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Sepsis, a systemic infection with excessive inflammatory symptoms due to
dysregulation of immune responses, remains the most concerned health-care
problem worldwide with the mortality rate critically beyond the number of death
cases in HIV, cancers or stroke. While it is well documented that pathogenesis of
sepsis is intimately involved in dysregulation of macrophages, great effort has been
made to discover efficacious therapy to control macrophage responses. However,
macrophages are the most versatile immune cells with large spectrum of
heterogeneous phenotypes and functions. Recently, collection of insights unravel
the crucial role of metabolism as an orchestrator of immune regulation, intervention
on macrophage metabolic pathway, therefore, is an interesting therapy to attenuate
hyper-inflammation in infection. This work aims to investigate the efficacy and
mechanism of recent immunomodulation strategies via targeting on metabolic
pathway of macrophages. Herein, we report that the overexpression of miR-223 can
induce M2 anti-inflammatory macrophage through downregulated glycolytic
activities. This benefit paves the way for us to further test cell therapy in sepsis as
the adoptive transfer of miR-223 transfected macrophages could ameliorate
outcomes of LPS-injected mice. Beside glycolysis, mitochondria also play a crucial
role as a central hub connecting metabolic activities and immune responses as
demonstrating by reduction of immune response in macrophages after exposed to
some mitochondrial uncoupling agents blunting mitochondrial membrane potential.
Overall, our work demonstrated the anti-inflammatory effect of metabolic therapy
for controlling excessive responses of innate immunity during infection both in
vitro and in vivo, suggesting that cellular metabolism could be a promising target to
develop effective strategy for better therapeutic treatment in sepsis.
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SECTION |

Relationship amongst manuscripts

Sepsis is characterized by excessively inflammatory symptoms due to
systemic infection, leading to dilated vessel-induced hypotension then exhaustion of
multiple organs and systems. In spite of the advance of modern medical treatment,
sepsis perpetuates as a critically life-threatening cause in hospitals worldwide,
especially with immunocompromised patient, which leads to high rate of mortality
and huge burden of treatment cost. Currently, emerging research indicates a role of
cellular metabolism in orchestrating immune response, especially macrophages
response. Given that cellular metabolism includes two main pathways: oxidative
phosphorylation and glycolysis, different phonotypes of macrophage require different
characteristic of metabolic pathway. Our works aim to manipulate macrophages via
targeting metabolic pathway to attenuate excessive immune response during infection.
Here, we proposed 3 examples of macrophage manipulation that might be beneficial
for the immune responses against infection through the induction of anti-
inflammatory macrophages, including miR-223 transfection, BAM-15 administration
and plasma flux stimulation.
Part I: Over-expression of miR-223 induces M2 macrophage through glycolysis
alteration and attenuates LPS-induced sepsis mouse model, a proposed cell-based
therapy in sepsis

As cellular metabolism plays an orchestrating role in immune responses as
demonstrated by enhanced glycolysis in inflammatory M1 macrophage and intact

OXPHOS in anti-inflammatory M2 macrophage, the regulation of macrophage



immune responses by glycolysis reduction via miR-223 overexpression could
attenuate excessive immune response in LPS-injected mouse model

Part 11: BAM15, a mitochondrial uncoupling agent, attenuates inflammation
in LPS injection mouse model, an adjunctive anti-inflammation on macrophages and
hepatocytes

Beside glycolysis as a well-known metabolic pathway associated with
inflammation, mitochondrion also serves as a central hub with provision of cellular
energy and metabolic mediators for inflammatory responses. This work aims to
elucidate the role in another metabolic pathway, oxidative phosphorylation of
mitochondrion, in immune regulation. Mitochondrial inhibition by BAM15, therefore,
could attenuate inflammatory responses in macrophages as well as hepatocytes.

Part I11: Non-thermal atmospheric pressure Argon-sourced plasma flux
promotes wound healing of burn wound in mice, regardless of bacterial infection,
through anti-inflammatory macrophages

Because i) the uncontrolled local infection results in systemic inflammation
and sepsis and ii) macrophage is not only involved in the pathogenesis of systemic
infection but also the microbial control at the site of infection, the imbalance of
macrophage response also plays a critical role in local infection. While therapy
treatment on local inflammatory site is still limited, reactive oxygen species/ reactive
nitrogen species (ROS/RNS) from Argon-source non-thermal plasma flux might
accelerate wound healing through macrophage manipulation. This work aim to

establish a novel therapy to treat local infection through macrophage manipulation.



Three current manuscripts meet the demand of Doctor of Philosophy in
Medical Microbiology Interdisciplinary Program, Graduate School, Chulalongkorn
University.

Background and rationales

Part I: The immunometabolic and microRNA versus macrophage plasticity is
a current topic on the researches of cancer but very less in sepsis. Here, we explored
an impact of miR upon the anti-inflammatory characteristics of macrophages through
the reduction of glycolysis possibly through the inhibition of HIF-1a expression. In
addition, miR-223 over-expressed macrophages reduced pro-inflammatory effect of
LPS stimulation and attenuates LPS mouse model. Hence, these cells and the pattern
of the study to have these cells for a discovery of a new candidate of sepsis treatment
might be beneficial to the readers.

Part 1lI: RNA sequencing analysis from LPS-stimulated macrophages
demonstrated the down-regulation of several metabolism-related genes, especially the
mitochondrial uncoupling proteins. Then, supplement of the uncoupling proteins
might attenuate sepsis severity. Although the uncoupling agents have been
demonstrated an anti-inflammatory effect in several models, the effect on sepsis has
never been tested. Indeed, a proof of concept using “cell energy intervention” to
manipulate macrophage functions by BAM15, a mitochondrial uncoupling agent, was
demonstrated which might be a new strategic treatment for sepsis.

Part 111: Although there are several publications on the therapeutic effect of
plasma flux on wound healing, data of an impact of plasma flux upon macrophages
and infected burn wound is still less. Here, we demonstrated that plasma flux

improved burn wound, especially the infected wounds, through the activation of anti-



inflammatory macrophages by reactive oxygen species interference and NF-kB
downstream signaling.
Objectives

Part I: To investigate whether overexpression of miR-223 can attenuate
inflammation in macrophages via glycolysis reduction

Part Il: To investigate whether introduction of mitochondrial uncoupling
BAM15 can alleviate inflammation in macrophages via OXPHOS inhibition

Part I11: To investigate whether administration of ROS/RNS-enrich plasma
flux can mitigate inflammation in macrophages via redox regulation.

Conceptual framework

Part I:
Glucose
Glucose
l MITOCHONDRION
Pyruvat Pyr — —. TCA cycle

Lactate

Figure 1: Over-expression of miR-223 attenuates inflammation in macrophage

through glycolysis reduction via targeting HIF-1c.



Part Il:

Treatment of
mitochondrial uncoupling BAM15

Oxidative phosphorylation .

|
: g Uncoupling |
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Figure 2: Cellular energy reduction via BAM15 mitochondrial uncoupling attenuate
inflammation in macrophages and hepatocytes
IMS: intermembrane space, IMM: inter mitochondrial membrane.

Part I11:

Argon flow

\_‘:IZ‘:‘_/ ROS/RBNS-enriched plasma flux
E— — —""__'--. Reduced NF-xB
10 0 .O Reduced M1 markers

Figure 3: Non-thermal atmospheric pressure Argon-sourced plasma flux attenuate

inflammation in macrophages



Benefits of study

Part I: This study could provide insights about role of miR-223 in enhancing
anti-inflammatory macrophages via cellular metabolism modulations. Given that
miR-223 is capable of controlling immune responses at the level of macrophage
activation [1], adoptive transfer of miR-223-engineered cells into LPS-induced sepsis
mouse model is expected to ameliorate outcome of sepsis. This understanding could
pave the way for developing the more promising treatment of sepsis.

Part 11: BAM15, a synthetic mitochondrial uncoupling agent, was identified
as a promising candidate to apply in treatment. Unlike classical regent (eg. FCCP),
BAM15 exerts more specific functions on mitochondrial membrane without
depolarization of cellular membrane [2]. Introduction of BAM15 into medical
application is well mentioned in several models such as ischemic kidney injury [2],
diet-induced obesity mouse model [3]. However, understanding of BAM15 in
immune regulation is limited. This study firstly investigates the protective effect of
BAM15 in sepsis mouse model with an aim to shed light on the role of BAM15 in
reducing inflammation in macrophages and hepatocytes by sepsis mouse model.

Part I11: Cold plasma (or non-thermal plasma) medicine is a novel method of
treatment modality that taking an advantage of the energy from the gas ionization.
Indeed, plasma application is well studied in a wide range of fields including dental
hygiene, hematology, coagulation, microbial eradication, wound healing, and
oncology therapy [4]. However, data on biological effect of plasma on immune
regulation in burn wound is limited. This study provides a more insight about anti-
inflammatory effect of plasma in macrophages in an augmentation of wound healing

processes in burn mouse models.



SECTION Il

Part I: Over-expression of miR-223 induces M2 macrophage through glycolysis
alteration and attenuates LPS-induced sepsis mouse model, the cell-based
therapy in sepsis

Published in  PLOS ONE, 2020  Jul 13;15(7):e0236038. Doi:
10.1371/journal.pone.0236038.
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Abstract (247 words)

The attenuation of hyper-inflammation in sepsis with the administration of
anti-inflammatory macrophages is an interesting adjuvant therapy for sepsis. Because
the induction of anti-inflammatory macrophages by microRNA (miR), a regulator of
MRNA, has been mentioned, the exploration on miR-induced anti-inflammatory

macrophages was performed.


mailto:aleelahavanit@gmail.com

The over-expression of miR-223 and miR-146a in RAW264.7 induced M2
macrophage-polarization (anti-inflammatory macrophages) as evaluated by the
enhanced expression of Arginase-1 and Fizz. However, miR-223 over-expressed cells
demonstrated the more potent anti-inflammatory property against LPS stimulation as
lesser INOS expression, lower supernatant IL-6 and higher supernatant IL-10
compared with miR-146a over-expressed cells. Interestingly, LPS stimulation in miR-
223 over-expressed cells, compared with LPS-stimulated control cells, demonstrated
lower activity of glycolysis pathway and higher mitochondrial respiration, as
evaluated by the extracellular flux analysis, and also down-regulated HIF-/a, an
important enzyme of glycolysis pathway. In addition, the administration of miR-223
over-expressed macrophages with IL-4 pre-conditioning, but not IL-4 stimulated
control cells, attenuated sepsis severity in LPS injected mice as evaluated by serum
creatinine, liver enzymes, lung histology and serum cytokines.

In conclusion, miR-223 interfered with the glycolysis pathway through the
down-regulation of HIF-/a, resulting in the anti-inflammatory status. The over-
expression of miR-223 in macrophages prevented the conversion into M1 macrophage
polarization after LPS stimulation. The administration of miR-223 over-expressed
macrophages, with IL-4 preconditioning, attenuated sepsis severity in LPS model.
Hence, a proof of concept in the induction of anti-inflammatory macrophages through
the cell-energy interference for sepsis treatment was proposed as a basis of cell-based
therapy in sepsis.

Introduction
Sepsis, a syndrome of organ dysfunction due to the dys-regulation of host

responses to systemic infection, is a major cause of death in patients with clinically ill



conditions and has been recognized as an important world-wide healthcare problem
[5]. The imbalance of pro- and anti-inflammatory immune-responses is one of the
important causes of death in sepsis and the anti-inflammation is an interesting
adjunctive treatment of sepsis, especially during the pro-inflammatory state [6-8].
Indeed, compelling evidences indicate that robust innate immune responses, including
macrophages, mainly accounts for sepsis pathophysiology [9].

Macrophages, heterogeneous immune cells with pleiotropic functions [10], are
fundamentally divided into classically M1 and alternative M2 polarization with pro-
and anti-inflammatory property, respectively [11]. Interestingly, macrophages in
sepsis hyper-inflammation are predominant in M1 polarization and are responsible for
the production of inflammatory mediators [12]. As such, the induction or the
administration of anti-inflammatory M2 macrophages during sepsis hyper-
inflammation is mentioned [13, 14]. In addition, microRNA (miR), a small non-
coding single-strand RNA [15], regulates post-transcriptional messenger RNA
(mRNA) and inhibits protein-translation [16]. Because one miR is able to silence
multiple targets that are responsible for numerous biological processes [17], the
manipulation of macrophage-polarization with miR is interesting [18]. Accordingly,
miR-223 is essential for M2 polarization [19] and the down-regulation of miR-223 in
patients with severe sepsis possibly induces predominant M1 polarization [20]. In
parallel, miR-146a is well documented as an anti-inflammatory miR, preferentially
augments M2 polarization [21], that attenuates sepsis-induced cardiac injury in a
mouse model [22].

Interestingly, cellular metabolism is essential for immune cells [23], including

macrophages [24], as the metabolic signatures of M1 and M2 macrophage-
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polarization are glycolysis and mitochondrial respiration, respectively [25]. Indeed,
the induction of macrophage plasticity through the interference of cell energy and cell
metabolism by miRs is mentioned as miR-33 augmented glycolysis and induced M1
macrophage-polarization in an atherosclerosis mouse model [26]. Although the
impact of miRs upon malignant-cell metabolism is well-known [27],the information
about influence of immune cells metabolism upon sepsis is still very little. Moreover,
the anti-inflammatory potency of several miRs might be different, for example, miR-
223 mediated anti-inflammation through HIF-1a, PPARy and STAT3 [19, 28-30],
while miR-146a inhibits IRAK1 and TRAF6 [31]. Here, the candidate miRs were
over-expressed in macrophages and examined several cell characteristics, including
cell energy, before using as a cell-based therapy in a sepsis LPS injection mouse
model.
Materials and methods

Animal and animal model

Animal care and use protocol are based upon the National Institutes of Health
(NIH), USA. The protocol was approved by the Institutional Animal Care and Use
Committee of the Faculty of Medicine, Chulalongkorn University, Bangkok,

Thailand. Male 8-wk-old mice on C57BL/6 background were purchased from Nomura

Siam International (Pathumwan, Bangkok, Thailand) Mice were at rest for 1 wk in the
animal facility before use and endotoxin (LPS) injection model was performed
following previous publications [32-34]. Briefly, 4 mg/kg of endotoxin (LPS) from
Escherichia coli 026:B6 (Sigma-Aldrich, St. Louis, USA) was administered intra-
peritonium (ip) at 1 h after the tail vein injection by miR over-expressed RAW 264.7

preconditioning with IL-4 (detail later) at 1x10® CFU diluted in 0.3 ml phosphate
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buffer solution (PBS) as previously described [35-38]. Blood collection through tail
vein was performed at 3 days before-LPS-injection (0 h) and at 2 and 4 h post-LPS.
Mice were sacrificed at 6 h post LPS-injection by cardiac puncture under isoflurane
anesthesia. Of note, some mice were sacrificed at these time-points for organ

collection. Serum creatinine (Cr) by QuantiChrom Creatinine-Assay (DICT-500,

BioAssay, Hayward, CA, USA), serum aspartate transaminase (AST) by EnzyChrom
AST assay (EASTR-100, BioAssay), serum alanine transaminase (ALT) by
EnzyChrom ALT assay (EALT-100, BioAssay) and serum cytokines by ELISA
assays (ReproTech, Oldwick, NJ, USA) were analysed. In addition, blood leukocyte
determination was performed as previous published [39]. In short, blood was mixed
with 3% acetic acid, a hemolytic solution, with a ratio of blood: acetic acid at 6:100
by volume before counting with a hemocytometer. In parallel, Wright-stained blood
smear was examined for the percentage of polymorphonuclear cells (PMN) and
lymphocyte. The total number of these cells was calculated by the total count from
hemocytometer multiplied by the percentage of cells from the Wright-stained slide.

Cell tracker and histological analysis

Macrophages (RAW 264.7) at 3x10° cells per plate were incubated with cell-
labeling Carboxy-fluorescein diacetate succinimidyl ester (CFDA-SE; Sigma-
Aldrich), at 25 uM in PBS, for 30 minutes at 37 °C according to the manufacturer’s
instructions. Then the buffer was gently aspirated and further incubated with warm
media for 15 minutes before collecting the cells. Passively-diffused CFDA-SE in
cytoplasm is cleaved by intracellular-esterase to form carboxyfluorescein
succinimidyl ester with the fluorescent activity. CFDA-SE - labeled cells are

confirmed under fluorescent microscope before the intravenous (iv) injection with
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1x10° cells/ mouse. Then, mice were sacrificed with cardiac puncture under
isoflurane anesthesia with organ collection in the optimal cutting temperature
compound (OCT) at -80°C before cutting into 4 pum-thick slides and DAPI (4’, 6-
diamidino-2-phenylindole) (Thermo fisher Scientific) was incubated for 10 min at
room temperature for nuclear counter stain. Each slide was observed with fluorescein
microscope at 10 random 200X fields for the enumeration of fluorescent-positive
tracked-cells per field as the representatives for cell burden in organs.

For organ injury analysis, the organs were fixed in 10% formalin before
Hematoxylin and Eosin (H&E) staining process and the semi-quantitative analysis of
organ injury. As such, lung injury was analyzed in accordance with previous
publications [40, 41] through the evaluation of the area of the injury as determined by
alveolar hemorrhage, alveolar congestion, neutrophil infiltration and alveolar wall
thickness. Semi-quantitative scores were given in each observed field at 200x
magnifications according to the following: O points, no injury in the observed field; 1
point, injury up to 25%, 2 points, injury up to 50%; 3 points, injury up to 75%; 4
points, injury to the entire field. The scores from 20 fields of each slide were
calculated and were presented as the representative lung injury parameter.

Micro-RNA transfection and the preparation of IL-4 preconditioning cells

Murine macrophage cell line (RAW 264.7) were cultured in DMEM
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and Penicillin-
Streptomycin (Thermo fisher Scientific, Waltham, MA, USA) in 5% carbon dioxide
(CO2) at 37°C. Then the microRNA (miR) was transfected into 1.5x10% well of
macrophages in 24-well plate following a previous protocol [42]. Briefly, the

transfection mixture consisted of 5 pmol of miR (miR146a, miR223 or mimic control)
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(Ambion, Austin, TX, USA) and 1.5 pl Lipofectamin RNAimax reagent (Invitrogen,
Carlsbad, CA, USA) in Opti-MEM (Gibco, Thermo Fisher Scientific) for one reaction
was incubated with cells for 2 days before the verification of transfection-efficiency
by quantitative polymerase chain reaction (qgPCR) as demonstrated in fig 4. In
addition, M1 or M2 polarization was activated by LPS (10 ng/ml) or IL-4 (20 ng/ml),
respectively, before cell collection and supernatant cytokines were measured by
ELISA (Reprotech). For preparation of adoptive transfer, miR over-expressed RAW
264.7 were treated with IL-4 (20 ng/ml) to activate M2 macrophage polarization,
washed 2 times by PBS and intravenously administered into mice at 1 hour prior to

LPS intra-peritoneal injection (4 mg/kg).

(=]
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= ——

(=]
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Expression of
miR in relative to U6 (Log)
'
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Figure 4. Transfection efficiency of cell culture.

Transfection efficiency of RAW264.7 cell with miR-146a and miR-223 was
determined by quantitative polymerase chain reaction using Tagman probe in relative
to the expression of housekeeping gene U6.

The determination of macrophage polarization by quantitative

polymerase chain reaction (QPCR)
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The qPCR was performed following previous publications [33]. Briefly, total
RNA was prepared from the cell culture by Trizol (Thermo fisher Scientific) and
quantified by Nano drop ND-1000 (Thermo fisher scientific). The ratio of absorbance
at optical density (OD) 260 divided by OD 280 more than 1.8 indicated the adequate
purity for further testing. After that, RNA was converted into cDNA by Reverse
Transcription System and quantitative polymerase chain reaction (QPCR) was
performed using SYBR Green master mix (Applied biosystem, Foster city, CA,
USA), cDNA template and target primers based on AACT method with B-actin as a
housekeeping gene. Primers of miR-146a, miR-223 were hsa-miR-146a-5p (Ambion,
Cat.4464066, ID.MC10722); ~mmu-miR-223, ID (Ambion, Cat.4464066,
ID.MC14755). In addition, the nucleotide sequences of primers for the analysis of M1
macrophage polarization (iNOS, TNF-a and IL-/f), M2 macrophage polarization
(Arginase-1, 1L-10 and TGF-g) and glycolysis pathway (Integrated DNA

Technologies, Coralville, IA, USA) are demonstrated in table 1.

Primers

Macrophage

polarization

B-actin Forward 5’-CGGTTCCGATGCCCTGAGGCTCTT-3’
Reward  5’-CGTCACACTTCATGATGGAATTGA-3’

Inducible nitric oxide Forward 5’-CCCTTCCGAAGTTTCTGGCAGCAGC-3’

synthase (iNOS) Reward 5’-GGCTGTCAGAGCCTCGTGGCTTTG-3’

Arginase 1 (Arg-1) Forward 5’-CAGAAGAATG GAAGAGTCAG-3’
Reward  5’-CAGATATGCA GGGA GTCACC-3’

Tumor necrosis factor Forward  5’-CCTCACACTCAGATCATCTTCTC-3’

o (TNF-) Reward  5’-AGATCCATGCCG TTGGCCAG-3’

Interleukin-1p (/L.-18) Forward  5-GAAATGCCACCTTTTGACAGTG-3’
Reward  5’-TGGATGCTCTCATCAGGACAG-3’

Interleukin-10 (IL-10) Forward 5’-GCTCTTACTGACTGGCATGAG-3’
Reward  5’-CGCAGCTCTAGGAGCATGTG-3’

Transforming growth Forward 5’-CAGAGCTGCGCTTGCAGAG-3’

factor-B (TGF-6) Reward  5’-GTCAGCAGCCGGTTACCAAG-3’
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Glycolysis pathway

Solute carrier family Forward 5’-CAGTTCGGCTATAACACTGGTG-3’
2,facilitated glucose

transporter  member Reward  5’-GCCCCCGACAGAGAAGATG -3’
10 (SLC2al10)

Latate dehydrogenase Forward — 5’-CATTGTCAAGTACAGTCCACACT -3’

A (IdhA) Reward 5-TTCCAATTACTCGGTTTTTGGGA -3’
Phosphofructokisnase Forward — 5’-GGAGGCGAGAACATCAAGCC -3’
(PFK) Reward 5’-CGGCCTTCCCTCGTAGTGA -3’
Pyruvate Forward 5’-GGACTTCGGGTCAGTGAATGC -3’
dehydrogenase Reward 5-TCCTGAGAAGATTGTCGGGGA -3’

kinase-1 (PDK1)
Hypoxia-inducible Forward 5-AGCTTCTGTTATGAGGCTCACC -3’
factor 1o (HIF-1¢) Reward 5>-TGACTTGATGTTCATCGTCCTC -3’
Table 1. List of primers for macrophage polarization and glycolysis pathway.
Mitochondrial DNA (mtDNA), total cellular ATP and extracellular Flux
Analysis
Total DNA from cells was extracted by Tissue Genomic DNA extraction mini
kit (Favorgen Biotech, Wembley, WA, Australia) as previously published [43].
Briefly, DNA quantification was determined by Nano drop ND-100 (Thermo
scientific) and mtDNA copy number was measured by gPCR with cellular DNA

template, Mastermix 1xKAPA fast SYBR Green (KAPA Biosystems, Wilmington,
MA, USA) and primers of mitochondrial encoded mtDNA (Favorgen Biotech).
Quantification of mtDNA was analyzed by AACT method normalized by the
expression of house-keeping gene P2-microglobulin (B2M) with the following
sequence, forward, 5>-TTCTGGTGCTTGTCTCACTGA-3',  reverse, 5’-
CAGTATGTTCGGCTTCCCATTC-3". In addition, ATP content in 2x10% cells/ well
was determined by the Luminescent ATP Detection Assay (Abcam, Cambridge, UK)
according to the manufacturer’s protocol [43]. In addition, energy metabolism profiles

with estimation of glycolysis and mitochondrial oxidative phosphorylation with
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extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were
performed, respectively, by Seahorse XFp Analyzers (Agilent, Santa Clara, CA,
USA) upon the miR-transfected RAW 264.7 at 1x10* cells/ well by Seahorse Wave
2.6 software as previously described [33]. Glycolysis and mitochondrial parameters
was calculated using the generator program report of XF Glycolysis stress test and XF
Cell mito stress test, respectively, based on these following equations; Glycolysis =
ECAR between glucose and oligomycin — ECAR before glucose administration,
glycolysis capacity = ECAR between oligomycin and 2-Deoxy-d-glucose (2-DG) —
ECAR before glucose administration, glycolysis reserve = ECAR between oligomycin
and 2-DG - ECAR between glucose and oligomycin, basal respiration = OCR before
oligomycin — OCR after antimycin A/ rotinone, respiratory capacity (maximal
respiration) = OCR between Carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone
(FCCP) and antimycin A/ rotinone — OCR after antimycin A/ rotinone and respiratory
reserve = OCR between FCCP and antimycin A/ rotinone — OCR before oligomycin.

Statistical analysis

GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA, USA) was
used for all statistical analyses. Differences between groups were calculated by
Student’s t-test or one-way analysis of variance (ANOVA) followed by Tukey’s
analysis for the comparison of two or more experimental groups, respectively. In vitro
data were based on independent triplicate experiments and represented by mean *
standard error (SE). A p value less than 0.05 was considered as statistically
significant.

Results
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The over-expression of miR-223 facilitated M2 macrophage polarization in
macrophages (RAW 246.5) through the inhibition of several genes in glycolysis
pathway. In addition, the adoptive transfer of miR-223 over-expressed macrophages
with 1L-4 pre-conditioning attenuated LPS-induced sepsis mouse model.

The over-expression of miR-223 in macrophages reduced the
characteristics of M1 polarization and decreased pro-inflammatory cytokines in
cell-supernatant

Because of the known anti-inflammatory effect of both miR-223 and miR-
146a in macrophages [31], both miRs were transfected in RAW 264.7 before the
induction of M1 and M2 polarization by LPS and IL-4, respectively. As such, the
overexpression of miR-223 down-regulated the gene expression of M1 biomarkers
including iNOS and IL-1p, but not TNF-a, while the over-expressed miR-146a down-
regulated only IL-/p (fig 5A-C). In parallel, the overexpression of miR-223 induced
M2 polarization as demonstrated by the up-regulation of Arg-1 and Fizz, but not TGF-
S, and the over-expressed miR-146a up-regulated only TGF-$ (fig 5D-F). However,
the expression of both miRs did not further enhance the characteristics of IL-4
activated M2 polarization, as determined by the expression of several biomarkers, in
comparison with IL-4 induced control mimic cells (fig 5D-F). In addition, the anti-
inflammatory property of miR-223 was demonstrated by i) the reduction of
supernatant IL-6, but not TNF-a, after LPS activation (fig 5G, H) and ii) the induction
of supernatant IL-10 after IL-4 stimulation (fig 51). On the other hand, the over-
expression of miR-146a did not demonstrate an anti-inflammatory effect as evaluated
by supernatant cytokines (fig 5G-1). Because the conversion from IL-4 activated M2

polarization into pro-inflammatory macrophages by LPS was previously mentioned
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[44, 45], the property to maintain M2 polarization after IL-4 stimulation in miR-223
overexpressed macrophages was tested. Accordingly, while IL-4 stimulation alone
induced very low expression of iINOS, TNF-a and IL-15 compared with LPS
stimulation (fig 5A-C), LPS activation in IL-4 pre-conditioning macrophages (IL-4/
LPS) demonstrated a similar level of these genes in comparison with LPS stimulation
alone (media/ LPS) (fig 6A-C). However, miR-223 over-expressed macrophages with
IL-4 pre-conditioning (IL-4/ LPS) enhanced only some pro-inflammatory
characteristics but still demonstrated lower iNOS expression, higher Arg-1 expression

and lower supernatant IL-6 (fig 6) compared with the miR-146a over-expressed cells.

imi ; ; Cti mimic H miR-146 iR-223
A O ctumimic B miR-146a B miR-223 B d miR-146a [ mi C O ctimimic B miR-146a [0 miR-223
200 # 84 # m
'_;_|— |—l—|7 15000
EEﬁD #.p<005 _géﬁ. e & #.pe003
S G 150 @ 8 < 0.05 23
28 28 e % § 10000
S £= Y & [#
£ 2 100 x24 se
3o Q9 3o
@ 3 P2 =& 5000
[l LS — T
2 gz? 28
: — u , i
Media LPS L4 Media LPS L4 Media LPs IL-4
O ctimimic B miR-146a [ miR-223 [ cti mimic [l miR-146a [0 miR-223 O cti mimic B miR-146a @0 miR-223
54 8 # 4
# #,p<0.05
D _ Y E - = # F -
s £ 44 #.p<005 c £ o1 sE
g% ST 4 [ —— 23
@ 0 9 o ¥ 24
8 & 3] RS SN
a9 82 2 g2
x + x
995 09 Se
-2 N2 | — F2 1
oE NTE 4 58
<2 1 £ L
ol 0.5 0.5
Media PS L4 Media LPS L4 Media LPS L4
O cti mimic Bl miR-146a I:Ig;nin-zzs [ Ctimimic B miR-146a 21 miR-223 [ ctimimic B miR-146a O miR-223
G 400 e H = 8000 I =800 ) ##
E E E =, p< 0.05 vs media -
@ wv . p< 0,001 vs media . § > (same stimulation)
23009 e stimulation) = 6000 oo ## pe0.007
@ « . p<0.05 vs media g o e
= (same stimulation) = i)
£ 2000 o005 . i~ 4000 = 400
2 £ s
s g &
5 1001 £ 2000 £ 200
5 g g
? ol - a 0 2
Media LPS Media LPS Media IL-4

Figure 5. Macrophage anti-inflammatory property after the over-expression of miR-
223 is higher than miR-146a.

The characteristics of M1 macrophage polarization as determined by the expression
of iINOS, TNF-« and IL-1p (A-C), and M2 macrophage polarization as evaluated by
the expression of Arg-1, Fizz and TGF-f (D-F), of macrophages with the over-
expression of control mimic (Ctl mimic), miR-146a and miR-223 after the stimulation
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with LPS and IL-4, the stimulator of M1 and M2 macrophage polarization,
respectively, are demonstrated. In addition, the supernatant pro-inflammatory
cytokines, IL-6 and TNF-a (G, H), after LPS stimulation and an anti-inflammatory
cytokine, IL-10 (1), after IL-4 activation, from these macrophages are demonstrated.
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Figure 6. Over-expression of miR-223 maintains IL-4 induced anti-inflammatory
characteristics of macrophages after LPS-induction better than miR-146a over-
expression.

The characteristics of M1 macrophage polarization as determined by the expression

of INOS, TNF-« and IL-1p (A-C), and M2 macrophage polarization as evaluated by
the expression of Arg-1, Fizz and TGF-f (D-F), of macrophages with the over-
expression of control mimic (Ctl mimic), miR-146a and miR-223 that stimulated with
IL-4, the M2 macrophage polarization stimulator, prior to the stimulation with LPS,
M1 macrophage-polarization stimulator, (IL-4/LPS) or control media prior to LPS
(media/LPS) are demonstrated. In addition, the supernatant cytokines, IL-6, TNF-a
and IL-10 (G-I), of these macrophages are demonstrated.

The inhibition of enzyme in glycolysis pathway by the miR-223 over-

expression induced resistance against LPS-enhanced M1 polarization
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Because the alteration of immunometabolism is, at least in part, responsible
for the expression of pro- or anti- inflammatory characteristics of macrophages [46],
the metabolism profiles are explored by the extracellular flux analysis. As such, LPS
induced the glycolysis pathway as indicated by increased glycolysis area, glycolysis
capacity and glycolysis reserve (fig 7A; Ctl mimic-LPS vs. Ctl mimic-media; E-G).
In parallel, LPS reduced the mitochondrial pathway as indicated by reduced basal
respiration, respiratory capacity and respiratory reserve (fig 7B; Ctl mimic-LPS vs.
Ctl mimic-media, H-J). However, the patterns of glycolysis and mitochondrial
responses in miR-223 over-expressed macrophages after LPS stimulation was similar
to control (fig 7A, B; Ctl mimic-media vs. miR-223-LPS, E-J) implying the resistance
of miR-223 over-expressed cells against the direction of LPS stimulation. On the
other hand, IL-4 (Ctl mimic 1L-4) also increased glycolysis activity compared with
control (Ctl mimic-media) (fig 7C, E-G) without the alteration in mitochondrial
activity (fig 7D, H-J). Moreover, LPS also reduced mitochondrial number, as
determined by mitochondrial DNA analysis, and decreased total ATP while IL-4 did
not change these parameters (fig 7K, L). Interestingly, mitochondrial DNA and ATP
production in miR-223 over-expressed cells with LPS stimulation did not differ from
the control macrophages (fig 7K, L). Of note, the profile of extra-cellular flux
analysis in miR-223 over-expressed macrophages without LPS (miR-223-media) did
not differ from the control mimic (Ctl mimic-media). These data supported that LPS
induced glycolysis, suppressed mitochondrial function and reduced ATP production

in macrophages but were attenuated by miR-223 over-expression.
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Figure 7. Over-expression of miR-223 in LPS-activated macrophages reduces glycolysis activity
and improves mitochondrial function as determined by extracellular flux analysis.
The extracellular flux analysis pattern of macrophages over-expressed by miR-223 or control

mimic (Ctl-mimic) as evaluated by extracellular acidification rate of glucose stress test for

glycolysis pathway analysis and oxygen consumption rate of mitochondrial stress test for

mitochondrial pathway analysis after the stimulation by LPS versus control media (A, B) or

IL-4 versus control media (C, D) with the comparison in column bar graph of glucose stress

test parameters (glycolysis,

respiratory capacity and glycolysis reserve) (E-G) and
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mitochondrial stress test parameters (basal respiration, respiratory capacity and respiratory
reserve) (H-J) are demonstrated. In addition, the mitochondrial content as analyzed by the
copy number of mitochondria (mtDNA) (K) and the ATP production (L) of macrophages
over-expressed with Ctl-mimic or miR-223 after the stimulation with LPS, IL-4 or control
media are demonstrated. For the better visualization, Of note, the extracellular flux analysis

pattern of miR-223-media is not showed due to the similarity to Ctl-mimic-media.

Due to the inhibitory property of miR against the mRNA functions [16], we
hypothesize that miR-223 might inhibit some mRNAs in glycolysis pathway.
Accordingly, hypoxic inducible factor-la (HIF-1a) is an enzyme responsible to
enhance glycolysis pathway through several mediators including Solute carrier family
2, facilitated glucose transporter member 10 (SLC2al0), phosphofructokinase (PFK),
Lactate dehydrogenase A (IdhA) [47] (fig 8A). Furthermore, HIF-1a also reduces the
mitochondrial function through the expression of pyruvate dehydrogenase kinase
(PDK1) [48]. Of note, increased PDK1 inhibited pyruvate dehydrogenase (PHD), an
enzyme that converts pyruvate into acetyl CoA supplying for Krebs cycle, leads to the
reduction of mitochondrial function [48]. As such, the exploration of glycolysis-
related genes in macrophages demonstrated that LPS induced only HIF-1a expression
(fig 8B), while IL-4 enhanced the expression of several genes including; HIF-1a,
SLC2al10, PDK1, PKF and IdhA (fig 8C-F). Although miR-223 over-expression
reduced only HIF-1la in LPS-activated macrophages (fig 8A), the LPS-induced
glycolysis was inhibited (fig 7A), implying the major role of HIF-1a in the glycolysis
pathway. In contrast, miR-223 inhibited both PDK-1 and PFK in IL-4 stimulated-cells
(fig 8E, F) without any impact upon extracellular flux pattern (fig 7C, D), suggesting

less importance of these enzymes in glycolysis pathway.
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Figure 8. Over-expression of miR-223 in LPS-activated macrophages reduces HIF-
lo expression, while miR-223 over-expression in IL-4-activated macrophages

decreases expression of PDK-1 and PFK.
The diagram demonstrates enzymes that associated with glycolysis pathway (A) and the gene

expression of these enzymes in macrophages with the over-expression of miR-223 or control
mimic (Ctl mimic) after the stimulation with LPS or IL-4 (B-F) are demonstrated. HIF-1a,
hypoxia-inducible factor-1a; SLC2al0, solute carrier family 2 facilitated glucose transporter

member 10; PFK, phosphofructokinase; LDHA, lactate dehydrogenase A; PDK1, pyruvate
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dehydrogenase kinase 1, PDH: pyruvate dehydrogenase; Acetyl-CoA, Acetyl Coenzyme A,

TCA cycle, tri-carboxylic acid cycle or Krebs cycle.

The administration of IL-4 preconditioning macrophages with miR-233
over-expression attenuated sepsis in LPS injection mice

Because preconditioning with IL-4 in miR-223 over-expressed macrophages
demonstrated anti-inflammatory state (fig 5) that resisted the LPS induced pro-
inflammation (fig 6) possibly through the interference of HIF-1a (fig 7, 8), these cells
were used in vivo following previous publications [35-38]. As such, the intravenous
cells administration demonstrated the highest cell accumulation in kidney and in liver
at 1 h and 6 h post-injection, respectively (fig 9). The administration of IL-4 pre-
conditioning macrophages with miR-223 over-expression, but not IL-4 stimulated
control cells, attenuated the severity of LPS injection model as determined by renal
injury (serum creatinine), liver injury (aspartate transaminase and alanine
transaminase) (fig 10A-C) without therapeutic effect on leukocyte count (fig 10D-F).
In addition, treatment with miR-223-manipulated cells also reduced pro-inflammatory
cytokine (TNF-a), but not IL-6, increased anti-inflammatory cytokine (IL-10) (fig

10G-I) and improved lung pathology (fig 11).
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Figure 9. Macrophages are demonstrated in kidney and liver at 2 h and 6 h after
administration.



The representative pictures of the kinetics of tagged green fluorescent protein (GFP) macrophages

after intravenous injection in different organs at different time-points and the analysis of cells

burdens in organs are demonstrated. DAPI, 4', 6-diamidino-2-phenylindole (a DNA fluorescence

staining color).
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Figure 10. Administration of miR-223 over-expressed macrophages attenuates sepsis

in LPS injection mouse model.
The characteristics of LPS injection mice after the administration with IL-4-activated-

macrophages without gene over-expression (PBS-LPS) or with control mimic over-expression

(Ctl mimic-LPS) or with miR-223 over-expression (miR-223-LPS) as evaluated by serum

creatinine (A), aspartate transaminase (B), alanine transaminase (C), blood leukocyte

evaluation (D-F) and serum cytokines (G-I) are demonstrated (n = 5-7/ group). Of note, only

the control mice injected with phosphate buffer solution (PBS) group without LPS stimulation
(PBS-PBS) is presented, but not Ctl mimic-PBS and miR-223-PBS, due to the similar values

among these 3 control groups.
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Figure 11. Administration of miR-223 over-expressed macrophages attenuates
sepsis-induced lung injury in LPS injection mouse model.
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The representative of lung histology (A) of LPS administered mice preconditioning with IL-4-
activated-macrophages without gene over-expression (PBS-LPS) or with control mimic over-
expression (Ctl mimic-LPS) or with miR-223 over-expression (miR-223-LPS) by the semi-
quantitative histology score (B) are demonstrated (n = 5-7/ group). Of note, only the control
mice injected with phosphate buffer solution (PBS) group without LPS stimulation (PBS-
PBS) is presented, but not Ctl mimic-PBS and miR-223-PBS, due to the similar pictures
among these 3 control groups.

Discussion

The over-expression of miR-223 in macrophages induced anti-inflammatory
responses against LPS stimulation possibly due to the glycolysis interference through
reduced HIF-1la. The administration of IL-4 stimulated miR-223 over-expressed
macrophages attenuated the severity of LPS injection sepsis mouse model.

Anti-inflammatory property of miR-223 over-expressed macrophages

The hyper-inflammatory responses induced sepsis mortality and the
attenuation by anti-inflammatory macrophages are well-known [13, 14]. Due to the
multiple inhibitory targets, either complementary or non-complementary sequence
MRNA, is possible from a single miR [17], miR is an interesting method to induce
anti-inflammatory macrophages. Indeed, both miR-223 and miR-146a (without IL-4)
are associated with M2 macrophages polarization [49, 50] through, at least in part,
targeting PPARy [19, 51]. With LPS stimulation, the anti-inflammatory property of
miR-223 over-expressed macrophages was more potent than miR-146a over-
expressed cells as determined by the reduced expression of IL-18 and iNOS with
decreased supernatant IL-6 and increased supernatant 1L-10. Different effects of these
miRs suggest the inhibition in different target-molecules. However, previous studies
report that IL-4-primed macrophages are easily converted back into the pro-
inflammatory macrophages after the subsequent LPS challenge due to the macrophage

plasticity [44, 45]. Here, miR-223 over-expression prevented the conversion back into
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the pro-inflammatory state with the subsequent LPS stimulation but miR-223 did not
enhance the expression of 1L-4 induced anti-inflammatory genes.

The interference of glycolysis pathway by miR-223 induced anti-
inflammatory macrophages

The signatures of immunometabolic pathway of M1 and M2 polarized
macrophages are glycolysis and mitochondrial oxidative phosphorylation,
respectively [25]. As such, the induction of macrophage polarization by
immunometabolic alteration using miRs is mentioned [26]. Here, LPS down regulated
mitochondrial oxidative phosphorylation, along with the reduction of mtDNA and
ATP production, with glycolysis enhancement while IL-4 stimulated only the
glycolysis pathway supporting previous publications [52-54]. While glycolysis is not
a major metabolic pathway in M2 macrophages polarization [55], glycolysis is
required for the regular M2 macrophage functions [52] and the interference on
glycolysis inhibits M2 macrophage polarization [53]. Because i) LPS increased only
HIF-/a while IL-4 enhanced HIF-Ia with other genes and ii) miR-223 over-
expression, that mainly inhibited HIF-/a, turned the immunometabolic characteristics
of LPS-stimulated cells into the neutral state but no effect on IL-4-stimulated cells.
These data implied a possible key role of HIF-/a in glycolysis pathway after LPS
activation [56]. Indeed, the impact of HIF-1a upon glycolysis and M1 polarization is
previously mentioned including; i) HIF-1a expression up-regulates several enzymes
in glycolysis [47], ii) HIF-1a overexpression enhances glycolysis and increases
inflammatory cytokine production in macrophages [57] and iii) HIF-1a deficient

macrophages did not produce cytokines after LPS stimulation [58]. Thus the
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interference of HIF-1a expression might be one of the important mechanisms of miR-
223-induced anti-inflammatory macrophages.

In addition, from the previous reports, miR-223 also induced anti-
inflammatory properties through the interference of other mechanisms such as
STAT3, Nfat5 and PPARYy [19, 30] implying the multiple targets of miR-223 for anti-
inflammatory induction. On the other hand, miR-223 over-expression reduced the
expression of PFK and PDK-1, but did not alter immunometabolic characteristics, of
IL-4 stimulated cells implying that these enzymes are not the main enzymes used for
cell-energy generation during IL-4 induced M2 macrophage polarization.

Of note, miR-223 regulation on HIF-/« translation is nicely mentioned though
the analysis of 3-prime un-translated region (3° UTR) [28, 29]. In addition, LPS and
IL-4 possibly mediate HIF-/a expression differently. Our working hypothesis is that
while LPS enhances HIF-/a through LPS-induced reactive oxygen species [59], IL-4
activates HIF-/a via Akt-mTORC [52, 53], an upstream signaling of HIF-/a [60]. As
such, LPS and IL-4 enhanced glycolysis as demonstrated by extracellular flux
analysis and genes of glycolysis pathway mainly through HIF-/a and HIF-/a with
other several genes, respectively (fig 7). It seems that miR-223 targets only on HIF-/a
in LPS-enhanced glycolysis, but binds to HIF-/a together with other several genes in
IL-4-enhanced glycolysis. Indeed, the predicted-targets of miR-223 from the database
of miRNAWalk 2.0 and TargetScan.org version 7.2, the comprehensive database on
the predicted and validated targets of human and murine miR [61], was including both
HIF-/a and PFK. Here, we demonstrated that LPS increased HIF-/a while IL-4
induced HIF-/a, PDK-1 and PFK. Hence, miR-223 blocked only HIF-/a in LPS

stimulation but targeted on HIF-/a, PDK-1 and PFK in IL-4 induction, resulted in the
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higher inhibitory potency on LPS-derived HIF-/a compared with IL-4 induced HIF-
la. More studies in this topic are interesting.

The administration of IL-4 stimulated miR-223 over-expressed
macrophages, a proof of concept for anti-inflammatory treatment in sepsis

Because of the potent anti-inflammatory property and the resistance against
LPS induced macrophage-conversion of miR-223 over-expression, IL-4 stimulated
miR-223 over-expressed macrophages were tested in LPS injection mouse model as a
proof of concept for sepsis treatment. The injected cells distributed in lung, liver and
kidney for at least 6 h after the administration. Immune-mediated rejection of
C57BL/6 mice toward the administered Raw 264.7 cell, a cell line from BALB/c
mice, might be responsible for the cell depletion which could be improved in the
clinical translation. Nevertheless, the treatment attenuated the injury in several organs
as evaluated by lung histology, liver enzymes and serum creatinine with decreased
systemic inflammation as demonstrated by decreased TNF-o and increased 1L-10 in
serum at 6 h post LPS administration, a time-point with the highest injury of the
model. Interestingly, administration of IL-4 stimulated macrophages without miR-223
over-expression did not demonstrate any beneficial effects in LPS injection model,
perhaps due to the conversion back into pro-inflammatory state of the injected-cells
by LPS stimulation as previously mentioned [44, 45, 62]. In addition, the higher pro-
inflammatory responses by LPS stimulation in IL-4 pre-conditioning macrophages in
comparison with LPS-stimulated control macrophages is demonstrated here (fig 7G)
supporting several previous publications [44, 63, 64], possibly through IL-4 activated
STAT-6 [45], which is a possible limitation of cell therapy in sepsis. Hence, the

plasticity of macrophages in cell-based therapy in sepsis is an important issue for
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further studies. In translational aspect, the injected cells that distribute in several
organs might be responsible for direct local inflammatory control within the organs
and is possibly an interesting adjunctive therapy in sepsis. Cell-based therapy has
been currently developed for cancer treatment [65, 66] and some of these therapies
might also be appropriated for use in sepsis. More studies are interesting.

In conclusion, miR-223 over-expression induced anti-inflammation through
the inhibition of glycolysis pathway through the down-regulation of HIF-1a. The anti-
inflammatory induction by IL-4 in miR-223 over-expressed macrophages prevented
the back-conversion into pro-inflammatory macrophage after LPS stimulation and
these cells are proposed as a candidate for cell therapy for the pro-inflammatory phase

of sepsis.
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Abstract (214 words)

Control of immune responses through the immunometabolism interference is
interesting for sepsis treatment. Then, expression of immunometabolism-associated
genes and BAM15, a mitochondrial uncoupling agent, was explored in a pro-
inflammatory model using lipopolysaccharide (LPS) injection. Accordingly, the
decreased expression of mitochondrial uncoupling proteins (UCPs) was demonstrated
by transcriptomic analysis on metabolism-associated genes in macrophages
(RAW?246.7) and by polymerase chain reaction in LPS-stimulated RAW?246.7 and
hepatocytes (Hepa 1-6). Pre-treatment with BAM15 at 24 h prior to LPS in
macrophages attenuated supernatant inflammatory cytokines (IL-6, TNF-o and IL-
10), down-regulated genes of pro-inflammatory M1 polarization (iNOS and IL-1p),
up-regulated anti-inflammatory M2 polarization (Argl and FIZZ) and decreased cell
energy status (extracellular flux analysis and ATP production). Likewise, BAM15
decreased expression of pro-inflammatory genes (IL-6, TNF-«, IL-10 and iNOS) and
reduced cell energy in hepatocytes. In LPS-administered mice, BAM15 attenuated
serum cytokines, organ injury (liver enzymes and serum creatinine) and tissue
cytokines (livers and kidneys), in part, through the enhanced phosphorylated
o AMPK, a sensor of ATP depletion with anti-inflammatory property, in liver and the
reduced inflammatory monocytes/macrophages (Ly6C+ve, CD11b+ve) in liver as
detected by Western blot and flow cytometry, respectively. In conclusion, a proof of
concept for inflammation attenuation of BAM15 through metabolic interference
induced anti-inflammation on macrophages and hepatocytes was demonstrated as a
new strategy of anti-inflammation in sepsis.

Introduction
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Sepsis, a syndrome of organ dysfunction due to the imbalance of host
responses against systemic infection [5], is an important world-wide healthcare
problem that is a major cause of death in patients with clinically illness [5]. The shift
in the balance toward pro-inflammatory immune-responses, referred to as “hyper-
cytokine syndrome” or “systemic inflammatory response syndrome (SIRS)”, is an
important cause of death in sepsis leading to the utilization of anti-inflammatory
adjunctive treatment [6-8]. The robust responses of innate immune cells, including
macrophages, mainly accounts for the sepsis pathophysiology [9].

The plasticity of macrophages, the important immune cells in response to
infection [67], as classifies into a classical activated pro-inflammatory M1
macrophage polarization and an alternative anti-inflammatory M2 macrophage
polarization is well-known [11]. An imbalance between M1 and M2 macrophage
polarization is responsible for several abnormalities including the prominent M1
macrophage polarization in sepsis-induced hyper-inflammatory responses [9]. As
such, the blockage of M1 polarization attenuates the exaggerated inflammation in
systemic infection [13, 68]. Interestingly, the metabolic activities of immune cells, at
least in part, depend on the status cell energy (Adenosine triphosphate; ATP) that
derives from glycolysis and oxidative phosphorylation (OXPHOS) of mitochondria
[23, 24]. Accordingly, glycolysis, but not OXPHOS, is important for the metabolism
of M1 macrophages in hyper-inflammatory responses, possibly due to the reduced
oxygen supply for the OXPHOS cycle [25]. The blockade of glycolysis induces anti-
inflammatory status in sepsis [68-70]. Despite the less importance of OXPHOS during
pro-inflammatory sepsis as previously mentioned [25], OXPHOS is important for

inflammation in other models [71] as the decreased-OXPHOS reduces inflammation
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in cord-blood macrophages [72] and blockade of ATP synthesis attenuates obesity-
induced pro-inflammation [73].

Normally, OXPHOS is an effective process of ATP production in
mitochondria using the electrochemical proton-gradient across mitochondrial inner
membrane through ATP synthase [25]. However, some protons do not enter the ATP
synthesis process but leak back into the mitochondrial matrix, referred to as
“mitochondrial uncoupling”, which leads to the decrease in proton gradients and ATP
production [74]. Then mitochondrial uncoupling proteins, a group of proteins with a
capacity to transfer protons, enhance ATP synthesis and alter several cell metabolic
profiles [75]. Nevertheless, the proton carrying by mitochondrial uncoupling agents
enhance ATP synthesis only in a very short period of time after the administration but
induce an impairment of mitochondrial membrane potential that dissipate proton
gradient and reduce ATP synthesis [76-78]. Therefore, mitochondrial uncoupling
agents are used for ATP production blockage that attenuate macrophage pro-
inflammation [79-81]. Accordingly, the enhanced mitochondrial uncoupling protein 2
(UCP2) in transgenic mice attenuates inflammatory cytokines in an ischemic brain
model [82] and UCP2 depletion amplifies inflammation through the accelerated 1kB
kinase and NF«kB signaling [83]. In parallel, BAM15, a synthetic mitochondrial
uncoupling agent, has been used as an interesting candidate of anti-inflammation in
several models including ischemic Kkidney injury [2] and obesity-induced
inflammation [84], but never been tested in sepsis. Due to the higher BAM15
distribution in liver, BAM15 attenuated fatty acid induced hepatocyte injury
(steatohepatitis) in obesity model [3]. Because liver is also an important organ that is

responsible for inflammatory responses in systemic infection [85], BAM15 might be
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effectively attenuates sepsis-induced liver injury. Different from Carbonyl cyanide-4-
phenylhydrazone (FCCP), a classical mitochondrial uncoupling agent, BAM15 is
more specific to mitochondrial membrane without an adverse effect on cell membrane
depolarization [2]. Here, BAM15 was tested in vitro (macrophages and hepatocytes)
and in the lipopolysaccharide (LPS)-induced inflammation mouse model.
Materials and methods

Animal and animal model

The animal procedure, in accordance to the protocol of the National Institutes
of Health (NIH; USA), was approved by the Institutional Animal Care and Use
Committee of the Faculty of Medicine, Chulalongkorn University, Bangkok,
Thailand. Male 6-week-old mice, purchased form Nomura Siam International
(Pathumwan, Bangkok, Thailand), were housed in the animal facility for 1 week
before performing the experiments. Systemic inflammation was induced by endotoxin
(LPS) from Escherichia coli 026:B6 (Sigma-Aldrich, St. Louis, USA) as previously
described [32, 33, 68] with BAM15 pre-treatment in a dose that modified from a
previous publication [3]. Briefly, BAM15 (Sigma-Aldrich) at 1 mg/ kg in 10% of
dimethyl sulfoxide (DMSOQO) (Sigma-Aldrich) or 10% DMSO alone was
intraperitoneally (IP) administered at 3 hours prior to the IP injection of LPS (4
mg/kg) in phosphate buffer solution (PBS) or PBS alone. Because of the maximal
injury at 2 h post-LPS injection in mouse model [68], all mice were sacrifice with
cardiac puncture under isoflurane anesthesia with sample collections (blood and
organs) at 2 h post-LPS. Organs (snap frozen on liquid nitrogen) and serum were kept
in -70 °C until use.

Analysis of mouse samples and Western blotting
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Systemic inflammation was determined by serum cytokines (I1L-6, IL-10 and
TNF-a) using ELISA assay (ReproTech, Oldwick, NJ, USA). Liver injury was
evaluated by aspartate transaminase (AST) and alanine transaminase (ALT) by
EnzyChrom AST (EASTR-100) and EnzyChrom ALT (EALT-100) (BioAssay,
Hayward, CA, USA), respectively. Kidney injury was measured by creatinine (Cr)

with QuantiChrom Creatinine-Assay (DICT-500) (BioAssay). Additionally, liver and

kidney injury were also evaluated by tissue cytokines following a previous protocol
[86]. Briefly, tissue samples were weighed, sonicated thoroughly and the supernatant
from homogenous tissue preparation was collected for cytokine measurement by
ELISA assay (Biolegend, San Diego, CA, USA) as the serum samples.

Furthermore, protein abundance of phosphorylated AMP-activated protein
kinase in alpha isoform (p-aAMPK), a molecule for ATP-restoration [87], in liver
was examined by Western blot analysis according to previous protocol [87]. Briefly,
liver was homogenized and incubated in lysis buffer (radioimmunoprecipitation assay
buffer; RIPA) complemented with protease and phosphatase inhibitor (Thermo-
Scientific, Rockford, IL, USA). Quantification of protein concentration was
performed via Bradford assay before the protein separation using polyacrylamide gel
with 10% sodium dodecyl sulfate. Thereafter, protein from gel is transferring to
PVDF membraned, followed by incubation of primary antibodies (Cell Signaling
Technology Corporate, Danvers, MA) for i) Phospho-aAMPK (Thr172) (40H9) (p-
aAMPK), ii) total tAMPK and iii) -actin (a house-keeping protein) with a second
antibody conjugated to horseradish peroxidase (HRP) and visualized by

chemiluminescence (Thermo-Scientific). Notably, phospho-aAMPK (Thrl172) detects
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endogenous cAMPK only when phosphorylated at Threonine 172, but not at the
phosphorylation at Threonine 183, that targeted both ol and o2 isoform of the
catalytic subunit, but not the f and y regulatory subunit in accordance to the
manufacturer’s information.

Flow cytometry analysis of immune cells in liver

Flow cytometry analysis of liver macrophages were modified from the
previous publication [88-90]. Briefly, at 2 hours following LPS injection, livers were
minced, homogenized in Roswell Park Memorial Institute (RPMI) media, passed
through cell strainers and incubated with red blood cell lysis (NH4CI) buffer before
washing with PBS. Suspended hepatocytes were preincubated with bovine serum
albumin (BSA) with 2% heat-inactivated fetal bovine serum (FBS) for 10 min at room
temperature before incubated with antibodies against monocytes/macrophages
including FITC-conjugated anti-Ly6G (BD Biosciences, Franklin Lakes, NJ, USA.),
phycoerythrin (PE)-conjugated anti-F4/80 (Biolegend) and allophycocyanin (APC)-
conjugated anti-CD11b (Biolegend) (at a dilution of 1:100). Then, cells were fixed
with 4% paraformaldehyde (BD Biosciences) and determined absolute cell counts
using absolute count bead (Beckman Coulter, Brea, CA, USA). Flow cytometry data
were analyzed by BD LSRII cytometer (BD Biosciences) and analyzed using FlowJo
software.

The in vitro experiments, RNA-sequencing analysis and quantitative
polymerase chain reaction (qQPCR)

The cell lines of murine macrophages (RAW264.7) (TIB-71™; ATCC,
Manassas, VA, USA) and murine hepatocytes (Hepal-6) (CRL-1830™, ATCC) were

incubated in Dulbecco's Modified Eagle Medium (DMEM) with Penicillin-
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Streptomycin and heat-inactivated fetal bovine serum (Thermo fisher Scientific,
Waltham, MA, USA) at 37°C with 5% carbon dioxide (COz). Cells were seeded
overnight before the pre-treatment with BAM15 (different concentrations and time-
points) or DMSO control before the activation in macrophages or hepatocytes by LPS
(100 ng/ mL) for 6 h or LPS (1 pg/ mL) for 1-6 h, respectively, prior to cell
harvesting due to the different LPS-responses between these cells [91, 92]. For
preparation of heat-killed microbes, Escherichia coli (ATCC 25922), Staphylococcus
aureus (ATCC 25923), and Candida albicans (ATCC 14053) (the American Type
Culture Collection, Manassas, VA, USA) were heat-inactivated at 65°C for 30
minutes and thoroughly sonicated as previous publication [93]. Then, RAW264.7
cells were stimulated with each of these heat-killed microbes with ratio between
RAW264.7 cells: each organism (cells) at 1:10 for 6 h before the sample collection.
Then, cytokines in supernatant were measured by ELISA assay (Biolegend) and cells
were used for RNA extraction and extracellular flux analysis.

In macrophages, RNA sequencing analysis was performed to explore the
downstream gene expression after LPS stimulation by the BGI Company. The
differential gene expression using R package and the biological process and pathway
analysis were performed by GO analysis and gene ontology pathway analysis,
respectively [94]. In addition, several interesting molecules in both cell types were
determined by qPCR as previously described [33]. Briefly, RNA extraction from cells
was performed using Trizol (Thermo fisher Scientific). Amount of RNA was
determined by Nano drop ND-1000 (Thermo fisher Scientific) before converted to
cDNA by Reverse Transcription System. Gene expression was determined by gPCR

using cDNA template, target primers, SYBR Green master mix (Applied biosystem,
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Foster city, CA, USA) and B-actin was used as a housekeeping gene upon AACT

method. The primers of target genes were listed in table 2.

Primers
[B-actin Forward 5’-CGGTTCCGATGCCCTGAGGCTCTT-3’
Reward 5’-CGTCACACTTCATGATGGAATTGA-3’
Uncoupling protein
2 (UCP2)
Forward 5’-GCCACTTCACTTCTGCCTTC-3’
Uncoupling protein  Reward 5’-GAAGGCATGAACCCCTTGTA-3’
3 (UCP3) Forward 5’-ACCTGGACTGCATGGTAAGG-3’
Reward 5’-CTCGTTCTTGCCCTAAGGTG-3’
Inducible nitric Forward 5’-CCCTTCCGAAGTTTCTGGCAGCAGC-3’
oxide synthase
(iNOS)
Reward 5’-GGCTGTCAGAGCCTCGTGGCTTTG-3’
Arginase 1 (Arg-1)  Forward 5’-CAGAAGAATG GAAGAGTCAG-3’
Found in Reward 5’-CAGATATGCA GGGA GTCACC-3’
inflammatory zone Forward 5’-GCCAGGTCCTGGAACCTTTC-3’
(Fizz) Reward 5’-GGAGCAGGGAGATGCAGATGAG-3’
Tumor — ~ NEcrosis ¢ ord 5*.CCTCACACTCAGATCATCTTCTC-3’
factor o (TNF-«)
Reward 5’-AGATCCATGCCG TTGGCCAG-3’
'lrgf”e“k'”'lﬁ UL Eorward 5-GAAATGCCACCTTTTGACAGTG-3’
Reward 5’-TGGATGCTCTCATCAGGACAG-3’
Interleukin-6 (IL-6)  Forward 5’-CTTCCATCCAGTTGCCTTCT-3’
Reward 5’-CCTTCTGTGACTCCAGCTTATC-3’
;’gf”e“k'”'lo (L eorward 5°-GCTCTTACTGACTGGCATGAG-3’
Reward 5’-CGCAGCTCTAGGAGCATGTG-3’

Table 2. List of the primers for mitochondrial uncoupling protein macrophage
polarization.

Mitochondrial membrane potential assessment, extracellular flux analysis,
cellular lactate and total cellular ATP
Mitochondrial membrane potential (MMP) was investigated using

MitoTracker Red CMXRos (Thermo fisher Scientific) as red-fluorescent color on
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mitochondria with active membrane potential in accordance to manufacture’s
protocol. Briefly, 200nM of MitoTracker Red was incubated into the cell culture at
37°C for 30 minutes before fixation with methanol at 20°C for 15 minutes. Cells were

also stained with 4" ,6-diamidino-2-phenylindole DAPI (Sigma Aldrich), the blue-

fluorescent color DNA staining. The fluorescent images were photographed by
confocal microscopes ZEISS LSM 800 (Carl Zeiss, Germany) with the intensity
analysis using Varioskan Flash microplate reader (Thermo Fisher Scientific). Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR), a representative
mitochondrial function (respiration) and glycolysis, respectively, were performed by
Seahorse XFp Analyzers (Agilent, Santa Clara, CA, USA) as previous publication
[95]. Briefly, cells were stimulated, as described above, in Seahorse cell culture plate
before replacing by Seahorse media (DMEM complemented with glucose, pyruvate
and L-glutamine) (Agilent, 103575-100) in pH 7.4 at 37°C for 1 h prior to the
challenge with different metabolic interference compounds including oligomycin 1.5
UM, carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) 1 uM and
rotenone/antimycin A 0.5 uM according to the protocol. The ECAR graph was
calculated from OCR data and all data were analyzed by Seahorse Wave 2.6 software
based on these following equations; basal respiration = OCR before oligomycin —
OCR after rotenone/antimycin A, maximal respiration = OCR between FCCP and
Rotenone/Antimycin A — OCR after rotenone/antimycin A and respiratory reserve =
OCR between FCCP and rotenone/antimycin A — OCR before oligomycin. In
addition, cellular lactate by colorimetric assay (BioVision, Milpitas, CA 95035 USA)
and cellular ATP analysis by luminescent ATP detection assay (Abcam, Cambridge,

UK) were performed upon manufacturers’ protocol.
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Statistical analysis

Graph establishment and data analysis was performed using GraphPad Prism
5.0 (GraphPad Software, Inc., San Diego, CA, USA) and demonstrated in mean *
standard error (SEM). Student’s t-test or one-way analysis of variance (ANOVA)
upon Tukey’s analysis was used to determine statistical significance between two or
more groups, respectively. Statistical significance was marked with the p value less
than 0.05.

Results

Pre-treatment with BAM15 reduced inflammatory responses in LPS-
stimulated macrophages (RAW264.7) and hepatocytes (Hepl-6) and BAM15
attenuated the severity of LPS-injected mice.

The reduced mitochondrial uncoupling-related genes in LPS-activated
macrophages, an association between cell energy and macrophage pro-
inflammatory responses.

To investigate a possible association between cell energy and inflammatory responses
in macrophages, the RNA-sequencing analysis of metabolism-associated genes in
macrophages after stimulation by LPS or PBS control was performed. Accordingly, a
reduction in most genes with an increase in a few genes were demonstrated in LPS-
stimulated macrophages compared with the control (Fig 12A). The uncoupling
proteins (UCP1, UCP2 and UCP3), ATP synthesis associated molecules, were among
the LPS-downregulated genes, indicating a reduced mitochondrial function after LPS
stimulation (Fig 12A). Although most of the genes in respiratory electron transport
and tricarboxylic acid cycle (TCA) was down-regulated, some genes including LDHA,

SLC16A3 and PDK3, pyruvate metabolism-associated genes [96], were up-regulated
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suggesting an compensatory increased glucose consumption during LPS-induced

mitochondrial dysfunction to restore cell energy status.
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Figure 12. The transcriptome analysis in macrophages (RAW264.7) and UCP gene expression of
in LPS-stimulated RAW264.7 and hepatocytes (Hepa 1-6).
The transcriptome analysis in macrophages (RAW264.7) presented by hierarchical clustering

heat-map profiling groups focusing on oxidative phosphorylation and mitochondrial
respiration-associated genes (A) and the gene expression of mitochondrial uncoupling proteins
(UCP2 and UCP3) in macrophages and hepatocytes (Hepal-6) (B-E) as determined by
quantitative polymerase chain reaction (qPCR) in relative to expression of p-actin

housekeeping gene are demonstrated (independent triplicate experiments were performed).

Due to the hepatic impacts in severe inflammatory responses [85, 97, 98] and
the altered metabolic profiles in activated macrophages [95], LPS was stimulated in

both macrophages and hepatocytes to further explore UCP gene expression. Indeed, a
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down regulation of both UCP2 and UCP3 were also demonstrated in both
macrophages and hepatocytes after LPS stimulation (Fig 12A-E). However, UCP1
was non-detectable in both cells (data not shown). Due to the decrease expression of
uncoupling proteins (UCP2 and UCP3) during LPS stimulation, a supplement with
mitochondrial uncoupling agents might be beneficial in the hyper-inflammatory
status.

BAM15 reduced inflammatory responses (cytokines and pro-
inflammatory M1 macrophage polarization) through the interference in
macrophage metabolic profiles.

According to the cell viability assay using tetrazolium 3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (MTT), BAM15 at the concentrations lower than 50
nM were non-toxic to macrophages (Fig 13A). Then BAM15 at 10 nM were further
used in all of the in vitro experiments. The different incubation times of BAM15 were
tested in RAW264.7 cells to investigate the kinetic effect of BAM15 on mitochondrial
membrane potential (MMP) as determined by the staining with MitoTracker Red. As
expected, BAM15 enhanced MMP at the early time point (0.5 and 1 hour post-
BAM15) then downregulated at 24-hour post-BAM15 with the reduction of
supernatant cytokines (Fig 13B-F). At 24 hours after BAM15, there were the
reduction in supernatant cytokines (IL-6, TNF-a, IL-10) (Fig 14A-C) and pro-
inflammatory markers of M1 polarization (iNOS and IL-15) with the enhancement in
anti-inflammatory M2 polarization at 6 h post-LPS in macrophages (Fig 14E-H).
Moreover, BAM15 also attenuated inflammatory responses after activation by the
heat-killed microbes; including Escherichia coli, Staphylococcus aureus and Candida

albicans despite the difference in pro-inflammatory activity (Fig 141-K)
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Figure 13. The in vitro optimization of BAM15 on macrophages (RAW264.7).
BAM15 or DMSO in the different concentrations were incubated with macrophages for 24 h

before cell viability tested with tetrazolium 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium (MTT) assay (A). Mitochondrial membrane potential (MMP)
measurement in different time of BAML5 incubation by MitoTracker Red CMXRos as
demonstrated by the representative fluorescent pictures with the fluorescent absorbance score
(B, C) and the supernatant cytokines from macrophages with the pre-treatment of BAM15 (10
nM) at the different time-points before LPS administration (D-F) are demonstrated

(independent triplicate experiments were performed).

In parallel, 6 h LPS stimulation decreased mitochondrial functions (oxygen
consumption rate; OCR) but enhanced glycolysis activity (extracellular acidification
rate; ECAR) when compared with PBS negative control (Fig 15A, B) supporting the
glycolysis-associated pro-inflammatory macrophages [69, 99]. The reduction of
mitochondrial activity after LPS stimulation was also indicated by the decrease in
several extracellular flux analysis parameters including basal respiration, maximal
respiration (a short period of mitochondrial activity enhancement with FCCP) and

respiratory reserve (an ability to enhance mitochondrial activity from the baseline
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level) (Fig 15C-E). Due to the increased pro-inflammatory activities with decreased

mitochondrial function in LPS-stimulated macrophages, mitochondrial ATP
production and total ATP in macrophages were decreased (Fig 15F, G) along with a
compensatory increased glycolysis as indicated by increased lactate (Fig 15H), an end
product of glycolysis [100]. Then, BAM15 reduced cell energy in macrophages with
LPS or PBS (Fig 15A-H) but BAM15 decreased cytokine production and pro-

inflammatory features only in LPS-stimulated cells, but not control cells with PBS
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Figure 14. The anti-inflammatory effect of BAM15 in macrophages (RAW264.7).
The responses of macrophages (RAW264.7) with 24 h BAM15 (or DMSO control) pre-

treatment prior to 6 h-LPS stimulation (or PBS) as displayed by schematic diagram (A) and
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evaluated by supernatant cytokines (B-D) and gene expression of pro-inflammatory M1 (iNOS

and IL-/p) or anti-inflammatory M2 (Arg-1 and Fizz) macrophage polarization using

quantitative polymerase chain reaction (gPCR) in relative to expression of p-actin

housekeeping gene (E-H) are demonstrated (independent triplicate experiments were

performed). In similar experimental designs, the responses of macrophages against the heat-

killed microbes including Escherichia coli, Staphylococcus aureus and Candida albicans (I-

K) are also demonstrated (independent triplicate experiments were performed).
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Figure 15. The cell energy analysis of LPS-stimulated macrophages (RAW264.7) with BAM15

pre-treatment.

The extracellular flux analysis pattern of macrophages (RAW264.7) with 24 h BAM15 (or

DMSO control) pre-treatment prior to 6 h-LPS stimulation (or PBS) as evaluated by oxygen
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consumption rate (OCR) of mitochondrial stress test for mitochondrial pathway analysis (A)
and extracellular acidification rate (ECAR) of glucose stress test for glycolysis pathway
analysis (B) with the parameters of mitochondrial activities including basal respiration,
maximal respiration and mitochondrial reserve (C-E) are demonstrated (independent triplicate
experiments were performed). Additionally, the mitochondrial ATP production using the
extracellular flux analysis (F), total ATP production (chemiluminescent assay) (G) and
supernatant lactate (colorimetric assay) (H) are indicated (independent triplicate experiments

were performed).

BAML15 interfered hepatocyte metabolic profiles and attenuated septic
severity in LPS injection mouse model, partly through an enhanced AMPK in
liver.

Because of the liver accumulation of BAM15 [3] and the importance of
hepatocytes in pro-inflammatory sepsis [85], effect of BAM15 on hepatocytes were
evaluated. Indeed, LPS induced inflammatory cytokines and iNOS expression in
hepatocytes (Fig 16A-C), supported the LPS inflammatory activation [92]. Then,
BAM15 attenuated these parameters, but not an anti-inflammatory 1L-10 (Fig 16A-C).
In parallel, LPS reduced mitochondrial function (OCR) in hepatocytes (Fig 17A-E),
similar to LPS-stimulated macrophages (Fig 15A-E), but LPS did not enhanced
hepatic glycolysis activity (ECAR) (Fig 17A-E), different from LPS-stimulated
macrophages (Fig 15A-E) perhaps due to hepatic glycogen storage. Additionally, LPS
reduced basal respiration, maximal respiration, respiratory reserve and mitochondrial
DNA production (Fig 17C-F) but did not decrease total hepatocyte ATP and lactate
production (Fig 17G, H), different from LPS-stimulated macrophages (Fig 15G, H),
possibly due to the prominent compensation by potent hepatic glycolysis [101, 102].
BAM15 partly reduced hepatocyte mitochondrial function (decreased glycolysis
reserve but not basal and maximal respiration) and decreased other metabolic profiles

(glycolysis activity, mitochondrial ATP production, total hepatocyte ATP and lactate
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production) (Fig 17C-H). Hence, BAM15 attenuated inflammatory responses both in

macrophages and hepatocytes through the cell-energy interference.
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Figure 16. The anti-inflammatory effect of BAM15 in hepatocytes (Hepa 1-6).

The responses of hepatocytes (Hepa 1-6) with 24 h BAM15 (or DMSO control) pre-treatment
prior to 6 h-LPS stimulation (or PBS) as evaluated by gene expression of cytokines (IL-6,
TNF-a and IL-10) and inducible nitric oxide synthase (iNOS) using quantitative polymerase

chain reaction (QPCR) in relative to expression of S-actin housekeeping gene are demonstrated

(independent triplicate experiments were performed).
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Figure 17. The cell energy analysis of LPS-stimulated hepatocytes (Hepa 1-6) with BAM15 pre-

treatment.

The extracellular flux analysis pattern of hepatocytes (Hepa 1-6) with 24 h BAM15 (or DMSO

control) pre-treatment prior to 6 h-LPS stimulation (or PBS) as evaluated by oxygen

consumption rate (OCR) of mitochondrial stress test for mitochondrial pathway analysis (A)

and extracellular acidification rate (ECAR) of glucose stress test for glycolysis pathway

analysis (B) with the parameters of mitochondrial activities including basal respiration,

maximal respiration and mitochondrial reserve (C-E) are demonstrated (independent triplicate
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experiments were performed). Additionally, the mitochondrial ATP production using the
extracellular flux analysis (F), total ATP production (chemiluminescent assay) (G) and
supernatant lactate (colorimetric assay) (H) are indicated (independent triplicate experiments

were performed).

In correspondence to the in vitro anti-inflammation, BAM15 attenuated
systemic inflammatory cytokines (IL-6 and TNF-a but not anti-inflammatory 1L-10)
along with liver and kidney injury (liver enzymes and serum creatinine) (Fig 18A-F).
Because BAM15 is accumulated in liver and excrete through kidney [3], the anti-
inflammatory effect of BAM15 in these organs might be more prominent. Indeed, the
reduced inflammatory cytokines (IL-6 and TNF-a) and increased anti-inflammatory
IL-10 in liver and kidney were demonstrated (Fig 18G-L). Additionally, other
systemic injury parameters such as aspartate transaminase, alanine transaminase and
creatinine also significantly attenuated with BAM15. Because most of the cell-
populations in liver is hepatocytes (liver parenchymal cells) with only 15% of Kupffer
cells (immune cells) and other non-parenchymal cells (supporting cells) [103, 104],
the lysate of liver tissue is used as a representative of hepatocytic protein expression.
As such, LPS increased hepatic AMP-activated protein kinase (AMPK), an anti-
inflammatory metabolic sensor of ATP depletion [105, 106] (Fig 19A), possibly
counteracted against the LPS pro-inflammatory effect (Fig 16F, G). The higher liver
AMPK (Fig 19A) was another mechanism of BAM15 anti-inflammation in systemic
infection. Likewise, BAM15 also reduced hepatic accumulation of inflammatory
macrophages (CD11b positive, Ly6C positive), but not the total macrophages (F4/80
positive), of LPS-administered mice (Fig 19B-D). Hence, BAM15 is an interesting

candidate for anti-inflammatory adjunctive treatment in sepsis.
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Figure 18. BAM15 ameliorated the severity of LPS-administered mice.
The severity of mice with intraperitoneal (IP) injection of BAM15 (1 mg/ kg) or DMSO

(10%) at 3 h prior to the intraperitoneal administration of LPS or PBS as evaluated by serum
cytokines (A-C), liver enzymes (aspartate transaminase and alanine transaminase) (D, E),
kidney injury (serum creatinine) (F) and cytokines in livers and kidneys (G-L) are

demonstrated (n= 6-8 mice/ group).
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Figure 19. The increased abundance of activated AMPK in liver and flow cytometry analysis of
LPS-administered mice with BAM15 pretreatment.
The abundance of hepatic phosphorylated AMP-activated protein kinase in alpha isoform (p-

aAMPK) from mice with intraperitoneal (IP) injection of BAM15 (1 mg/ kg) or DMSO (10%)

at 3 h prior to intraperitoneal administration of LPS or PBS by Western blot analysis in

relative ratio to total tAMPK along with the B-actin internal control with the representative

blotting picture (A) and the flow cytometry analysis from liver for total and inflammatory

monocytes/macrophages using F4/80 positive (F4/80+ve) and CD11b positive with Ly6C

positive (Ly6C+ve, CD11b+ve), respectively, with the representative flowcytometry pattern
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(B-D) are demonstrated (n=4-6 /group). The representative flowcytometry pattern of PBS-
DMSO was not presented due to the similarity to PBS-BAM15.

Discussion

BAM15, a mitochondrial uncoupling agent attenuated the severity of LPS
injection mouse model through the reduction of mitochondrial activity and cell energy
status in macrophages and hepatocytes.

The downregulation of mitochondrial uncoupling proteins (UCP) after LPS
stimulation, a possible natural balance against LPS-induced pro-inflammation.

Although mitochondria is an important source of the cellular ATP production
through the electrochemical proton-gradient in oxidative phosphorylation process
(OXPHOS), the dissipation (leakage) of proton away from the OXPHOS cycle
reduces the effectiveness of ATP synthesis [107]. The leaked-protons also increase
cell injury from increased reactive oxygen species [81]. Mitochondrial uncoupling
proteins transfer the proton into OXPHOS cycle results in a quick boost-up of ATP
synthesis but following by a rapid ATP reduction [76, 79, 108] leads to a reduction of
cell responses [74]. As such, UCP2 depletion in the transgenic mice increased IL-15
and IL-6 [109] and UCP2 over-expression suppresses IL-6 and Bcl-2 that attenuates
cerebral ischemic injury [82]. Likewise, the decreased-cell energy status leads to the
reduction in cytokine production in macrophages is also demonstrated [87].

Here, LPS downregulated UCPs (mitochondrial function), in either
macrophages or hepatocytes, but enhanced glycolysis and reduced cell energy status
only in macrophages but not in hepatocytes. While LPS could enhance glycolysis in
macrophages (glycolysis-dependent macrophage pro-inflammation) [69, 99], LPS

could not further increase hepatic glycolysis possibly because of the lower hepatic
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cytokine production ability and the more dominant hepatic glycolysis when compared
with macrophages [101, 102, 110]. Although the different LPS-activated metabolic
responses between macrophages and hepatocytes is out of our scope, these data
suggest the prominent role of mitochondrial uncoupling proteins in both cells which is
a possible target for sepsis immune regulation.

BAML15, a synthetic mitochondrial uncoupling agent, attenuated inflammation in
macrophages and hepatocytes by suppressing both mitochondrial function and
glycolysis.

Hyper-inflammatory responses in sepsis is a main cause of the high mortality
and the pro-inflammatory attenuation, especially against macrophages, are mentioned
[13, 14]. Currently, the metabolism modification is an interesting strategy to harness
macrophage responses as an alteration of the main energy metabolism from
mitochondria to glycolysis in pro-inflammatory M1 macrophages is well-known [69,
99]. Not only energy generation and thermogenesis, an impact of mitochondria
toward immune responses is well described [71]. Here, a mitochondrial uncoupling
agent (BAM15) attenuated inflammation via the suppression on cell energy status on
mitochondria and glycolysis activity supported previous publications [79, 111]. Our
model demonstrated that BAM15 increased cell energy status at the early time point
(less than 1 hour post-BAM15) similar to the previous report [3, 84]; however, the
cell energy was reduced at 24 hours post-BAM15 resulting in the anti-inflammatory
characteristics. Hence, this discrepancy might be explained by the difference in dose
of BAM15, the activation time of BAM15 treatment and the cell type used in the
studies. These data suggested an importance of the delivery methods for BAM15

administration in the clinical utilization. Perhaps, the theoretically enhanced
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mitochondrial-functions (the energy boost-up) by proton transfer from uncoupling
agents, might be very transient and, in contrast, the uncoupling agents might
eventually result in mitochondrial energy-exhaustion and anti-inflammatory
characteristics [72, 73, 112, 113]. Indeed, the increased pyruvate-influx into
tricarboxylic acid cycle using dichloroacetate (DCA) results in a more sustainable
enhanced-OXPHOS, in comparison with the uncoupling proteins, improves
bactericidal activity [114] but does not improve clinical outcomes in patients with
sepsis [115] possibly due to the increased cytokine production [116]. These data
demonstrated the diverse responses between the different strategies on mitochondria.
Notably, the organism control by antibiotics during sepsis adjunctive anti-
inflammatory treatment is very important as the pro-inflammatory cytokines are
necessary for organismal eradication [117]. Similar to our results with BAM15, the
reduced mitochondrial function indirectly decreased glycolysis due to the
compensatory increased pyruvate-influx into mitochondria which reduced pentose
phosphate pathways of glycolysis as demonstrated by the reduced lactate after
treatment with niclosamide ethanolamine (NEN) and oxyclozanide (the mitochondrial
uncoupling agents) [118]. Because BAM15 attenuated inflammatory cytokines in both
macrophages and hepatocytes and downregulates pro-inflammatory M1 macrophage
polarization, BAM15 was interesting for anti-inflammatory treatment in the hyper-
inflammatory status.
Administration of BAM15 attenuated the severity of LPS injection mouse model.
Despite BAM15 anti-inflammatory in several models [2, 3, 84], BAM15 has
never been tested in LPS-induced inflammation. Here, BAM15 attenuates both

systemic and local inflammation as indicated by pro-inflammatory cytokines in serum
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and in organs (livers and kidneys), respectively, along with liver enzymes and serum
creatinine. Additionally, BAM15 anti-inflammatory property was also demonstrated
through the non-reduction of IL-10 both in serum and in organs, possibly due to the
enhanced anti-inflammatory M2 macrophage polarization from BAM15. Likewise, an
administration of UCP2, a natural mitochondrial uncoupling protein, also enhances
IL-10 and facilitates M2 polarization in microglia and in RAW264.7 [119, 120].
Perhaps, the glycolysis reduction is not only down-regulate M1 macrophage
polarization but also induced M2 polarization during inflammatory activation [68-70].
The prominent IL-10 in both kidneys and livers in LPS-administered mice was also
possibly due the BAM15 accumulation in both organs [3], which demonstrated a
potent anti-inflammatory local effect on both organs, the most common organ failure
in severe infection [85, 121, 122]. Since liver is an important organ associated with
sepsis pro-inflammation (producing acute phase proteins and complements) and
thermoregulation [123], the reduced hepatic energy status might activate AMP-
activated protein kinase (AMPK), a metabolic sensor for ATP depletion [105, 106].
Indeed, LPS slightly enhanced liver AMPK and BAM15 further increased liver
AMPK which might amplify anti-inflammatory responses [124, 125]. Indeed, AMPK,
an activated molecule during the depleted cell energy status, induces several processes
to maintain the energy homeostasis and prevent cell damages in several models
(sepsis, hepatic ischemic reperfusion, acute kidney disease) [126-128] through
multiple mechanisms; including autophagy induction with apoptosis down-regulation,
enhancement of the alternative sources for cell energy (lipolysis and fatty acid
oxidation) and reduction in oxidative stress and inflammatory signaling [129-133].

Overall, AMPK anti-inflammatory effect is a cell adaptation to reduce the energy
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utilization (decreased cytokine production) due to an energy in-sufficient condition
[87]. Notably, we did not observe LPS induced hepatic lipid accumulation (data not
shown) which was consistent with a previous publication [134]. Although the
histological injury score of livers and kidneys along with survival rate in our LPS
injection model did not improved by BAM15 possibly due to the non-lethality of the
model, our result is a proof of concept supporting BAM15 as an interesting candidate
for sepsis anti-inflammatory drug. More studies are warrant.

In conclusion, an anti-inflammatory property of a mitochondrial uncoupling
agent (BAM15) was demonstrated as an example of anti-inflammatory induction
through an interference of cell metabolic profile. BAM15 attenuated the severity of
inflammation through the reduction of energy status in macrophages and hepatocytes.
Further studies on the control of immune responses through cell metabolism in sepsis

are interesting.
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Abstract:

Plasma medicine is the utilization of gas ionization that might be beneficial for
the treatment of burn wounds, a healthcare problem with a significant mortality rate.
Due to a lack of information on the impact of plasma flux in immune cells and a high
prevalence of bacterial infection in burn wounds, non-thermal argon-based plasma
flux was tested on macrophages (RAW246.7) and in mouse models of burn wounds
with or without Staphylococcus aureus infec-tion. Accordingly, plasma flux enhanced
reactive oxygen species (ROS), using dihydroethidium assay, and decreased
abundance of NF-kB-p65 (Western blot analysis) in non-stimulating mac-rophages. In
parallel, plasma flux upregulated IL-10 gene expression (an anti-inflammatory cy-
tokine) in lipopolysaccharide (LPS)-induced inflammatory macrophages, while
downregulating the pro-inflammatory cytokines (IL-1p and IL-6). Additionally,
plasma flux improved the mi-gratory function of fibroblasts (L929) (fibroblast scratch
assay) but not fibroblast proliferation. Moreover, once daily plasma flux
administration for 7 days promoted the healing process in burn wounds with or
without infection (wound area and wound rank score). Additionally, plasma flux
reduced tissue cytokines (TNF-a and IL-6) in burn wounds with infection and pro-
moted collagen in burn wounds without infection. In conclusion, plasma flux induced
an-ti-inflammatory macrophages and promoted the burn-wound healing process partly
through the decrease in macrophage NF-xB. Hence, plasma flux treatment should be
tested in patients with burn wounds.

Keywords: non-thermal plasma; inflammation; macrophage; burn wounds

1. Introduction
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Plasma is a completely or partly ionized gas that is categorized as the fourth
state of matter in addition to solid, liquid and gas [135]. A plasma is a state of matter
that is similar to a gas in terms of its ability to change volume and shape, but unlike a
gas, it is made up of groups of positively and negatively charged particles [135].
Plasma flux is utilized in medicine (plasma medicine) [135] and may be operated at
normal atmospheric pressure with temperatures between 30 and 40 °C, which are
appropriate for use on live organisms without toxicity and are referred to as “non-
thermal plasma therapy” [136]. Generating plasma by ionization of gas can induce
various active molecules, including reactive oxygen species (ROS) and reactive
nitrogen species (RNS), without heat production [137]. Concentrations of the active
molecules are adjustable by the different properties of plasma depending on different
kinds of gas sources, power supply voltages and currents that are suitable for several
specific purposes, ranging from enhanced cell proliferation to the induction of
programmed cell death [138-141].

Non-thermal plasma does not destroy normal cells but selectively eliminates
only severely injured cells or cancer cells, at least in part, due to the prominent stress-
induced ROS in these cells [142-144]. Additionally, reactive species molecules of
non-thermal plasma also demonstrate bactericidal activity, regardless of the antibiotic
resistant properties of the organisms [145]. Plasma flux is used in numerous medical
situations (malignancy, wound care, and organismal management) due to its ability
for selective elimination and enhanced proliferation of abnormal and healthy cells,
respectively, with additive bactericidal activity [136]. As such, plasma flux enhanced
re-epithelialization, collagen synthesis, angiogenesis and the anti-inflammatory status

in a rodent wound model [146], partly through the induction of several growth factors
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in keratinocytes [147]. Hence, non-thermal plasma therapy is an emerging treatment
strategy [1,2,12], especially for diabetic wounds [148] and burn injuries [149]. Indeed,
a burn wound, a dermal injury from extreme insults (heat, erosive agents or
electricity) is classified upon the depth of the wound damage (superficial, partial
thickness and full thickness) and leads to several severe complications, including
hypovolemia, hypermetabolism, gut permeability defect and opportunistic infections
[150]. Unfortunately, the prevalence of burn wounds remains high, particularly
among low- and middle-income households, with chronic wound care and treatment
for sequelae having a disproportionately large economic cost [151]. In order to reduce
burn injury mortality rates and country burdens, proper wound care is needed.
Interestingly, secondary bacterial infection in burn wounds is one of the major
complications, especially with a, currently, high prevalence of anti-microbial
resistance [152]. Fortunately, the antibiotic resistant organisms are still vulnerable to
microbial eradication with several physical strategies, including ultraviolet light,
radiation and non-thermal plasma [153, 154]. Hence, the evaluation of plasma flux on
infected burn wounds is interesting. Despite extensive evaluations of plasma flux in
several models of traumatic wounds [155], data of non-thermal plasma on infected
burn wounds are still lacking.

In parallel, macrophages are the immune cells responsible for either
organismal control or the wound healing process, which can be manipulated by non-
thermal plasma therapy as demonstrated in a solid cancer model [156]. As such,
macrophages are immune cells with pleomorphic functions, referred to as
“macrophage polarization”, that consist of pro-inflammatory M1 and anti-

inflammatory M2 polarization [68]. The induction of macrophage polarization into a
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proper direction for each situation might be beneficial. For example, an acceleration
of M1 and M2 for the conditions with immune exhaustion (tumor micro-
environments) and hyper-immune responses (infection), respectively, might improve
clinical outcomes [13]. In wounds with infection, pro-inflammatory M1 polarization
IS necessary for organismal control but excessive pro-inflammation worsens the
wound healing process [157]. With proper organismal control, M2 macrophages or
anti-inflammatory macrophages enhance several processes (anti-inflammation, debris
removal and matrix remodeling) and promote wound healing [157]. Because (i) non-
thermal plasma can induce an anti-inflammatory wound status with bactericidal
activity that might be beneficial for wound healing and (ii) due to the lack of data of
the effect of plasma on macrophage function, plasma flux treatment in burn wounds
with infection is interesting. Hence, non-thermal plasma was tested with in vitro
experiments, using macrophages (RAW264.7 cell line) and fibroblasts (L929 cell
line), and also evaluated in vivo, using burn wound mouse models with or without
infection.

2. Materials and Methods

2.1. Animal Model and Plasma Flux Generator

C57BL/6 mice, purchased from Nomura Siam International (Pathumwan,
Bangkok, Thailand), were used following an approved animal protocol from the
Institutional Animal Care and Use Committee of the Faculty of Medicine,
Chulalongkorn University, Bangkok, Thailand. The burn wound mouse models with
and without infection were performed in accordance with the previous publications
[158, 159]. Briefly, in burn wound models without infection, an aluminum rod 1 cm

in diameter was heated to 100 °C, using a dry block heater (Thermo fisher Scientific,
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Waltham, MA, U.S.A.) for 5 min before placing on a shaved area at the dorsal part of
the mice under isoflurane anesthesia. After that, mice with the heated rod attached to
the back were turned ventral upward to allow their own body weight to function as a
controlled pressure on the heated rod for 20 s. In the infected wound model, the
heated rod was placed with the same procedures of the non-infected wound model.
Then, 1 x 107 CFU of Staphylococcus aureus (ATCC 25923, the American Type
Culture Collection, Manassas, VA, U.S.A.) in 0.1 mL normal saline (NSS) was
directly spread onto the wound 30 min after the injury, in accordance with a previous
publication [26]. After 24 h, necrotic tissue at the burn wounds was removed in both
wound models. Subsequently, treatment by non-thermal plasma flux for 30 s along
with a visual evaluation of the wound was performed daily until the 7th day of
experiments, when the mice were sacrificed via cardiac puncture under isoflurane
anesthesia with sample collection (blood and tissue at the wound). For the in-house
plasma generator, the machine was designed following the principle of atmospheric
pressure plasma with alternating current (AC) electricity at 13 kHz in frequency,
using argon gas flow to release the ionized, enriched gas [160] as demonstrated in the
diagram (Figure 20A,B). In brief, the plasma jet was designed with two electrodes.
The inner electrode was a tungsten rod with a diameter of 1 mm, while the outer
electrode was a thin copper sheet in the shape of a ring, surrounding the borosilicate
glass syringe as the dielectric material. To prevent arc generation during operation,
the outer electrode was wrapped with a rubber band. The distance between the plasma
source and substrate was 5 mm. The current of the output was approximately 0.5 mA
with the square waveform. Argon flow was used during operation at a speed of 1.5

L/min.
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2.2. Wound Injury Score and Gut Permeability Determination

The wound was macroscopically evaluated by direct visualization based on
percentage of the injury area compared with the initial injury area at 24 h post-injury
[161]. Due to the circular-shape of the wound, the wound area was calculated using
wound diameters, which were measured by a Vernier caliper (Thermo fisher
Scientific). Additionally, the wound rank score, a score for determination of
inflammatory signs, was evaluated like a previous publication [161]. Briefly, the burn
wound was assessed through 4 scoring criteria, including wound length and depth
(wound closure assessment), wellness and redness (inflammatory degree evaluation),
using a semi-quantitative scale of 0-3 for each characteristic. Because a gut
permeability defect (gut leakage) in severe burn wounds is possible [162, 163], leaky
gut was also tested in the models. As such, fluorescent isothiocyanate-dextran or
FITC-dextran at 4.4 kDa (FD4, Sigma, St. Louis, MO, U.S.A.), a non-gastrointestinal
absorbable substance, at 12.5 mg in 500 pL sterile phosphate buffer solution (PBS)
was orally administered at 3 h prior to the sacrifice. Then serum FITC-dextran was
analyzed by fluorescent spectrometry with a Varioskan Flash microplate reader
(Thermo Fisher Scientific). Presentation of an intestinal, non-absorbable substance in

serum after oral administration demonstrated a gut permeability defect [95].
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Figure 20. Schematic diagram of non-thermal atmospheric pressure plasma.

Component of plasma flux generator in schematic diagram (A) and the representative pictures
of machine (B, left side) with an electrode-containing syringe (B, middle) and the electrode
during plasma flux releasing (B, right side) are demonstrated. Cell viability test (MTT assay)
in RAW264.7 cells after plasma flux treatment at 30 s at different voltage levels (C) and at 10
voltage with different exposure durations (in seconds) (D) compared with cells without
stimulation (Non) or stimulation with argon gas alone without non-thermal plasma (Argon)

are demonstrated. Independent triplicated experiments were performed.

2.3. Mouse Sample Analysis
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The inflammatory cytokines in serum and in the wound tissue were evaluated,
using Enzyme-linked Immunosorbent (ELISA) assay (Biolegend, San Diego, CA,
U.S.A.). For cytokines in wound tissue, fresh skin samples were washed in PBS,
weighted, homogenized and thoroughly sonicated. After that, a supernatant from the
samples was used for cytokine evaluation. For bacterial burdens in the wound, tissue
from the wound were weighed and minced into small pieces before being dissolved in
PBS (1 g tissue per 1 mL PBS). After that, the samples were directly streaked onto a
tryptic soy agar (TSA) plate (Oxoid, Thermo Fisher Scientific) in serial dilutions and
incubated for 24 h at 37 °C before colony enumeration.

2.4. The In Vitro Experiments on Macrophages

Murine macrophages (RAW264.7) (TIB-71TM) (ATCC) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Thermo fisher Scientific) and Penicillin-
Streptomycin in 5% carbon dioxide (CO?) at 37 °C overnight. After that, the non-
stimulated cells were used as a control group. Meanwhile, in the stimulated groups,
macrophages at 2 x 10° cell/well were administered by plasma flux or argon gas alone
(another control group) with different intensities and durations before cell collection.
To determine the proper dose of plasma flux, the cell viability test after plasma flux
administration was performed following a published protocol, using tetrazolium dye
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium (MTT) (Thermo Fisher
Scientific) [33]. In brief, the cells in the 96-well plate at the indicated time-points
were incubated with a MTT solution in the dark at 37 °C. After 2 h, the MTT solution

was replaced by dimethyl sulfoxide (DMSO; Thermo Fisher Scientific) and the
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dissolving purple color was measured by a Varioskan Flash microplate reader
(Thermo Fisher Scientific) at OD 570 nm.

With the selected proper dose and duration of the plasma flux treatment,
reactive oxygen species (ROS) in macrophages were determined by a
dihydroethidium (DHE) fluorescent dye (Sigma-Aldrich, St. Louis, MS, U.S.A)
following a previous protocol [164]. In brief, DHE diluted in FBS free media at a
concentration of 20 uM was incubated with the cells at 37 °C for 20 min before
analysis by the Varioskan Flash microplate reader (Thermo Fisher Scientific) at OD
520 nm. In parallel, the protein abundance of the possible downstream molecules of
the ROS stimulation, including AMP-activated protein kinase (¢tAMPK) and nuclear
factor kappa B (NF-xB), was determined by Western blot analysis following a
previous protocol [94]. Briefly, protein was extracted from the samples using a lysis
buffer (radioimmunoprecipitation assay buffer; RIPA) in supplement with inhibitors
of protease and phosphatase (Thermo Fisher Scientific). The protein concentration
was measured via Bradford assay. Then, the samples were segregated in 10% SDS
(sodium dodecyl sulfate) polyacrylamide gel and transferred into the nitrocellulose
membrane. Thereafter, several primary antibodies against aAMPK, phosphorylated
aAMPK, NF-«B p65, phosphorylated NF-kB p65 or the internal control B-actin (Cell
signaling, Beverly, MA, U.S.A.) were incubated with the membrane prior to
horseradish peroxidase (HRP)-conjugated second antibodies and visualized by
chemiluminescence (Thermo Fisher Scientific). The qualification of the band intensity
was calculated by Image Studio Lite Ver 5.2 software.

To test the effect of plasma flux on inflammatory responses, lipopolysaccharide

(LPS), a potent inflammatory stimulator from Gram-negative bacteria, using LPS of
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Escherichia coli 026: B6 (Sigma-Aldrich) at 100 ng/mL, or media control was added
after plasma flux administration. The cell supernatant was used for cytokines
measurement using ELISA assay (Biolegend) and the cells were collected to
determine expression of several genes by quantitative polymerase chain reaction
(gPCR) following a previous protocol [165], using Trizol and SYBR Green reagents.

The list of primers is demonstrated in Table 3.

Primers

p-actin Forward 5’-CGGTTCCGATGCCCTGAGGCTCTT-3’
Reward 5’-CGTCACACTTCATGATGGAATTGA-3’
Inducible nitric oxide Forward 5’-CCCTTCCGAAGTTTCTGGCAGCAGC-3’
synthase (iNOS) Reward  5’-GGCTGTCAGAGCCTCGTGGCTTTG-3’
Arginase 1 (Arg-1) Forward 5’-CAGAAGAATG GAAGAGTCAG-3’
Reward 5’-CAGATATGCA GGGA GTCACC-3’
Found in inflammatory Forward 5’-GCCAGGTCCTGGAACCTTTC-3’
zone (Fizz) Reward 5’-GGAGCAGGGAGATGCAGATGAG-3’
Interleukin-18 (//-16) Forward 5’-GAAATGCCACCTTTTGACAGTG-3’
Reward 5’-TGGATGCTCTCATCAGGACAG-3’
Interleukin-10 (11-10) Forward 5’-GCTCTTACTGACTGGCATGAG-3’
Reward 5’-CGCAGCTCTAGGAGCATGTG-3’
Transforming growth Forward 5’-CAGAGCTGCGCTTGCAGAG-3’

factor-B (TGF-6) Reward 5’-GTCAGCAGCCGGTTACCAAG-3’

Table 3. List of the primers for macrophage polarization.
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2.5. The In Vitro Experiments on Fibroblasts

Murine fibroblasts (L929) (CCL-1™) (ATCC) were cultured in modified
DMEM overnight, similar to RAW?246.7 cells. For fibroblast scratch wound assay, the
cells were seeded in a 24-well plate with 1 x 10° cell/well and incubated overnight to
gain a monolayer with the cell confluence higher than 80%, following a previous
publication [166]. The scratch in the culture plates was performed by gently scraping,
using a 200 pL pipette tip, on the cell layer. Then, the cell debris was washed with
warm PBS and incubated with modified DMEM followed by plasma flux or argon gas
without plasma. The gap between two edges of scratch was photographed over
different time points to represent wound closure of the fibroblast.

In parallel, the impact of plasma on fibroblast proliferation was evaluated
through the reduction in carboxy-fluorescein diacetate succinimidyl ester (CFDA-SE),
a long-term fluorescent dye tracer of cells, in the daughter cells as previously
published [167]. In brief, the fibroblasts were stained with 2 uM CFDA-SE (Sigma-
Aldrich) and diluted in warm PBS for 15 min at 37 °C in the dark. Then, the cells
were washed twice by PBS and further incubated with warm media for 6 h prior to
plasma flux treatment. The daughter cells were collected at 48 h after the plasma
treatment for detecting fluorescent intensity by flow cytometry BD LSRII cytometer
(BD Biosciences), using FlowJo software.

2.6. Statistical Analysis

GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA, U.S.A.) was
used to generate graphs and statistical analysis of the experiments. The in vitro
experiments were performed in three independent times and demonstrated by mean *

standard error (SEM). Data analysis between two or more groups was assessed by
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Student’s t-test or one-way analysis of variance (ANOVA) with Tukey’s analysis,
respectively. The significance was determined by a p value of less than 0.05.

3. Results

The administration of non-thermal plasma flux promoted the healing process
of burn wounds through several wound-healing promotion factors (anti-inflammatory
macrophages and improved fibroblast migration).

3.1. Non-Thermal Plasma Flux Induced Anti-Inflammatory Macrophages and
Fibroblast Migration, but Not Fibroblast Proliferation

An in-house non-thermal plasma flux generator, using argon gas in
atmospheric pressure with adjustable plasma properties (electrical frequency and
voltage), was developed (Figure 20A,B). Due to the importance of macrophages on
the wound healing process, different plasma properties, titrated by voltages and
durations, were applied on macrophages (RAW?246.7 cell line) before the cell
viability test (MTT assay, see method) to determine the proper dose of plasma flux.
With the duration of the plasma treatment at 30 s, all of the selected input voltages, in
a range between 9.5 and 12.5 volts (V), demonstrated a non-statistical difference on
cell viability when compared with the control non-treatment (Non) or argon gas alone
without non-thermal plasma (Argon) (Figure 20C). However, the power supply
voltage below 10 V showed a tendency of more survived macrophages (Figure 20C).
Input with 10 V (corresponding with the output of 10 kV) was applied in the different
durations, from 30 s to 90 s, and a duration of less than 30 s demonstrated a decreased
number of macrophage cell deaths (Figure 20D). Notably, argon gas alone did not
affect the macrophages and only argon with 90 s is shown in Figure 20D.

Subsequently, non-thermal plasma with 10 V input (10 kV output) for 30 s was
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selected for further experiments. Because of the well-known enhanced ROS
production by plasma flux [137], ROS in macrophages, using DHE fluorescent dye
(see method), was measured. As expected, DHE in the plasma-treated macrophages

was higher than the control conditions (Non and Argon) (Figure 21A).
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Figure 21. Characteristics of macrophages (RAW264.7 cells) without stimulation
(Non) or after stimulation with argon gas alone (Argon) or plasma flux for 30 s

(Plasma 30 s)

Characteristics of macrophages (RAW264.7 cells) without stimulation (Non) or after
stimulation with argon gas alone (Argon) or plasma flux for 30 s (Plasma 30 s) as evaluated
by intracellular reactive oxygen species (ROS) using dihydroethidium (DHE) fluorescent dye
(neutralized by Hoechest nucleus staining dye) (A) and abundance of phosphorylated NF-«xB-
p65 (p-NF-kB) and phosphorylated-a AMPK (p-cAMPK) with the representative pictures of
Western blot analysis (B-D) are demonstrated. Independently triplicated experiments were

performed.

In parallel, the possible downstream signals of ROS, including AMPK (a

protein sensing cell energy shortage and anti-inflammatory mediator) [87] and NF-xB
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(@ common proinflammatory transcriptional factor) [168] was determined.
Accordingly, the abundance of activated NF-kB (ratio of phosphorylated NF-kB-
p65/NF-kB-p65), but not AMPK (ratio of phosphorylated aAMPK/total a AMPK),
decreased after plasma flux administration (Figure 21B-D), implying a modulation of
macrophage responses without cell energy alteration. Because of (i) an important
transcriptional factor for cytokine production of NF-xB [168] and (ii) a potent pro-
inflammatory activating property of lipopolysaccharide (LPS), an organismal
molecule [169], the effect of plasma flux on macrophages with or without LPS
stimulation was tested. Accordingly, LPS induced pro-inflammatory cytokines (TNF-
a and IL-6) with the peak levels at 24 h post-stimulation (Figure 22A,B). Meanwhile,
LPS induced pro-inflammatory macrophage polarization as evaluated by expression
of IL-1p (peak level at 3—6 h post-LPS) and iNOS (peak level at 24 h Post-LPS)
(Figure 22C,D). In parallel, LPS enhanced anti-inflammatory markers, including IL-
10 (similarly, between 3 and 24 h post-LPS) and Arg-1 (peak level at 24 h post-LPS),
but not Fizz and TGF-$ (Figure 22E—H). Upregulation of anti-inflammatory IL-10
was highest in LPS-stimulated macrophages with plasma flux (Figure 22E). Without
LPS (PBS control), plasma flux mildly induced anti-inflammatory macrophages as
determined by the upregulated Fizz, but not other genes (IL-10, Arg-1 and TGF-p)
(Figure 22E—H).

Due to the importance of fibroblasts in the wound healing process [143], the
impact of plasma on fibroblasts (L929 cell line) was further tested. As such, wound
closure as determined by fibroblast migration (the scratch wound assay), using the
distance between each edge of fibroblast monolayer in cell culture plates, was lesser

in the plasma treated group at 24 h post-treatment (Figure 23A,B). However, plasma
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flux did not enhance fibroblast cell proliferation as evaluated by CFDA-SE

fluorescent staining (Figure 23C,D).
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Figure 22. Responses of plasma-pretreated macrophages (RAW264.7 cells) to

plasma treatment



Responses of plasma-pretreated macrophages (RAW264.7 cells) followed by stimulation
with LPS or phosphate buffer saline (PBS) (negative control) at different time-points as
evaluated by supernatant cytokines (TNF-a, IL-6) (A,B), gene expression of M1 macrophage
polarization markers (IL-1f and iNOS) (C,D) and M2 macrophage polarization markers (IL-

10, Argl, Fizz and TGF-f) (E-H) are demonstrated. Independently triplicated experiments

were performed.
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Figure 23. Responses of fibroblasts (L929 cell line) to plasma treatment

0® 10°

o 8
Mean fluorescent intesity
(MF1) of CFDA-SE

Responses of fibroblasts (L929 cell line) to plasma treatment (30 s), when compared with cells
without stimulation (Non) or stimulated with argon gas alone (Argon) as evaluated by

fibroblast migration (fibroblast scratch assay) with the representative microscopic photographs
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at different time points and scoring comparison (A,B) with fibroblast proliferation, using
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) fluorescent staining and the
representative flow cytometry analysis for CFDA-SE (C,D) are demonstrated. Independently

triplicated experiments were performed.

3.2. Plasma Flux Promoted Wound Healing in Burn Wounds of Mice,
Regardless of Infection

For the in vivo experiments, two mouse models of burn wounds with and
without infection by Staphylococcus aureus, the most common secondary infection in
burn wounds [170], were used. Notably, the susceptibility against plasma flux of S.
aureus and methicillin resistant S. aureus (MRSA) were non-different, as an
approximately 30% reduction in colony count (by culture at 24 h) in both strains after
a 30 s plasma flux exposure was found (data not shown). As such, the macroscopic
wound monitoring at 7 days post-injury demonstrated a higher area of the wound with
prominent inflammation (wound rank score, see method) in burn wounds with
bacterial infection, compared with the non-infected wound (Figure 24A-C). With the
plasma flux treatment, the wound area was smaller with fewer prominent
inflammatory signs in the burn wound models either with or without bacterial
infection (Figure 24A-C). However, our models were not severe enough to
demonstrate the systemic effect of burn wounds or infected burn wounds as indicated
by the non-difference in serum cytokines and the gut permeability defect when
compared with the control group (Figure 24D-F), which is different from other
publications [162, 171]. At 7 days, plasma flux attenuated tissue pro-inflammatory
cytokines (TNF-a and IL-6), but not anti-inflammatory IL-10, in the bacterial infected
burn wounds but not in the non-infected burn wounds (Figure 25A-C). These data

support an anti-inflammatory effect of plasma during the wound healing process.



78

Despite the bactericidal activity of plasma flux in vitro [172], plasma flux did not
reduce bacterial burdens in burn wounds with or without infection (Figure 25D).
Moreover, the accumulation of collagen, an indicator of improved wound healing
[173], as determined by Masson’s trichrome staining, was higher in plasma-treated
non-infected burn wounds compared with the control group (Figure 25E). However,
the collagen deposition was not different between the plasma treatment and control
group in the infected burn wound model (Figure 25E). These data imply that plasma
flux promotes wound healing in infected burn wounds partly through anti-
inflammation (skin cytokines) (Figure 25A,B), while improving the wound condition
in non-infected burn wounds, at least in part, through accelerated collagen deposition

(Figure 25E).
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Figure 24. Characteristics of wounds in mouse models with burn injury with or

without bacterial infection after treatment by plasma flux

Characteristics of wounds in mouse models with burn injury with or without bacterial
infection after treatment by plasma flux (Plasma) or Argon gas alone (Untreat) as determined
by wound area and wound rank score (see method) with the representative pictures (A-C),
serum cytokines (IL-6 and TNF-a) (D,E) and gut permeability measurement (FITC-dextran

assay) (F) (n = 5-7/time-point or group) are demonstrated.
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Figure 25. Characteristics of wounds in mouse models with burn injury with or

without bacterial infection after treatment by plasma flux

Characteristics of wounds in mouse models with burn injury with or without bacterial
infection after treatment by plasma flux (Plasma) or argon gas alone (Untreat) as determined
by cytokines from skin tissue (TNF-a, IL-6 and IL-10) (A-C), bacterial burdens (D) and
collagen in the lesions with the representative Masson’s trichrome stained histological pictures

(E) (n = 5-7/time-point or group) are demonstrated.
4. Discussion

Argon-sourced non-thermal plasma induced anti-inflammatory macrophages

that promoted wound healing in burn wound models with and without infection.
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4.1. Non-Thermal Plasma Flux Induced Anti-Inflammatory Macrophages and
Fibroblast Migration

Non-thermal atmospheric pressure plasma might be beneficial in several
health topics, including dentistry [174], hematology (coagulation) [175],
microbiology (microbial eradication) [176], surgery (wound healing) [177] and
oncology [178]. Interestingly, the effects of plasma flux on wound healing (in burns)
and angiogenesis (in cancer) are dependent on the conditions and features of non-
thermal plasma [179], which may cause varying intensities of bioactive molecules [4].
Indeed, plasma flux increased macrophage ROS, a mediator of several cell activities
(apoptosis, proliferation and inflammation), inhibiting NF-xB [180, 181] in a variety
of cells, including epithelial cells (H9C2) [182] and T cells (Jurkat cell) [183]. Here,
plasma flux enhanced ROS and reduced NF-kB abundance in macrophages that
might, at least in part, attenuate macrophage inflammatory responses. However, the
reduced pro-inflammatory status of plasma-treated macrophages was not associated
with the cell energy status, as the abundance of AMPK, a sensor of cell energy [87],
was not different from control group.

Because (i) M2 polarized macrophages promote several processes of wound
healing [157], (ii) excessive pro-inflammatory macrophages decelerate wound healing
[184] and (iii) plasma flux could alter macrophage inflammatory responses [185],
several genes are interesting to explore. Without LPS (an inflammatory activation),
the macrophages in a neutral state did not produce inflammatory cytokines and
plasma flux showed only a slight impact on macrophage as indicated by only the
upregulation of Fizz, a biomarker of M2 macrophage polarization, but not other genes

of M2 macrophages polarization. With LPS stimulation, plasma flux demonstrated a
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greater anti-inflammatory effect as indicated by reduced IL-6 production (at 24 h
post-LPS), IL-/p downregulation (6 h post-LPS) and IL-10 upregulation (3 and 6 h
post-LPS). However, the expression of M2 associated genes was not different
between the plasma flux treatment and the control group, implying that the plasma
flux induced anti-inflammatory macrophages but did not profoundly activate M2
macrophage polarization. Nevertheless, the anti-inflammatory state could promote the
wound healing process [157] and the wound healing promotion in our mouse models
might partly have been due to the anti-inflammatory effect of plasma flux.

Due to the influence of fibroblasts in wound healing processes (fibrin clot lysis
and production of extra cellular matrix and collagen [173]), the impact of plasma flux
on fibroblasts was tested. Indeed, plasma flux induced fibroblast migration without
enhanced fibroblast proliferation. Despite the promotion of both proliferation and
migration in human fibroblast-like cells by helium plasma flux [167], our argon-based
plasma flux could not induce fibroblast proliferation, possibly due to the difference in
plasma sources. It was mentioned that argon-based plasma demonstrates a lower
electron temperature than helium-based plasma [186]. Nevertheless, the enhanced
fibroblast migration is one of the factors that promotes wound healing [187]. Notably,
the non-different proliferation between the plasma-treated group and the control imply
a safety of plasma flux on fibroblasts.

4.2. Non-Thermal Plasma Flux Promoted Healing Process of Burn Wounds,
Regardless of Infection

Amongst the proposed plasma flux applications, wound healing enhancement
is one of the most attractive treatment indications among the potential plasma flux

applications [188], owing to the anti-inflammation action on epithelial cells
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[38,62,63]. However, other cell types, including immune cells and fibroblasts, are also
important in the wound healing process [189]. Unfortunately, data on the effects of
plasma flux on non-epithelial cells are still limited. Because burn wounds are
associated with a high mortality rate [190], partly through immune dysregulation-
induced opportunistic infection [150, 191], burn wound models with and without S.
aureus infection were used [192]. Although MRSA-infected burn wounds are the
most important problem in clinical practice, a standard ATCC strain of S. aureus, but
not clinical isolated MRSA, was used due to the concern of model reproducibility at
this level of proof-of-concept experimentation.

Indeed, the plasma flux treatment attenuated burn wounds with and without
infection as evaluated by the wound area and wound inflammatory score. Plasma flux
might promote wound healing differently between burn wounds and infected burn
wounds. There were no differences in cutaneous inflammatory cytokines between the
plasma-treated and control groups in non-infected burn wounds. Plasma, on the other
hand, improved wound healing in non-infected burn wounds, probably by increasing
fibroblast migration and collagen formation. As such, the ability of fibroblasts to
make collagen was enhanced by efficient cell migration [187]. On the other hand,
plasma flux lowered pro-inflammatory cytokines in dermal tissue without affecting
collagen formation in the infected burn wounds. These data imply promotion of the
wound healing process through an anti-inflammatory effect in the infected burn
wounds. Due to the activation by pathogen molecules, pro-inflammatory macrophages
may be over-activated in infected burn wounds [193], and plasma flux adjusts the
balance of the response. However, bacterial burdens in the total dermal tissue of the

wound were not different between the plasma-treated and control groups. Perhaps the
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bactericidal impact may be restricted primarily to the surface of the lesions due to the
limited depth of penetration by plasma flux. A more proper method to determine
bacterial burdens on the surface of lesions is needed. Nevertheless, our experiments
support the utilization of plasma flux in burn wounds, which could be easily used in
real clinical practice. More studies on patients would be interesting.

In conclusion, non-thermal atmospheric pressure argon-based plasma induced
anti-inflammatory macrophages, possibly through (i) reduced NF-kB by ROS and (ii)
enhanced fibroblast migration, which were responsible for wound healing promotion

in murine burn wound models.
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SECTION IilI

Conclusion

Part I: Although it is well-known that miRNA largely impacts on metabolism
of cancer cell but there is still less data about a role of miRNA in immunometabolism.
This present study firstly demonstrates that miR-223 manipulates anti-inflammatory
macrophages via glycolytic activity inhibition. Our study also proposes a cell therapy
in which transplantation of anti-inflammatory macrophages into LPS-induced septic
mice likely ameliorates the sepsis outcomes by attenuation of inflammation and organ
injury.

Part Il: BAM15, with a capacity to hamper both metabolic pathways
(glycolysis and mitochondrial activity), attenuates inflammation in macrophages and
hepatocytes. Protective effect of BAM15 against sepsis was well observed in the
mouse model. Thus, this findings demonstrated the anti-inflammatory therapeutic
strategy in sepsis through the interference of cellular metabolism by a mitochondrial
uncoupling agent.

Part I11: In conclusion, the therapeutic effect of non-thermal plasma flux from
Argon was demonstrated by an induction of anti-inflammatory phenotype of
macrophages possibly via mitigating NFkB pathway. Plasma treatment on burn
wound mouse models with either non-infection or infection facilitates the healing
processes by decreasing excessive inflammation at the local site. More studies for

exploring various effect of plasma are interesting.
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Limitations

1. Regarding to metabolism, the present studies have some limitations in a
lack of the investigation on the lipid pathway, which is one of the important energy-
producing mechanisms. Because only a slight alteration in hepatic lipid accumulation
has been mentioned in LPS injection model [194], we proposed that our model with 2
hours of LPS stimulation should have the similar results as a previous published
paper, which show an insignificant change of lipid accumulation.

2. In some methods for tissue injury evaluation by histology, the measurement
of injury remains limited in the accuracy due to the semi-quantitative scale. More
quantitative experiments for support the degree of injury that are more sophisticated
than the serum biomarkers (AST, ALT or Creatinine), such as the Western blot
analysis, should be performed.

3. To mimic sepsis pathogenesis in vivo, the LPS injection model has some
limitations in which immune responses trigger in only short term (within 6 hours)
[195] without mortality rate, different form most of the patients with severe sepsis in
the real clinical situations [196].

Further studies

1. The protective effect of cell therapy with miR-223 transfected macrophages
should be investigated in sepsis model induced by other models (eg. cecum ligation
and puncture). Moreover, more experiments should be performed to explore the
appropriate administration time of the adoptive transfer.

2. Because of an impact of BAM15 in all immune cells and organs, more

studies are necessary to understand the whole effect of BAM15 on different cell types,
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such as neutrophils, B cells or pulmonary cells. Moreover, immunomodulatory effect
of BAM15 should be tested in other sepsis models (eg. cecum ligation and puncture).
3. Due to the possible different effects on different cells with the variety of
energy intensities, argon-sourced non-thermal plasma can be applied in various
purposes. More studies investigate the microbial regulation effect such as microbiome

analysis is also interesting.
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