Lee et al. Molecular Medicine (2024) 30:143 M o | ecu | ar M ed | Ci ne
https://doi.org/10.1186/510020-024-00911-x

RESEARCH ARTICLE Open Access

. ®
IDH2 regulates macrophage polarization sl

and tumorigenesis by modulating
mitochondrial metabolism in macrophages

Sung Woo Lee'?" Soyoon Kim'?', Bokyung Kim??3, Jung Bae Seong®, Young-Ho Park®, Hong Jun Lee®”,
Dong Kyu Choi'?, Eunbyul Yeom'? and Dong-Seok Lee'?"

Abstract

Background Targeting the tumor microenvironment represents an emerging therapeutic strategy for cancer.
Macrophages are an essential part of the tumor microenvironment. Macrophage polarization is modulated by mito-
chondrial metabolism, including oxidative phosphorylation (OXPHOS), the tricarboxylic acid (TCA) cycle, and reac-
tive oxygen species content. Isocitrate dehydrogenase 2 (IDH2), an enzyme involved in the TCA cycle, reportedly
promotes cancer progression. However, the mechanisms through which IDH2 influences macrophage polarization
and modulates tumor growth remain unknown.

Methods In this study, IDH2-deficient knockout (KO) mice and primary cultured bone marrow-derived macrophages
(BMDMs) were used. Both in vivo subcutaneous tumor experiments and in vitro co-culture experiments were per-
formed, and samples were collected for analysis. Western blotting, RNA quantitative analysis, immunohistochemistry,
and flow cytometry were employed to confirm changes in mitochondrial function and the resulting polarization

of macrophages exposed to the tumor microenvironment. To analyze the effect on tumor cells, subcutaneous tumor
size was measured, and growth and metastasis markers were identified.

Results IDH2-deficient macrophages co-cultured with cancer cells were found to possess increased mitochondrial
dysfunction and fission than wild-type BMDM. Additionally, the levels of M2-associated markers decreased, whereas
M1-associated factor levels increased in IDH2-deficient macrophages. IDH2-deficient macrophages were predomi-
nantly M1. Tumor sizes in the IDH2-deficient mouse group were significantly smaller than in the wild-type mouse
group. IDH2 deficiency in macrophages was associated with inhibited tumor growth and epithelial-mesenchymal
transition.

Conclusions Our findings suggest that IDH2 deficiency inhibits M2 macrophage polarization and suppresses tumo-
rigenesis. This study underlines the potential contribution of IDH2 expression in macrophages and tumor microenvi-
ronment remodeling, which could be useful in clinical cancer research.
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Introduction

Apart from cancer cells, the tumor microenvironment
also contains endothelial cells, fibroblasts, and immune
cells. During tumor progression, fibroblasts and immune
and vascular cells are actively recruited to primary tumor
sites to reproduce and secrete cytokines and chemokines
(Alkasalias et al. 2018). Circulating blood monocytes are
also recruited to the tumor matrix (Winkler et al. 2020),
where tumor cell-secreted macrophage colony-stimulat-
ing factor (M-CSF) drive their differentiation into mac-
rophages (Laoui et al. 2014; Yi et al. 2024). Monocytes
are polarized by the tumor microenvironment and dif-
ferentiate into tumor-associated macrophages (TAMs),
acquiring immune suppression and protumor properties
(Richards et al. 2013). The accumulation in tumors of
TAMs changes the tumor microenvironment, promoting
tumor development and progression (Yuan et al. 2016).
Significantly, the tumor microenvironment impacts
the outcomes of therapeutic interventions, as shown
in several previous research trials (Margolin et al. 2011;
Bruchard et al. 2013; Ham et al. 2019). Hence, regulat-
ing the tumor microenvironment represents a promising
strategy for inhibiting tumor progression and metastasis.

Macrophages are phagocytic cells involved in tissue
homeostasis, defense mechanisms, and wound healing.
Activated macrophages are classified into two pheno-
types, M1 and M2, based on the expression of surface
receptors, secretory factors, and functions (Boutilier and
Elsawa 2021). M1 macrophages fight invading patho-
genic bacteria, produce nitric oxide (NO), and exhibit
inflammatory phenotypes (Wang et al. 2014). In contrast,
M2 macrophages exhibit anti-inflammatory responses.
Moreover, M2 macrophages provide a favorable tumor
microenvironment for growth, survival, and angiogen-
esis (Hao et al. 2012, Sica and Mantovani 2012). TAMs
typically switch to an M2-like phenotype during late-
stage tumor progression and exhibit protumor activities
(Pollard 2004, Sica and Mantovani 2012). Although the
phenotype and function of TAMs have been well-docu-
mented, the precise mechanism underlying the regula-
tion of macrophage polarization for inhibiting tumor
growth remains unknown.

Mitochondria produce energy and metabolites nec-
essary for the cell cycle and apoptosis. During cellular
respiration, the reactants of the electron transport chain
(ETC) in mitochondria transfer electrons via redox reac-
tions. The ETC marks the culmination of glucose metab-
olism, which occurs via glycolysis and tricarboxylic acid
(TCA) cycle. Alterations in the TCA cycle are closely
related to macrophage polarization, and M1 polariza-
tion represents an impaired TCA cycle characterized
by citrate accumulation (O’Neill 2015). Furthermore,
the low a-ketoglutarate/succinate ratio enhances M1

Page 2 of 17

macrophage activation (Angajala et al. 2018). Isocitrate is
converted to a-ketoglutarate by isocitrate dehydrogenase
(IDH). In addition, a study using IDH2-deficient mice
revealed that IDH2 is related to tumor progression (Kim
et al. 2014). However, the mechanism through which
macrophages influence tumorigenesis in IDH2-deficient
mice has not yet been explored sufficiently.

Here, we revealed that IDH2 deficiency in macrophages
affected their polarization, inhibiting the M2-like pheno-
type. Moreover, IDH2 deficiency suppressed OXPHOS
and induced mitochondrial fragmentation in mac-
rophages. Furthermore, IDH2-deficient macrophages
failed to promote cancer cell growth and epithelial-mes-
enchymal transition (EMT) in vitro and in vivo. Thus, we
propose that IDH2 deficiency in macrophages is a pivotal
regulator of cancer progression.

Materials and methods

Reagents

Murine macrophage colony-stimulating factor (mM-
CSF) was obtained from PeproTech (Cranbury, NJ, USA).

Cell culture and co-culture

LLC1 (murine lung carcinoma) cells were obtained from
the American Type Culture Collection (Manassas, VA,
USA). Cells were maintained in Dulbecco’s Modified
Eagle’s medium (DMEM) (Welgene, Daegu, Korea) sup-
plemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, Waltham, MA, USA), 100 U/mL peni-
cillin, and 100 pg/mL streptomycin (Welgene) at 37 °C.
Cancer cells and bone marrow-derived macrophages
were co-cultured at a ratio of 1:10 for 72 h with separa-
tion by 0.4 pm pore transwell inserts.

Animal care and experiments

We used 8-week-old male C57BL/6 ] wild-type (WT) and
IDH?2-/- mice (Kim et al. 2014). The IDH2-/- mice were
kindly provided by Prof. J.W. Park. Mice were housed
at 23 °C in a 12:12 h light/dark cycle. All animal experi-
ments were performed according to national ethical
guidelines and were approved by the Institutional Animal
Care and Use Committee (IACUC) at the Kyungpook
National University. These IDH2-/- mice were identi-
fied by PCR using primers 5'- ACTGTTCTGGAACAT
GCTGCC-3" and 5'-TCCTCAAAGCATCAGGTACCG-
3’ (Fig. S1). LLC1 cells (5x10° cells in 50 uL PBS) were
subcutaneously inoculated into the left flank of 8-week-
old WT or IDH2-/- C57BL/6 ] mice. Tumor volume was
measured every 3 d for 15 d. Tumor sizes were calculated
using the formula: (mm?®)=(LxW2)x0.5. The Student’s
t-test (two-tailed) was used to compare the differences
in the results of the two groups. The experiment was ter-
minated when tumor burden limits were not exceeded
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(<1 cm®) in compliance with IACUC and Animal Cancer
Research guidelines. After the experiment ended, mice
were euthanized, and tumor masses were subjected to
analysis. No mice died prior to reaching the endpoint of
the study.

Primary culture of bone marrow-derived macrophages
(BMDMs)

Preparation of BMDMs were based on the protocol
described (Weischenfeldt and Porse 2008; Zhang et al.
2008; Trouplin et al. 2013). Briefly, Femurs were isolated
from 8 to 12 weeks old WT and IDH2-/- mice. The dis-
tal and proximal ends of the femur were cut using sterile
scissors, and the bone marrow (BM) cavity was flushed
with DMEM to collect BM cells. BM cells incubated in
DMEM supplemented with 10% FBS, antibiotics, and
10 ng/mL mM-CSF for 7 days to generate BMDMs. On
day 3, removed culture media with unattached cell and
replaced to fresh media. The BMDMs were gently resus-
pended in freezing media and aliquoted into individual
cryovials. The vials were initially stored at — 80 °C for
24 h, followed by transfer to a liquid nitrogen tank for
cryopreservation for additional experiments.

Western blot analysis

Total protein isolate was extracted using the PRO-PREP
protein extraction solution (iNtRON Biotechnology,
Seongnam, Korea) and quantified using an Infinite F50
microplate reader (Tecan, Mannedorf, Switzerland). Sam-
ples containing equal amounts of protein (20 ug) were
resolved by performing SDS-PAGE using 8—15% gradient
gels and then transferred onto nitrocellulose membranes
(Pall Corporation, Pensacola, FL, USA). Membranes
were incubated at 4 °C with primary antibodies against
iNOS, STAT3, p-STAT3, AMPK, p-AMPK (Cell Signal-
ing Technology, Danvers, MA, USA), fibronectin, N-cad-
herin, GAPDH (Santa Cruz Biotechnology Inc., Dallas,
TX, USA), vimentin (Abfrontier, Seoul, Korea), CD206
(Invitrogen, USA), Ki67 (Sigma-Aldrich, Saint Louis,
MO, USA), and Argl (BD Biosciences, NJ, USA). Mem-
branes were washed three times with 10 mM Tris—HCl
(pH 7.5) containing 150 mM NaCl and 0.1% Tween-
20 (TBST) and then incubated overnight at 4 °C with
horseradish peroxidase-conjugated goat anti-rabbit and
anti-mouse secondary antibodies (Thermo Fisher Scien-
tific). Membranes were washed six times with TBST to
remove non-specifically bound secondary antibodies.
Immunoreactive bands were detected using the Clarity
Western ECL Substrate (Bio-Rad, CA, USA) according
to the manufacturer’s instructions, and band intensities
were analyzed using the Multi Gauge version 3.0 software
(Fujifilm, Japan).
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Real-time quantitative PCR (RT-qPCR) assay

Total RNA was extracted from tumor tissues and cells
using the RibospinvrM II kit (GeneAll, Seoul, Korea).
RNA was converted to cDNA using the Primer Script
RT Reagent kit (TaKaRa, Japan). PCR reactions were
assembled in a 96-well plate (Thermo Fisher Scientific)
using the TB green master mix (TaKaRa). The list of
used primers is provided in Supplementary Table 1.

Immunohistochemistry (IHC)

Tumor tissues collected from each animal group were
fixed in 4% paraformaldehyde, embedded using a Tis-
sue-Tek O.C.T. compound (Sakura Finetek, USA), cut
into sections of 10 um thickness, and subjected to
immunohistochemistry. Briefly, tissue sections were
first incubated with a blocking solution (general chlo-
rine serum 10%; Gibco, New Zealand) followed by incu-
bation with anti-CD206 (Invitrogen), anti-iNOS (Cell
Signaling Technology), and anti-Ki67 (Sigma-Aldrich)
antibodies at 4 °C. Subsequently, tissue sections were
labeled using Alexa Fluor 594 binding and Alexa Fluor
488 secondary antibodies (Molecular Probes, OR,
USA) for 1 h and observed under an LSM-800 confocal
microscope.

Immunocytochemistry (ICC)

Cells were seeded on 24 mm circular glass coverslips
(Paul Marienfeld, Lauda-Konigshofen, Germany) coated
with 0.1% poly D-lysine, co-cultured with cancer cells for
72 h, washed with PBS, and fixed with 4% paraformal-
dehyde for 1 h. Then, the cells were washed three times
with PBS and incubated with primary antibodies against
CD206 (Thermo Fisher Scientific), iNOS (Cell Signaling
Technology), and Ki67 (Cell Signaling Technology). Sub-
sequently, cells were labeled with Alexa Fluor 594 and
Alexa Fluor 488 secondary antibodies (Thermo Fisher
Scientific) for 1 h. Each cover slip was then mounted on
a slide using VECTOR SHIELD (VECTOR LABORATO-
RIES, CA, USA).

Flow cytometry

BMDMs were co-cultured with LLC1 cells for 72 h or
treated with 10 ng/mL IL-4 for 24 h. BMDMs were gently
detached using a cell scraper. Next, 1x10° BMDM cells
were stained with 100 pL of antibodies in cell staining
buffer (CD11b-phycoerythrin (PE)-conjugated antibody
(Thermo Fisher Scientific)) CD86-PerCP-Cyanine5.5
(PerCP-Cy5.5) conjugated antibody (Biolegend; San
Diego, CA, USA)), or CD206-fluorescein fluorescein
isothiocyanate-(FITC) conjugated antibody (Biolegend)).
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Samples were analyzed using a FACS Verse'" (BD
Biosciences).

Alpha-ketoglutarate (a-KG) assay

After 72 h of culturing, cells were washed with PBS
and resuspended in 500 pL ice-cold a-KG Assay Buffer
(ab83431, Abcam; Cambridge, UK) according to the
manufacturer’s instructions. Cells were quickly homog-
enized by pipetting up and down a few times and then
centrifuged to remove any insoluble material. Subse-
quently, ice-cold PCA was added to the homogenate
(final concentration: 1 M), and the mixture was vortexed
briefly to mix well. The sample was centrifuged, and the
supernatant was transferred to a fresh tube. Excess PCA
was precipitated by adding ice-cold 0.2 M KOH and brief
vortexing. After neutralizing the sample to ensure the pH
was 6.5-8, it was centrifuged at 13,000 rpm and 4 °C for
15 min, and the supernatant was collected. Next, 50 puL
a-KG standard or cell sample was added to each well
of 96-well plates. Next, the reaction mix was added to
each well and incubated in the dark at 37 °C for 30 min.
Finally, the absorbance was measured at 570 nm using a
microplate reader.

Metabolic flux assays (Seahorse assay)

BMDMs were co-cultured with LLC1 cells or cultured
alone for 72 h. BMDM from different conditions were
gently detached with cell scraper and resuspended at the
same concentration. 2 X 10* cells were seeded in each well
of an assay plate one day prior to the experiment. Before
the assay, the plate was incubated at 37 °C in a non-CO2
incubator for one hour. Following this initial incubation,
XF Running Media was dispensed into each well. Oxy-
gen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) were measured using an XF96 Seahorse
Extracellular Flux Analyzer, following the manufacturer’s
instructions. The basal OCR was measured, followed by
continuous assays using serial injections of 2.5 pM Oli-
gomycin, 1 uM Carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), and a combination of 1 pM
Rotenone and 1 uM Antimycin A. For the measurement
of glycolytic function, cells were subsequently treated
with 10 mM glucose, 2.5 uM Oligomycin, and 50 mM
2-Deoxyglucose (2-DG). After analysis, the plates were
stored. The cell counts in each well were subsequently
measured, and the values were normalized based on the
number of cells per well.

NO Detection

The amount of NO in the culture supernatant was meas-
ured using a commercially available NO detection kit
(iNtRON Biotechnology) according to the manufacturer’s
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instructions. Absorbance was measured at 450 nm using
a microplate reader.

Mitochondrial imaging and length measurement

Briefly, 5% 10* cells were seeded on a 24 mm circular
glass coverslip (Paul Marienfeld, Lauda-Konichsoffen,
Germany) coated with 0.1% poly D-lysine, cultured for
72 h, and washed with PBS. This was followed by adding
a prewarmed (37 °C) solution containing a MitoTracker
probe (Thermo Fisher Scientific). After incubating for
45 min, cells were washed twice with PBS, fixed with
4% paraformaldehyde in PBS for 1 h, and washed three
times with PBS. Finally, the coverslip was mounted on a
slide using VECTASHIELD mounting media (VECTOR
LABORATORY). Images were obtained using an LSM-
800 confocal microscope (Carl Zeiss, Oberkochen, Ger-
many) equipped with a planar chromaticity 100X /1.40
oil DIC M27 target lens. Images were processed using
the Zeiss LSM Image Inspector, ZEN 2009 Light Edition
(Carl Zeiss). Mitochondrial lengths were measured using
the Image] software (NIH, MD, USA), and average values
were calculated using more than 50 mitochondria per
cell for 20 cells. Mitochondria were divided into differ-
ent categories according to their length: <1 pm, 1-3 pm,
and >3 pm.

Confocal laser microscopy

Images were obtained using an LSM-800 confocal
microscope (Carl Zeiss) equipped with a Plan- Neofluar
20x/0.50 M27 objective lens and processed using a Zeiss
LSM Image examiner and ZEN lite 2009 edition software
(Carl Zeiss).

Clonogenic assay

A total of 1x10° LLC1 cells were seeded in the lower
chamber of a transwell plate, whereas BMDMSs were
seeded in the upper chamber. After 72 h of culture, cells
were washed twice with PBS, fixed with 4% paraformal-
dehyde (Sigma-Aldrich), and stained with 2% crystal vio-
let (Sigma-Aldrich).

Migration assay

To evaluate the migration and infiltration capability
of cancer cells, we used a chamber (SPL) along with a
Transwell insert (pore size: 8 pm). The insert-containing
chamber was coated with 2 pg collagen type I (Sigma-
Aldrich), and cancer cells were seeded. BMDMSs were
seeded at the bottom of the plate, and the cells were cul-
tured at 37 °C for 72 h. Subsequently, the Transwell insert
was removed from the plate, and the remaining cells were
smoothly removed. Cells in the insert chamber were
fixed with 4% paraformaldehyde/PBS, stained with 2%
crystal violet, washed with PBS, and dried. The number
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of cells migrated into the Matrigel was calculated in five
representative fields (X 100) per insert.

Magnetic-activated cell sorting (MACS)

Transplanted tumors were dissociated with colla-
genase (Sigma-Aldrich) and dispase II (Roche, Swit-
zerland) using gentleMACS™ Octo Dissociator with
Heaters (Miltenyi Biotec, Germany). Resuspended cells
were mixed with anti-F4/80 microbeads (Miltenyi Biotec)
and incubated on ice for 15 min. Cells were then washed
with HBSS—-BSA buffer and centrifuged at 300X g and
4 °C for 10 min. The QuadroMACS™ Separator (Milte-
nyi Biotec) was used for isolating cells, which were then
resuspended in the HBSS—BSA buffer and applied to the
LS column (Miltenyi Biotec). Finally, cells were washed
with HBSS—BSA buffer and collected in 15 mL tubes.

Statistical analysis

Data are presented as the mean+standard error of the
mean (SEM) of three or more independent experiments.
Statistically significant differences were determined by
t-test, one-way ANOVA, and two-way ANOVA using
the GraphPad Prism 8 software (San Diego, CA, USA):
One-way ANOVA and two-way ANOVA using Tukey’s
post-hoc test for intergroup comparisons. Results with
p<0.05 were considered statistically significant. Two and
three asterisks indicate p-values of<0.01 and<0.001,
respectively.

Results

IDH2 deficiency reduces mitochondrial function

The TCA cycle supplies NADH and FADH2, which act
as the electron carriers in the ETC (Nunnari and Suoma-
lainen 2012). IDH2 converts isocitrate to a-ketoglutarate
and is involved in the TCA cycle. We first analyzed the
level of a-ketoglutarate in WT and IDH2-knockout mac-
rophages, both with and without LLC1 co-culture. The
level of a-ketoglutarate decreased in IDH2-deficient
macrophages (Fig. 1A). Next, we investigated whether
OXPHOS was affected in macrophages co-cultured with
cancer cells. The OXPHOS system consists of five com-
plexes and create the proton motif force of the inner
mitochondrial membrane (IMM) through NADH and
FADH2 supplied through the TCA cycle (Tang et al

(See figure on next page.)
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2020). Compared with WT macrophages, OXPHOS
complex I and II were suppressed in IDH2-deficient mac-
rophages regardless of co-culturing with cancer cells.
Additionally, complexes III and IV showed a tendency to
decrease when co-cultured with cancer cells. (Fig. 1B).
Mitochondrial membrane potential (Ay) is a metabolic
marker that drives the generation of ATP by mitochon-
dria (Zorova et al. 2018). In this study, the IDH2-defi-
cient macrophage had a lower mitochondrial membrane
potential compared to WT cells in the TMRM assay
(Fig. 1C). Then, regardless of co-culture with cancer
cells, the mitochondrial membrane potential reduced in
IDH2-/- macrophages. Additionally, we evaluated OCR
and ECAR using the Seahorse XFe96 extracellular flux
analyzer to assess mitochondrial function. Compared to
WT macrophages, basal respiration was slightly reduced
in the control group, but no significant changes were
observed in ATP production. However, after co-culture
with LLC1 cells, the OCR of macrophages was signifi-
cantly increased. Furthermore, a decreased OCR was
measured in IDH2-deficient macrophages compared to
WT macrophage (Fig. 1D). ECAR also increased signifi-
cantly by co-culture with LLC1, but depending on the
expression of IDH2 was not significant (Fig. 1E). These
results indicated that IDH2 deficiency reduced mito-
chondrial function in macrophages co-cultured with/
without cancer cells.

IDH2 deficiency induced morphological changes

in macrophage mitochondria

Polarized macrophages exhibit metabolic characteristics
in vitro, which are closely linked to mitochondrial func-
tion (Jha et al. 2015, Williams and O’Neill 2018). Another
feature is that the type-polarized macrophages possess
mitochondria of different morphological features. For
instance, the mitochondria of M1 macrophages are much
shorter than M2 macrophages (Li et al. 2020). Therefore,
we first investigated mitochondrial dynamics in mac-
rophages co-cultured with cancer cells using Western
blot analysis. Phosphorylation of Drp1, which is the reg-
ulator of mitochondrial fission, at serine 616 leads to its
activation and recruitment by mitochondria (Youle and
van der Bliek 2012). Initially, expression of most mito-
chondrial dynamics related proteins in baseline level

Fig. 1 IDH2 deficiency disrupts mitochondrial metabolic function in macrophages. WT or IDH2-deficient BMDMs were cultured alone

or co-cultured with LLC1 cells for 72 h. A Expression level of a-ketoglutarate in BMDMs co-cultured with cancer cells. B Western blot analysis
reflecting OXPHOS status in BMDMs co-cultured with cancer cells. C Flow cytometry analysis of mitochondrial membrane potential in BMDMs
co-cultured with cancer cells. D and E Seahorse analysis results for OCR and ECAR of BMDMs from baseline condition or co-cultured with LLC1.
D basal respiration, Maximal respiration, ATP production. E Glycolysis, Glycolytic capacity. Data are presented as the mean + SEM of at least three
independent experiments (*p <0.05, **p <0.01, **p < 0.001, two-way ANOVA with Tukey's post hoc test)
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appeared to be very slightly lower in IDH2-dificient mac-
rophage compared to WT. The level of p-Drp1(S616) as
mitochondrial fission marker was significantly decreased
in WT macrophages after co-culture with cancer cells
(LLC1), but not in IDH2-deficient macrophages. Expres-
sion of mitochondrial fusion markers OPA1, MFN1, and
MEN?2 was significantly increased after co-culture in WT
macrophages. In contrast, these fusion markers were
significantly decreased in IDH2-deficient macrophages
compared to WT macrophages (Fig. 2A). In addition,
compared with the WT, IDH2-/- macrophages had frag-
mented mitochondria (Fig. 2B) as revealed by confocal
microscope. Notably, the percentage of fragmented mito-
chondria was increased in IDH2-deficient macrophages,
whereas that of elongated mitochondria was decreased
(Fig. 2C). Furthermore, mitochondrial length was sig-
nificantly reduced in IDH2 knockout macrophages
compared with in the WT (Fig. 2D). These results dem-
onstrate that IDH2 deficiency caused morphological
changes in macrophage mitochondria.

IDH2 deficiency alters M1/M2 polarization in cancer cell
co-culture

To investigate the mechanism through which IDH2
affects polarization in macrophages co-cultured with
cancer cells (LLC1), we analyzed the expression of polari-
zation-specific protein markers using Western blot analy-
sis. After LLC1 co-culture, polarization-specific protein
markers were significantly elevated, with the exception
of iNOS. Compared to WT macrophages, iNOS levels,
which are indicative of M1 macrophage polarization,
were increased in IDH2-deficient macrophages. Con-
versely, Argl levels, a marker for M2 macrophages, were
decreased in IDH2-deficient macrophages. Moreover,
the extent of changes in phosphorylated AMP-activated
protein kinase (pAMPK) and STAT3, known mark-
ers of M2 polarization, was reduced in IDH2-deficient
macrophages after co-culture with LLC1 cells. Vascular
endothelial growth factor (VEGF) contributes to tumor
initiation or tumor formation via facilitating angiogen-
esis and affects the function of immune cells in the tumor
microenvironment (Goel and Mercurio 2013). We found
that the VEGF level was also decreased in IDH2-deficient
macrophages. Baseline levels of p-STAT3 were too low
to be quantified (Fig. 3A). Subsequently, we evaluated
the level of mRNA expression of M1- and M2-related
cytokines and signaling markers. As shown in Fig. 3B,
most of macrophage polarization markers were increased
after cancer co-culture. After co-culture, compared
with WT macrophages, the expression of genes encod-
ing M1-related markers, II-1f3, and Il-6, was significantly
increased in IDH2-deficient macrophages, whereas those
encoding M2-related markers, Fizz1, 11-4, MglL1, and
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Mgl2, was significantly decreased. The baseline expres-
sion of il-4 was too low to be defined as a value. In addi-
tion, we analyzed NO, ™ generation to determine whether
the inflammatory response was enhanced following IDH2
knockout. We observed increased NO,~ production in
IDH2-deficient macrophages co-cultured with cancer
cells (LLC1) (Fig. 3C). To evaluate M1/M2 polarization in
those co-cultured with cancer cells (LLC1), we identified
macrophages using confocal microscopy and flow cytom-
etry. The level of CD206, an M2 macrophage marker,
decreased in IDH2-deficient macrophages, whereas
iNOS and CD86 levels, M1 macrophage markers, tended
to increase (Fig. 3D and E). These findings implied that
IDH2 deficiency imparts macrophages with charac-
teristics similar to the M1 subtype and inhibits their
polarization to the M2 subtype. IL-4 and IL-13 modu-
late macrophage phenotypes by inducing macrophage
polarization to the M2 subtype (Gordon and Martinez
2010). Therefore, we analyzed whether IDH2-deficient
macrophages showed reduced capability of undergoing
M2 polarization under IL-4 treatment. We found that the
percentage of differentiated WT M2 macrophages was
almost 87.39%, whereas that of IDH2-deficient M2 mac-
rophages was only 72.95% (Fig. S2). These results indicate
that IDH2 is important in differentiating macrophages to
the M2 subtype.

IDH2-deficient macrophages reduced cancer progress

and metastasis

EMT is a key characteristic of cancer cells with meta-
static ability (Yeung and Yang 2017). Associated molec-
ular features include altered expression of cell junction
molecules, collapsing of tight junctions, and increased
mesenchymal markers (Brabletz et al. 2018). We inves-
tigated the expression levels of EMT markers in cancer
cells (LLC1) co-cultured with macrophages using West-
ern blotting. In cancer cells (LLC1) co-cultured with
IDH2-deficient macrophages, the expression of E-cad-
herin, a cell adhesion protein, remained unchanged,
whereas those of mesenchymal markers vimentin and
fibronectin were decreased compared with their expres-
sions in only cancer cells (LLC1) (Fig. 4A). In contrast,
co-culturing with WT macrophages upregulated the
expression of vimentin and fibronectin in cancer cells,
while decreasing E-cadherin expression (Fig. 4A). Based
on these findings, we speculated that IDH2 deficiency
in macrophages inhibits the metastatic ability of cancer.
Next, we performed a co-culture using a transwell sys-
tem to determine the mechanism through which IDH2-
deficient macrophages influence tumor features such as
clonogenicity and migration. The mobility and migra-
tory ability of cancer cells (LLC1) were suppressed when
they were co-cultured with IDH2-deficient macrophages
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(Fig. 4B). Moreover, we observed that colony formation
was decreased in cancer cells (LLC1) co-cultured with
IDH2-deficient macrophages compared to those co-
cultured with WT macrophages (Fig. 4C). In addition,
to confirm the proliferation capability of cancer cells,
we performed ICC to evaluate Ki67 expression in can-
cer cells (LLC1) co-cultured with macrophages. Ki67 is a
proliferation marker closely related to tumor cell prolif-
eration and growth. We found that Ki67 expression was
significantly reduced in cancer cells co-cultured with
IDH2-deficient macrophages (Fig. 4D). These results sug-
gest that IDH2 deficiency in macrophages suppresses
cancer progression.

Tumor growth was suppressed in IDH2-knockout mice

We created a tumor transplantation mouse model to
explore the mechanism through which IDH2 affects
cancer proliferation. Thus, we subcutaneously injected
cancer cells (LLC1, lung carcinoma cells) into 8-week-
old WT and IDH2-deficient mice. We evaluated the size
and weight of resulting tumors every 3 days and resected
them 15 days after cancer cell injection. As shown in
Fig. 5A and B, the average tumor size in the IDH2-defi-
cient mouse group was significantly smaller than in the
WT mouse group. Moreover, the volume and weight of
tumors in IDH2-knockout mice were smaller than those
in WT mice (Fig. 5D-E) despite no differences in body
weights (Fig. 5C). We also investigated the effect of IDH2
deficiency on the EMT pathway. Similar to our in vitro
experimental results, the expression of E-cadherin in
IDH2-deficient mice was significantly higher in IDH2-
deficient mice than in WT mice, whereas the expression
of vimentin and fibronectin was lower (Fig. 5F). These
results indicated that IDH2 deficiency inhibits cancer
cell growth in tumor microenvironments and support
the hypothesis that IDH2 could be an important factor in
controlling cancer progression.

IDH2 deficiency in macrophages inhibited M2 polarization
in vivo

We isolated macrophages using MACS to investigate
TAM phenotype inside tumors of WT and IDH2-defi-
cient mice. First, we analyzed the level of a-ketoglutarate

(See figure on next page.)
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in TAMs of WT and IDH2-deficient mice. Similar to our
in vitro experimental results, the level of a-ketoglutarate
was decreased in IDH2-deficient TAMs (Fig. 6A). In
addition, the level of iNOS, an M1 macrophage marker,
was increased in TAMs of IDH2-deficient mice, whereas
that of Argl, an M2 macrophage marker, was decreased.
Moreover, the p-AMPK and p-STAT3 levels and VEGF
expression were also reduced in TAMs of IDH2-deficient
mice, indicating that most IDH2-deficient TAMs did not
differentiate into M2 macrophages and that cancer pro-
gression was inhibited in IDH2-deficient mice (Fig. 6B).
Furthermore, IDH2 deficiency in macrophages reduced
the mRNA levels of the M2-related markers Fizzl, II-10,
Yml, Il-4, Mgll, and Mgl2, while significantly increas-
ing the expression of the M1-related markers, Tnfa and
116 (Fig. 6C). These results indicate that M2 macrophage
polarization was inhibited in IDH2-deficient mice. We
also performed IHC using tumor tissue sections to
observe the levels of INOS and CD206 proteins. The level
of iNOS, an M1 macrophage marker, was increased in
IDH2-deficient mice compared with WT mice (Fig. 6D).
In contrast, the CD206 level was decreased in IDH2-
deficient mice, consistent with our in vitro experimental
results (Fig. 6E). Further, the number of Ki67-expressing
cells was significantly reduced in tumor tissues of IDH2-
deficient mice (Fig. 6F). These findings demonstrated that
IDH2 deficiency inhibits M2 macrophage polarization
and suppresses cancer progression.

Discussion

There are three types of IDH: IDH1, IDH2, and IDH3.
Among these, IDH2, located in mitochondria, converts
isocitrate to a-ketoglutarate in the TCA cycle. Recent
studies have suggested that wild-type IDH2 promotes
cancer growth, whereas IDH2 deficiency suppresses tum-
origenesis (Kim et al. 2014; Li et al. 2018). However, the
effect of IDH2-deficient macrophages on cancer progres-
sion has not been extensively researched. In this study,
for the first time, we studied the mechanisms through
which IDH2 deficiency in macrophages affected tumor
growth using IDH2-knockout mice. Our results indicated
that mitochondrial dysfunction in /DH2-knockout mac-
rophages was associated with the M1-like macrophage

Fig. 3 IDH2 deficiency inhibited M2 polarization in macrophages. WT or IDH2-deficient BMDMs were cultured alone or co-cultured with LLC1
cancer cells for 72 h. A Western blot analysis showing iNOS, p-AMPK, p-STAT3, and VEGF expressions in BMDMs co-cultured with or without cancer
cells. B Relative levels of mMRNA expressions of Tnfa, II-1B, 116, Fizz1, II-10, Ym1, ll-4, Mgl 1, and Mgl2 measured by real-time gPCR. C Relative NO, levels
in co-cultured BMDMs were measured at 450 nm using a microplate reader. D Immunocytochemical analysis of INOS expression in co-cultured
BMDM:s. E Comparison of macrophage polarization to M1/M2 subtypes as a percentage of CD86+/CD11b+or CD206+/CD11b+ macrophages
using flow cytometry. ND: No data, Data are presented as the mean + SEM of at least three independent experiments (*p < 0.05, **p <0.01,

**¥p <0.001, two-way ANOVA with Tukey's post hoc test)
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phenotype and tumorigenesis. Thus, our findings dem-
onstrated that IDH2 is a key component of macrophage
polarization in the tumor microenvironment.

Despite  IDH2  knockout in  macrophages,
a-ketoglutarate levels decreased, maintaining at about
only 50% (Figs. 1A and 6A). This could be due to the
compensatory functions of IDH1 and IDH3 and the
conversion of L-glutamine to a-ketoglutarate via the
glutamine pathway (Yoo et al. 2020; Liu et al. 2021). In
this regard, to assess the influence of IDH2 deficiency
on glutamine uptake and metabolic pathways, we exam-
ined mRNA expression levels of the glutamine uptake
transporter and rate-limiting enzymes in each glutamine
metabolic pathway in IDH2-deficient macrophages. As
shown in Figure S3, the glutamine metabolism signature
genes were mostly increased in IDH2-deficient mac-
rophages compared with WT macrophages. Therefore,
we predicted that there would be changes in the glu-
tamine metabolic pathway, which allows for the synthesis
of a-ketoglutarate in the compensatory circuit for meta-
bolic defects on IDH2 deficiency in macrophages.

Mitochondrial dysfunction reportedly occurs dur-
ing the M1 polarization (Van den Bossche et al. 2016).
In contrast, highly activated OXPHOS has been related
to the M2 polarization (Angajala et al. 2018). The ETC
generates ATP via OXPHOS in the mitochondrial inner
membrane. Meanwhile, OXPHOS caters to many impor-
tant processes, including redox balance, calcium homeo-
stasis, inflammatory signaling, and apoptosis (Nunnari,
Suomalainen 2012). Recently, Liu et al. indicated that
a-ketoglutarate inhibited the activation of IKKp, sub-
sequently inhibiting the NF-kB signaling pathway and
reducing proinflammatory cytokine production (Liu
et al. 2017). In IDH2-/- macrophages, a-ketoglutarate
generation was reduced, disrupting the TCA cycle. Thus,
complexes I, II, and IV in OXPHOS were suppressed,
ultimately decreasing the mitochondrial membrane
potential (Fig. 1B and C). One reason for the decrease in
OXPHOS complex levels is the increased oxidative stress
caused by dysfunction mitochondria (Garcia-Ruiz et al.
2014; Ryan et al. 2021). This oxidative stress inhibits the
synthesis and promotes the degradation of OXPHOS
subunits. Also, as shown in Fig. 3C, IDH2 deficiency
increased nitric oxide, regardless of co-culture with can-
cer cells. Considering that OXPHOS can be suppressed

(See figure on next page.)
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by increased NO in macrophages during M1 polariza-
tion (Palmieri et al. 2020; Sun et al. 2022), it is difficult
to clearly determine whether the decreased OXPHOS
observed in this study was due to IDH2 deficiency or the
resulting increased M1 polarization.

Same as previous studies, OCR and ATP production
were decreased in IDH2-deficient macrophages (Lee
et al. 2020). Also, the difference was more pronounced
in condition with cancer co-culture, the reason for the
increased difference may be M2-like polarization is
stronger in WT macrophage compared to IDH2-deficient
macrophage. Based on previous research indicating that
M1 macrophages exhibit high levels of ECAR, we antici-
pated that ECAR would be higher in IDH2-deficient mac-
rophages due to their strong M1 characteristics (Van den
Bossche et al. 2016; Dahlem et al. 2020). However, ECAR
was measured slightly higher in the WT macrophage or
almost the same. Previous results showing that ECAR is
increased in M2 as well as M1 macrophages compared
to undifferentiated macrophages (Dahlem et al. 2020;
Lundahl et al. 2022), this discrepancy may be due to the
reduced M2-differentiated macrophages in IDH2-defi-
cient macrophages (Figs. 1E and 3E).A previous study
has shown that mitochondrial fission plays an essential
role in the secretion of proinflammatory cytokines (Park
et al. 2013). Moreover, mitochondrial dynamics due to
glutamine uptake are noteworthy, especially glutamine,
considering that it is an important nutrient in the mito-
chonderial fission process (Rambold et al. 2011; Cai et al.
2018). From the results in Figs. 1 and S3, we predicted
high levels of glutamine uptake and metabolism in IDH2-
deficient macrophages and increased mitochondrial fis-
sion. Proteins involved in mitochondrial fusion include
Mfnl, Mfn2, and OPA1, whereas fission includes Drpl.
When Drpl is recruited to the outer membrane, phos-
phorylation of its serine 616 residue induces mitochon-
drial fragmentation (Youle and van der Bliek 2012). The
morphology of mitochondria differed between M1 and
M2 macrophages, whereby M1 macrophages exhibited
fragmented mitochondria due to mitochondrial dysfunc-
tion and activated Drpl. Conversely, M2 macrophages
showed elongated mitochondria due to high OXPHOS
levels and an upregulated expression of mitochondrial
fusion-related proteins (Mishra and Chan 2016; Yao et al.
2019). As indicated in Fig. 2A, co-culture with cancer

Fig. 4 IDH2-deficient macrophages reduced cancer proliferation and metastasis. LLC1 cells were cultured alone or co-cultured with WT

or IDH2-deficient BMDM:s for 72 h. A Western blot analysis of E-cadherin, vimentin, and fibronectin expression in co-cultured LLCT cells.

B Clonogenic assay of LLC1 cells co-cultured with macrophages. C Migration assays of LLC1 cells co-cultured with macrophages. D
Immunocytochemical analysis of staining intensity using a Ki67 antibody in co-cultured LLC1 cells. Data are presented as the mean + SEM of at least
three independent experiments (*p <0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey’s post hoc test)
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Fig. 5 Tumor growth was suppressed in IDH2-knockout mice. A Representative image of tumor transplantation mouse model. WT and IDH2-/- mice
were subcutaneously injected with LLCT cancer cells into the left flank (n=6 per group). B Representative image of harvested tumor masses. C,

D Tumor growth curves for the transplantation mouse groups (WT and IDH2-/- mice). Tumor volume was calculated at 3 d intervals from the day

of injection until day 15. Tumor volume was calculated using the formula: (length x width.?)/2. E Weight of the excision of the tumors. F Western

blot analysis of E-cadherin, vimentin, and fibronectin expression in sorted macrophages in mouse tumors. Data are presented as the mean+SEM

of at least three independent experiments (*p <0.05, **p <0.01, ***p < 0.001, t-test)

(See figure on next page.)

Fig. 6 IDH2 deficiency in macrophages inhibited M2 polarization in vivo. TAMs of WT and IDH2-deficient mice isolated using MACS sorting. A
Microplate reader analysis of a-ketoglutarate expression levels in TAMs of WT and IDH2-deficient mice. B Western blot analysis of iNOS, p-AMPK,
p-STAT3, and VEGF expression levels in TAMs of WT and IDH2-deficient mice. C Relative mRNA expression levels of Tnfa, II-1B, -6, Fizz1, II-10, Ym1, II-4,
Magl1, and Mgl2 measured by real-time gPCR. D, E, F Immunohistochemical analysis of iNOS, CD206, and Ki-67 expression in mouse tumors. Data are
presented as the mean £ SEM of at least three independent experiments (*p <0.05, **p <0.01, ***p < 0.001, t-test)

cells showed a tendency for increased mitochondrial
fusion proteins and decreased fission proteins in mac-
rophages. However, IDH2-deficient macrophages showed
increased levels of p-Drp1(S616) and decreased levels of
fusion proteins compared to WT. In addition, as shown in
Fig. 2B and C, compared with WT, IDH2-/- macrophages

possessed fragmented mitochondria. Notably, the per-
centage of fragmented mitochondria was increased in
IDH2-deficient macrophages, whereas the percentage of
elongated mitochondria decreased. Furthermore, mito-
chondria in IDH2-deficient macrophages were shorter
than those in WT macrophages (Fig. 2D). In this study,
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IDH2 deficiency caused morphological changes in mac-
rophage mitochondria. Therefore, these results dem-
onstrated that shortened mitochondria by fission in
IDH2-deficient macrophages were predominantly the
M1 type.

Our study showed that IDH2-deficient macrophages
exhibit the M1 phenotype, express increased lev-
els of proinflammatory cytokines, and show elevated
iNOS expression (Fig. 3A). In addition, the expression
of genes encoding M1-related markers, IL-1f5, and IL-
6, was significantly increased, whereas those encod-
ing M2-related markers, Fizzl, YMI, IL-4, MGLI, and
MGL2, were significantly decreased as evident by the
reduction in a-ketoglutarate production due to IDH2
deficiency (Fig. 3B) and enriched levels of NO (Fig. 3C).
IDH2-deficient macrophages showed reduced capabil-
ity of undergoing M2 polarization under IL-4 treatment
(Fig. S2). The level of CD206, an M2 macrophage marker,
decreased in IDH2-deficient macrophages, whereas
iNOS and CD86 levels, M1 macrophage markers, tended
to increase (Fig. 3D and E). Overall, these results dem-
onstrate that IDH2-deficient macrophages exhibit higher
M1 characteristics than M2.

Cancer cells invade surrounding tissues and blood
vessels in the early stages of metastasis to form tumor
masses. Epithelial cells are connected by a cell surface
protein termed E-cadherin, and cell adhesion is estab-
lished via tight and gap junctions. To be able to move,
these epithelial cells should break off strong cell con-
nections unique to epithelial cells and move as free cells.
Therefore, EMT is a major characteristic that cancer
cells must acquire for metastasis to occur (Brabletz et al.
2018). IL-6, a known M2 phenotype marker, induces
EMT (Xu et al. 2014; Che et al. 2017). In cancer cells
(LLC1) co-cultured with IDH2-deficient macrophages
exhibiting the M1 phenotype, the levels of metastasis-
related EMT marker fibronectin were decreased, whereas
those of E-cadherin were increased (Fig. 4A). As shown
in Fig. 4B, C and D, the proliferation and migration of
cancer cells were significantly diminished by IDH2 defi-
ciency in macrophages. These results speculated that
IDH2 deficiency in macrophages suppresses cancer pro-
gression. In this study, using a tumor transplantation
mouse model, we found that the average tumor size in
the IDH2-deficient mouse group was significantly smaller
than in the WT (Fig. 5A, B, D, and E). Furthermore, as
shown in Fig. 4A, the tumor mass of the IDH2-deficient
mouse group increased E-cadherin, whereas it decreased
fibronectin. These results indicate that IDH2-deficient
M1 macrophages in the tumor microenvironment inhibit
cancer cell growth and suppress metastasis-related EMT
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in cancer cells owing to the inability of macrophages to
undergo M2 polarization.

Macrophages secrete different cytokines in the
microenvironment depending on their activation status
and function, and these cytokines, in turn, determine
the M1 or M2 subtype (Wang et al. 2014). Representa-
tive markers of M1 macrophage polarization include
iNOS, which is related to inflammation, whereas M2
macrophage markers include Argl, p-AMPK, and
p-STAT3 (Genard et al. 2017). AMPK is an evolution-
ary conserved serine/threonine kinase that regulates
energy homeostasis and metabolic stress. AMPK acts
as a potent modulator of inflammatory signaling path-
ways in macrophages. Stimulation of macrophages with
anti-inflammatory cytokines (IL-10 and TGEp) resulted
in rapid phosphorylation and activation of AMPK,
whereas proinflammatory stimulation of macrophages
with LPS resulted in AMPK dephosphorylation and
inactivation (Sag et al. 2008). Therefore, AMPK acti-
vation is a feature of M2 macrophages. Expectedly,
the levels of M2 macrophage-related markers Argl,
p-AMPK, and p-STAT3 showed a tendency to decrease
in IDH2-deficient macrophages co-cultured with can-
cer cells (Fig. 3A). In addition, M1 macrophage-asso-
ciated cytokines were upregulated in IDH2-deficient
macrophages, whereas M2-macrophage-associated
anti-inflammatory cytokines were downregulated
(Fig. 3B). This trend was also confirmed in MACS
tumor-associated macrophages (TAMs) isolated from
transplanted tumor tissue of IDH2-deficient mice
(Fig. 6B and C). Furthermore, as shown in Fig. 6D, E,
and F, CD206 (an M2 macrophage marker) and Ki67 (a
proliferation marker) were reduced, whereas iNOS (an
M1 macrophage marker) was increased in the TAMs
of IDH2-deficient mice; these data are consistent with
our in vitro experimental results (Figs. 3D, E, and
4D). These in vitro and in vivo tumor transplantation
model findings demonstrated that IDH2 deficiency pre-
dominantly increases M1 and inhibits M2 macrophage
polarization, suppressing cancer progression.

Our study demonstrates that IDH2-deficient mac-
rophages predominantly exhibit the M1 phenotype,
with minimal induction of EMT and tumor growth,
as evidenced by the in vitro and in vivo tumor models.
Thus, we propose that IDH2 plays an important role
in determining the fate of macrophage polarization
and influences cancer progression. This study under-
lines the potential contribution of IDH2 deficiency in
macrophages and its significance in the tumor micro-
environment. These results would be useful for future
advanced clinical cancer research.
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