages highly
increased iNOS. Re-polarization of IL-4-polarized macro-
phages with LPS+IFN-y (from now on referred to as IL-
4—LPS+IFN-y) increased iNOS expression to the same
extent as achieved in LPS+IFN-y polarized macrophages.

Yet, Argl expression did not change significantly as com-
pared to IL-4 polarized macrophages.

It has been proposed that both LPS+IFN-y- and IL-
4-mediated polarization depend on glycolysis.’’ To assess
whether glycolysis contributes to M2-to-M1 macrophage re-
polarization, BM-M were re-polarized in the presence of the
glycolysis inhibitor 2-deoxiglucose (2-DG). The increase in
iNOS expression induced upon IL-4—LPS+IFN-y re-
polarization was partially blocked by 2-DG, similarly to the
2-DG effect on LPS+IFN-y polarization (Figure 1a, lower panel
dot plots). Argl expression was strongly impaired when 2-DG
was used during IL-4 promoted M2 polarization (Figure la),
while it was not affected by 2-DG during IL-4—LPS+IFN-y re-
polarization, suggesting that maintenance of Argl expression
in previously IL4-polarized macrophages does not require glu-
cose. These results support the role of glycolysis in macrophage
re-polarization but also point toward a contribution of other
metabolic pathways.

To gain insight into the functional activity after IL-4—LPS
+IFN-y re-polarization, we determined cytokine secretion. As
expected, re-polarization resulted in an increased secretion of
pro-inflammatory cytokines (IL-23, TNF-qa, and IL-27) com-
parable to LPS+IFN-y polarized macrophages (Figure 1b and
Sup. Figure 1b). MCP-1 secretion was lower in re-polarized
macrophages than in IL-4 polarized macrophages.Next, we
assessed the metabolic rewiring after LPS+IFN-y-induced re-
polarization as real-time changes in the extracellular acidifica-
tion rate (ECAR, for aerobic glycolysis) and the oxygen con-
sumption rate (OCR, an OXPHOS indicator) (Figure 1c). The
overall energy profile was determined (Figure 1d). The energy
profile of IL-4-treated macrophages resembled that of the
untreated control MO macrophages whilst IL-4—LPS+IFN-y
re-polarized macrophage displayed a decreased glycolysis and
impaired mitochondrial respiration, the latter was comparable
to the response of LPS+IFN-y M1 macrophages. A detailed
analysis (Figure le) revealed that IL-4—LPS+IFN-y re-
polarization reduced glycolysis, glycolytic capacity, and glyco-
lytic reserve and that mitochondrial respiration parameters
(basal respiration, maximal respiration, and ATP production)
were as impaired as seen after LPS+IFN-y polarization, sug-
gesting a metabolic re-polarization.

Metabolic drugs PerHx and VXL promote M2 to M1-like
re-polarization

As LPS+IFN-y re-polarization impaired mitochondrial
respiration, we next studied if selected metabolic drugs
could also induce M2-to-M1 re-polarization. Treatment of
M2-polarized macrophages with the drugs PerHx, VLX, CB-
839, TMZ, and HX531 for 24 h did not significantly change
Argl or iNOS expression (Sup. Figure 2a), suggesting that an
additional signal is needed for macrophage re-polarization.
Since in a tumor microenvironment, numerous cells of innate
and adaptive immunity produce IFN-y, ** we explored the
effect of the metabolic drugs in the presence of IFN-y. As
a control, IL-4-polarized macrophages were incubated with
IFN-y for 24 hours (Figure 2a). This IFN-y treatment alone
induced a small, yet significant increase in the percentage of
cells expressing iNOS (7,7% versus 1,3%) which however is
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Figure 1. Macrophage repolarization depends on glycolysis and impairs mitochondrial respiration. Re-polarization scheme. BM-M were polarized using LPS+INF-
y (100 and 20 ng/ml, respectively) or IL-4 (20 ng/ml) (24 h). IL-4 macrophages were further re-polarized with LPS+IFN-y (24 h). A, macrophages were (re)polarized in the
presence or absence of 2-deoxiglucose (2-DG, 5 mM). iNOS and Arg1 expression was assessed by flow cytometry. Left, dot plots depicting gating strategy and
population percentages of a typical experiment; right, iINOS+ or Arg1+ macrophage percentage (n = 5, two-way ANOVA followed by Fisher’s LSD post hoc). B, cytokine
secretion in supernatant (cytokine bead array) (n = 3). C, metabolic profiles as determined by extracellular flux analysis (Seahorse XF). Extracellular acidification rate
(ECAR, left) and mitochondrial oxygen consumption rates (OCR, right) were determined following the addition of glucose (Glu, 25 mM), oligomycin (Oligo, 1,5 pM), FCCP
(1,5 uM) and Rotenone (Rot, 100 nM), antimycin A (AA,1 uM) and 2-DG (50 mg/ml). D, energy profile in the presence of glucose. E, calculated levels of glycolysis,
glycolytic capacity and reserve, mitochondrial basal and maximal respiration, and ATP production (mean + SEM, n = 3, paired one-way ANOVA followed by Fisher's LSD
test) (p values: * = p < .05, ** = p < .01 and *** = p < .001).

much lower than the ~90% that is obtained upon IL-4—LPS
+IFN-y re-polarization (Figure la). Notably, treatment of
IL4-polarized macrophages with VLX and PerHx in combi-
nation with IFN-y increased the frequency of iNOS-

expressing macrophages to 55% and 87%, respectively. The
population of Argl expressing macrophages did not change
significantly remaining near 40% for both conditions. TMZ,
CB-839, or HX531 did not induce re-polarization (Sup.
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Figure 2. Metabolic drugs increase IFN-y-mediated macrophage re-polarization. BM-M were polarized with IL-4 (20 ng/ml, 24 h), washed and treated with PerHx
(5 uM) or VLX (10 pM) and after 1 h IFN-y (20 ng/ml) was added for another 24 h. Cells were analyzed by flow cytometry and the supernatants were collected to assess
NO production and cytokine secretion. A, iINOS and Arg1 expression. Left, representative dot plots; right, percentages of iNOS+ and Arg1+ macrophages (n = 5). B, NO
production as determined by Griess reaction (n = 3). C, cytokines secreted in supernatants (cytokine beads array) (n = 3). Bars represent the mean + SEM of 3-5
experiments, analyzed by paired one-way ANOVA followed by Fisher’s LSD test (p values: * = p < .05, ** = p < .01 and *** = p < .001).

Figure 2a). Cell viability was not affected by any of the drugs
(Sup. Figure 2b).

Since PerHx and VLX in the presence of IFN-y stimu-
lated macrophage re-polarization, we further characterized
the changes elicited with these drugs. As in pro-
inflammatory macrophages NO production is increased,
we evaluated NO production upon drug-induced re-
polarization. As shown in Figure 2b, IL-4—LPS+IFN-y re-
polarization increased NO up to ~12 uM, compared with
1 uM in IL-4 polarized macrophage. IFN-y re-polarization
did not increase NO production, yet PerHx in the presence
of IFN-y (PerHx+IFN-y) significantly enhanced NO pro-
duction (~3 puM) and also VLX+IFN-y resulted in a low,
but not significant, enhanced NO production.

We next determined cytokine secretion during the drug-
mediated re-polarization (Figure 2c). While IFN-y alone
had no significant effect on the level of cytokine secretion,
PerHx+IFN-y significantly increased TNF-a, IL-23, and IL-
27 secretion. VLX+IFN-y treatment however did not
change the levels of TNF-a, IL-23, and IL-27 secretion but
did suppress MCP-1 secretion compared to IFN-y treat-
ment alone. Thus, although PerHx and VLX seem to result
in different re-polarization pathways, these results support

our hypothesis that targeting mitochondrial metabolic path-
ways can induce macrophage re-polarization.

Drugs promoting macrophage re-polarization impair
OXPHOS

As LPS+IFN-y-mediated re-polarization impaired OXPHOS,
we determined whether VLX and PerHx impair mitochondrial
respiration. IFN-y treatment of IL-4-polarized macrophages
did not induce changes in the energy profile (Figure 3a).
However, upon VLX+IFN-y and PerHx+IFN-y treatment,
oxygen consumption was abrogated, resembling the effect of
LPS+IFN-y during re-polarization (Figure 1c). The ECAR pro-
file slightly differed between the conditions. A further analysis
revealed that under VLX+IFN-y re-polarization glycolysis was
reduced while PerHx+IFN-y re-polarization did not alter gly-
colysis, as compared to IFN-y alone (Figure 3c). The maximal
respiration and glycolytic reserve were decreased by both drugs
and comparable to the responses seen upon LPS+IFN-y re-
polarization (Figure 3c and Figure 1c-E). Furthermore, both
drugs abrogated the basal and maximal respiration, as well as
ATP production (Figure 3c). Combined, these results suggest
that PerHx and VLX impair mitochondrial respiration and
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Figure 3. Drug-mediated macrophage re-polarization impairs OXPHOS. BM-M were polarized with IL-4 (20 ng/ml, 24 h), washed and treated with PerHx (5 uM) or
VLX (10 pM) after 1 h IFN-y (20 ng/ml) was added for another 24 h. A, metabolic profile as determined by extracellular flux analysis. ECAR (left) and OCR (right) were
determined following the addition of glucose (Glu, 25 mM), oligomycin (Oligo, 1,5 uM), FCCP (1,5 uM) and Rotenone (Rot, 100 nM), antimycin A (AA,1 uM) and 2-DG
(50 mg/ml). B, energy profile in the presence of glucose. C, calculated levels of glycolysis, glycolytic capacity and reserve, mitochondrial basal and maximal respiration,
and ATP production (n = 5). D, mitochondrial mass and E mitochondrial potential as determined by flow cytometry using MitoSpy Green FM and MitoTracker Red
CMXRos, respectively (measured MFI is shown, n = 3). Bars represent the mean + SEM. Data were analyzed by paired one-way ANOVA followed by Fisher's LSD test

(p values: * = p < .05, ** = p < .01 and *** = p < .001).

thus promote M2 to Ml-like re-polarization. Since impaired
mitochondrial respiration has been associated with damaged
mitochondria, we assessed mitochondrial mass and membrane
potential (y) (Figure 3d and E) to measure mitochondrial
healthiness. VLX+IFN-y treatment decreased mitochondrial
mass and reduced membrane potential although the ratio
membrane potential: mitochondrial mass remained unchanged
(data not shown), while PerHx+IFN-y treatment had no effect
on mitochondrial mass or membrane potential.

Macrophage metabolic re-polarization induces antitumor
cytotoxicity

We hypothesized that re-polarizing anti-inflammatory macro-
phages into pro-inflammatory cells would also unleash macro-
phage cytotoxic activity against tumor cells. In order to test

whether the drug-promoted re-polarization increases macro-
phage-mediated cytotoxicity, re-polarized macrophages were
co-cultured with CFSE-stained TC-1 tumor cell in media with-
out drugs or cytokines (Figure 4a). After 24 hours of co-culture
total cells were analyzed by flow cytometry, based on CD45
expression and CFSE staining (Figure 4b, gating strategy Sup.
Figure 3a). As shown in Figure 4c, the percentage of TC-1 cells
(CD45-) obtained after the coculture was lower when cocul-
tured with M1-like re-polarized macrophages. As expected,
both LPS+IFN-y polarization and IL-4—LPS+IFN-y re-
polarization decreased TC-1 cells, while IL-4—IFN-y re-
polarized macrophages had no effect on the number of TC-1
recovered. PerHx+IFN-y slightly decreased the percentage of
TC-1 cells, yet VLX+IFN-y re-polarization induced a similar
effect as LPS+IFN-y re-polarization. Since the number of
macrophages did not change over time (Sup. Figure 3b) the
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Figure 4. Macrophage metabolic re-polarization improves antitumoral cytotoxicity. BM-M were polarized with IL-4 (20 ng/ml, 24 h), washed and treated with
PerHx (5 uM) or VLX (10 puM), after 1 h IFN-y (20 ng/ml) was added. After another 24 h the wells were washed and CFSE-stained TC-1 tumor cells were added at
a macrophage to TC-1 cell ratio of 2 to 1. A, protocol summary. B, after 24 h of co-culture, cells were harvested and analyzed by flow cytometry. Macrophage frequency
was based on the percentage of CD45+ cells as TC-1 cells are CD45-. Numbers indicate percentages after co-culture (n = 4). C, percentage of TC-1 (CD45-) cells recovered
after co-culture. D, apoptosis induce by macrophage was determined as annexin V+ cell (%) (n = 3-6). E, CFSE dilution in TC-1 cells. CFSE histograms of TC-1 cells (gated
from living cells CD45-). A representative figure is shown (n = 5-6). F, NO production as determined by Griess reaction (n = 4-5). Bars represent the mean + SEM. Data
were analyzed by paired one-way ANOVA followed by Fisher's LSD test (p values: * = p < .05, ** = p < .01 and *** = p < .001).

cytotoxic activity of macrophages toward TC-1 (Figure 4c)
could be determined based on the percentage of TC-1 cells
after the co-culture (Sup. Figure 3c). The response of untreated
macrophages was defined as no cytotoxicity. IL-4 polarized
macrophage promoted TC-1 survival (negative cytotoxicity)
and IL-4—IFN-y re-polarized macrophages exhibited a slight,
yet not significant, increase in cytotoxicity. LPS+IFN-y polar-
ized and IL-4—LPS+IFN-y re-polarized macrophages induced
75% cytotoxicity. Notably, PerHx+IFN-y treatment resulted in
approximately 40% and VLX+IFN-y treatment up to 75% of
cytotoxicity, which was comparable to the response seen upon
LPS+IFN-y re-polarization. To further confirm the cytotoxic
effect of re-polarized macrophages, we determined whether
tumor cells undergo apoptosis. As shown in Figure 4d (and
supplementary figure 3f-G), IL-4—LPS+IFN-y re-polarized
macrophages induced a strong increase in Annexin V surface
expression up to 56%. Similarly, VLX+IFN-y re-polarization
induced apoptosis in up to 50% of the cell. PerHx+IFN-y re-
polarization was less effective in promoting apoptosis (30% of

annexin V+ cells). Combined, our data suggest that M1-like
macrophages promote tumor cell cytotoxicity by triggering
apoptosis.

We next evaluated the dilution of CFSE stain as an indicator
of tumor cell proliferation (gating strategy Sup. Figure 3a). As
depicted in Figure 4d, TC-1 cells cultured without macrophages,
with untreated macrophages or with IL-4 polarized, IFN-y or
PerHx+IFN-y treated macrophages displayed the same level of
CFSE dilution. This suggests that surviving TC-1 cells prolifer-
ated to the same extent. Opposite, TC-1 cultured with LPS
+IFN-y polarized, IL-4—LPS+IFN-y or VLX+IFN-y treated
macrophages retained higher levels of CFSE (Figure 4d, supple-
mentary Figure 3b), suggesting inhibition of proliferation.

To exclude that the TC-1 cytotoxicity was merely due to
direct toxicity of drug remaining after washing, TC-1 cells were
cultured in the presence of supernatants harvested from drug-
repolarized macrophages that had previously been washed 1-3
times after the 1 h-incubation with the drugs. As shown in
supplementary Figure 3e, the culture supernatant of drug-



treated macrophages already after 1 wash did not affect TC-1
proliferation, supporting that the cytotoxic effect is macro-
phage-mediated. It should be noted that when incubating
TC-1 directly with VLX, cell survival was strongly impaired
(Sup. Figure 3d). On the other hand, PerHx did not affect TC-1
cell proliferation.

Next, NO production during the co-culture was determined.
As shown in figure 4f, IL-4—>LPS+IFN-y re-polarized macro-
phages increased NO production up to 15 pM, as compared to
IL-4 polarized cells (around 1 pM). In line with the experiments
depicted in Figure 2c, IL-4—IFN-y re-polarization did not
induce NO production. Yet, PerHx or VLX in the presence of
IFN-y significantly increased NO production (both appr. 4 uM).
Combined, our results suggest that drug-induced macrophage
re-polarization unleashes anti-tumor cell responses.

Metabolic drugs can prevent mouse macrophage
polarization

As monocytes infiltrating the TME will primarily differentiate
into M2 macrophages, preventing M2 polarization could
decrease anti-inflammatory responses. Thus, we evaluated

IL-4 TMZ+IL-4

CB839+IL-4
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whether the selected drugs can also prevent IL-4-mediated
M2 polarization. MO macrophages were pre-treated with the
drugs PerHx, VLX, CB-839, HX531, or TMZ for 1 hour and
then cultured for 24 hours with IL-4 (Figure 5a). While in M0
macrophages approximately 3% of the cells expressed Argl,
this level increased up to 30% in IL-4 polarized M2 macro-
phages. TMZ and CB-839 treatment partially prevented Argl
expression (reaching 20% and 17%, respectively). HX531 had
a more pronounced effect, reducing Argl expression to 10%,
and PerHx almost completely impaired its expression (5%).
Moreover, PerHx slightly increased the number of cells expres-
sing iNOS (~2% vs 1% in IL-4-polarized cells). Unexpectedly,
VLX increased IL-4-promoted Argl expression up to 40%.
None of the drugs affected cell viability or induced macrophage
polarization (Sup. Figure 4a).

To assess the functional changes induced by the drugs, we
measured cytokine secretion, focusing only on those drugs that
impaired IL-4 polarization. Interestingly, neither TMZ nor CB-
839 altered cytokine secretion (Figure 5c¢). IL-4-induced MCP-1
secretion was strongly impaired by HX531 and PerHx (Figure 5¢)
and PerHx treatment resulted in a minor increase in TNF-a
secretion.
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Figure 5. Metabolic drugs prevent IL-4-mediated polarization. BM-M were treated with TMZ (100 uM), CB-839 (5 uM), HX531 (10 pM), PerHx (5 uM) and VLX (10 pM)
for 1 h and then IL-4 (20 ng/ml) was added for 24 h. A, iNOS and Arg1 expression was assessed by flow cytometry. Dot plots depicting gating strategy and populations
percentages. B, iNOS+ and Arg1+ macrophage percentages (n = 5). C, cytokines were evaluated from the supernatant by flow cytometry (beads array) (n = 3). D,
metabolic profile as determined by extracellular flux analysis (Seahorse XF). Calculated levels of glycolysis, glycolytic capacity and reserve, mitochondrial basal and
maximal respiration, and ATP production (n = 5) mean + SEM, paired one-way ANOVA followed by Fisher’s LSD test, p values: * = p < .05, ** = p < .01 and *** = p < .001).
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Next, we determined metabolic changes. Non-polarized and
IL-4 polarized macrophages displayed similar metabolic pro-
files. Interestingly, PerHx treatment increased glycolysis and
maximal glycolytic capacity. Moreover, PerHx did not impair
mitochondrial respiration as it did during IFN-y+ PerHx re-
polarization; instead, it increased both basal and maximal
mitochondrial respiration. On the other hand, VLX increased
glycolytic reserve while decreasing basal and maximal respira-
tion. HX531 had no effect on cell metabolism, CB-839
increased glycolysis and TMZ increased basal respiration and
ATP production.

Combined our data suggest that IL-4 polarization can be
prevented by the interference of metabolic pathways, which
differentially impacts macrophage metabolism. Moreover, IL-4
polarization can be prevented without impairing mitochon-
drial respiration.

DISCUSSION

It is generally assumed that the effectiveness of cancer
immunotherapies can be enhanced with strategies that
change the immunosuppressive tumor environment. In this
study, we, therefore, focused on a strategy to employ meta-
bolic drugs to modify immunosuppressive M2-like macro-
phages into antitumoral MI-like macrophages and to
prevent the differentiation of MO macrophages into M2-
like macrophages. Here, we demonstrate that the drugs
PerHx and VLX, in the presence of IFN-y, can indeed
change immunosuppressive M2 macrophages into macro-
phages with MI-like features, including tumor cytotoxic
activity, by impairing mitochondrial respiration. This study
furthermore demonstrates that the metabolic drugs PerHx,
CB-839, Hx-531, and TMZ can prevent IL-4-driven M2
polarization. These are encouraging data that suggest that
drugs targeting mitochondrial metabolism can promote
a pro-inflammatory microenvironment and prevent
a macrophage-mediated immunosuppressive response.

In this study, LPS+IFN-y induced M2-to-M1 re-
polarization increased iNOS expression, NO production, and
pro-inflammatory cytokines secretion, in line with a previous
report that showed up-regulation of CD80 and CD86 expres-
sion after re-polarization.'® Here we also show that LPS+IFN-y
re-polarization did not change the expression of Argl.
Apparently, LPS+IFN-y driven induction of M1 features in
previously M2 polarized macrophages does not abrogate all
M2 features. Similarly, Vidyarthi et al.>* showed that TLR-3
ligation to skew M2 into an M1 phenotype resulted in
a pronounced increase of M1 markers (CD86, CD80, CDA40,
iNOS, and pro-inflammatory cytokine secretion), yet only in
a slight decrease of M2 markers (CD206 and Tim-3).
Surprisingly, TNF-a and IL-23 secretion were higher in IL-
4—LPS+IFN-y re-polarized macrophages than in LPS+IFN-y
polarized. It has been reported that IL-4 potentiated the secre-
tion of proinflammatory cytokines upon additional bacterial
stimulation (a kind of M1-like polarization) in a mechanism
dependent of the MyD88 signaling pathway.” Thus, IL-4 sti-
mulation might activate signaling pathways involved in protein
synthesis and secretion that are enhanced by LPS+IFN-y re-
polarization.

The metabolic drugs PerHx or VLX in the presence of IFN-
y promoted macrophage re-polarization. In the absence of
IFN-gamma, the drugs did not induce significant changes.
However, considering that IFN-y is produced by both innate
and adaptive immune cells, it will be present in the tumor
microenvironment. And notably, anti-cancer treatments often
result in increased intratumoral IFN-y levels.

M2 macrophages treated with VLX+IFN-y displayed a strong
anti-tumoral response, which was comparable to the antitumor
activity observed upon treatment with LPS+IFN-y. VLX+IFN-y
treatment also moderately increased iNOS expression and NO
production but did not significantly change pro-inflammatory
cytokine secretion. The effect of VLX in the tumor cytotoxicity
assay can be fully ascribed to its effect on macrophages as direct
toxicity of VLX on TC-1 cells in this assay could be excluded.
Notably, VLX-induced reduction of MCP-1 secretion may prevent
the infiltration and development of immunosuppressive macro-
phages in vivo.”* Macrophage-mediated cytotoxicity elicited upon
PerHx+IFN-y treatment of M2 macrophages was moderately
increased and accompanied by moderate NO production and
TNF-a secretion. Yet, increased secretion of IL-23 and IL-27
elicited upon PerHx+IFN-y re-polarization could enhance the
anti-tumor immune response in vivo.”> Based on our results we
will next study the in vivo effect of PerHx and VLX. We anticipate
that metabolic re-polarization of macrophages 1) may induce
a direct anti-tumoral effect (as shown in this report) and/or 2)
create a more pro-inflammatory tumor milieu thereby increasing
the efficacy of current immunotherapies.36 For instance, re-
programming macrophages into a pro-inflammatory immune
cell improved the efficacy of anti-PD-1 therapy.” In addition,
Palmieri E. et al. showed that the deletion of glutamine synthase
in macrophages skews M2-polarized macrophages toward M1-
like, promoting the accumulation of cytotoxic T cells and inhibi-
tion of metastasis in tumor-bearing mice.”®

Little is known about metabolic changes during M2 to M1-
like re-polarization. Our data show that glycolysis contributed
to IL-4—>LPS+IFN-y re-polarization; while impaired mito-
chondrial respiration is a feature of M1 re-polarized macro-
phages, similar to what has been described for MI1
polarization.'” By selecting drugs targeting mitochondrial
metabolism, we sought to impair mitochondrial respiration
and thus shift cell metabolism into a glycolysis to mimic the
metabolic response upon LPS+IFN-y polarization. Our data
point to increased glycolytic activity and impaired OXPHOS
after LPS+IFN-y polarization (Figure 1d) is in line with pre-
vious reports;8 however, after re-polarization using LPS+IFN-y
(Figure 1d) or VLX+IFN-y (Figure 3b) cells displayed an
impaired OXPHOS but also a slightly reduction in glycolysis.
Recently, Palmieri E. et al. showed that nitric oxide (NO)
produced upon LPS+IEN-y treatment targets pyruvate dehy-
drogenase (PDH), decreasing glucose-derived carbon influx
and thus induces uptake of glutamine and its utilization as
a carbon source.” Since it is known that glutaminolysis-
related genes are increased in IL-4-induced M2
macrophages,'® we hypothesize that the increase in glutamine
metabolism during M2 polarization provides Ml-like re-
polarized macrophages of the machinery to use glutamine as
a carbon source instead of glucose. In our experimental setting,
PerHx+IFN-y and VLX+IFN-y abrogated mitochondrial



respiration. A reduced activity of the electron transport chain
(ETC) would be the most likely explanation, as it has been
described that LPS+IFN-y treatment impairs the activity of
complexes I and II of the ETC." Likewise, it has been proposed
that VLX impairs ETC activity and mitochondrial respiration
by decreasing complex IV activity.”” However, PerHx does not
target the ETC directly; it impairs CPT-1/2 activity and thus
decreases the availability of fatty acids to be oxidized.”>*” Yet
recently it has also been demonstrated that in the cell lines
MCE-7 and T47D, PerHx did not directly impair FAO.* Even
more, the same mechanism was described for Etomoxir
(another CPT-1 inhibitor), which impaired IL-4 mediated
polarization independently of CPT-1 inhibition by an off-
target inhibition of the Adenine Nucleotide Translocator
(ANT) and depletion of cytoplasmic CoA.*' Further studies
are needed to unravel the effect of PerHx on mitochondrial
respiration and immune cells, considering that PerHx dosage
may have to be adjusted per patient to prevent side effects.*”
Preventing monocytes to become M2-like macrophages
could also decrease immunosuppression in the TME We
found that four out of five drugs tested prevented IL-
4-mediated M2 polarization. The effect of PerHx and
TMZ suggests that an impaired FAO prevents the acquisi-
tion of an M2 phenotype. PerHx strongly suppressed the
expression of Argl and even slightly increased iNOS
expression and TNF-a secretion, while preventing MCP-1
release. Intriguingly, PerHx increased both mitochondrial
respiration and glycolysis but did not impair mitochon-
drial activity which contrasts with its effect on re-
polarization (Figure 3). This response is likely
a consequence of metabolic compensation, as it has been
described that macrophages can adjust their metabolism to
cope with stress.*> On the other hand, TMZ prevented M2
polarization less efficiently. Although it has been shown
that TMZ targets 3-ketoacyl-CoA thiolase (3-KAT),* it
has been suggested that it does not affect cardiac FAO,*
while it can support ATP synthesis by elevating mitochon-
drial Ca®* level,*® in line with our results. As expected, the
glutaminolysis inhibitor CB-839 impaired M2 polarization,
since glutamine metabolism is fundamental for M2
polarization,'® likely reducing a-ketoglutarate synthesis. a-
Ketoglutarate, besides its functions in cell metabolism, is
an anti-inflammatory metabolite that promotes M2
polarization.”” Interestingly, HX531 strongly prevented
M2 polarization while it had no impact on cell metabo-
lism, probably since HX531 antagonizes the nuclear recep-
tor RXR, which in turn controls other transcriptional
factors (e.g., PPARs, retinoic acid receptor, vitamin
D receptor).*® PPARy™"" macrophages display a reduced
MCP-1 expression,49 in line with the effect observed with
Hx531 (Figure 5c). To our surprise, VLX increased Argl
expression upon IL-4 polarization while strongly impair-
ing mitochondrial metabolism. We hypothesize that VLX-
induced OXPHOS impairment (Figure 5d) decreases meta-
bolite production, which is critical for M2 phenotype
polarization, leading to the increase in Argl expression
as a coping mechanism. For instance, an impaired
OXPHOS could lead to a decrease production of metabo-
lites like proline, citrulline, and ornithine,”® which are
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essential for IL-4-polarized M2 macrophage wound-
healing functions.”’ Nonetheless, further studies are
required to determine if VLX indeed can enhance M2
polarization and not only Argl expression. Despite the
fact that we focused on a mouse model, we believe that
this knowledge could be translated to human monocyte-to
-macrophage differentiation. Further experiments are
being conducted to demonstrate the effect of these meta-
bolic drugs on human monocyte/macrophage polarization.

In conclusion, this study shows that macrophage re-
polarization from M2 into an M1-like phenotype as well as
prevention of M2 polarization was achieved by targeting mito-
chondrial metabolism. We showed that impaired mitochon-
drial respiration correlates with enhanced re-polarization into
M1-like phenotype and anti-tumoral functions. Moreover, we
have established a new platform to test whether drugs clinically
available can promote macrophage re-polarization into a pro-
inflammatory phenotype, which opens the window for new
research lines and treatments aiming for functional re-
polarization of macrophages.
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