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Abstract

Myocardial infarction (MI) leads to loss and degradation of contractile cardiac tissue followed by
sterile inflammation of the myocardium through activation and recruitment of innate and adaptive
cells of the immune system. Recently, it was shown that cardiac myosin binding protein-C
(cMyBP-C), a protein of the cardiac sarcomere, is degraded following M, releasing a predominant
N-terminal 40-kDa fragment (COC1f) into myocardial tissue and the systemic circulation. We
hypothesized that early release of COCLf contributes to the initiation of inflammation and plays a
key role in recruitment and activation of immune cells. Therefore, we investigated the role of
CO0C1f on macrophage / monocyte activation using both mouse bone marrow-derived macrophages
and human monocytes. Here we demonstrate that COC1f leads to macrophage / monocyte
activation /n vitro. Furthermore, COC1f induces strong upregulation of pro-inflammatory cytokines
(interleukin-6 (IL-6), tumor necrosis factor a (TNFa), and interleukin-1p (IL-1pB)) in cultured
murine macrophages and human monocytes, resulting in a pro-inflammatory phenotype. We
identified the toll-like receptor 4 (TLR4), toll-like receptor 2 (TLR2), and Advanced Glycosylation
End Product-Specific Receptor (RAGE) as potential receptors for COC1f whose activation leads to
mobilization of the NFxB signaling pathway, a central mediator of the pro-inflammatory signaling
cascade. Thus, COC1f appears to be a key player in the initiation of inflammatory processes and
might also play an important role upon M.
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1 Introduction

Acute myocardial infarction (M) is a major cause of morbidity and mortality in Western
countries. Ml caused by a diminished blood supply and hypoxia of the affected area leads to
loss and degradation of contractile cardiac tissue, which is followed by a complex program
of inflammatory processes, replacement fibrosis, and cardiac remodeling [1]. Early upon
cardiac injury monocytes migrate into the infarct zone and proceed with the clearance of
necrotic cells and cellular debris [2-4]. The early initiation of inflammation and the precise
mechanisms are still not fully understood. It was shown that damage-associated molecular
patterns (DAMPS) trigger the innate immune response and initialize this life-saving
remodeling of the damaged cardiac tissue [5]. Often, however, an exaggerated inflammatory
response causes a loss of healthy cardiac tissue in the border zone of the infarcted cardiac
region [6].

From a clinical point of view, an early diagnosis of Ml is essential for the survival of
patients, and biomarkers such as cardiac troponin, which are routinely used in clinical
practice, help to diagnose MI and initiate personalized therapy. Cardiac myosin binding
protein-C (cMyBP-C), a sarcomeric thick filament protein involved in regulating sarcomere
structure and function, has recently been identified as novel potential biomarker for
myocardial infarction [7]. It was demonstrated that after ischemia/reperfusion injury
cMyBP-C is cleaved and its N-terminal fragment is released at high levels into the blood [8].
The N-terminal fragments contain a 40-kDa fragment (COC1f) consisting of CO and C1
domains as well as the first 17 residues of the M-domain (amino acids 1-271) [9, 10].

The fact that upon MI, COC1f is released into the circulation prior to cardiac troponins
suggests that it may contribute to the initial sterile inflammation [9, 11, 12]. The mechanism
of COC1f release has been studied extensively, showing a correlation between
dephosphorylation of cMyBP-C and its p-calpain-dependent degradation [9]. This
mechanism is target oriented and results in the release of COC1f even before the
cardiomyocyte undergoes apoptosis or necrosis. Furthermore, the role of the peptide is
described as being directly connected to cardiomyocyte injury and death: the binding of
COC1f to cardiomyocyte actin competes with the binding of full-length cMyBP-C, resulting
in dislocation of the latter and contractile dysfunction [13].

Taken together, these findings prompted us to hypothesize that COC1f might play a crucial
role in the initiation and activation of inflammatory processes upon cardiac injury due to its
early release from injured tissue. To this end, we treated murine macrophages and human
monocytes with various N-terminal fragments of cMyBP-C and determined inflammatory
responses. A precise understanding of the underlying molecular processes could help
developing a novel therapeutic approach to inflammation in order to restrict the loss of
cardiac tissue and replacement fibrosis to the infarct zone.
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2 Methods

2.1 Ethics statements

All animal experiments were performed in accordance with German animal welfare laws
and were approved by the Animal Welfare Officer of the Justus Liebig University Giessen
(Registration No.: 503_M and 588_M). The animal housing facility was licensed by the
local authorities (Az: FD62-811JLUHumPhys). The methods used to euthanize the mice
humanely were consistent with the recommendations of the AVMA Guidelines for the
Euthanasia of Animals. All scientific procedures using human material were approved by the
ethics committee of the Justus Liebig University Giessen (Az: 05/00) and were therefore
performed in accordance with the ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments.

2.2 Isolation of murine bone marrow-derived stem cells and differentiation into
macrophages

The generation of murine macrophages was performed according to previously published
methods [14]. Briefly, 8-week-old C57BL/6 mice were purchased from Charles River
Laboratories and anesthetized using CO5 or isoflurane before euthanasia by cervical
dislocation. Hind limbs were surgically truncated. Tibias and femurs were dissected and
placed into ice-cold PBS. Femurs and tibias were separated carefully and fibulas were
removed. Proximal and distal ends of the bones were opened. Cells were flushed out from
tibiae and femurs with phosphate-buffered saline (PBS) using a 27G cannula and filtered
through a cell strainer with a 70-um cut-off. The resulting cell suspension was mixed with
erythrocyte lysis buffer (BD Pharm Lyse™; BD Biosciences, Heidelberg, Germany) and
incubated for 15 min at room temperature. The suspension was centrifuged for 5 min at 400
x g and pelleted cells were resuspended in Dulbecco’s modified Eagles medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 100 ng/ml macrophage colony-
stimulating factor (M-CSF). For differentiation, 4x106 bone marrow stem cells were seeded
on 100-mm dish in DMEM supplemented with 100 ng/ml M-CSF. On Day 3 fresh medium
(containing M-CSF) was added and the cells were incubated for 5-7 additional days at 37°C
with 5% COo; thereafter, they were split to the experimental format when 80% confluence
was reached. The medium was changed to DMEM containing 2.5% FBS without M-CSF.
The quality and purity of macrophages was determined by flow cytometry (Supplementary
Fig. 1). For this purpose the cells were stained with CD11b-APC-eFluor780 (eBioscience,
CA, USA) and with Aqua Dye (Invitrogen, Darmstadt, Germany) for discrimination
between life and dead cells upon Fc-blocking (BioLegend, CA, USA). Analysis was
performed using a FACSVerse (BD Biosciences).

2.3 Isolation of human monocytes

Human monocytes were isolated from the blood of healthy donors by double-gradient
centrifugation. In brief, buffy coats obtained from a local blood bank were mixed (1:1) with
Hank’s balanced salt solution (HBSS; ThermoFisher, Darmstadt, Germany), added to 15 ml
Ficoll, and centrifuged at 700 x g without braking for 35 min at room temperature.
Peripheral blood mononuclear cells, located in the white ring phase, were isolated. Washing
buffer (containing 1% EDTA, 100 mM pyruvate, 20% albumin, and 10% 10x PBS) was
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added to a volume of 50 ml and centrifuged at 350 x g for 10 min. The pellet was washed
again and resuspended in elutriation buffer (washing buffer supplemented with 10%
glucose). Afterwards, centrifugal elutriation was performed at 2400 x g at 22°C. The
monocyte fraction was centrifuged at 350 x g for 10 min and the cells were pooled in
Macrophage Serum-Free Medium (Invitrogen), seeded on culture dishes, and incubated at
37°C with 5% CO,.

2.4 RNA isolation and real-time PCR

Cells or tissues were lysed using the QlAzol lysis reagent (Qiagen, Hilden, Germany) and
thereafter processed with the RNeasy mini kit (Qiagen) according to the manufacturer’s
instructions. The iScript™ (Bio-Rad Laboratories, Munich, Germany) was used for reverse
transcription and cDNA amplification. Real-time PCR was performed using a CFX96 real-
time PCR system (Bio-Rad Laboratories). Assays were performed in triplicates in a 20-pl
reaction containing 10 nM primer (Table 1), SsoFast™EvaGreen® Supermix (Bio-Rad
Laboratories), and 2 ul cDNA (1:5 of 1 pg total RNA). The amount of target mMRNA was
normalized to glycerinaldehyd-3-phosphate dehydrogenase (GAPDH) mRNA. Fold changes
of samples relative to untreated controls were calculated using the AACt method. The
specific primer sequences used are listed in the supplementary material (Table 1).

2.5 Protein analysis by western blotting

To determine the protein levels of macrophages and monocytes, proteins were isolated from
cultured monocytes by application of WCE buffer (1 M Hepes, 5 M NaCl, 1 M NayMoQy,
0.25% glycerin, 0.5 M EDTA). After a 5-min incubation on ice, 10% NP40 was added and
the cell suspension was vortexed and sonicated. The suspension was then centrifuged for 10
min and the supernatants were used for further analysis. Proteins (20 to 30 pg) were
electrophoresed by SDS-PAGE and subjected to western blotting using specific antibodies
against IL-6, TNFa, IL-18, MRC1, ICAM1, and GAPDH (types and sources listed in Table
2 in supplementary material). Detection was performed using the ChemiDoc MP Imaging
System (Bio-Rad Laboratories).

2.6 Peptide production

The recombinant N-terminal fragments of cMyBP-C (CO, CO-L, COC1, COC1f and COC2)
were generated using the pET expression system (Novagen, San Diego, CA) as described
earlier [8]. Briefly, the cDNA coding for amino acid residues within the C0, CO-L, COCL1,
COC1f and COC2 regions of cMyBP-C were cloned separately into the pET-28a(+)
expression vector (Novagen). The N-terminus of each protein contains the His epitope.
Recombinant clones were confirmed by DNA sequencing (ACGT, Inc.). Plasmids were
transformed into the BL21 (DE3) strain of Escherichia coli (E. coli) (Cat. No. C6010-03,
Invitrogen, Schwerte, Germanyy), having the gene for the T7 RNA polymerase promoter that
is induced by isopropyl-p-D-thiogalactopyranoside (IPTG; Cat. No. 10724815001; Roche,
Indianapolis, USA). Expression of the recombinant proteins was confirmed by SDS-PAGE
and western blot analysis. Large-scale preparation was conducted for each clone, giving
optimal expression of each recombinant protein. Five hundred ml of LB medium was
inoculated with 1% £. coli BL21 cells, which were grown for 12 h at 37°C to an optical
density (OD) of 0.6.
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After induction with 1 mM IPTG, the cultures were incubated for an additional 5 h; this was
followed by centrifugation at 4000 x g for 30 min at 4°C to harvest the cells. In accordance
with the manufacturer’s suggestion, overexpressed proteins were purified with Ni-NTA
agarose chromatography (Cat. No. 1018244, Qiagen). The proteins were dialyzed against 5
liters of 1X PBS (Cat. No. IB70166, MidSci). Buffers were changed twice using 15-kDa
molecular weight cut-off membranes (Cat. No. 132124, Spectrum Laboratories, Rancho
Dominguez, CA). Protein concentrations were determined following dialysis using the
Bradford assay (Bio-Rad Laboratories, Cat No. 500-0205). The quality of the recombinant
cMyBP-C fragments was determined by Ponceau S staining (Ponceau S solution; Cat. No.
P7170, Sigma-Aldrich, Munich, Germany) and western blot analysis using rabbit polyclonal
antibodies against cMyBP-C residues 2—14 (cMyBP-C214) [13, 15]. The N-terminal 6x
histidine epitope was detected using a mouse anti-Hisg monoclonal antibody (Cat. No.
11922416001, Sigma-Aldrich).

2.7 Statistical analysis

3 Results

Statistical analyses were performed using an unpaired Student’s ¢test for comparing control
and individual peptides values or a one-way analysis of variance (ANOVA) with Tukey’s
post-hoc test unless otherwise noted using GraphPad software (GraphPad, La Jolla, CA,
USA). Data are presented as mean + standard error of mean (SEM). Values of p < 0.05 were
considered to be statistically significant.

3.1 Early biomarker COC1f is involved in the initiation of inflammation

To identify COC1f as a potential inducer of the inflammatory responses of immune cells
upon MI, we used COC1f to treat murine bone marrow-derived macrophages that had been
differentiated by the treatment with M-CSF for 4-7 days. Differentiated cells were treated
with cardiac troponin | (cTnl; 500 ng/ml), COC1f (500 ng/ml), and LPS (1 pg/ml) as positive
control for 6 h and this was followed by the isolation of MRNA and analysis by gRT-PCR
(Fig. 1). While COC1f induced significantly pro-inflammatory targets such as interleukin 6
(IL-6), interleukin-1p (IL-1p) and tumor necrosis factor-a. (TNFa) (TNFa: 9.5 + 1.0 fold,
IL-6: 1182.42+ 57.8 fold, IL-1pB: 65.2 + 15.3 fold) as well as adhesion molecules such as
vascular cell adhesion molecule 1 (VCAML1) and intercellular adhesion molecule 1 (ICAM1)
(VCAML1: 7.0 £ 1.8 fold, ICAML1: 6.0 + 0.6 fold), cTnl did not lead to a detectable
activation of macrophages compared with untreated controls (0.8- to 1.2-fold difference in
TNFa, IL-6, IL-1B, VCAML1, and ICAML1). These results demonstrate that in contrast to
cTnl, COCL1f initiates a pro-inflammatory response.

3.2 Full-length COC1f is required to induce the expression of pro-inflammatory response
genes in vitro

To determine whether the cleaved M-domain of cMyBP-C (COC1f) specifically leads to the
induction of pro-inflammatory responses, various fragments of the N-terminal region of
cMyBP-C, in particular recombinant COC2, COC1f, COC1, CO-linker (CO-L), and CO
peptides (Fig. 1d), were used for the treatment (500 ng/ml) of murine bone marrow-derived
macrophages. Cells were harvested at different time points (3, 6, 9, 24, or 72 h) and total
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mRNA was isolated for gRT-PCR analysis to determine the mRNA abundance. Levels of
transcripts for inflammatory markers including IL-6, IL-1p, and TNFa as well as the
adhesion molecules VCAM1 and ICAM1 were determined. COC1f significantly induced
transcription of pro-inflammatory markers and adhesion markers compared with untreated
cells (TNFa.: 12.4 + 2.8 fold, 1L-6: 303 £ 90 fold, IL-1B: 91 + 30 fold, VCAM1: 10.2 + 2.7
fold, ICAML1.: 6.3 + 1 fold) (Fig 2a—e). CO, CO-L and COC1 did not significantly increase the
abundance of IL-6, IL-1B, or TNFa mRNA. C0C2 significantly induced TNFa mRNA
abundance (2.2-fold). After 9 h of treatment the amount of pro-inflammatory and adhesion
target transcripts was reduced compared with the 6-h time point. IL-1p transcription was
slightly upregulated after 24 h of treatment, and only IL-6 mRNA persisted at increased
levels (12-18 fold) for 72 h (Fig. 2f). The induction of a pro-inflammatory response by
COC1f was confirmed at the protein level for IL-1p and TNFa (Fig. 1b, c, Fig. 4h). To
determine whether COC1f affects the expression of anti-inflammatory or pro-fibrotic
cytokines in murine macrophages, we also determined the mRNA abundance of IL-10,
arginase 1 (Argl), and transforming growth factor p (TGFp). Only the expression of 1L-10,
an anti-inflammatory marker of macrophages that indicates differentiation towards the M2
phenotype, was significantly induced (2-fold increase) by COC1f. Neither Argl nor TGF-$
were affected by treatment with any of the N-terminal fragments.

3.3 COC1f induces pro-inflammatory but not anti-inflammatory responses in human

monocytes

To determine whether there is an effect of COC1f on human monocytes that is comparable to
the observations made in murine macrophages, similar experiments were performed using
monocytes isolated from buffy coats of healthy human individuals. One day after isolation,
the cells were treated with 500 ng/ml COC1f or CO-L for 3, 6, 9, and 24 h. Treatment with
lipopolysaccharide (LPS) from Escherichia coli served as positive control. Total mMRNA was
isolated and analyzed by gRT-PCR. Six hours after treatment with COC1f or LPS
transcription of IL-6 was significantly upregulated (for COC1f: 533 +124 fold) as were
transcripts of IL-1p and TNFa (for COC1f: IL-1B: 61 + 20 fold, TNFa.: 3 + 1 fold) (Fig. 3a—
c). Lower concentrations of COC1f, e.g. 50 ng/ml, also induced the transcriptions of IL-6
(Supplementary Figure 6). Treatment with CO-L did not significantly induce the
upregulation of any pro-inflammatory target (Fig. 3a—c). COC1f induced pro-inflammatory
upregulation within 3 h of treatment and the abundance of IL-6 and IL-1p transcripts
persisted over the 24-h experimental period. A weak induction of TNFa was observed after
3 h with a maximum of 9-fold increase after 9 h of treatment (Fig. 3d). The abundance of
transcripts of the adhesion molecules ICAM1 and VCAM1 was not significantly affected by
LPS, COC1f, or CO-L treatment.

For further validation, the markers were determined at the protein level by western blot
analysis. IL-6 protein levels increased within 3 h after initial treatment of COC1f and
remained elevated until 24-h time point (Fig. 3g, h). Treatment with CO-L did not induce
IL-6 protein expression (Fig. 3g, h). The levels of pro-IL-1p and IL-1p protein were
increased over time, with the highest levels being observed after 24 h of COC1f treatment
(Fig. 3i, I). The protein levels of IL6 and IL-1p were also upregulated; however, significant
upregulation of proteins was observed only upon LPS stimulation for IL-6 (Fig. 3g—I). The
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adhesion protein ICAM1 was slightly (~3-fold) upregulated upon 6 h of treatment with
COC1f (Fig. 3K). The expression of IL-10 was significantly upregulated (15-fold) by
treatment with LPS. Treatment with COC1f induced IL-10 expression slightly (5-fold
increase). CO-L also caused a weak increase in IL-10 expression (~3-fold increase)
(Supplementary Fig. 2a). TGF-f protein levels were not affected by the treatment with
COC1f, CO-L, or LPS (Supplementary Fig. 2b).

3.4 The COC1f-triggered pro-inflammatory response is mediated via NFxB signaling

To investigate the extra- and intracellular signaling of macrophages upon COC1f stimulation
and to determine whether the inflammatory phenotype induced upon COC1f treatment is
dependent on NF«xB signaling, we inhibited the NFxB signaling pathway. NFxB plays a
crucial role for the expression of pro-inflammatory genes [16]. Under normal conditions
NF«xB is bound to inhibitory molecules such as IxB that are phosphorylated upon activation
of pro-inflammatory signals releasing NFxB which translocates into the nucleus. Murine
macrophages differentiated from freshly isolated bone marrow cells were treated with Bay
11-7082 (InvivoGen, San Diego, USA), an irreversible inhibitor of IKKa and the
phosphorylation of IxBa resulting in a stable inhibition of NFxB activation and nuclear
translocation [17]. The treatment was performed for 16-18 h prior to the co-treatment with
COC1f or CO-L; co-treatment with LPS served as a positive control. The cells were harvested
at different time points (0.5, 1, 1.5, 2, 3, 4, 5, and 6 h) after addition of the peptides and
MRNA and protein levels were analyzed. We investigated the expression levels of NFxB
itself and the expression of pro-inflammatory cytokines TNFa., IL-6, and IL-1p.

At the mRNA level we observed that NFxB expression was induced after 1 h of COC1f
treatment and peaked at 3 h, at which time there was a 6-fold response (Supplementary Fig.
3). At 6 h NFxB was still significantly upregulated by 4-fold (Fig. 4a). In addition, the
abundance of IL-6, IL-1p, and TNFa mRNA was significantly increased upon COC1f
treatment (TNFa.: 44 + 6.1 fold, IL-6: 121 + 30 fold, 11-1p: 282.5 + 60 fold) (Fig. 4b—d and
cf. Fig. 2). The upregulation of these cytokines was abrogated upon treatment with the 1xBa
phosphorylation inhibitor Bay11-7082 (Fig. 4b—d). The induction of ICAM1 by COC1f was
significantly diminished by the inhibitor (Fig. 4g). Transcription of MCP1 and VCAM1
were not significantly induced by COC1f treatment, so that an inhibitory effect by Bay11-
7082 was not observed (Fig. 4e, ). These observations were confirmed at the protein level:
TNFa and IL-1p were upregulated upon 3 h of treatment with COC1f and the upregulation
was observed for all time points investigated (Fig. 1b, ¢). Upregulation of both IL-1p and
TNFa proteins was abrogated upon co-treatment with Bay11-7082 (Fig. 4h—j).

3.5 COC1f elicits its response via the TLR2, TLR4, and RAGE signaling pathway

Various pathogen-associated molecular patterns (PAMPs) or DAMPs induce pro-
inflammatory responses via TLRs. To investigate NFxB upstream signaling we inhibited
different TLRs and RAGE. For validation, cells were treated with LPS and the various
inhibitors (Supplementary Fig. 7). TLR4 was inhibited by treatment of the cells using
CLI-095 (InvivoGen), a TLR4-specific inhibitor [18], 16-18 h prior to the stimulation with
COC1f. CLI-095 inhibited the stimulatory effect of COCL1f on transcript levels of IL-6 and
IL-1pB, an effect that was observed for both murine macrophages and human monocytes (Fig.
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5). Induction of I1L-6 (43.2 = 19 fold) and IL-1p (140 = 80 fold) by COC1f was almost
completely abrogated by the treatment of murine macrophages with CL1-095 (IL-6: 1.9

+ 0.6 fold; IL-1p: 0.95 = 0.4 fold) (Fig. 5a, b). The data show a reduction of more than 95%
for IL-6 and more than 99% for IL-1p induction, which is consistent with a TLR4-dependent
activation of NFxB and pro-inflammatory signaling upon COC1f treatment. Although human
monocytes showed a less homogeneous cytokine transcription profile, reduction of COC1f-
dependent induction of 1L-6 (50%) and IL-1p (62%) was observed (Supplementary Fig. 4).
Further, TLR2 was inhibited by treatment of the cells with 5 uM of a TLR2/TLR1-specific
inhibitor, Cu CPT22 (Tocris Bioscience, Bristol, UK), and RAGE was inhibited by treatment
of the cells with 10 pg/ml RAGE antagonist, FPS-ZM1 (Calbiochem, Darmstadt, Germany)
16-18 h prior to the stimulation with COC1f. Induction of both IL-6 and IL-1p by COC1f
were diminished significantly by the treatment with FPS-ZM1 or CU CPT 22 (Fig. 5¢—f).

4 Discussion

Here we demonstrate that COC1f is an inducer of pro-inflammatory signaling in
macrophages from murine and monocytes from human origin. The induced transcription of
pro-inflammatory genes upon COC1f treatment was dependent on NFxB and TLR 2, TLR4,
and RAGE. Therefore we conclude that COC1f, which is released early upon cardiac injury,
plays a role in the activation of inflammation and might be responsible for the early innate
immune response after myocardial infarction.

The innate immune response is an essential process for wound healing following MI. This
process, which is triggered shortly after hypoxia and damage of the affected myocardial
tissue, is required in order to prevent ventricular rupture and replace the degraded contractile
tissue by a resilient scar; however, inflammatory cells often invade the border zone and
locally affect the health of myocardial tissue [19, 20].

The exact molecular mechanism that initiates inflammation following M1 is not fully
understood. DAMPs are described to play a pivotal role during the activation of
inflammatory responses. They represent intracellular molecules that are released from
apoptotic or necrotic cells as well as extracellular matrix molecules that are upregulated or
degraded during tissue damage [21]. Molecules like high mobility box 1 (HMGB1), heat
shock proteins (HSP)s, and ATP are released from apoptotic or necrotic cells and have been
shown to be involved in wound healing and scar formation in the damaged myocardium
(reviewed in [5]). Necrosis of cardiomyocytes starts as early as 20 min after total occlusion,
and DAMPs like HMGBL can be detected 30 min after ischemia at the mRNA level, with a
peak occurring after 6 h [22]. Furthermore, hypoxia-triggered apoptosis of cardiomyocytes
peaks at 4.5 h after diminished blood supply, and necrosis peaks at 24 h [23]. An increase in
the amounts of infiltrating monocytes, however, can be observed as early as 2 h after
coronary artery occlusion [24]. This leads to the notion that mechanisms other than a passive
release of DAMPs to the circulation account for the very early innate immune response. For
the most part DAMPs (e.g. HMBGL1) are released passively into the circulation during the
early phase of cardiac injury. In contrast, COCL1f is actively released early upon cardiac
injury by a calpain-dependent cleavage and can be detected in blood within 30 min of Ml
[12].
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cMyBP-C is a biomarker of MI and is degraded during M1 in association with increased
calpain activity, causing proteolytic release of COCLf fragments into the bloodstream. This
event may result in contractile dysfunction [8, 10], leaving the released COC1f fragments in
the cardiomyocytes in the border zone of the ischemic area and in the circulation. The
COC1f region consisting of CO0, a Pro-Ala region, the C1 domain, and the first 17 residues of
the M domain interacts with actin at the C1 domain and the first 17 residues of the M
domain, but it does not interact with the myosin S2 region [8, 10]. Although transgenic
expression of recombinant COC1f jn vivoresults in heart failure (HF) [8, 13, 25], the impact
of COC1f release still needs to be elucidated at the whole-heart level, as several hypertrophic
cardiomyopathy mutations localize in the N’-region [26]. It follows that understanding the
mechanisms of cMyBP-C regulation and the release of its fragments into the blood is crucial
to the development of agents that promote contractile function in HF. It is important to point
out that COC1f was initially identified as a biomarker of MI [11, 12, 27].

Furthermore, the notion that circulating autoimmune antibodies to some cardiac proteins,
including released cMyBP-C, can induce acute myocarditis followed by chronic dilated
cardiomyopathy has been well studied in animal models [28, 29]. The cMyBP-C antibodies
detected by Kasahara et al. were highly reactive to residues 205-916 and weakly reactive
with residues 945-1270 of murine cMyBP-C [30]. The immunogenic region of cMyBP-C
that could induce myocarditis in immunized mice was found to span residues 205-916 but
not the more C-terminal residues [30]. However, the immunogenicity of the N-terminal
residues from domains CO through an early portion of C1 in murine cMyBP-C was not
addressed. Whereas the CO—C1f region (residues 1-271) of cMyBP-C could be
immunogenic and a target for autoantibodies following ischemic injury, our study focused
on the innate response of the immune system to COC1f and not the adaptive immune
response. The detection of COC1f-targeted autoantibodies and the role such antibodies may
play following ischemic injury as part of the adaptive immune response will be the focus of
our future studies.

In contrast to many other biomarkers (e.g cTnl), the release of COC1f is a controlled process
involving the dephosphorylation of cMyBP-C and its calpain-dependent degradation upon
cardiac injury [9]. Furthermore, it was shown that COCL1f release affects cardiomyocytes by
competing with full-length cMyBP-C for binding to actin, disrupting the interaction of
native cMyBP-C with the thin filament and leading to decreased Ca2* transients and
impaired contractility [13]. Only the dephosphorylated form of cMyBP-C is cleaved by
calpain at S273. Cleavage results in the loss of S273 and all PKA phosphorylation sites on
COCa1f; thus phosphorylation of COC1f would not be expected to play a role in the
modulation of immune responses.

To elucidate the functional role of COC1f we focused on primary cells /n vitro. Even though
this bears the limitation of transferability to the /n vivo situation and the isolation procedure
might be responsible for experimental artefacts, primary cells are still considered the best
standardized method for validating complex signaling pathways, as they still display many
native features due to their proximity to the native environment [31]. To identify the
immune-modulating role of COC1f we focused on murine macrophages derived from bone
marrow stem cells and on human blood monocytes; these primary cultures, however, would
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not be expected to recapitulate the heterogeneity of these cell populations observed in vivo.
Thus, the diversity of macrophage and monocyte subsets [32, 33] in heart and their
functional heterogeneity must be addressed in further studies.

Upon treatment of macrophages with COC1f, we observed a strong upregulation of pro-
inflammatory genes which was not detected by applying other N-terminal fragment of
cMyBP-C. One could speculate that the cleavage at S273 leads to specific structural changes
that are responsible for these targeted inflammatory responses. We demonstrated that COC1f
activates NFxB in murine macrophages and human monocytes, leading to the induction of
pro-inflammatory cytokine expression. Interestingly, the significant induction of VCAM1
and ICAML1 observed in murine macrophages was not observed in monocytes of human
origin. One can speculate that in cells of human origin additional factors are required for the
activation of these important adhesion and migration proteins. In addition we observed
significant induction of pro-inflammatory markers on mRNA levels and clear tendency of
induction on protein levels (Fig. 1b,c and Fig. 2a,c).

The upregulation of pro-inflammatory cytokines was abrogated by the addition of the IKBa-
inhibitor Bay11-7082 (Fig. 4), which has been shown to inhibit the TNFa-dependent
phosphorylation of IxBa., resulting in reduced translocation of p65 and therefore decreased
nuclear NFxB levels [17]. NFxB signaling is dependent on the activation of TLR2, TLR4
and RAGE. Using inhibitors of these proteins we demonstrated that TLR signaling is
responsible for the COC1f-dependent activation of pro-inflammatory signaling (Fig. 5). This
observation supports the idea of an interaction between COCLf with various other cell types
expressing TLR4. In primary rat cardiomyocytes, however, we did not find any upregulation
of pro-inflammatory cytokines upon COC1f treatment (Supplementary Fig. 5a). We also
investigated the effect of COC1f on fibroblasts and endothelial cells and did not detect an
upregulation of pro-inflammatory cytokines (Supplementary Fig. 5b, ¢). From these results it
appears that COC1f does not trigger an immune response in these other cell types. The first
cells to infiltrate the tissue are neutrophils that, in addition to macrophages, may also be
responsive to COCLf and trigger early pro-inflammatory reactions. Due to the lack of
adequate primary cultures of neutrophils this needs to be addressed in future /n7 vivo studies.

An anti-inflammatory role of COC1f was not detected in any cell type; however, we
observed a minor upregulation of IL-10 (Fig. 2, Supplementary Fig. 2), which has been
described as participating in a negative feedback loop [34]. The fact that the inhibition of
TLR2 or RAGE abrogated the COC1f induced pro-inflammatory response might indicate
that COC1f interacts directly or in-directly with various receptors to induce pro-
inflammatory signaling via the NFxB pathway. Similar findings were made for HMGB1,
which is able to interact with various TLRs and RAGE and can also from complexes with
TLR ligands such as Pam3CSK4 or CpG-A [35]. Unfortunately, these interactions are still
not well understood and further investigations are needed.

5 Conclusions

Taken together, our results demonstrate that COC1f triggers the TLR2-, TLR4-, and RAGE-
dependent activation of NFxB in macrophages, which leads to the upregulation of pro-
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inflammatory cytokines (IL-1p, IL-6, TNFa). The active calcium/calpain-dependent release
of COC1f into the circulation very early after hypoxia during Ml suggests that COC1f plays a
role during myocardial inflammatory and remodeling processes. If COC1f proves to be
essential for the innate immune response after M, this could serve as the basis for immune-
modulating therapies after MlI.
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Refer to Web version on PubMed Central for supplementary material.
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Glossary
cMyBP-C cardiac Myosin Binding Protein-C
cTnl cardiac Troponin |
DAMPs Damage-Associated Molecular Patterns
HF Heart Failure
Ml Myocardial Infarction
PAMPs Pathogen-Associated Molecular Patterns
RAGE Advanced Glycosylation End Product-Specific Receptor
TLR Toll-Like Receptor
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Highlights

. Pro-inflammatory response to released N-terminal fragment of cMyBP-
C (CoC1f).

. Monocyte activation by COC1f is highly dependent on NFxB
activation.

. COC1f induces pro-inflammatory responses via TLR2, TLR4, and
RAGE.

. COC1f as novel key player in inflammatory processes upon myocardial
infarction?
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Figure 1. Initiation of inflammatory responses by M1 biomarkers
Murine macrophages were treated with 500 ng/ml COC1f, 500 ng/ml cTnl, or 1ug/ml LPS

for 6 hours. Thereafter, nRNA was isolated and mRNA levels of TNFa., IL-6, IL-1B,
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VCAML1, and ICAM1 were measured by gRT-PCR. Mean + SEM; Statistical analysis was
performed using Kruskal-Wallis one-way ANOVA with Dunn’s post-hoc test, n.s. non-
significant, ** p<0.005, *** p<0.0005, **** p<0.0001 (n=13 for cTnl, n=31 for COC1f and
n=4 for LPS). b—c) Murine macrophages were treated for the indicated lengths of time with

500 ng/ml COC1f and for 6 h with CO-L or LPS. Western blot analysis was used for
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determination of protein levels of b) IL-1p and ¢) TNFa. Depicted is the mean = SEM of
n=3 individual experiments. Statistical analysis was performed using the Mann Whitney U
test, comparing each sample individually with control (p>0.07). d) Structure of cardiac
MyBP-C. Calpain-dependent cleavage takes place in the M-domain. Various N-terminal
fragments were designed.
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Figure 2. Validation of pro- and anti-inflammatory responses upon treatment with N-terminal
cMyBP-C fragments

a—e) Murine macrophages were treated for 6 h with 500 ng/ml C0C2, COC1f, COC1, or CO-
L fragments, or 1 pg/ml LPS. mRNA levels of TNFa, IL-6, IL-1B, VCAML1, and ICAM1
were measured by gRT-PCR. f) Murine macrophages were treated with COC1f peptide for 3,
6, 9, 24, or 72 h. g—i) Murine macrophages were treated for 6 h with C0OC2, COC1f, COC1, or
CO-L fragment and LPS; mRNA levels of Argl, IL-10, and TGF were measured by gRT-
PCR. Values shown are mean + SEM; statistical analysis was performed using Kruskal-
Wallis one-way ANOVA with Dunn’s post-hoc test, * p< 0.05, ** p<0.005, *** p<0.0005,
**** n<0.0001 (CO: n=4, COC2 and CO-L: n=11; COC1: n=18, COC1f: n=21, LPS: n=6).
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Figure 3. COC1f induces pro-inflammatory responses in human monocytes
a—e) Human monocytes were isolated from buffy coats of healthy donors and were treated

with CO-L, COC1f, or LPS for 6 h. Thereafter, MRNA was isolated and levels of TNFa,
IL-6, IL-1B, VCAML, and ICAML transcripts were measured by gRT-PCR. Values shown
are mean + SEM,; statistical analysis was performed using the one-way ANOVA with
Tukey’s post-hoc test, n= 10, * p<0.05, ** p<0.005, *** p<0.0005 and **** p<0.0001. f)
Human monocytes were treated with COC1f peptide for the indicated time periods and levels
of TNFa, IL-6, IL-1B, VCAML1, and ICAM1 were measured by gRT-PCR. (n=3 donors) g—
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i) Protein levels of pro-inflammatory cytokines were detected by western blot analysis (g, j)
and quantified (h, i, k, I). Values shown are mean + SEM; statistical analysis was performed
using one-way ANOVA with Tukey’s post-hoc test, * p<0.05, ** p<0.005
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Figure 4. COC1f induces pro-inflammatory cytokine expression via activation of the NFxB
signaling pathway
Murine macrophages were treated with COC1f, LPS, or CO-L for 6 h. The NFxB activation

was inhibited by 24-h pre-treatment (18 h prior to co-treatment with peptides or LPS) with
Bay11-7082. gRT-PCR was performed to determine the gene expression levels of NFxB (a)
and the pro-inflammatory cytokines TNFa (b), IL-6 (c), IL-18 (d), and MCP1 (e) as well as
adhesion/migration molecules VCAML (f) and ICAML1 (g). Values shown are mean + SEM;
statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc test,
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(Bay11-7082: n=9, LPS, COC1f+ Bay11-7082 and CO-L: n=28, COC1f: n=38, n.s. not
significant, *** p<0.005, **** p <0.0001). Protein expression of IL-1p (h-i) and TNFa (h,
j) with or without 24-h Bay 11-7082 treatment was analyzed by western blotting. Depicted
are the quantified data for 6-h treatment with COC1f, COC1f + Bay11-7082, LPS, and CO-L
(n=4 independent experiments) (i, j). Values shown are mean + SEM; statistical analysis was
performed using the Mann Whitney U test, comparing each sample individually with
control, * p<0.05.
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Figure 5. COC1f elicits its response via TLR4, TLR2, and RAGE
Murine macrophages were treated with various inhibitors. IL-6 and IL-1p mRNA expression

was analyzed by gRT-PCR. Cells were treated with a—b) CLI-095, a TLR4-specific inhibitor
(n=4), c—d) FPS-ZM1, a RAGE inhibitor (n=6), or e-f) CU CPT22, a TLR2-specific
inhibitor (n=6) for 16 h prior to the 6-h treatment with COC1f. Values shown are mean +
SEM,; statistical analysis was performed using the Mann-Whitney U test, * p<0.05, **
p<0.005.
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