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S100A8/A9 is a valuable biomarker and treatment target to
detect and modulate neutrophil involvement in myocardial
infarction
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Abstract

Myocardial infarction (M) leads to irreversible ischemic damage of the heart muscle and is the leading cause of heart failure. The ischemic
cardiac injury triggers a potent local and systemic immune response. In the acute phase post-MI, neutrophils infiltrate the myocardium in large
numbers and induce further cardiomyocyte death, expanding the infarcted area. The alarmin S100A8/A9 is a proinflammatory mediator
primarily produced by myeloid cells, with an emerging role in MI. We previously demonstrated that short-term inhibition of S100A8/A9 during
the inflammatory phase of the immune response to Ml improves long-term cardiac function. In the present study, we investigated the effects
of S100A8/A9 blockade on myocardial inflammation and post-ischemic myocardial injury in @ mouse model of coronary artery ligation.
Immunohistochemical (IHC) staining revealed that the presence of S100A9 is strongly correlated with neutrophil infiltration in the myocardium
on days 1 and 3 post-MI. A 3-day treatment with the S100A8/A9 blocker ABR-238901 starting immediately after Ml decreased the number of
neutrophils and S100A9 presence in the myocardium and had a positive impact on cardiac damage, reducing infarction size. These findings
promote S100A9 as an IHC biomarker of neutrophil infiltration and a promising immunomodulatory target to regulate neutrophil recruitment,

reduce ischemic injury and promote long-term beneficial cardiac recovery after MI.
Keywords: myocardial infarction, inflammation, infarct size, S100A8/A9 blockade.

=& Introduction

According to the Fourth Universal Definition of
Myocardial Infarction (MI), the clinical definition of MI
indicates the presence of acute myocardial injury,
revealed by elevated cardiac biomarkers, in the setting of
acute myocardial ischemia defined by symptoms, new
ischemic electrocardiographic changes or imaging evidence
of new regional wall motion abnormality in a pattern
consistent with an ischemic etiology [1]. From a pathological
standpoint, MI consists in myocardial cell death due to
acute ischemia. Extensive cardiomyocyte death triggers
a robust immune and inflammatory response that leads to
myocardial healing and replacement of the damaged tissue
with a collagen-based scar [2, 3]. During acute cardiac
inflammation, high numbers of immune cells infiltrate
the myocardium and initially exacerbate tissue damage,
before conversion into a reparatory phenotype. Neutrophils
are the first cells to invade the injured cardiac tissue,
triggering the early inflammatory phase post-MI [4, 5].
Experimental and clinical studies have demonstrated both
deleterious and beneficial roles of neutrophils in MI [6-8].

On one hand, neutrophils can induce the death of viable
cardiomyocytes and further increase ischemic lesion [6, 9].
On the other hand, neutrophil depletion has been shown
to lead to defective myocardial recovery and progressive
decline in cardiac function, suggesting that neutrophil-
driven mechanisms are also important to promote the
post-acute reparatory phase [8].

S100A8/A9, a proinflammatory alarmin abundantly
stored in neutrophils, increases rapidly in the circulation
after the onset of MI [10, 11]. We have previously identified
S100A8/A9 as a dual promoter of inflammation and repair
after MI with important anti-inflammatory changes of left
ventricle proteome [12]. Short-term S100A8/A9 blockade
with the small molecule inhibitor ABR-238901 administered
for the first three days post-MI improved cardiac function
long-term, both after permanent coronary ischemia and after
ischemia/reperfusion [13]. Conversely, long-term S100A9
blockade has a negative impact on cardiac recovery,
counteracting the beneficial effects of short-term therapy
due to inhibition of monocyte recruitment and their conversion
into reparatory macrophages [14].
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The inflammatory response is closely related to myocardial
healing and fibrosis. Aggressive acute inflammation or
insufficient healing may lead to cardiac rupture, followed by
cardiac tamponade and death. Conversely, excessive cardiac
fibrosis after MI leads to adverse cardiac remodeling,
arrhythmias, and heart failure (HF) [15, 16]. Histopathological
analysis allows classification of myocardial fibrosis into
replacement fibrosis and reactive fibrosis [17]. Reparative
fibrosis is a replacement fibrosis, as necrotic MI tissue is
completely replaced by a collagen-based scar due to the
insignificant regenerative ability of the adult mammalian
heart post-MI [18]. Reactive fibrosis is an interstitial or
perivascular fibrosis which is indirectly associated with
cardiomyocyte death and may result from prolonged activation
of fibrogenic stimuli [18, 19]. Post-MI cardiac fibrosis is a
critical response to prevent ventricular rupture during the
early stages of MI. Effective immunomodulatory therapies
after MI should reduce the extent of the injury mediated
by excessive acute inflammation, while leaving the repair
mechanisms intact.

Mouse models of MI are essential in cardiovascular
research, to assess the effects of potential treatments on
cardiac function, immune cell infiltration and MI size [20].
We have previously shown that short-term SI00A8/A9
blockade by ABR-238901 favorably tips the immune
inflammation/repair balance in the infarcted heart and
improves cardiac function long-term.

Aim

In the present work, we assessed the value of SI00A9 as
an immunohistological biomarker of neutrophil infiltration
into the myocardium and we examined the effects of short-
term S100A8/A9 blockade on MI size, as a potential

explanation for the beneficial long-term effects of the
treatment on cardiac function.

& Materials and Methods

Ml induction by permanent left coronary
artery ligation

Wild-type (C57BL/6) female mice, 8—12 weeks of age,
20-25 g body weight, underwent permanent left anterior
descending (LAD) coronary artery ligation as previously
described [20, 21]. All animals were allowed to acclimatize
for at least one week before being included in the study.
Mice were housed in a controlled environment with a 12-
hour light-dark cycle and free access to water and a regular
mouse diet. All mice were purchased from the Cantacuzino
National Research and Development Institute (Bucharest,
Romania). All surgeries were performed at the Experimental
Station of George Emil Palade University of Medicine,
Pharmacy, Science, and Technology of Targu Mures
(Romania), according to local protocols approved by the
Scientific Research Ethics Commission of the University.

Briefly, mice were placed on a heated surgical pad to
maintain their body temperature at around 37°C. Subsequently,
continuous inhalation anesthesia with 2—3% Isoflurane
combined with 0.5 L/min oxygen was provided through
anon-invasive delivery system (EZ-SA800 Single Animal
System, Philadelphia, USA). The animal fur was removed
with a standard trimmer for small animals, the skin was
cleaned with Betadine and a small cut, approximately 1 cm
in length, was made on the left side of the thorax. Next, the
heart was rapidly popped-out through the fourth intercostal

space and the LAD was ligated using a 6.0 silk suture at
approximately 2-3 mm from the origin. The heart was placed
back into the thorax immediately, the air was manually
evacuated by gentle side pressure and the skin was sutured
with 6.0 Prolene. The sham mice underwent the same
surgical procedure except for the LAD ligation. MI was
histologically confirmed by Hematoxylin—Eosin (HE) and
Masson’s trichrome stainings.

Study design

The mice were included into three groups: sham-operated
mice (sham group), MI-operated mice receiving phosphate-
buffered saline (PBS) treatment (MI group) and MI-operated
mice treated with 30 mg/kg ABR-238901 (a gift from Active
Biotech AB, Lund, Sweden) diluted in PBS (MI+ABR group).
ABR-238901 blocks the binding of both SI00A9 and
S100A8/A9 to their cognate receptors, Toll-like receptor
(TLR)2, TLR4 and receptor for advanced glycation end-
products (RAGE) [22]. Mice sacrificed on day 1 received one
single intraperitoneal (i.p.) dose of PBS or ABR immediately
after MI induction. All other mice included in the study
received a total of three i.p. injections of either PBS or ABR
administered immediately after MI and repeated after 24
and 48 hours. Mouse hearts were collected after 1 and 3
days post-MI and the histological analysis was performed
as described below. The number of animals in each group is
specified in the results section and in the figure legends.

Histology and immunostaining

Animal hearts were collected under general anesthesia
induced by i.p. injection of a Ketamine—Xylazine (100/20
mg/kg body weight) solution. Heart tissue was fixed overnight
in 10% neutral buffered formalin, embedded in paraffin,
and sectioned into 4 um-thick transverse sections for HE,
Masson’s trichrome and immunohistochemical (IHC) staining.
Serial sections at 300 pm intervals were collected, starting
from the ventricular apex until the suture knot. Heart
sections collected at 1 and 3 days post-MI were stained for
HE, the mouse neutrophil marker lymphocyte antigen 6
family member G6D (Ly6G), S100A9 and Masson’s
trichrome to evaluate histological changes and infarction
size in the early acute inflammatory period after MI. We
analyzed myocardial tissue sections collected from 5-6
different levels along the transversal axis of the heart,
starting from the apex and up to the level of the coronary
suture. All images were taken with an Axio Imager Z2
microscope with a color Axiocam 506 camera and processed
using the ZenPro 3.2 software (all Zeiss, Germany) and
QuPath version 0.3.0 (https://qupath.github.io).

We performed IHC staining for S100A9 and for Ly6G,
a marker specifically expressed on the surface of mouse
neutrophils [23]. Paraffin-embedded heart sections were
rehydrated, and antigen retrieval was performed in retrieval
solution (Leica Microsystems, Germany) using microwave
(850 W) heating for 20 minutes, and endogenous peroxidases
were quenched with 3% hydrogen peroxide (H,O,) for
10 minutes. Subsequently, the sections were rinsed in Tris-
buffered saline (TBS) and unspecific binding sites were
blocked with Protein Block Serum-Free solution (Dako, CA,
USA) for 30 minutes at room temperature (RT). Purified
monoclonal rat anti-mouse anti-Ly6G primary antibody
(1:500 dilution; BD Biosciences, San Jose, CA, USA)
or monoclonal rabbit anti-mouse anti-SI00A9 primary
antibody (1:800 dilution; Cell Signaling Technology,
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Danvers, MA, USA) were applied overnight at 4°C. Next,
sections were rinsed in TBS and incubated for one hour
at RT with goat anti-rat immunoglobulin G (IgG) heavy
and light (H&L) chains [Horseradish peroxidase (HRP)]
secondary antibody (1:500 dilution; Abcam, Cambridge,
UK) or with BrightVision poly-HRP goat-anti-rabbit Biotin-
free (ready-to-use) secondary antibody (VWR, Amsterdam,
The Netherlands), respectively. The signal was then detected
using 3,3’- Diaminobenzidine (DAB), and finally the slides
were counterstained with Hematoxylin according to the
manufacturer’s instructions.

Statistical analysis

The GraphPad Prism 6.0 software (GraphPad, CA, USA)
was used for statistical analysis. A p-value < 0.05 was
considered to be statistically significant.

& Results

S100A9 presence reflects neutrophil
infiltration in the acute inflammatory
phase post-Ml

The first aim of our study was to examine the links
between myocardial damage and the inflammatory infiltrate
in the acute phase post-MI, and to validate S100A9 as a
histological biomarker and treatment target to evaluate and

- - o

control the infiltration of polymorphonuclear neutrophils
into the infarcted myocardium. We focused on days 1 and
3 post-MI, at the beginning and the end of the acute
inflammatory phase post-MI. We collected left ventricular
sections from sham-operated mice and from mice with
induced MI, which were treated for 1 or 3 days with PBS
or ABR-238901 (ABR) i.p. On HE staining of the infarcted
left ventricular areas, we can observe microscopic aspects of
interstitial edema as blank spaces between the cells, nuclear
pyknosis and loss of cardiomyocyte nuclei and striations,
all features of cardiomyocyte necrosis (Figures 1A and
2A). The inflammatory infiltrate on day 1 mainly consists
of neutrophils, as can be seen by comparing the areas of
immune cells accumulation in the HE staining with the
Ly6G staining in the MI and MI+ABR groups (Figure 1,
A and B). The myocardial destruction and the inflammatory
infiltrate are much more pronounced on day 3, but the
neutrophil presence is highly reduced compared to day 1 in
both MI treatment groups [Figure 1 (A and B) vs. Figure 2
(A and B)]. In contrast, the sham-operated hearts only
contain a few infiltrating neutrophils around the needle
puncture (Figure 1B) and in the subendocardial zone
(Figure 2B), probably infiltrating by contact from the
surrounding areas because of pericardial rupture during

surgery.
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Figure 1 — Neutrophil infiltration and S100A9 presence in the myocardium on day 1 post-MI: (A) Representative images
of HE staining of left ventricular sections from the sham and MI groups treated with PBS (MI) or ABR-238901 (MI+ABR),
respectively, collected on day 1 after myocardial ischemia (400%); (B) Ly6G-positive staining identifying neutrophil
infiltration (400%); (C) S100A9-positive immunohistochemical staining in the same areas as in (4) and (B) (400x). HE:
Hematoxylin—Eosin; Ly6G: Lymphocyte antigen 6 family member G6D; MI: Myocardial infarction; PBS: Phosphate-

buffered saline.
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Visually, the location of the SI00A9 staining (Figures 1C
and 2C) coincides well with the infiltration of neutrophils
into the myocardium, reflected by the Ly6G staining
(Figures 1B and 2B). The ability of ST00A9 to reflect the
presence of neutrophils in the tissues is further confirmed
by significant associations between the extent of the ST00A9
and Ly6G staining, expressed as average percentage of
left ventricular area, on both day 1 and day 3 post-MI and
in both MI treatment groups (Figure 3, A and B). These
findings suggest that neutrophils are the major source of
S100A9 in the infarcted myocardium and that the amount
of SI00A9 is a good histological biomarker of neutrophil
infiltration.

S100A8/A9 blockade inhibits inflammation
after Mi

Further, we studied the effects of SI00A9 and ST00A8/A9
blockade with ABR-238901 on the neutrophil infiltrate in
the infarcted myocardium in the first three days post-MI,
compared with PBS-treated controls. The treatment lowered
the presence of inflammatory cells, as revealed by the HE
staining. The effect was only discreet on day 1, after only one
ABR-238901 dose (Figure 1A), but the difference between
the groups became evident on day 3, at 24 hours after the
third ABR-238901 dose (Figure 2A). We observed similar
inhibitory effects of the treatment on the infiltration of
Ly6G-positive neutrophils and on the SI00A9 presence in

SURM

-

S100A9

the myocardium on days 1 and 3 [Figure 1 (B and C) vs.
Figure 2 (B and C)]. The difference between the treatment
groups was further confirmed by quantification of Ly6G
and S100A9-stained areas. On day 1, there was a tendency
towards lower neutrophil and S100A9 staining in ABR-
238901-treated mice, but there was still a considerable overlap
between the two treatment groups (Figure 3A). On day 3,
there was a better separation between the groups, both Ly6G
and S100A9 being clearly higher in the myocardium of PBS-
treated mice compared to animals receiving SI00A8/A9
blockade (Figure 3B).

S100A8/A9 blockade reduces the
extent of myocardial damage

In addition, we assessed whether the reduction in
neutrophil infiltration observed in mice receiving the
S100A8/A9 blocker has a positive impact on myocardial
damage. We compared the size of the MI at the end of the
treatment, on day 3 post-MI, in mice treated with ABR-
238901 or PBS. The location and extent of myocardial damage
was identified on HE-stained sections below the coronary
ligation, and further confirmed by Masson’s trichrome
staining of the post-ischemic myocardial scar (Figure 4,
A and B). We found that the size of the MI, expressed as
percentage of left ventricular volume below the coronary
ligature, was significantly reduced by the 3-day inhibition
of SI00AS8/A9 signaling (Figure 4C).

il _ ML ERABE

Figure 2 — Neutrophil infiltration and S100A9 presence in the myocardium on day 3 post-MI: (A) Representative images
of HE staining of left ventricular sections from the sham and the two MI groups receiving PBS (MI) or ABR-238901
(MI+ABR) treatment, collected on day 3 post-MI (400%); (B) Ly6G-positive neutrophil staining (400%); (C) S100A49

staining in the same areas as in (A) and (B) (400%).
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Figure 3 — The S10049 presence in the infarcted myocardium reflects neutrophil infiltration and the effect of the
treatment. Correlations between neutrophil infiltration, expressed as Ly6G-positive staining, and S10049 staining in
myocardium collected on day 1 (A) and day 3 (B) post-MI. The stained area is reported as an average percentage of left
ventricular area on five consecutive sections collected at 300 um intervals.
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Figure 4 — Inhibition of S10048/A9 signaling reduces the extent of M1 on day 3 post-M1I: (A) Representative HE staining
of cardiac sections from the PBS- and ABR-238901-treated mice, three days after induced MI; (B) Masson’s trichrome
staining of fibrous scar formation in the infarcted area; (C) Quantification of MI size, expressed as percentage of left

ventricular (LV) volume.

= Discussions

Inflammation and fibrosis play crucial roles in the
development of HF and cardiac remodeling after MI. An
aggressive inflammatory response increases the extent of
myocardial damage and excessive fibrosis leads to myocardial
stiffening, diastolic dysfunction and increased intra-cavitary
pressure, accelerating the progression towards clinically
manifest HF [24, 25]. Clinical and experimental studies
have consistently shown that a high degree of local and
systemic inflammation is deleterious and is associated with
increased mortality after MI [26, 27]. Timely reperfusion
therapy by primary percutaneous coronary intervention is
the “gold standard” treatment for reducing MI size [28],
but there are no clinically available treatments able to

efficiently modulate the aberrant inflammatory response
and to improve cardiac healing after MI.

In this study, we assessed the neutrophil-mediated
acute inflammatory response induced by ischemic myocardial
damage in a mouse model of MI, and the ability of
S100A8/A9 blockade to modulate neutrophil recruitment
and reduce cardiac damage. We show that during the
early inflammatory phase (the first three days after MI)
the infarcted myocardium is massively infiltrated by
inflammatory cells. Neutrophils dominate the inflammatory
infiltrate on day 1 post-MI, but their numbers highly decline
already on day 3, which is in line with previous literature
[5]. We also show that the presence of S1I00A9 in the
myocardium closely reflects the intensity of neutrophil
infiltration. In a previous study, we found that soluble
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S100A8/A9 in plasma is closely associated with circulating
neutrophil counts and with the risk for cardiovascular
events in individuals from the general population [29].
Our current data further support the value of the protein as
a biomarker of neutrophil presence in the infarcted tissue.

Secondly, we show that blockade of ST00A8/A9 function
with the small molecule blocker ABR-238901 significantly
reduces neutrophil infiltration and S100A9 presence in
the infarcted heart. The effect was not clearly defined on
day 1, after one ABR-238901 dose, but became evident on
day 3, at the end of the 3-dose treatment. This important
finding suggests that SI00A8/A9 has an autocrine effect on
neutrophil recruitment and function, and that SIT00A8/A9
blockade not only inhibits its function but also reduces the
presence of the protein in the myocardium. These results
are in line with recent findings, showing that neutrophil
secreted SI00A8/A9 activates the NLR family pyrin domain
containing 3 (NLRP3) inflammasome in neutrophils through
an autocrine mechanism mediated by the TLR4 receptor [30].
The S100A8/A9-activated and NLRP3-primed neutrophils
circulate back to the bone marrow (BM) and stimulate
emergency hematopoiesis through increased interleukin-
Ibeta (IL-1p) production [30, 31]. Our group has previously
shown that systemic S100A8/A9 blockade inhibits neutrophil
egression from the BM and spleen into the circulation and
their recruitment into the cardiac muscle post-MI [13, 14].
Taken together, these data demonstrate that ST00A8/A9
plays an important role in neutrophil production in the
BM, myocardial recruitment, and effector function in the
infarcted myocardium. The observed effects of ST00A8/A9
blockade suggest that ABR-238901 can be used
therapeutically to modulate the involvement of neutrophils
in post-MI inflammation. Importantly, there are conflicting
clinical and experimental results regarding the impact of
neutrophils on post-MI cardiac damage and recovery. High
levels of circulating neutrophils are associated with increased
mortality and adverse prognosis in MI patients, as neutrophils
significantly contribute to the sustained inflammatory
response and overall severity of ischemic injury [32, 33].
Conversely, an important previous study has found that
long-term neutrophil depletion in a mouse model of MI
impaired the development of reparatory macrophages,
leading to defective repair, excessive collagen deposition
and progressive decline of cardiac function [8]. Here, we
show that the short-term ABR-238901 treatment decreases
but does not completely eliminate neutrophil infiltration into
the infarcted myocardium. The contribution of neutrophils
to cardiac repair is thereby maintained, and we have
previously demonstrated that the 3-day treatment leads to
improved cardiac function and has no negative impact on
repair [13]. In contrast, extending the treatment long-term
had a similar negative impact on cardiac repair and function
as the long-term neutrophil depletion [14].

Besides its role as a proinflammatory mediator and
potential treatment target, SI00A8/A9 might also be
valuable as a soluble biomarker reflecting local and systemic
inflammation and residual cardiovascular risk in MI patients.
Neutrophils are the main producers of SI00A8/A9 in MI [34]
and an earlier clinical study has shown that ST00A8/A9,
also called myeloid-related protein 8/14 (MRPS8/14), is
expressed in neutrophils and monocytes, but not platelets, in
thrombi extracted from the site of coronary occlusion during

percutaneous coronary interventions [35]. Importantly, the
same study found that SI00A8/A9 concentration in coronary
blood is twice as high as in the systemic circulation during
the acute coronary event, demonstrating that the activation
of cells infiltrating the infarcted myocardium is the primary
source of SI00A8/A9 release. SI00A8/A9 increased in
the circulation faster than the myocardial damage markers
myoglobin and troponin and was proposed as a potential
marker for MI diagnosis [36]. The peak of plasma S1I00A8/A9
levels occurs at day 1 post-MI, coinciding with the peak of
neutrophil recruitment [34]. Plasma levels slightly decrease
thereafter but remain elevated in M1 patients for at least the
first four days post-MI [34]. A potent ST00A8/A9 response
during the acute phase appears to be detrimental in MI
patients, as high circulating levels of SI00A8/A9 have been
associated with a poor long-term prognosis characterized
by increased risk for major adverse cardiovascular events
(MACE) [34, 36] and HF [13]. In this context, our current
IHC data confirms the close relationship between neutrophil
infiltration and S100A9 presence in the myocardium. We
propose that plasma S100A8/A9 might be used as a clinical
biomarker to evaluate the intensity of the local and systemic
neutrophil response in MI and to follow the effect of the
treatment.

Finally, we demonstrate that S100A8/A9 blockade with
ABR-238901 reduces myocardial damage and the size of
the myocardial scar on day 3 post-MI, at the end of the
treatment. These loss-of-function data complement well
previous gain-of-function findings, showing that treatment
with recombinant SI00A8/A9 exacerbated the ischemic
injury and worsened HF in a mouse model of MI, due to
enhanced RAGE signaling and activation of the pro-
inflammatory NF-«B transcription factor [37]. The observed
reduction in neutrophil infiltration and infarction size also
provides further mechanistic explanation for our previously
published study showing that the 3-day SI00A8/A9 blockade
tips the balance between inflammation and repair in the
myocardium towards an anti-inflammatory and pro-
reparatory phenotype, leading to long-term gain in cardiac
function in both the permanent ischemia model used in
the current work and in the clinically relevant model of
ischemia/reperfusion.

& Conclusions

In the current work, we demonstrate a close relationship
between neutrophils and the proinflammatory mediator
S100A8/A9 in the pathogenesis of M1, by using histological
and THC analysis of cardiac sections collected 1 and 3 days
after coronary ischemia from a mouse model of coronary
artery occlusion. We show that ST00A9 presence closely
reflects neutrophil infiltration into the myocardium, and
that neutrophils dominate the inflammatory infiltrate on
day 1 and thereafter rapidly decline. The neutrophil dynamics
coincide with the presence of SI00A9 in the myocardium
and with the levels of circulating SI00A8/A9 measured
in MI patient plasma in a previous study. Further, we
demonstrate that blockade of SI00A8/A9 function with the
small-molecule inhibitor ABR-238901 administered during
the first three days post-MI lowers neutrophil infiltration
and S100A9 presence in the myocardium and reduces the
size of myocardial injury. Our results promote S100A8/A9
as a potential biomarker of neutrophil involvement in MI
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and as a promising treatment target to modulate neutrophil
recruitment and function, reduce myocardial damage,
promote healing, and prevent long-term HF.
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