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Abstract

Glycolysis is essential for the classical activation of macrophages (M1), but how glycolytic pathway
metabolites engage in this process remains to be elucidated. Glycolysis culminates in the production of
pyruvate, which can be transported into the mitochondria by the mitochondrial pyruvate carrier (MPC)
followed by conversion to citrate and utilization in the TCA cycle. Alternatively, pyruvate can be
metabolized to lactate under aerobic conditions, which had been considered to be the dominant route in
the setting of classical macrophage activation. However, based on studies that used UK5099 as a MPC
inhibitor and showed reduction in key inflammatory cytokines, the mitochondrial route has been
considered to be of significance for M1 activation as well. Herein, using a genetic depletion model, we
found that MPC is dispensable for metabolic reprogramming and the activation of M1. In addition, MPC
depletion in myeloid cells has no impact on inflammatory responses and macrophage polarization
toward M1 phenotype in the endotoxemia mice model. While UK5099 reaches maximal MPC inhibitory
capacity at approximately 2—5uM, higher concentrations are required to inhibit inflammatory cytokine
production in M1 and this is independent of MPC expression. Taken together, this study found MPC-
mediated metabolism is dispensable for the classical activation of macrophages, and UK5099 inhibits
inflammatory responses in M1 macrophages due to effects other than MPC inhibition.

Introduction

A growing body of knowledge demonstrates that the switch from oxidative phosphorylation to glycolysis
plays a critical role in the inflammatory response of macrophages when stimulated with agents such as
lipopolysaccharide (LPS) (classical activation) [1, 2, 3, 4]. Pyruvate, the last product of glycolysis, can be
transferred into the mitochondria to fuel the tricarboxylic acid (TCA) cycle as citrate or it can be
metabolized into lactate. The latter route, known as “aerobic glycolysis” or the “Warburg effect”, is
considered to be the main final pathway in classically activated macrophages, allowing them to use
(repurpose) the mitochondria for reactive oxygen species (ROS) generation rather than ATP production
[5-7]. Consequently, ROS production stabilizes hypoxia induced factor 1a (HIF-1a) and promotes
proinflammatory cytokines production [5-7]. The role of the alternative, mitochondrial route of pyruvate
in this setting is less clear. The transport of pyruvate across the mitochondrial membrane is an active
process, enabled by the mitochondrial pyruvate carrier (MPC) complex, which consists of two subunits:
MPC1 and MPC2 [8, 9]. Interestingly, some studies found MPC-mediated metabolism to also be important
for the activation of LPS-stimulated macrophages [10, 11, 12, 13]. In this setting, the theory has been that
pyruvate transportation by MPC is required for acetyl-CoA production, histone acetylation, and epigenetic
changes, which then facilitate inflammatory gene expression [10, 11]. However, these findings and
interpretations are established based on pharmacological inhibition of MPC using a-cyano-B-(1-
phenylindol-3-yl)-acrylate (UK5099) as such an inhibitor [10, 12, 13]. Therefore, closer examination of the
MPC inhibitor UK5099 is warranted to clearly interpret the role of MPC in macrophage activation.

In this study, we confirmed that UK5099 reduces cytokine production of murine bone marrow derived
macrophages (BMDMs) but found a clear dose dependency. UK5099 at high doses (100 pM) could
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effectively suppress the inflammatory response of M1 macrophages, yet low doses of 2-10 uM failed to
do so, despite being equally potent to reduce the transport of glucose-derived pyruvate into the
mitochondria. Studies on BMDMs derived from a murine Mpc conditional knockout model confirmed that
the anti-inflammatory effects of UK5099 were independent of MPC. Even more, Mpc depletion in general
had no impact on metabolic reprogramming, ATP generation and inflammatory cytokines production in
M1 macrophages. Of further significance, Mpc deficiency in myeloid cells had no impact on inflammatory
responses and macrophage polarization toward M1 phenotype in the endotoxemia mice model. Based on
these results, we conclude that MPC-mediated metabolism is dispensable for the classical activation of
M1 macrophages and the anti-inflammatory effects of UK5099 seen at high concentrations relate to
effects other than MPC inhibition.

Results

UK5099 suppresses inflammatory cytokines production by
M1 macrophages in a concentration-dependent manner

UK5099 has been shown to be effective in reducing the inflammatory response of macrophages at
concentrations of 50 to 200uM [10, 11, 12, 13]. Indeed, herein we found a clear dose-dependent effect of
UK5099 on proinflammatory cytokine production above a threshold dose of 25uM without any impact on
viability (Fig. 1a-1g). The anti-inflammatory action of UK5099 has been attributed to its function as a
potent MPC inhibitor, leading to the reduction of pyruvate entry into the TCA cycle, which in turn
decreases the incorporation of glucose-derived carbons into histone acetylation and epigenetic
modulation of the inflammatory gene expression [10]. In this study, we found that UK5099 effectively
inhibits MPC at concentrations under 5uM (Fig. Th to 1n), but its suppressive effect on the inflammatory
response of M1 macrophages is not related to either the suppressive effect on MPC (Fig. 1a to 1f), an
increase in global histone acetylation (Fig. 10 and 1p) or impaired pyruvate transport into the
mitochondria (Fig. Th to 1n). UK5099 reduced the ratio of '3C-glucose labeled TCA cycle metabolites
starting at concentrations as low as TuM. This inhibitory effect reached a plateau starting at 5uM without
any further decrease in '3C-labeling ratio at any higher concentrations (Fig. 1h to 1n).

Low concentrations of UK5099 slightly reduced basal OCR, while high concentrations slightly increased it
(Fig. 2a). The intracellular ATP levels were not affected by different concentrations of UK5099 (Fig. 2b
and 2c). UK5099, however, did reduce FCCP-stimulated OCR in a dose-dependent manner (Fig. 2a), and
this trend matched the dose response of UK5099 in inhibiting inflammatory cytokine production (Fig. 1a-
1f).

Since dysfunctional cellular respiration is known to be associated with impaired mitochondrial
membrane potential [14, 15, 16, 17], we next tested the mitochondrial membrane potential of BMDMs
after treatment with different concentrations of UK5099. As shown in Fig. 2d, 100pM UK5099, but not 2
and 10puM UK5099, significantly reduced mitochondrial membrane potential.
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Impaired cellular respiration and mitochondrial membrane potential can lead to less accumulation of HIF-
1a, which is critical for the activation of LPS-stimulated macrophages [5, 7, 18]. Indeed, 100uM UK5099,
but not 2 and 10puM UK5099, strongly reduced HIF-1a protein levels in LPS stimulated WT macrophages
(Fig. 2e) by modulation of HIF-1a stabilization rather than gene expression (Fig. 2f). Besides being
important for the macrophage mediated inflammation [18], HIF-1a is an essential regulator of metabolic
genes expression [19]. Indeed, herein high-dose UK5099 also reduced the expression of HIF-1a target
glycolytic genes including hexokinase 2 (Hk2) and phosphofructokinase (Pfk7)(Fig. 2g and 2h).

Collectively, these data show that the suppressive effect of UK5099 on the inflammatory response of M1
macrophages requires high concentrations and correlates with impairment in oxidative phosphorylation,
mitochondrial membrane potential, and HIF-1a levels, but seems to be unrelated to the suppressive effect
on MPC.

UK5099 suppresses inflammatory responses of M1
macrophages independent of MPC expression

In order to address the role of MPC for the anti-inflammatory actions of UK5099, we generated Mpc7-
floxed mice by CRISPR/dCas9/gRNA (Mpc7™™ (Fig. 3a). Breeding with Lyz2-Cre mice yielded mice with
myeloid cell-specific deletion of Mpc7 (Mpc1™"). As shown in Fig. 3b, Mpc7 mRNA level in bone marrow
derived macrophages (BMDMs) isolated from Mpc7™~ mice was dramatically reduced compared with
those from Mpc7™7 mice, while Mpc2 mRNA level remained unchanged (Fig. 3c). Neither MPC1 nor
MPC2 protein was expressed in Mpc7™”~ BMDMs (Fig. 3d and 3e), and both proteins are known to be
indispensable to form a stable MPC complex [8, 9, 20].

Importantly, the suppressive effect of excess UK5099 on M1 macrophage pro-inflammatory cytokine
production was not only seen in Mpc7™”"macrophages but also in macrophages devoid of MPC
expression (Fig. 3f to 31). RNA sequencing analysis confirmed that Mpc depletion had no impact on
proinflammatory cytokine production contrary to UK5099 treatment (Fig. 3m-30). Approximately 1400
genes including TNF-q, IL-6 and IL-12 were changed by UK5099 treatment in LPS stimulated BMDMs,
while only 168 genes were altered by Mpc depletion (Fig. 3m to 30). These gene expression patterns were
similar between Mpc7?" and Mpc1~~ BMDMs after UK5099 treatment (Fig. 3p). GO analysis indicated
that UK5099 affects immune responses and cytokines production of LPS stimulated macrophages very

broadly (Fig. 3q).

UK5099 at concentrations below 10uM slightly reduced but at 100puM UK5099 significantly decreased
FCCP-stimulated OCR in both Mpc7™" and Mpc1~~ BMDMs (Fig. 4a and 4b). UK5099 influences FCCP-
stimulated maximum OCR more than basal OCR and ATP linked OCR, a portrait that is in line with
OXPHOS inhibitors [21, 22, 23]. As shown in Fig. 4c to 4e, both Mpc depletion and UK5099 treatment
effectively inhibited respiration driven by pyruvate. Of note, 2uM UK5099 reduced respiration to the
similar levels to that of 100uM UK5099 and Mpc depletion, indicating that low concentrations of UK5099
are also able to effectively block the entry of pyruvate into TCA cycle. Therefore, the suppressive effect of
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100 uM UK5099 on FCCP-stimulated respiration cannot be attributed to the blocked entry of pyruvate into
the TCA cycle and OXPHOS, but instead may be due to inhibited oxidation of other off-target substrates.

We then evaluated the impact of UK5099 on respiration driven by glutamate, whose transportation into
mitochondrial and subsequent metabolism is independent of MPC [14, 21, 22, 23,]. As expected, Mpc
depletion had no impact on glutamate driven respiration (Fig. 4f to 4h). However, 100pM UK5099, but not
2 and 10pM UK5099, significantly reduced glutamate driven respiration in both Mpc7™”" and Mpc1~~
BMDMs, suggesting that high concentrations of UK5099 not only inhibit MPC but also suppress the
utilization of glutamate. This effect is due to the inhibition of later steps of glutamate oxidation rather
than less glutamate/glutamine fuel into TCA cycle, as high concentrations of UK5099 did not reduce '3C-
glutamine labeled TCA cycle metabolites (Fig. 4i to 4l) and glutamine consumption (Fig. 4m).

Lastly, high-dose UK5099 reduced HIF-1a expression as well as the expression of HIF-1a target glycolytic
genes including hexokinase 2 (Hk2) and phosphofructokinase (Pfk7) and nonmetabolic genes such as

adrenomedullin (Adm) and matrix metalloproteinases (Mmps) in both Mpc1?"f and Mpc1~~
macrophages (Fig. 4n and40).

Taken together, these data confirm that MPC is not an essential requirement for anti-inflammatory and
anti-metabolic effects of UK5099 on activated M1 macrophages.

Mpc depletion reduces glucose fuel into TCA cycle but has no impact on metabolic reprogramming in
LPS-stimulated macrophages

In order to address the question if MPC-mediated transportation of glycolysis-derived pyruvate is required
for the activation of macrophages by LPS in general, we conducted further studies. '3C-glucose tracing
showed that Mpc7”~ BMDMs had a significantly lower ratio of glucose-labeled TCA cycle metabolites
compared with Mpc7”BMDMs (Fig. 5a to 5e), indicating effective reduction of glucose flux into the
mitochondria. Interestingly, Mpc depletion resulted in increased ratio of '3C-labeled pyruvate but had no
impact on '3C-labeled lactate, suggesting pyruvate was accumulated when the route to mitochondria was
blocked (Fig. 5f to 5g). While the upstream TCA cycle metabolites citrate and succinate were reduced
(Fig. 5h and 5i), downstream metabolites were similar between Mpc7™~ and Mpc1™”" BMDMs (Fig. 5j to
5k). There was also no difference in the total amounts of intracellular pyruvate and lactate (Fig. 5| and
5m). Importantly, Mpc depletion did not affect the metabolic reprogramming of macrophages stimulated
by LPS, neither early increase in glycolysis (Fig. 6a), nor later decrease in oxidative phosphorylation

(Fig. 6b). Likewise, glucose consumption and lactate production significantly increased after LPS
stimulation to similar levels in Mpc7™”~ and Mpc1”7BMDMs (Fig. 6¢ and 6d). However, more pyruvate
was secreted into the medium from Mpc7~~ cells (Fig. 6e). Importantly, there was no difference in ATP,
ATP/ADP ratio, AMP/ATP ratio and energy chargy between Mpc71”~ and Mpc1”f BMDMs before and
after LPS stimulation (Fig. 6f-6i). Mpc depletion also had no impact on cell viability (Fig. 6j). The
observation that oxidative phosphorylation and energy generation remained intact after Mpc depletion

despite less pyruvate availability in the mitochondria to fuel the TCA cycle points to other compensatory
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sources. Indeed, Mpc7™~ BMDMs consumed more glutamine (Fig. 6k) and had higher glutamine labeled
TCA cycle metabolites compared with Mpc7?7 BMDMs (Fig. 61 to 60), pointing to glutamine as a
compensatory source and alternative substrate for oxidative phosphorylation.

Mpc expression is dispensable for proinflammatory cytokines production in LPS-stimulated
macrophages

We next tested if Mpc depletion influences the inflammatory response of macrophages stimulated by
LPS. Previous studies reported that MPC inhibition by UK5099 reduced the production of
proinflammatory cytokines, including TNF-q, IL-6, IL-12 [10, 11, 12, 13]. Genetic Mpc depletion, as in this
study, however, did not change the expression of these cytokines (Fig. 7a to 7c) or their secretion (Fig. 7d
to 7f).

Previous studies indicated that the conversion of glycolysis-derived pyruvate to acetyl-CoA supports
histone acetylation, which is deemed critical for inflammatory gene expression in M1 macrophages [10].
In the current study Mpc depletion in BMDMs did not decrease histone acetylation (Fig. 7g). Collectively,
these data indicated that MPC mediated transportation of glucose-derived pyruvate into the mitochondria
is not mandatory for histone acetylation or the activation of macrophages by LPS.

Mpc depletion in myloid cells has no impact on inflammatory responses in vivo

Although we demonstrated that MPC-mediated metabolism is dispensable for macrophage activation by
LPS in vitro, current cell culture systems have major differences from real physiological conditions in
terms of the levels and ingredients of the nutrition provided [24]. Therefore, we tested the role of MPC-
mediated metabolism in inflammatory responses and macrophage polarization in vivo by peritoneally
injection of LPS into Mpc7~~ and Mpc1™ mice to induce an endotoxemia model. As shown in Fig. 8a-8f,
the levels of both serum and peritoneal proinflmammtory cytokines, including TNF-q, IL-6 and IL-12, were
comparable between Mpc7™~ and Mpc1™7 mice. Crossing floxed mice with Lyz2-Cre mice leads to
conditional gene depletion in myeloid cells including peritoneal tissue-resident macrophages [25]. We
then tested if MPC depletion affects the polarization of peritoneal macrophages toward M1 pheotype in
vivo. As shown in Fig. 8g, there was no difference in the expression of CD86, which is a classical marker
of macrophages in response to LPS stimulation, in peritoneal macrophages of Mpc1"f and Mpc1~~
mice after LPS challenge. Therefore, Mpc depletion in myloid cells has no impact on inflammatory
response and macrophage differentiation in vivo.

Discussion

Metabolic reprogramming of immune cells has been investigated intensively in recent years, but better

understanding of how metabolism precisely controls immune reponses of these cells is still needed [1-5].
One aspect in question has been the role of MPC, mediating pyruvate transfer into the mitochondria. This
question has been addressed in previous studies by the use of UK5099 as a specific MPC inhibitor. In this
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study, we provide new data outling that the inhibitory effects of UK5099 on M1 macrophage activation
are dose-dependent and MPC-independent. Indeed, in general MPC is not required for M1 macrophage
activation in vivo and in vitro.

MPC-mediated metabolism is dispensable for the
activation of LPS stimulated macrophages

After stimulation by LPS for 18 to 24 hours, one key metabolic signature of macrophages is the reduced
oxygen consumption, increased mitochondrial membrane potential and reactive oxygen production
generated by the electron transport chain [5, 7]. This process promotes HIF-1a stabilization to facilitate
pro-inflammatory cytokines production [5, 7]. Interestingly, recent studies found that short term
stimulation of BMDMs by LPS increases maximal respiratory capacity while maintaining an intact basal
respiration, and that increased respiration is required for proinflammatory cytokine production [10, 11].
How glycolytic metabolites participate in this metabolic rewiring of LPS stimulated macrophages,
however, remains unclear.

MPC-mediated metabolism is at the intersection of glycolysis, the TCA cycle and OXPHOS. Previous
studies demonstrated that pharmacological inhibition of MPC by UK5099 attenuated glycolytic fueling of
the mitochondria and the inflammatory response in LPS stimulated macrophages [10, 11, 12, 13]. Herein,
however, we found that genetic depletion of Mpc has no effect on metabolic reprogramming and pro-
inflammatory cytokine production in LPS stimulated macrophages. Although Mpc depletion substantially
reduced the transportation of glycolysis-derived pyruvate into the TCA cycle, TCA cycle metabolites can
be compensated for by other sources, such as glutamine, and therefore elevated maximal respiratory
capacity is maintained to promote inflammatory responses. Indeed, previous studies indicated that the
main source of accumulated TCA cycle metabolites in LPS stimulated macrophages was glutamine
rather than glucose [6]. Collectively, our study supports the notion that the metabolic reprogramming of
mitochondria is flexible and does not depend on MPC in LPS-activated macrophages.

Histone acetylation and macrophage activation

The role of histone acetylation in macrophage activation by LPS is controversial. Prior studies observed
that LPS stimulation increases the incorporation of glucose-derived carbons into histone acetylation and
that pharmacological inhibition of glycolysis by 2-DG or MPC by UK5099 reduces pro-inflammatory
cytokines production. These observations led to the conclusion that the transportation of glycolysis-
derived pyruvate into the mitochondria is essential for acetyl-CoA production, histone acetylation, and the
activation of LPS stimulated macrophages [10, 11]. However, whether these inhibitory effects impact
gobal levels of (rather than glucose incorporated) histone acetylation is unknown. Moreover, recent
studies showed that genetic knockdown or depletion of ATP citrate lyase, which catalyzes citrate into
acetyl-CoA in the cytoplasm, even increases cytokine production in LPS stimulated macrophages [26, 27].
Our study surprisingly found that both Mpc depletion and UK5099 treatment increased histone
acetylation, even though intercellular citrate levels were reduced in both conditions. There are two
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possible reasons for these data. First, cytosolic acetyl-CoA rather than mitochondrial acetyl-CoA is the
substrate for histone acetylation. Although Mpc depletion resulted in less intercellular citrate, cytosolic
acetyl-CoA can be compensated by accumulated pyruvate. Further, pyruvate can be catalyzed into
acetate, and in turn to acetyl-CoA in cytosol [28]. Indeed, we found that Mpc depletion blocks the entry of
pyruvate into the mitochondria and leads to more pyruvate release. Second, it is unknown if histone
acetylation is strictly determined by the level of acetyl-CoA, which requires further investigation.

UK5099 inhibits the M1 macrophage inflammatory
responses independent of MPC

Although the existence of MPC had long been anticipated, its molecular identity was not defined until
2012 [8, 9]. Since then, MPC-mediated metabolism has been investigated extensively [29—32]. One of the
main agents used in these studies is UK5099, a potent inhibitor of MPC, thought originally invented as the
analog of a-cyano-4-hydroxycinnamate (CHC) long before the discovery of MPC [33—-34]. Studies found
that it could reduce the entry of pyruvate into the mitochondria (with an ICs, of 50 nM in rat heart
mitochondria) [33—34]. While wildly used, the specificity of UK5099 for MPC inhibition remains unknown.
Studies have used a wide range of concentrations of UK5099 (25-200uM), and a concentration that
could specifically inhibit MPC has not been defined so far[10, 12, 13, 14]. Several studies reported that
doses of UK5099 on the order of 50 to 200puM UK5099 could suppress inflammatory cytokine production
[10, 12, 13], leding to the conclusion that mitochondrial entry of pyruvate produced from enhanced
glycolysis is critical for the activation of macrophages by LPS. In the current study, by using mice with
genetic depletion of Mpc, we found that the inhibition of inflammatory cytokine production in LPS-
stimulated macrophages by UK5099 is independent of MPC but shows concentration dependency.
Selective MPC inhibitory effects of UK5099 are seen only in a narrow, low-dose range (< 10uM). Thus,
conclusions drawn from studies on mitochondrial pyruvate transfer using higher doses of UK5099 than
this should be evaluated carefully.

Excessive UK5099 impairs OXPHOS and HIF-1a
stabilization

Although UK5099 suppresses the inflammatory responses of LPS stimulated macrophages due to its off-
target effects rather than MPC inhibition, elucidating its true targets and mechanism of action is
important to identify new compounds to treat inflammatory diseases. UK5099 at high concentrations (e.g
100 pM) effectively inhibits the production of key proinflammatory cytokines, including TNF-q, IL-6 and
IL-12, suggesting that appropriate structural modification of this drug could be a promising strategy to
curb excessive inflammatory responses. Of note, we found that UK5099 at high concentrations not only
reduces the transportation of glucose-derived pyruvate into the TCA cycle but also suppresses the
oxidation of other substrates, such as glutamate. As the transportation and metabolism of glutamate is
independent of MPC, the inhibition of glutamate oxidation is at least one of the off-target effects of
UK5099. On the other hand, it is unknown whether MPC inhibition is required in combination with the off
targets of UK5099 to suppress inflammatory responses. Although MPC inhibition alone is unable to
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reduce proinflammatory cytokines production in LPS stimulated macrophages, it is possible that it further
decreases available substrates for OXPHOS when glutamate oxidation is impaired by high
concentrations of UK5099. Further studies are required to investigate how macrophages precisely control
metabolic reprogramming in mitochondria to fine tune inflammatory responses.

In conclusion, we found that MPC-mediated metabolism is dispensable for the activation of LPS
stimulated macrophages. UK5099 inhibits the inflammatory response in macrophages, but this is due to
its off-target effects rather than MPC inhibition.
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Methods

Mouse Strains

Mpc 1™ mice were generated by CRISPR/Cas9 which targets exon 3-5 of the Mpc7 gene of mice in
C57BL/6J background. Mpc1™7 mice were then crossed with Lyz2-Cre transgenic mice (The Jackson
Laboratory) to generate mice with a myeloid-specific deletion of MPC1 (Mpc7”"). Female Mpc77-(6-8
weeks of age) and their littermate control mice (Mpc7™) were used in this study. Wild-type bone marrow-
derived macrophages (BMDMs) were isolated from female wild-type C57BL/6J mice (6-8 weeks of age).
The mice were bred and maintained under pathogen-free conditions with ad libitum access to food and
water. This study was approved by the Tongji University Institutional Animal Use and Care Committee
(IACUC).

Bone Marrow Derived Macrophage Isolation

Bone marrow-derived macrophages (BMDMs) were isolated as previously described (35-37). Briefly, mice
were individually euthanized by CO, inhalation, and both the femur and tibia were isolated and placed in
PBS after removing the skin and muscle. Bone marrow cells were then flushed out from the bone,
resuspended and grown in RPMI-1640 media (10% heat-inactivated FBS and 1% penicillin and
streptomycin) containing 20 ng/ml M-CSF. Half the volume of fresh growth medium was added on day 4.
After 7 days in culture, macrophages were harvested and plated for further experimentation.

Macrophage activation

BMDMs were seeded at 1x108/mL for experiments unless stated otherwise. The cells were activated with
LPS (100 ng/mL) for the indicated times.

Metabolism assay

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) of BMDMs were analyzed with
an XF96 Extracellular Flux Analyzer (Agilent) as described (36, 37). Briefly, WT, Mpc1™/7 or
Mpc17-BMDMs were seeded in XF96 Cell Culture Microplates at 8x10* cells/well for 24 hours before the
experiments. Cells were treated with and without different concentrations of UK5099 for 1 hour, followed
by simulation with LPS for 4 hours or 24 hours. Cells were then switched to Seahorse media and ECAR
and OCR were measured at baseline and after the injection of different inhibitors (Oligomycin, FCCP,
Rotenone and Antimycin A).

To measure substrate specific respiration, BMDMs were permeabilized and provided with different
oxidizable substrates (17, 18, 19). Briefly, Mpc7ﬂ/ﬂand Mpc1”-BMDMs were seeded in XF96 Cell Culture
Microplates at 8x104 cells/well for 24 hours before the experiments. Cells were treated with or without
different concentrations of UK5099 for 1 hour, followed by stimulation with LPS for 4 hours. Cells were
then washed twice and switched to MAS buffer (70 mM sucrose, 220 mM mannitol, 10 mM KH,PO,, 5
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mM MgCl,, 2 mM HEPES, and T mM EGTA; pH 7.2) containing TnM XF Plasma Membrane Permeabilizer
(XF PMP, Agilent) to selectively permeabilize the plasma membrane. For pyruvate-dependent respiration,
cells were provided with 5 mM pyruvate, 0.5 mM malate and 2 mM DCA; For glutamate-dependent
respiration, cells were offered with 10 mM glutamate and 5 mM malate. ECAR and OCR were measured at
baseline and after the injection of different inhibitors (Oligomycin, FCCP, Rotenone and Antimycin A).

Intracellular metabolites were measured by GC/MS (36, 37). Briefly, 2x 10 WT, Mpc7™/ or
Mpc1/-BMDMs were seeded in 35 mm petri dished for 24 hours. Cells were treated with or without
different concentrations of UK5099 for 1 hour, followed by stimulation with LPS for 4 hours. After the
removal of culture medium, cells were washed 3 times with ice-cold saline, quenched with -20°C 1:1
water:methanol, and flash frozen by rapid immersion of dishes in liquid nitrogen. Frozen cells were
scrapped off culture dishes kept on dry ice, frozen in liquid nitrogen and thawed on ice for 20 minutes.
After vortexing, samples were centrifuged at 10,000 g for 10 minutes at 4 °C. The supernatant was then
collected. The extraction procedure was repeated, followed by the supernatant combined and completely
dried in a SpeedVac concentrator, methoximated using 10 pL of MOX™ Regent at 30°C for 90 min and
then derivatized using 40 pL of MSTFA+1% TMCS (N-methyl-N-trimethylsilyltrifluoroacetamide with 1%
trimethylchlorosilane) at 37°C for 30 min. Metabolite levels were determined using GC-MS (Hewlett-
Packard, HP 5980B) with DB5-MS column. GC-MS spectra were deconvoluted using AMDIS software,
then SpectConnect software was used to create the metabolite peaks matrix. The Agilent Fiehn GC/MS
Metabolomics RTL Library was used for metabolite identification. lon count peak area was used for
analysis of the relative abundance of the metabolites.

Metabolite levels in the culture medium were analyzed by NMR spectroscopy to determine the
consumption or the production of certain substrates (36, 37). Briefly, WT, Mpc7™” or Mpc77-BMDMs were
treated with or without different concentrations of UK5099 for 1 hour, followed by stimulation with LPS
for 24 hours. Original and cell culture media were collected and deproteinized before NMR analysis. In
150 pL of media samples 450 pL of cold methanol were added. The samples were spun down at 10,000
g for 10 min, supernatants were collected and dried down in centrifugal vacuum evaporator for 12 h. To
dried samples, 500 pL of 0.1 M phosphate buffer and 50 pL of 1 mM TSP-d, solution in D,0 were added.
Samples were vortexed for 20 seconds and transferred to 5 mm NMR tubes. NMR spectra were acquired
on a Bruker 500 MHz Avance Il HD spectrometer equipped with a BBO cryoprobe and SampleCase auto
sampler (Bruker Biospin, Rheinstetten, Germany). "H-NMR spectra were recorded using 1D noesy pulse
sequence with presaturation (noesygppr1d), with 90 degree pulse (~13 ps), 4.68 seconds acquisition
time, and 4 seconds relaxation delay. Spectra were phase and baseline corrected using the Topspin 3.5
software. Metabolites were identified and quantified using the software program Chenomx NMR Suite
8.2, by fitting the spectral lines of library compounds into the recorded NMR spectrum of the cell extracts.
The quantification was based on peak area of TSP-d, signal, and metabolite concentrations were

reported as pM in medium.

13C,-glucose and 13C<-glutamine tracing experiments
6 5
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Metabolic tracing analysis of U-['3C]-glucose, U{'3C]-glutamine and 2-'3C-pyruvate in BMDMs was
determined by GC/MS. Briefly, 6x10° cells were incubated in RPMI-1640 medium containing 11.1 mM
13C¢-glucose, 2 mM '3Cc-glutamine or T mM 2-'3C-pyruvate. Cells were treated with or without different
concentrations of UK5099 for 1 hour, followed by stimulation with LPS for 4 hours. Samples were
collected and processed as described for intracellular metabolite measurement. Metabolites were
quantified based on total ion count peak area of specific mass ions. To determine '3C-labeling, mass
information for known fragments of labeled metabolites was retrieved. These fragments contained either
the whole or partial carbon skeleton of the metabolite. For each fragment, the retrieved data comprised
mass intensities for the lightest isotopomer (without any heavy isotopes, M+0), and isotopomers with
increasing unit mass (up to M+6) relative to M0. These mass distributions were normalized by dividing by
the sum of MO0 to M6, and corrected for the natural abundance of heavy isotopes, using matrix-based
probabilistic methods as described (38) implemented in Microsoft Excel. 3C-labeling data are expressed
as fractional abundance of each isotopologue of a measured metabolite pool, or relevant enrichment of
each metabolite. Data were from three biological replicates.

Nucleotide measurements

Intracellular nucleotides were measured by HPLC (37). WT, Mpc1™7 or Mpc17- BMDMs were plated at
0.5x10° cells/ml in 35 mm Corning Dishes for 24 hours. Cells were then treated with or without different
concentrations of UK5099 for 1 hour and subsequently stimulated with LPS for 4 hours. After culture
medium was removed, cells were quickly rinsed with PBS, quenched with 6% ice-cold HCIO,, and flash
frozen by rapid immersion of dishes in liquid nitrogen. The cells were stored at -80° C prior to nucleotide
analysis. Frozen cells were scrapped off culture dishes kept on dry ice and transferred to a micro-
centrifuge tube chilled in liquid nitrogen. The frozen cells were homogenized using a Kimble®
homogenizer (SIGMA, St. Louis, MO) in 200 pL ice cold 0.6 N perchloric acid to extract the nucleotides.
The homogenate was centrifuged at 10,000 g for 10 min at 4° C. The supernatant was collected and
neutralized to pH 7.4 with 2 M KHCO3 (100:35, by v/v). After centrifuging at 10,000 g for 10 minutes at 4
°C, nucleotides in the supernatant were separated on a reverse-phase Discovery C18 column (SIGMA, St.
Louis, MO) with the Agilent 1290 HPLC system (Agilent, Santa Clara, CA), as described previously (37).
Briefly, a phosphate buffer with tetrabutylammonium sulfate and methanol mixture was used as mobile
phase at 0.7 ml/min flow rate. Gradient elution was applied and the separation of nucleotides was
completed in 10 minutes. The nucleotide levels were normalized by cell number.

Mitochondrial membrane potential measurement

Cells were plated at 0.5x10° cells/ml in 12-well plates and treated with different concentrations of
UK5099 for 1 hour, followed by stimulation with LPS for 4 hours. After removing culture media, cells were
washed and incubated in PBS containing 50nM Mito Tracker Red (Thermo Fisher Scientific) at 37°C in
the dark for 30 min. After 3 washes, cells were then collected in 500 pl PBS by using a cell scraper and
transferred to polypropylene FACS tubes. Aqua fluorescent reactive dye (Thermo Fisher Scientific) was
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applied to excluded dead cells. Cells were then analyzed using a LSRFortessa flow cytometer, and data
were analyzed using FlowJo software.

Gene expression analysis by 3' RNA sequencing

Mpc1”f and Mpc1”-BMDMs were seeded in 12 well plates (1*10%/well) and stimulated with or without
LPS for 4 h after pretreatment with UK5099 (100uM) or DMSO for 1 h. After washing with PBS, cells were
collected in Trizol (Thermo Fisher Scientific) and stored in liquid nitrogen. RNA was extracted and a total
amount of 1 ug RNA per sample was used as input material for the RNA sample preparations. Briefly,
mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was
carried out using divalent cations under elevated temperature and the library fragments were purified with
AMPure XP system (Beckman Coulter, Beverly, USA). Next, PCR was performed with Phusion High-Fidelity
DNA polymerase, Universal PCR primers and Index (X) Primer. Lastly, PCR products were purified (AMPure
XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of
the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster
Kit v3-cBot-HS (lllumina) according to the manufacturer’s instructions. After cluster generation, the library
preparations were sequenced on an Illumina Novaseq platform, and 150 bp paired-end reads were
generated.

Western blotting

After different treatment and stimulation, cells were lysed in RIPA buffer containing Complete Mini EDTA-
Free protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche). Protein concentrations of cell
lysate were measured by Pierce BCA protein assay kit (Thermo Fisher Scientific) and equal amount of
protein from different samples were used. Cell lysate was then boiled in SDS sample buffer for 5 mins at
95-100 °C, separated by SDS-PAGE, and transferred to PVDF membranes (Bio-Rad). The membranes were
blocked in TBS plus 5% nonfat dry milk (Bio-Rad) for 1 hour and then incubated with primary antibodies
overnight at 4 °C. After three washes, the membranes were incubated with HRP-linked secondary
antibodies for 1 hour at room temperature in TBS-T plus 5% nonfat dry milk. ECL western blotting
chemiluminescent substrates (Thermo Fisher Scientific) were added for 5 min after washing three times.
Bands of interest were developed by using an autoradiographic film.

ELISA

Cells were seeded in 24 well plates (5x10°%/well) and treated with different reagents before stimulation
with or without LPS for the indicated times. The supernatants were collected and stored at -80 °C for
further measurements. Concentrations of cytokines in supernatants were determined by ELISA kits (R&D
systems) according to the manufacturer’s instructions.

Quantitative real-time PCR
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Cells were seeded in 24 well plates (5x10°/well) and treated with different reagents before stimulation
with or without LPS for indicated time. Total RNA was extracted by using RNeasy Plus Mini Kit with
DNase treatment (QIAGEN). Equal amounts of RNA from different samples were reversely transcribed into
cDNA using the RevertAid First Strand cDNA Synthesis Kit with random hexamer primer (Thermo Fisher
Scientific). Quantitative real-time PCR was performed using the PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher Scientific) on a QuantStudio 6 Flex System (Applied Biosystems). Gene expression levels
were normalized to the housekeeping gene GAPDH. The primer sequences used for gene expression
analysis were listed in Supplementary Table 1.

Cell viability

Cell viability was tested by the XTT assay (Cell Signaling Technology). Briefly, 1x10° /well of BMDMs
were seeded in 96-well plates and treated with different reagents before stimulation with or without LPS
for the indicated times. Each well was added with 50 pl XTT detection solution and absorbance was read

at 450 nm after incubation at 37°C for 3h.
Endotoxin-Induced Model of Sepsis

Male and female mice aged between 10 and 12 weeks were used for in vivo LPS challenge experiment.

7% and Mpc17mice were randomly assigned to the vehicle control

Briefly, sex- and age-matched Mpc
and LPS groups. Mice were peritoneally injected with LPS (15mg/kg) to induce an endotoxemia model.
Serum and peritoneal lavage fluid (PLF) samples were collected at 6 hours after injection.

Proinflammatory cytokine levels in serum and PLF were determined by ELISA.
Flow cytometry

After collection from endotoxemia mice models, peritoneal cells were centrifuged and resuspended in
PBS containing 1% BSA and TmM EDTA. Cells were incubated with the anti-mouse CD16/32 for 10 min at
room temperature to block FC receptors and then stained with CD45, F4/80, CD11b and CD86 antibodies
on ice for 20 min in the dark. After two times washing, cells were assayed by an Arial 1I-Optics flow
cytometer and data were analyzed using the FlowJo 10.0 software. Peritoneal macrophages were gated

as CD45*CD11b*F4/80" and CD86 expression were compared between Mpc1"f and Mpc17mice.
Statistical Analysis

Results were presented as mean * standard error of the mean (sem). The unpaired Student's t-test was
used to test the differences between two groups, based on the assessment of variance of the data. All
data were analyzed by GraphPad Prism software (version 7). * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001. Detailed statistical values are provided in the figure legends.

DATA AND CODE AVAILABLE
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The raw RNA sequencing data files reported in this study is uploading to NCBI and will be ready for
access at any stage during the submission.

Figures
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Figure 1
UK5099 Suppressed Inflammatory Cytokines Production Is Concentration Dependent

(a) Cell viability of WT BMDMs after 24 hours stimulation with LPS + 1 hour pre-treatment with different
concentrations of UK5099. Data are representative of three independent experiments (n = 6, mean +
SEM).

(b) to (d) Proinflammatory cytokines secretion of WT BMDMs after 24 hours stimulation with LPS + 1
hour pre-treatment with different concentrations of UK5099. **p < 0.01, ***p < 0.001, ****p < 0.0001. Data
are representative of three independent experiments (n = 6, mean + SEM).

(e) to (g) Expression of proinflammatory cytokines mRNA in WT BMDMs after 4 hours stimulation with
LPS + 1 hour pre-treatment with different concentrations of UK5099. ***p < 0.001, ****p < 0.0001; ns, no
significant difference. Data are representative of three independent experiments (n = 3, mean + SEM).

(h) to (n) U{'3C]-Glucose labeled glycolytic metabolites (i and j) and TCA cycle metabolites (k to n) in WT
BMDMs after 4 hours stimulation with LPS + 1 hour pre-treatment with different concentrations of
UK5099. Data are representative of three independent experiments (n = 3, mean = SEM).

(o) to (p) Immunoblot analysis of histone acetylation (H3K9 and H3K27) in WT BMDMs after 1 hour
stimulation with LPS * 1 hour pre-treatment with different concentrations of UK5099. Data are
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representative of three independent experiments.

Figure 2
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Figure 2

UK5099 Suppresses Oxidative Phosphorylation (OXPHOS), Mitochondrial Membrane Potential as well as
HIF-1a Stabilization and Its Regulation of Genes Expression

(@) OCR of WT BMDMs after 4 hours stimulation with LPS + 1 hour pre-treatment with different
concentrations of UK5099. The arrows indicate injection of the activator. Data are representative of three
independent experiments (n = 8, mean + SEM).

(b) to (c) ATP production (b) and energy charge (c) of WT BMDMs after 4 hours stimulation with LPS + 1
hour pre-treatment with different concentrations of UK5099. Data are representative of three independent
experiments (n = 5, mean + SEM).

(d) Flow cytometry analysis of mitochondrial membrane potential in WT BMDMs after 4 hours
stimulation with LPS * 1 hour pre-treatment with different concentrations of UK5099. Data are
representative of three independent experiments.

(e) Immunoblot analysis of HIF-1a expression in WT BMDMs after 2 hours stimulation with LPS + 1 hour
pre-treatment with different concentrations of UK5099. Data are representative of three independent
experiments.

(f) Expression of Hif-Ta mRNA in WT BMDM s after 2 hours stimulation with LPS + 1 hour pre-treatment
with different concentrations of UK5099. ns, no significant difference. Data are representative of three
independent experiments.

(9) to (h) Expression of Hk2 and Pfk7 mRNA in WT BMDMs after 4 hours stimulation with LPS + 1 hour
pre-treatment with different concentrations of UK5099. **p < 0.01, ***p < 0.001; ns, no significant
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difference. Data are representative of three independent experiments (n = 3, mean + SEM).
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Figure 3
UK5099 Suppresses Inflammatory Responses Independent of MPC Expression
(a) Gene targeting strategy for Mpc7 depletion in exon 3-5 in a Lyz2-conditional manner.

(b) and (c) Expression of Mpc7 and Mpc2 mRNA in Mpc™ ™ and Mpc”"BMDMs. ****p < 0.0001; ns, no
significant difference. Data are representative of at least ten independent experiments (n = 4, mean +
SEM).

(d) and (e) Expression of MPC1 and MPC2 protein in Mpc™" and Mpc”-"BMDMs. Data are representative
of at least ten independent experiments.

(f) to (h) Expression of proinflammatory cytokines mRNA in Mpc™”™ and Mpc”-"BMDMs after 4 hours
stimulation with LPS + 1 hour pre-treatment with UK5099 (100uM). **p < 0.01, ***p < 0.001. Data are
representative of three independent experiments (n = 4, mean + SEM).

(i) to (k) Proinflammatory cytokines secretion by Mpc™” and Mpc”-BMDMs after 24 hours stimulation
with LPS + 1 hour pre-treatment with UK5099 (100uM). *p < 0.05, ****p < 0.0001. Data are representative
of three independent experiments (n = 4, mean + SEM).

(1) Cell viability of Mpc™™ and Mpc”"BMDMs after 24 hours stimulation with LPS + 1 hour pre-treatment
with UK5099 (100uM). ns, no significant difference. Data are representative of three independent
experiments (n = 8, mean + SEM).

(m) to (0) Volcano plots of gene expression in Mpc™™ and Mpc”-BMDMs after 4 hours stimulation with
LPS * 1 hour pre-treatment with UK5099 (100uM).
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(p) Heat map of gene expression in Mpc™" and Mpc”"BMDMs after 4 hours stimulation with LPS + 1
hour pre-treatment with UK5099 (100uM).

(q) KEGG enrichment analysis of differentially expressed genes in Mpc™" and Mpc”"BMDMs after 4
hours stimulation with LPS + 1 hour pre-treatment with UK5099 (100uM).
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Figure 4
Off-Target Effects of UK5099 on Cellular Metabolism and HIF-1a Stabilization

(a) and (b) OCR of Mpc™" (a) and Mpc”~(b) BMDMs after 4 hours stimulation with LPS + 1 hour pre-
treatment with different concentrations of UK5099. The arrows indicate injection of the activator. Data
are representative of three independent experiments (n = 8, mean + SEM).

(c) to (e) Mpc™M and Mpc”"BMDMs were stimulated by LPS for 4 hours + 1 hour pre-treatment with
different concentrations of UK5099. The cells were then permeabilized in MAS buffer and provided with
pyruvate (5SmM)/malate (0.5mM), after which OCR was measured. Vertical line indicates initial injection
of the activator. ***p < 0.001, ****p < 0.0001; ns, no significant difference. Data are representative of three
independent experiments (n = 8, mean + SEM).

(f) to (h) Mpc™™ and Mpc”"BMDMs were stimulated by LPS for 4 hours * 1 hour pre-treatment with
different concentrations of UK5099. The cells were then permeabilized in MAS buffer and provided with
glutamate (10mM)/malate (5mM), after which OCR was measured. The arrows indicate injection of the
activator. **p < 0.01; ns, no significant difference. Data are representative of three independent
experiments (n = 8, mean + SEM).

(i) to () U'3C]-Glutamine labeled TCA cycle metabolites in WT BMDMs after 4 hours stimulation with
LPS + 1 hour pre-treatment with different concentrations of UK5099. Data are representative of three
independent experiments (n = 3, mean + SEM).

Page 22/27



(m) Glutamine consumption of Mpc™™ and Mpc”"BMDMs after 24 hours stimulation with LPS + 1 hour
pre-treatment with UK5099 (100uM). **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are representative of
three independent experiments (n = 5, mean + SEM).

(n) Immunoblot analysis of HIF-1a expression in Mpc™™ and Mpc”"BMDMs after stimulation with LPS for
the indicated times + 1 hour pre-treatment with UK5099 (100uM). Data are representative of three
independent experiments.

(0) Heat map of HIF-1a targeted gene expression of Mpc™™ and Mpc”"BMDMs after 4 hours stimulation
with LPS + 1 hour pre-treatment with UK5099 (100uM).
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Figure 5
Mpc Depletion Reduces Glucose Fuel into TCA Cycle

(a) to (g) U{'3C]-Glucose labeled TCA cycle metabolites (b to €) and glycolytic metabolites (f and g) in

Mpc™ and Mpc”-BMDMs with or without stimulation by LPS for 4 hours. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001; ns, no significant difference. Data are representative of three independent
experiments (n = 3, mean + SEM).

(h) to (m) Total amount of TCA cycle metabolites (h to k) and glycolytic metabolites (I and m) in Mpc™/7

and Mpc”-BMDMs with or without stimulation by LPS for 4 hours. *p < 0.05, **p < 0.01, ***p < 0.001; ns,
no significant difference. Data are representative of three independent experiments (n = 3, mean + SEM).
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Figure 6
The Impacts of Mpc Depletion on Metabolic Reprogramming in LPS-stimulated Macrophages

(a) and (b) ECAR and OCR of Mpc™" and Mpc”-BMDMs left unstimulated (control) or stimulated with
LPS for 4 hours (a) or 24 hours (b). The arrows indicate injection of the activator. Data are representative
of three independent experiments (n = 6, mean + SEM).

(c) to (e) Glucose consumption(c), lactate production(d) and pyruvate production (e) in Mpc™? and Mpc”-
BMDMs left unstimulated (control) or stimulated with LPS for 24 hours. **p < 0.01, ***p < 0.001, ****p <
0.0001; ns, no significant difference. Data are representative of three independent experiments (n = 5,
mean + SEM).

(f) to (i) ATP ATP/ADP, AMP/ATP and energy charge of Mpc™" and Mpc”"BMDMs left unstimulated
(control) or stimulated with LPS for 2 hours. **p < 0.01; ns, no significant difference. Data are
representative of three independent experiments (n = 5, mean + SEM).

(j) Cell viability of Mpc™? and Mpc”-BMDMSs with or without stimulation by LPS for 24 hours. ns, no
significant difference. Data are representative of four independent experiments (n = 8, mean + SEM).
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(k) Glutamine consumption in Mpc™f and Mpc”-BMDMs with or without stimulation by LPS for 24 hours.
**p < 0.01, ****p < 0.0001. Data are representative of three independent experiments (n = 5, mean + SEM).

(1) to (o) U-{'3C]-Glutamine labeled TCA cycle metabolites in Mpc™”" and Mpc”"BMDMs with or without
stimulation by LPS for 4 hours. *p < 0.05, **p < 0.01, ***p < 0.001. Data are representative of three
independent experiments (n = 3, mean + SEM).
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Figure 7
Mpc Depletion Is Dispensable for Proinflammatory Cytokines Production in LPS-stimulated Macrophages

(a) to (c) Expression of proinflammatory cytokines mRNA in Mpc™™ and Mpc”"BMDMs with or without
stimulation by LPS for 4 hours. ns, no significant difference. Data are representative of four independent
experiments (n = 4, mean + SEM).

(d) to (f) Proinflammatory cytokines secretion of Mpc™”" and Mpc”BMDMs with or without stimulation
by LPS for 24 hours. ns, no significant difference. Data are representative of four independent
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experiments (n = 6 for TNF-a and IL-6; n = 4 for IL-12; mean + SEM).

(g) Immunoblot analysis of histone acetylation (H3K9) in Mpc™f and Mpc”-BMDMs with or without
stimulation by LPS for the indicated times. Data are representative of five independent experiments.
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Figure 8

Mpc Is Not Required for Inflammatory Responses In Vivo
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(a) to (c) Cytokine concentrations in serum of Mpc™" and Mpc”-mice with and without intraperitoneal
injection of 15mg/kg LPS. ns, no significant difference. Data are representative of two independent

experiments (n=5, mean + SEM).

(d) to (f) Cytokine concentrations in peritoneal lavage of Mpc™”? and Mpc”-mice with and without
intraperitoneal injection of 15mg/kg LPS. ns, no significant difference. Data are representative of two

independent experiments (n=5, mean + SEM).
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(g) CD86 surface expression on peritoneal macrophages of Mpc™™ and Mpc”mice with and without
intraperitoneal injection of 15mg/kg LPS. Data are representative of three independent experiments.
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