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Abstract

Objective—Necrotic cells evoke potent innate immune responses through unclear mechanisms.
The mitochondrial fraction of the cell retains constituents of its bacterial ancestors, including N-
formyl peptides, which are potentially immunogenic. Thus, we hypothesized that the mitochondrial
fraction of the cell, particularly N-formyl peptides, contributes significantly to the activation of
monocytes by necrotic cells.

Design—Human peripheral blood monocytes were incubated with necrotic cell fractions and
mitochondrial proteins in order to investigate their potential for immune cell activation.

Setting—University medical center research laboratory.
Subjects—Healthy human adults served as blood donors.

Measurements and Main Results—Human blood monocyte activation was measured after
treatment with cytosolic, nuclear and mitochondrial fractions of necrotic HepG2 cells or necrotic
HepG2 cells depleted of N-formy| peptides [Rho(0) cells]. The specific role of the high affinity formyl
peptide receptor (FPR) was then tested using specific pharmacological inhibitors and RNA-silencing.
The capacity of mitochondrial N-formyl peptides to activate monocytes was confirmed using a
synthetic peptide conforming to the N-terminus of mitochondrial NADH subunit 6. The results
demonstrated that mitochondrial cell fractions most potently activated monocytes, and IL-8 was
selectively released at low protein concentrations. Mitochondria from Rho(0) cells induced minimal
monocyte IL-8 release, and specific pharmacological inhibitors and RNA-silencing confirmed that
FPR contributes significantly to monocyte IL-8 responses to both necrotic cells and mitochondrial
proteins. N-formyl peptides alone did not induce monocyte IL-8 release; whereas, the combination
of mitochondrial N-formyl peptides and mitochondrial transcription factor A (TFAM) dramatically
increased IL-8 release from monocytes. Likewise, HMGB1, the nuclear homologue of TFAM, did
not induce monocyte IL-8 release unless combined with mitochondrial N-formy| peptides.

Conclusions—Interactions between mitochondrial N-formyl peptides and FPR in the presence of
other mitochondrial antigens (e.g., TFAM) contributes significantly to the activation of monocytes
by necrotic cells.

Communicating Author: Elliott D. Crouser, M.D., Division of Pulmonary, Allergy, Critical Care and Sleep Medicine, The Ohio State
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Introduction

Acute cell or tissue damage is known to promote inflammatory responses; however, the
mechanisms have only recently been explored. Previous studies suggested that monocyte
activation in response to cell necrosis is consequent to the liberation of a nuclear transcription
factor, high mobility group box 1 (HMGBL1), through the activation of receptors for advanced
glycation end products (RAGE) (1). RAGE activation, in turn, initiates various pro-
inflammatory events, including the recruitment of inflammatory cells and the production of
pro-inflammatory cytokines (2,3). However, new evidence indicates that HMGBL1 is not
essential for immune responses to necraotic cells in vivo (4), and other potentially immunogenic
cell components, including DNA (5) and lipid membranes (6), should be considered in the
context of inflammatory responses to damaged cells, such as occurs during trauma, pancreatitis,
ischemia, severe systemic infections, and other acute illnesses. In this regard, a systematic
analysis of the inflammatory properties of necrotic cell components has not been performed.

Acute, life-threatening illness is associated with characteristic changes in cell morphology and
function with mitochondrial pathology being among the earliest manifestations (7,8). Recent
studies indicate that mitochondrial proteins are released under conditions associated with cell
death (9) or tissue damage (10,11), which has interesting implications for triggering immune
responses.

Mitochondria are unique in that they are derived from bacterial ancestors and retain many of
their features, including a circular genome, unique cell membrane lipids (e.g., cardiolipin), and
N-formyl peptides, which are distinct byproducts of mitochondrial DNA expression in
mammalian cells. Like their bacterial homologues, mitochondrial DNA-encoded N-formyl
proteins serve as potent chemoattractants for neutrophils when released from degenerating
mitochondria in the context of necrotic cell death (12,13) and are recognized by high-affinity
formyl peptide receptors (FPR) and formyl peptide-like 1 receptors on various immune cells
(14,15). Furthermore, mitochondrial DNA is rich in CpG dinucleotides, which are recognized
by intracellular toll-like receptor 9 (TLR9) in specific immune cells, including monocytes
(16). In mammals, the inner mitochondrial membrane is the only source of cardiolipin, which
is potentially antigenic but does not directly induce innate immune responses (17). Finally, the
immunostimulatory activity of mitochondrial transcription factor A (TFAM), the structural
and functional homologue of HMGB1 (18), a potent pro-inflammatory mediator (2,3), has not
been considered. Based upon these observations, we hypothesized that the mitochondrial
component of necrotic cells, particularly N-formyl peptides, mitochondrial DNA, and TFAM,
would activate human peripheral blood monocytes.

Materials and Methods

Reagents and Cell Culture

Bacterial N-formyl-Met-Leu-Phe (fMLP) and purified cardiolipin were obtained from Sigma
(St. Louis, MO). Human N-formyl peptide [f[MMY ALF, the N-terminal sequence of
mitochondrial NADH dehydrogenase subunit 6 (ND6)] was synthesized by GenScript Corp.
(Piscataway, NJ). Cyclosporin H (CsH), Boc-Phe-Leu-Phe-Leu-Phe (Boc-FLFLF) and
pertussis toxin were acquired from Axxora, LLC (San Diego, CA), ChemPep, Inc. (Miami,
FL) and Calbiochem (San Diego, CA) respectively. Most primary antibodies directed against
specific proteins were obtained commercially: HMGB1 and CEACAM-1 (R&D Systems;
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Minneapolis, MN); cytochrome c oxidase, subunit 11 (COXII, MitoSciences, Inc.; Eugene,
OR); calnexin and heat shock protein 60 (HSP60) (Abcam Inc.; Cambridge, MA), and ND1,
ND6, B-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Santa Cruz
Biotechnology, Inc.; Santa Cruz, CA). Anti-TFAM polyclonal antibody was made by Spring
Valley Laboratories, Inc. (Woodbine, MD). The epitope used to create the antibody was
KQRKYG, which was chosen because the corresponding peptide sequence was unique relative
to that of HMGB1. Secondary antibodies were acquired from Cell Signaling Technology, Inc.
(Danvers, MA). HepG2 and HEK-293 cells were purchased from the American Type Culture
Collection (ATCC; Manassas, VA) and cultured using DMEM/F-12 and MEM media
(Invitrogen Corp.; Carlsbad, CA), respectively. Unless otherwise stated, all additional
chemicals were obtained from Sigma using the best available grade.

Establishment of HepG2 Rho(0) Cell Lines

HepG2 cells depleted of mitochondrial DNA (mtDNA) and mtDNA-encoded proteins were
generated using the protocol described by King et al (19). In brief, HepG2 cells were cultured
in DMEM/F-12 medium supplemented by equal amounts (100 pug/ml) of uridine and pyruvate
and treated with 100 ng/ml ethidium bromide for 6-8 weeks. Suppression of mtDNA-encoded
genes and proteins was confirmed by evaluating mtDNA gene expression using real-time PCR,
performing Western blot analysis using anti-COXII antibody, and examining cytochrome c
oxidase activity using the Cytochrome ¢ Oxidase Assay kit (Sigma) according to the
manufacturer's instructions.

Subcellular Fractionation

HepG2 cell necrosis was induced by freeze/thaw, as described by Scaffidi etal (1), or by heating
(44°C for 60 min) and was confirmed by the lactate dehydrogenase (LDH) assay (94.7 + 4.9%
vs. 86.2 + 5.4% cell death). Nuclear, cytoplasmic and total mitochondrial protein fractions,
along with submitochondrial particles, were prepared from HepG2 cells using a differential
centrifugation approach as described by Nair et al (20) with minor modifications. Briefly,
HepG2 cells were suspended in mitochondrial isolation buffer [230 mM mannitol, 70 mM
sucrose, 3mM HEPES (pH 7.4), 1 mM EGTA, 1 mM EDTA, 0.5 mg/ml fatty acid-free bovine
serum albumin (BSA), 1 mM phenylmethylsulfonylfluoride (PMSF), 10 ul/ml protease
inhibitor cocktail] in the presence or absence of 50 U/ml benzonase (Novagen; San Diego,
CA), as indicated. Following freeze/thaw or heating, the necrotic HepG2 cell suspension was
centrifuged at 300 x g for 10 min at 4°C to pellet unlysed cells and the nuclear fraction. The
resultant supernatant was centrifuged again at 1500 x g for 10 min at 4°C to assure removal
of nuclear contaminants. The supernatant was then centrifuged at 7000 x g for 15 min at 4°C
to separate mitochondrial (pellet) from cytoplasmic (supernatant) fractions. The cytoplasmic
fraction was centrifuged again at 10,000 x g for 15 min at 4°C to exclude any mitochondria.
The mitochondrial pellet was re-suspended and lysed by three 5-minute freeze-thaw cycles
using a dry ice/ethanol bath and a 37°C water bath to obtain soluble total mitochondrial
proteins. These proteins were then centrifuged at 144,000 x g for 1 hr at 4°C to separate soluble
intermembrane and matrix proteins from the mitochondrial inner and outer membranes. The
mitochondrial membrane pellet was re-suspended and incubated in 2% CHAPS in Tris-
buffered saline [25 mM Tris (pH 7.2), 0.15 M NaCl]. The final supernatant, containing soluble
mitochondrial membrane proteins, was then exchanged to PBS buffer using a desalting column
(Amersham Biosciences; Piscataway, NJ). Purity of the mitochondrial protein fractions was
confirmed by Western blot using antibodies against markers specific for plasma membrane
(CEACAM-1), endoplasmic reticulum (calnexin), and mitochondria (COXII, HSP60) (Figure
1). GAPDH served as a loading control.
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Cytotoxicity of HepG2 Preparations

HepG2 cell death following freeze/thaw or heating was examined by analyzing the LDH
concentration in the collected supernatant samples (Cytotoxicity Detection kit, Roche Applied
Science; Indianapolis, IN). LDH content was measured spectrophotometrically at 490 nm
according to the manufacturer's instructions and normalized to matching samples wherein cells
were incubated for 60 min with 2% Triton X-100.

Plasmid Construction and Purification of Recombinant HMGB1 and TFAM

The coding region of human TFAM (GenBank Accession No. BC126366) and HMGB1
(GenBank Accession No. BC003378) were amplified by PCR using pT7-7-TFAM and pCMV-
Sports6-HMGBL1 (provided by Gerald Shadel, Ph.D.) as templates. The sense primers for
TFAM (5'-CCGAATTCCCACCATGTCATCTGTCTTGGCAAGT-3’) and HMGBL (5'-
CCGAATTCCCACCATGGGCAAAGGAGATCCTAAG-3) introduced a consensus Kozak
translation initiation sequence and an EcoRlI restriction site to facilitate cloning. The anti-sense
primers of TFAM (5-CCAAGCTTACACTCCTCAGCACCATATT-3") and HMGB1 (5'-
CCAAGCTTTTCATCATCATCATCTTCTTCT-3') introduced a Hindlll restriction site. The
PCR product was digested with EcoRI and Hindlll, cloned into a pcDNA3.1(-)/myc-His A
vector (Invitrogen Corp.) in-frame with a C-terminal myc epitope and 6xhistidine tags and then
transformed into E. coli-competent cells (DH5a, Invitrogen Corp.). The sequences of TFAM
and HMGBL1 with the myc/His tag were confirmed by DNA sequencing. The pcDNA3.1-
TFAM.myc.6xHis and pcDNA3.1-HMGB1.myc.6xHis plasmids were transfected into
HEK-293 cells using calcium phosphate-DNA co-precipitation. The polyhistidine-tagged
recombinant proteins were purified by Ni-NTA nickel-chelating resin (Invitrogen Corp.)
according to the manufacturer's instructions.

The identity and function of the proteins were confirmed by Western blot using specific
antibodies against TFAM and HMGB1, capillary-liquid chromatography-nanospray tandem
mass spectrometry (Nano-LC/MS/MS) and the electrophoretic mobility shift assay (see below)
(Figure 2). Proteins evaluated by mass spectrometry were scored based upon the number of
matching peptide sequences (i.e., hits) and the probability that the match was a random event.
This yielded a “mowse score” which when >51 indicated significant identity and/or extensive
homology (p<0.05). Mass spectrometric analysis confirmed the identities of TFAM and
HMGB1 with overall protein coverage corresponding to Mowse scores of 1005 (54% sequence
coverage, 258 peptide matches) and 1031 (53% sequence coverage, 293 peptide matches)
respectively.

Electrophoretic Mobility Shift Assay for TFAM and HMGB1

Synthetic cruciform DNA (four-way DNA junctions, 4WJs) for the HMGBL1 gel shift assay
was constructed according to published protocols (21,22). Cruciform DNA was prepared by
annealing the following four oligonucleotides synthesized (from 5’ to 3") with 2 of them 32p-
end-labeled: strand 1) CCCTATAACCCCTGCATTGAATTCCAGTCTGATAA, strand 2)
GTAGTCGTGATAGGTGCAGGGGTTATAGGG,; strand 3)
AACAGTAGCTCTTATTCGAGCTCGCGCCCTATCACGACTA, and strand 4)
TTTATCAGACTGGAATTCAAGCGCGAGCTCGAATAAGAGCTACTGT. Similarly, the
LSP (light strand promoter of mitochondrial DNA) DNA duplex of 101 bp containing the
TFAM-binding site was prepared by annealing oligonucleotides 1 (5'-
TTAGTAGTATGGGAGTGGGAGGGGAAAATAATGTGTTAGTTGGGGGGTGACTGT
TAAAAGTGCATACCGCCTAAAAGATAAAATTTGAAATCTGGTTAGGC-3') and 2
(5"
GCCTAACCAGATTTCAAATTTTATCTTTTAGGCGGTATGCACTTTTAACAGTCAC
CCCCCAACAACACATTATTTTCCCCTCCCACTCCCATACTACTAA-3). All
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oligonucleotides were highly purified by denaturing polyacrylamide gel electrophoresis and
subsequently labeled at their 5'-termini by [Y-32P] ATP.

Endotoxin Analysis

The endotoxin level in each subcellular fraction protein, fMLP, fMMY ALF and recombinant
TFAM and HMGB1 proteins was determined using the chromogenic Limulus Amebocyte
Lysate assay (LAL, Associates of Cape Cod; East Falmouth, MA). When needed, samples
were passed through AffinityPak™ Detoxi-Gel™ columns (Pierce Biotechnology; Rockford,
IL) according to the manufacturer's recommendations and re-tested by LAL to confirm that
endotoxin levels were <5 pg/ug protein prior to later use for monocyte incubations.

Isolation, Culture and Stimulation of Human Monocytes

Normal peripheral blood monocytes were isolated from healthy human blood donors (n=10)
according to approved university IRB guidelines (including signed written informed consent)
using the MACS CD14 MicroBead positive selection kit (Miltenyi Biotec, Inc.; Auburn, CA)
according to the manufacturer's instructions. Monocytes were cultured in 24-well plates at a
concentration of 1 x 108/ml in X-VIVO™ 15 serum-free medium (Lonza Walkersville;
Walkersville, MD) at 37°C in a 5% CO,-humidified atmosphere. Polymyxin B (10 ug/ml) was
routinely added to the cells in each well (except the LPS-treated positive control well) to further
block any possible endotoxin contamination. Desired concentrations of subcellular or
mitochondrial fraction proteins were then added to the medium. All pre-incubations with FPR
inhibitors (CsH, 3 uM; Boc-FLFLF, 10 uM) or the small G-protein inhibitor (pertussis toxin,
1 pg/ml) were made 30 min prior to protein fraction addition. Monocytes transfected to silence
formyl peptide receptor (FPR1) RNA (see below) were incubated for 24 hr prior to additions.
Further monocyte incubations involved adding N-formy! peptides (fMLP or fMMYALF at
100 ng/ml) with/without TFAM or HMGBL1 (5 pg/ml). The cell supernatants were then
collected at 3 and 6 hours post-treatment and stored at -80°C for later analyses. Cell pellets
were also obtained and stored in a similar manner for later RNA isolation and analysis.

Cytokine Assays

Cell culture supernatants were analyzed for their IL-8 (R&D Systems), IL-6 and TNFa
(eBioscience, Inc.; San Diego, CA) concentrations by ELISA according to the manufacturer's
recommendations.

FPR siRNA and Transfection

Pre-designed human FPR1 siRNA was synthesized by Qiagen, Inc. (Valencia, CA) based upon
GenBank Accession No. NM002029. The sequences were as follows: sense, r
(GCAAGGCAUGUACAAAGAA)ITAT, and anti-sense, (UUCUUUGUACAUGCCUU
GC)dAdA. Negative non-silencing control siRNA (nc-siRNA, Qiagen, Inc.), labeled with
Alexa Fluor 488 and having no known homology to mammalian genes, was used to control
for nonspecific effects. FPR1 siRNA was transfected into monocytes using the Human
Monocyte Nucleofector kit (Amaxa, Inc.; Gaithersburg, MD). In brief, 5 x 10° monocytes, re-
suspended with 100 pl human monocyte nucleofector solution, were mixed with 3 ug FPR1
SiRNA, transferred into an Amaxa-certified cuvette and transfected using Nucleofector
Program Y-01. FPR gene expression was later evaluated in cell pellets by reverse transcription
(RT)-PCR and real-time PCR. Transfection efficiency was determined in monocytes 24 hr
post-transfection by analyzing Alexa 488 fluorescence. p-actin and CAP1 served as
housekeeping gene controls.
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RT-PCR and Real-Time PCR

Total RNA was isolated from HepG2 and Rho(0)-HepG2 cells as well as normal and FPR1
siRNA-transfected monocytes using the RNeasy Mini kit (Qiagen) according to the
manufacturer's recommendations. The quality and concentration of RNA were analyzed using
a ND-8000 spectrophotometer (NanoDrop Technologies, Inc.; Wilmington, DE) and a 2100
BioAnalyzer (Aligent Technologies, Inc.; Santa Clara, CA). The first strand cDNA was
synthesized using 1.0 ug total RNA by MultiScribe reverse transcriptase (Applied Biosystems;
Foster City, CA) with random hexamers in a 50 pl reaction volume. Semi-quantitative RT-
PCR was performed in 50 pl containing 1 ul of diluted cDNA (1:10) from 50 ul cDNAs, 1.5
mM MgCl,, 0.2 mMdNTP, 0.5 uM of each primer and 1 U of Tag DNA polymerase (Invitrogen
Corp.). The PCR conditions for FPR1, pB-actin and CAP1 were 95°C for 2 min, followed by
25 cycles of 95°C for 30 sec, 56°C for 30 sec, 72°C for 30 sec and 72°C for 5 min. 10 pl of
PCR product were separated by 1.5% agarose gel electrophoresis and stained with 0.05%
ethidium bromide. The primers used in PCR are identified in Table 1 (Integrated DNA
Technologies, Inc.; Coralville, 1A).

Real-time PCR was performed in 20 pl of a mixture containing 1 pl of a cDNA sample, 5 pmol
of each primer needed (Table 1), and 10 pl of SYBR® green PCR master mix (Applied
Biosystems). Amplification and detection were achieved with the 7900HT Fast Real-Time
PCR System (Applied Biosystems) using the protocol of 50°C for 2 min, 95°C for 10 min, and
40 cycles of 95°C for 15 sec and 60°C for 1 min. The expression of each gene was calculated
based upon the cycle threshold number and normalized by -actin /CAP1 expression.

Western Blotting

The presence of specific proteins in various subcellular and mitochondrial fractions was
determined by Western blot analysis using standard techniques. Protein loading was
normalized to GAPDH.

Measurement of Lipid and DNA Content in Mitochondrial Preparations

Mitochondrial DNA content was determined with the fluorescence-based Quant-iT™
PicoGreen® dsDNA Kit (Molecular Probes Inc., Eugene, OR), which has a sensitivity as low
as 25 pg/ml DNA. Mitochondrial lipid content was determined by gas-liquid chromatography
after samples had been prepared according to Folch et al (23). DNA and lipid contents were
normalized to protein concentration.

Statistical Analyses

The data was derived from at least 5 independent experiments and was expressed as mean +
SEM, and statistical significance was based upon a value of p <0.05. SigmaPlot 10.0 and
SYSTAT 12.0 software were used to plot the data and carry out the statistical analyses,
respectively. Comparisons of I1L-8 release following the treatment of mitochondrial protein
under Rho(0) conditions and FPR expression after RNA silencing were carried out using the
Wilcoxon Rank-Sum test. Additional comparisons of 1L-8 release following the treatment of
mitochondrial protein or cell lysates with or without pharmacological inhibitors or RNA
silencing, necrotic cell supernatants, or N-formyl peptides +/- TFAM/HMGB1 were made
using the Kruskal-Wallis test. Where appropriate, post hoc analyses between groups were
performed using Dunn’s test if the Kruskal-Wallis overall p-value is significant.
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Results

Necrotic cells passively release mitochondrial proteins

HepG2 cells exposed to freeze/thaw, heating or detergent were shown to release mitochondrial
proteins into the surrounding medium in the absence of cell manipulation (e.g., vortex or cell
agitation) (Figure 3A). The mixture of mitochondrial and non-mitochondrial (e.g., HMGB1)
proteins released from necrotic cells was shown to activate human monocytes (Figure 3B).

Monocytes are primarily activated by the mitochondrial component of necrotic liver cells

Necrotic HepG2 cells were fractionated into nuclear, cytoplasmic, mitochondrial, and
submitochondrial fractions and compared in terms of promoting monocyte activation, as
reflected by IL-8 release. As shown in Figure 4A, the mitochondrial fraction of HepG2 cells,
particularly the mitochondrial membrane, was the most potent inducer of IL-8 release by human
peripheral blood monocytes. Nearly identical results were obtained when immune responses
to monocyte treatment with matching heat-killed HepG2 cell components were determined
(data not shown). Thus, all subsequent experiments were conducted using freeze/thaw cell
preparations. Figure 4B shows similar dose-dependent induction of monocyte IL-8 release
from mitochondrial preparations derived from either human liver or from HepG2 cells.

The observed pro-inflammatory effect of mitochondria was apparently mediated by one or
more mitochondrial proteins, since depletion of mitochondrial CpG-containing DNA and
mitochondrial lipids had no significant effect upon this response (Figure 5). Moreover,
treatment of monocytes with purified cardiolipin (5 ug/ml) did not induce monocyte IL-8
release (917.0 £153.3 vs. 879.5 £53.2 pg/ml). With respect to the nature of the cytokine
response, monocyte IL-8 release occurred at much lower concentrations of mitochondrial
protein than were required to promote IL-6 or TNFa release (Figure 6). Thus, one or more of
the proteins localized to mitochondrial membranes were recognized by monocyte receptors to
trigger the release of IL-8.

Depletion of mitochondrial N-formyl peptides attenuates monocyte IL-8 responses to
mitochondrial proteins

HepG2 Rho(0) cells, which are selectively depleted of mitochondrial DNA (Table 2) and
consequently N-formyl peptides (Figure 7A), exhibited the expected reduction in
mitochondrial respiratory activity (Figure 7B). Compared to mitochondrial proteins derived
from untreated HepG2 cells, monocyte IL-8 responses to mitochondrial fractions from Rho(0)
cells were significantly attenuated (Figure 7C). Thus, N-formyl peptides appear to be integral
to the activation of human monocytes by mitochondrial proteins.

Suppression of high-affinity formyl peptide receptor (FPR) activity attenuates IL-8 release by
monocytes in response to mitochondrial proteins

To the extent that mitochondrial N-formyl peptides are responsible for the activation of
monocytes, we reasoned that the observed IL-8 response was dependent upon interaction with
FPR. CsH significantly attenuated the monocyte response to treatment with necrotic HepG2
cell lysates (Figure 8A), and both CsH and Boc-FLFLF strongly suppressed IL-8 release from
monocytes exposed to mitochondrial proteins; whereas, reduction by pertussis toxin was not
significant (Figure 8B). In keeping with these results, suppression of FPR expression by siRNA
(Figure 9A) dramatically inhibited monocyte IL-8 release in response to mitochondrial proteins
(Figure 9B).
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Bacterial and mitochondrial N-formyl peptides do not directly activate monocytes

To determine whether N-formyl peptides are sufficient to induce monocyte IL-8 release,
synthetic bacterial N-formyl-Met-Leu-Phe (fMLP) or the immunogenic N-formyl peptide
sequence (FIMMY ALF) of mitochondrial NADH dehydrogenase subunit 6 (14) were
administered to human monocytes. Unexpectedly, these highly purified N-formyl peptides did
not induce significant monocyte IL-8 release when administered alone (Figure 10B). Given
that N-formyl peptides and FPR interactions are essential for monocyte IL-8 release in response
to mitochondrial membrane proteins, as shown above, we reasoned that the FPR-induced
response required a second pro-inflammatory stimulus, presumably in response to other
immunogenic mitochondrial components. Thus, we determined whether mitochondrial DNA,
which contains CpG DNA motifs, or mitochondrial transcription factor A (TFAM), which is
homologous in structure and function to HMGB1 (18) and is localized to inner mitochondrial
membranes in association with Complex | of the electron transport chain (24) (i.e., containing
N-formyl peptides), act synergistically with N-formyl peptides to induce monocyte activation.
After confirming that TFAM was concentrated in the mitochondrial membrane fraction of the
cell (Figure 10A), we investigated whether TFAM or combinations of TFAM + N-formyl
peptides would induce monocyte activation. Neither highly purified (endotoxin-free)
recombinant human TFAM nor HMGB1 activated monocytes alone, except at concentrations
exceeding 1.0 ug/ml. However, ng/ml concentrations of synthetic N-formy! peptides promoted
monocyte activation in the presence of either HMGB1 or TFAM. The combination of N-formyl
peptides and CpG DNA exhibited no significant synergy (data not shown) consistent with the
earlier finding that depletion of DNA from mitochondrial protein samples had little effect upon
their induction of monocyte IL-8 release (Figure 5). In addition, monocyte activation in
response to the combination of TFAM + N-formyl peptides was inhibited by CsH (Figure 10B);
whereas, IL-8 release was not influenced by the formyl peptide receptor like-1 inhibitor,
WRW4 (data not shown).

Discussion

The innate immune response triggered by damaged tissues in the context of acute illness, such
as pancreatitis, burns, or trauma, has important implications for the survival of the host. The
systemic release of pro-inflammatory cytokines under these conditions promotes the
recruitment and activation of various immune cells, which on the one hand facilitates the
removal of necrotic debris and sanitizes the damaged tissue, while on the other hand
contributing to further inflammation, resulting in progressive cell and tissue damage. The
persistence of systemic inflammation and progression of organ dysfunction that commonly
occurs in the setting of severe acute illnesses is highly predictive of an adverse outcome in
critically ill patients (25,26). However, other than supportive care, there are no effective
treatments to interrupt this cycle of tissue damage and inflammation, and the mechanisms
driving this sort of inflammation are not completely understood. This study provides evidence
that the mitochondrial component of the cell, particularly mitochondrial membrane proteins
(N-formyl peptides, TFAM), contributes significantly to the induction of the innate immune
response to necrotic cells.

Recent studies have considered the mechanisms by which the innate immune response is
regulated by damaged cells. As with autoimmune diseases wherein “sequestered antigens”
released from dying cells at the site of inflammation trigger adaptive immune responses (27),
self-antigens released from necrotic cells during acute illness are shown to promote innate
immune responses (28). The same is not true for apoptotic cells, wherein potentially pro-
inflammatory antigens, including proteins, DNA, and RNA, are effectively packaged and
enzymatically degraded (29). Moreover, specific cell surface antigens expressed on apoptotic
cell membranes actually suppress the responsiveness of phagocytes that are engaged in their
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clearance (30). Thus, apoptotic cell death is advantageous from the standpoint of minimizing
inflammatory responses in the context of removing damaged or senescent cells.

Identification of the specific antigens released from necrotic cells and their corresponding
immune cell receptors provides novel insight into the pathogenesis of local and systemic
inflammation under conditions favoring cell necrosis. Investigations by Scaffidi et al suggested
that the nuclear chromatin-binding protein, HMGBL, is primarily responsible for the activation
of monocytes in the context of cell necrosis (1). However, more recent studies indicate that
highly-purified (endotoxin-free) HMGBL1 lacks pro-inflammatory actions, unless combined
with other antigens, such as CpG dinucleotides (31) or bacterial lipopolysaccharides (32).
Moreover, necrotic cells deficient in HMGB1 are shown to strongly induce inflammation in
vivo (4). Thus, other intracellular antigens are incriminated.

The immune system of humans retains highly conserved “pattern-recognizing” receptors,
including TLRs, NODs, and FPRs, which are extremely sensitive to the presence of potential
environmental pathogens, including bacteria, fungi, and viruses. Like bacteria, eukaryotic
mitochondria possess circular DNA, which contains CpG DNA motifs and encodes specific
high-abundance N-formyl peptides. All 13 proteins encoded by mitochondrial DNA possess
N-formyl peptide sequences, and these proteins are found exclusively in the mitochondrial
inner membrane, where they participate in electron transport (33). As with their bacterial
homologues, mitochondrial N-formyl peptides are potent chemotaxins for neutrophils (12) and
are recognized by the high-affinity FPR (14). TFAM, a critical regulator of mitochondrial DNA
transcription, is associated with the inner mitochondrial membrane and with mitochondrial
DNA (24). TFAM is a structural and functional homologue of HMGB1; however, the amino
acid sequence differs significantly (18). To the extent that TFAM and HMGB1 share acommon
pro-inflammatory active site, it follows that TFAM released from damaged cells may be
recognized by the immune system through various TLRs (34) and/or RAGE (31), which would
contribute to local (35) and systemic inflammation (36). Thus, the release of mitochondrial
antigens in the context of cell and tissue damage (10,37) could have important implications for
the perpetuation of inflammation during acute illness.

Our data indicates that monocytes respond vigorously to mitochondrial proteins, and N-formyl
peptides contribute significantly to this response. FPRs are critical for antibacterial responses,
promoting neutrophil chemotaxis to either bacterial or mitochondrial N-formy! peptides (12).
IL-8, a potent inducer of neutrophil chemotaxis, was the primary cytokine produced by
monocytes upon exposure to low concentrations of mitochondrial proteins or necrotic cells.
This finding is in keeping with the observed neutrophil recruitment in the acute phase of tissue
damage (38), which serves the dual purpose of decontaminating the wound while removing
necrotic debris. The immune response to necrotic cells resembles that mounted against
potential invading organisms, wherein interactions between bacterial N-formyl peptides and
host FPR promote the chemoattraction of phagocytes to the site of infection (39). Like
monocytes, neutrophils exposed to bacterial N-formyl peptides exhibit no significant IL-8
production unless they are co-stimulated by another antigen, such as fibrinogen (40).

The role of TFAM and HMGBL1 in the activation of monocytes and other cells participating in
the innate immune response to necrotic cells is unclear. We show that TFAM is localized to
the inner mitochondrial membrane and that monocytes respond most vigorously to the
mitochondrial membrane fraction of the cell. Furthermore, TFAM, like HMGBL, is released
from necrotic cells and synergizes with N-formyl peptides to promote monocyte activation.
However, itis unclear whether TFAM is essential for the activation of monocytes in the context
of cell necrosis, and the monocyte receptor(s) that respond to TFAM remain to be determined.
Nonetheless, it is clear from these investigations that TFAM and/or HMGBL are capable of
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interacting with bacterial or mitochondrial N-formyl peptides to promote monocyte IL-8
release, all of which are present in lysates of necrotic cells.

A specific role of FPR in monocyte cytokine responses to mitochondrial proteins is a new
finding and is suggested by several lines of evidence. FPR is known to engage mitochondrial
and bacterial N-formyl peptides, thereby promoting chemotaxis (14). However, to our
knowledge, FPR activation by N-formyl peptides is not reported to regulate monocyte pro-
inflammatory cytokine responses. We show that CsH, a highly selective inhibitor of FPR which
stabilizes the receptor in its inactive state thereby interfering with G-protein binding, and Boc-
FLFLF, a competitive and non-specific inhibitor of FPR which is less potent than CsH (41),
significantly attenuate monocyte IL-8 release by mitochondrial proteins. Similar findings were
observed in response to RNA silencing of FPR expression. FPR inhibition also reduced the
activation of monocytes by necrotic cell lysates. Given the dependence of FPR on G-protein
signaling (42), it is surprising that pertussis toxin did not effectively block monocyte IL-8
release. However, there are examples of induction of IL-8 release by pertussis toxin via Toll-
like receptor (TLR)-4 and NF-xB-dependent signaling in HEK-293 and dendritic cells (42,
43). It is further possible that pertussis toxin blocks anti-inflammatory pathways that are G-
protein dependent (44). Notwithstanding partial inhibition by pertussis toxin, the results
obtained with specific FPR receptor inhibitors and FPR gene-silencing indicate that FPR plays
an important role in the induction of monocyte activation by necrotic cells, particularly by
mitochondrial N-formyl peptides.

We conclude that proteins localized to the inner mitochondrial membrane contribute
significantly to the activation of monocytes in the context of acute cell necrosis. Interactions
between mitochondrial N-formyl peptides and high affinity FPRs, together with other
mitochondrial antigens, such as TFAM and perhaps others, strongly contribute to the activation
of monocytes by mitochondrial antigens released from necrotic cells. Specific targeting of FPR
may prove to be beneficial for interrupting the deadly cycle of tissue damage and inflammation
that characterizes acute life-threatening illnesses.
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Figure 1. Verification of Subcellular Fraction Purity

(A) Representative Western blot of subcellular fractions (30 pg) showed a lack of cytosolic
contamination by mitochondrial proteins (HSP60, COXII) and an absence of B-actin in the
mitochondrial fractions. Furthermore, the mitochondrial matrix fraction was free of
mitochondrial membrane contamination, as reflected by the absence of COXII. The COXII
control was derived from human heart mitochondria (MitoSciences, Inc.). Protein loading was
normalized to GAPDH. (B) Representative Western blot examining CEACAM-1 and calnexin
immunoreactivity confirmed that the mitochondrial and cytosolic fractions (30 ug) were not
contaminated by plasma membrane or endoplasmic reticulum, respectively.
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Figure 2. Verification of Recombinant Human TFAM and HMGBL1 Proteins

(A) Stained protein gel of TFAM and HMGBL1 (3ug). TFAM.myc.6xHis and HMGB1.myc.
6xHis monomers were ~29 kD. (B) Western blot of proteins (2 ug) using antibodies directed
against TFAM and HMGBL. (C-D) Protein gels of TFAM and HMGB1 (2 pg) following
incubation with annealed oligonucleotide binding probes [32P-LSP (C) or 32P-cruciform (D)
DNA].
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Figure 3. Necrotic Cells Release Mitochondrial Proteins and Promote Monocyte IL-8 Release

(A) Representative Western blot of cell supernatants derived from HepG2 cells exposed to
heat, freeze/thaw or detergent (2% Triton X-100) demonstrating the release of mitochondrial
(TFAM, ND1, ND6) and nuclear (HMGBJ1) proteins. (B) Significant monocyte IL-8 release
was observed 6 hrs after treatment with equal supernatant volumes (50 pl) derived from freeze/
thaw, or heat-treated HepG2 cells (~107 cells/ml) compared to matching untreated preparations
(*p<0.05, compared to untreated Control). The results were compared to spontaneous release
of IL-8 from monocytes in culture medium.
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Figure 4. Monocyte Cytokine Responses to Treatment with Nuclear, Cytoplasmic and
Mitochondrial Components of Necrotic Cells

(A) Six hrs after exposure to increasing titrations of HepG2 subcellular fractions, dose-
dependent monocyte IL-8 release was limited to the mitochondrial compartment, particularly
the membrane fraction. (B) Monocyte I1L-8 release was comparable when treated with
mitochondria derived from HepG2 cells or human liver homogenates. LPS (10 ng/ml) was
used as a positive control.
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Figure 5. Lack of Contribution of Mitochondrial DNA and Lipids to Monocyte Activation
Monocyte IL-8 release 6 hrs after treatment with mitochondrial lysates was unchanged when
compared with matching preparations treated with CHAPS and benzonase to remove lipids
and DNA, respectively (*p<0.05, compared to untreated Control; Tp<0.05, relative to Control
and corresponding lower dose treatment). CHAPS-treated mitochondrial preparations had a
33.1+1.8% reduction in total lipid content compared to untreated mitochondria (p<0.01). DNA
content was reduced by 83.9 £2.8% (p<0.01) after benzonase treatment.

Crit Care Med. Author manuscript; available in PMC 2010 June 1.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Crouser et al.

Page 18

(ng/ml)

Supernatant Cytokine Concentration

Mitochondrial Membrane
Protein (ng/ml)

Figure 6. Dose-response Relationship between Mitochondrial Membrane Proteins and Monocyte
Cytokine Release

Human monocytes were treated with increasing titrations of mitochondrial membrane protein
fractions derived from HepG2 cells. IL-8 and IL-6 release were measured 6 hrs after treatment;
whereas, TNFa release was measured 3 hrs post-treatment. Significant dose-dependent IL-8

release was observed at much lower protein concentrations than those required for IL-6 release;
TNFo release was not significantly increased at any concentration.
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Figure 7. Treatment with Mitochondria Depleted of N-formyl Peptides Elicits Attenuated
Monocyte IL-8 Release

Rho(0) HepG2 cells exhibited reduced mitochondrial DNA-encoded cytochrome ¢ oxidase
subunit 2 (COXII) expression (A), and had diminished capacity for electron transport (B).
Compared to proteins isolated from normal HepG2 mitochondria, mitochondrial proteins
derived from Rho(0) HepG2 cells (500 ng/ml) elicited reduced monocyte IL-8 release (C), and
the same relationship was observed when whole cell lysates from normal and Rho(0) cells (5
ug/ml) were compared (not shown) (*p <0.01, compared to Normal HepG2 mitochondrial
protein).
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Figure 8. FPR Inhibition Significantly Reduces Monocyte IL-8 Release Induced by Cell Lysates or
Mitochondrial Proteins
(A) The pharmacological inhibitor of FPR, CsH (3 uM), significantly decreased monocyte IL-8
release in response to treatment with necrotic HepG2 cell lysates (5 pg/ml) (*p<0.05, relative
to Control; tp<0.05, compared to cell lysate alone). LPS (10 ng/ml) was used as the positive
control. (B) Pretreatment with CsH (3 uM) or Boc-FLFLF (10 uM) attenuated monocyte IL-8
release in response to mitochondrial membrane proteins (50 ng/ml); whereas, the small G-
protein inhibitor, pertussis toxin (1 pg/ml) had no significant effect (*p<0.05, relative to
Control; Tp<0.05, compared to mitochondrial membrane alone; £p<0.05, relative to Control
and mitochondrial membrane alone).
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Figure 9. FPR Plays a Significant Role in the Induction of Monocyte IL-8 Release by Mitochondrial

Proteins

(A) RT-PCR (left) and real-time PCR (right) analyses demonstrated significant suppression of
monocyte FPR mRNA after treatment with FPR siRNA,; whereas, transfection with the non-
silencing control siRNA (nc-siRNA) had no effect (*p<0.01, compared to matching Control).
(B) Attenuation of monocyte 1L-8 release following suppression of monocyte FPR mRNA in
response to treatment with mitochondrial membrane proteins (500 ng/ml) but not to LPS (10
ng/ml) (*p<0.05, relative to matching Control; tp<0.05, compared to matching non-silencing

treatment).
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Figure 10. N-formyl Peptides Alone Are Insufficient to Induce Monocyte I1L-8 Release

(A) Representative Western blot analysis showed TFAM to be concentrated in the
mitochondrial membrane fraction of the cell (protein load: 30 ug). (B) Monocyte IL-8
responses to mitochondrial (fMMY ALF) or bacterial (fMLP) N-formyl peptides (100 ng/ml)
in the presence or absence of mitochondrial (TFAM) or nuclear (HMGBZ1) chromatin-binding
proteins (5 ug/ml) and CsH (3 uM) treatment (*p<0.05, relative to Control; tp<0.05, compared
to matching treatment with TFAM or HMGBL1 alone; $p<0.05, relative to matching treatment
in the absence of CsH). LPS (10 ng/ml) was used as a positive control.
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Table 1

Primer Sequences Used for Real-Time PCR.

Gene

Amplicon (bp)

Primer Sequence

ATP Synthase 6

72

Sense

5-CCAATAGCCCTGGCCGTAC-3'

Antisense

5-CGCTTCCAATTAGGTGCATGA-3'

Sense

5-CAACTAAAAATATTAAACACAA-3'

ATP Synthase 8 95
Antisense | 5-CGTTCATTTTGGTTCTCAGGG-3'
Sense 5-GCCAACCGCGAGAAGATGA-3'
B-actin 268
Antisense | 5-TGGTGGTGAAGCTGTAGCC-3'
Sense 5-ATTCCCTGGATTGTGAAATAGTC-3’
CAP1 80
Antisense | 5-ATTAAAGTCACCGCCTTCTGTAG-3'
Sense 5-TCCGCTACCATAATCATCGCT-3'
COX | 66
Antisense | 5-CCGTGGAGTGTGGCGAGT-3’
Sense 5-TGCCCGCCATCATCCTA-3'
COX Il 63
Antisense | 5-TCGTCTGTTATGTAAAGGATGCGT-3'
Sense 5-CCAATGATGGCGCGATG-3
COX I 67
Antisense | 5-CTTTTTGGACAGGTGGTGTGTG-3'
Sense 5-CCTCCTGGAGCAGCCTCTC-3'
COX IV 151
Antisense | 5-TCAGCAAAGCTCTCCTTGAACTT-3'
Sense 5-CCCCACCCCATCCAACAT-3'
Cytochrome b 60
Antisense | 5-TCAGGCAGGCGCCAAG-3'
Sense 5-ATCAGGTGGTGGCCCTTA-3'
FPR1 147
Antisense | 5-GGCCCATGAAGACATA-3'
Sense 5-TGGTATCGTGGAAGGACTCA-3'
GAPDH 123
Antisense | 5-GCAGGGATGATGTTCTGGA-3'
Sense 5-CCCTAAAACCCGCCACATCT-3'
NADH 1 64
Antisense | 5-CGATGGTGAGAGCTAAGGTC-3'
Sense 5-CACCCTTAATTCCATCCACCC-3'
NADH 2 66
Antisense | 5-TGGGCAAAAAGCCGGTTAG-3’
Sense 5'-AGAAAAATCCACCCCTTACGAGT-3’
NADH 3 64
Antisense | 5-TGGAGAAAGGGACGCGG-3'
Sense 5-ACCTTGGCTATCATCACCCG-3'
NADH 4 65
Antisense | 5-TAGGAAGTATGTGCCTGCGTTC-3'
Sense 5-ATCGCTCACACCTCATATCCTC-3'
NADH 4L 195
Antisense | 5-GGCCATATGTGTTGGAGATTG-3’
Sense 5-ACATCTGTACCCACGCCTTC-3'
NADH 5 221
Antisense | 5-TATGTTTGCGGTTTCGATGA-3'
Sense 5-TGGTTGTCTTTGGATATACTACAGCG-3’
NADH 6 52

Antisense

5-CCAAGACCTCAACCCCTGAC-3
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Table 2
Mitochondrial DNA (mtDNA)-Encoded Gene Expression by Real-Time PCR.

Normal HepG2 Cell [(EtBr-)HepG2]

Ethidium Bromide-Treated HepG2 Cell [(EtBr+)HepG2]

Gene Relative Copy Number Relative Copy Number Fold Difference (Reduced)
ATP synthase FO 6 66 0.023 2815
Cytochrome c oxidase | 181 0.047 3807
Cytochrome c oxidase 11 99 0.024 4141
Cytochrome c oxidase 111 73 0.015 5041
Cytochrome c¢ oxidase V2 1 0.046 20
Cytochrome b 49 0.011 4326
NADH dehydrogenase 1 29 0.047 611
NADH dehydrogenase 2 64 0.036 1753
NADH dehydrogenase 3 26 0.006 4472
NADH dehydrogenase 4 114 0.024 4813
NADH dehydrogenase 4L 94 0.025 3843
NADH dehydrogenase 5 98 0.027 3593
NADH dehydrogenase 6 58 0.012 4944

aThe expression of cytochrome c oxidase IV, a nuclear gene product, in normal HepG2 cells was used to normalize the expression of all other genes.
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