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Abstract: Ischemic events are associated with severe inflammation and are here referred to as
ischemic inflammatory response (IIR). Recent studies identified the formation of platelet–neutrophil
complexes (PNC) as key players in IIR. We investigated the role of extracellular platelet nucleotide
signaling in the context of IIR and defined a cybernetic circle, including description of feedback loops.
Cybernetic circles seek to integrate different levels of information to understand how biological
systems function. Our study specifies the components of the cybernetic system of platelets in IIR and
describes the theoretical progression of IIR passing the cybernetic cycle with positive and negative
feedback loops based on nucleotide-dependent signaling and functional regulation. The cybernetic
components and feedback loops were explored by cytometry, immunohistological staining, functional
blocking antibodies, and ADP/ATP measurements. Using several ex vivo and in vivo approaches
we confirmed cybernetic parameters, such as controller, sensor, and effector (VASP phosphorylation,
P2Y12, ADORAs and GPIIb/IIIa activity), as well as set points (ADP, adenosine) and interfering
control and disturbance variables (ischemia). We demonstrate the impact of the regulated platelet–
neutrophil complex (PNC) formation in blood and the resulting damage to the affected inflamed
tissue. Taken together, extracellular nucleotide signaling, PNC formation, and tissue damage in
IIR can be integrated in a controlled cybernetic circle of platelet function, as introduced through
this study.

Keywords: platelets; ischemia; ischemic preconditioning; ATP; ADP; adenosine; VASP phosphory-
lation; ADORAs; P2Y12

1. Introduction

A cybernetic circle is a refined version of a recursive process creating a steady state.
Most, if not all, physiological and biochemical processes are integrated in cybernetic
circles [1]. Physiological processes, such as body temperature, glucose, and water balance,
but also blood circulation and blood pressure are strictly controlled systems that can all
be described as cybernetic circuits. Not only physiological but also pathophysiological
processes, such as inflammation, are under the control of cybernetic circles.

As per classical definition, inflammation is characterized by redness (rubor), warming
(calor), swelling (tumor), pain (dolor), and loss of function (function laesa). Inflammation
can already be in progress, even if the classical symptoms are not yet visible or present [2].
Various processes can lead to inflammatory responses and not all of them are intentional,
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e.g., inflammatory autoimmune reactions. Inflammation can be the result of a cascade
of events triggered by ischemia and reperfusion [3]. Thus, in this study we use the term
“ischemic inflammatory response” (IIR) to demarcate it from other inflammatory processes
in autoimmune diseases, infections, transplant rejection, cancer, or inflammation induced
by the use of extra-corporeal blood pumping devices [4]. Ischemic inflammation is char-
acterized by an orderly sequence of events involving the ischemic organ, the vessels, the
circulating blood, and the lymphoid organs [3]. IIR can be categorically executed through
secretion of mediators (e.g., chemokines, cytokines, and small molecules, such as ATP),
activation of complement system, and changes in the activation status of different cell types
(platelets, endothelium, epithelium, granulocytes, monocytes, erythrocytes) [5–11]. Here,
we focus on platelets, their (de)activation status, and their inflammatory interaction with
innate immune cells, i.e., neutrophils.

Platelets are important regulators of blood homeostasis, which is well defined as a cyber-
netic system for processes, such as aggregation or integrity of the vascular system [5,12–14].
In recent years, it has become increasingly clear, that platelets are crucial players in in-
flammation [15–18]. Platelets tightly control the action of neutrophils via the formation
of platelet–neutrophil complexes (PNC) in the blood and guide the PNCs to the ischemic
tissue. Thereby platelets convert neutrophils to deleterious effectors transmigrating into
the ischemic tissue [19–26]. Nucleotide signaling and metabolism are key regulators in the
activation and deactivation of platelets [27]. It is known that upon stimulation, platelets
secrete ATP and ADP, which elicit platelet aggregation [28]. In particular, ADP as activator
of the platelet receptors P2Y1 and P2Y12 is crucial for platelet activation and aggrega-
tion [27]. Recently, we could demonstrate that the inhibition of the P2Y12 signaling by
Gαi2-deficiency in murine platelets reduces the size of heart and brain infarcts [29]. These
data and the blockage of the P2Y12-receptor (e.g., clopidogrel, ticagrelor, etc.) in ischemic
therapy suggest a deleterious effect of ADP in IIR [6,30].

A rapid breakdown of extracellular ADP is crucial to prevent further platelet activa-
tion and recruitment. This task is mainly accomplished by the endothelial ectoNTPDase1
(CD39), which is highly expressed on the endothelium, to tightly control platelet reac-
tivity [31,32]. Interestingly, NTPDase1 is also expressed on platelets themselves at a low
level and is most likely essential to keep the platelet microenvironment in balance to
prevent uncontrolled platelet activation through the rapid breakdown of low quantity
of ATP/ADP [32]. NTPDase2 (CD39L1) is mainly present on the basolateral surface of
endothelium, adventitia of vessels, and microvascular pericytes. NTPDase2 is functionally
responsible for building up an ADP pool, as it catalyzes the conversion of ATP to ADP very
quickly but that of ADP to AMP slowly [33,34]. The ecto-5′-nucleotidase CD73 converts
extracellular AMP to adenosine, which is known to be protective in inflammation and
IIR [35–38].

Adenosine elicits its physiological responses by binding to and activating one or
more of the four transmembrane adenosine receptors (ADORAs), denoted A1, A2A, A2B,
and A3 [39]. By signaling via ADORA2A and ADORA2B on platelets, adenosine inhibits
platelet aggregation by increasing intracellular cAMP levels [40,41]. Moreover, adenosine
does not only impede platelet activation, but it is also a highly potent inhibitor of leukocyte
activation, thereby exerting anti-thrombotic and anti-inflammatory effects [42,43].

In addition to this, platelet activation status is controlled by regulating the phosphory-
lation of vasodilator-stimulated phosphoprotein (VASP). VASP is known to control actin
polymerization and filopodium formation [44,45]. The phosphorylation of VASP is driven
by PKA and PKG, which are regulated by intracellular cAMP and cGMP levels, respec-
tively [46,47]. In addition, the status of VASP-phosphorylation correlates with the activation
of the integrin receptor complex GPIIb/IIIa [48,49]. Therapeutically, VASP phosphorylation
status is determined as an indicator of platelet activation in patients to distinguish between
P2Y12-responders and non-responders [49,50]. The activation status of GPIIb/IIIa can be
measured with the specific antibodies PAC-1 and JON/A for human and murine platelets,
respectively. It is well known that the activation of GPIIb/IIIa is essential for platelet
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aggregation, but its importance for the platelet–neutrophil complex (PNC) formation is still
underestimated. These physiological pathways are summarized in Figure 1.
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Figure 1. Simplified scheme of physiological signaling pathways in platelets. In platelets, G
protein-coupled receptors (GPCR) act on the activation (P2Y12) and deactivation (A2AAR, A2BAR,
PI2R) of Glycoprotein IIb/IIIa (GPIIb/IIIa) via the phosphorylation of vasodilator-stimulated phos-
phoprotein (VASP). NTPDases (CD39, CD73) expressed in the endothelium contribute to the
breakdown of extracellular ATP and ADP to AMP and adenosine. Prostacycline (PGI2) and ni-
tric oxide (NO) are released from the endothelium and support the deactivation of GPIIb/IIIa.
ATP—adenosine triphosphate; ADP—adenosine diphosphate; AMP—adenosine monophosphate;
cAMP—cyclic adenosine monophosphate; cGMP—cyclic guanosine monophosphate; sGC—soluble
guanylyl cyclase; P2Y12—purinergic receptor; A2AAR—adenosine A2A receptor; A2BAR—adenosine
A2B receptor.

The aim of this study was to define a control circuit with the focus on the cell type
platelets; their interplay with neutrophils in forming platelet–neutrophil complexes in
the context of IIR before, during, and after an ischemic event. First, we specify all the
components and correlations within this cybernetic cycle and then validate them with
experimental approaches in murine models in vivo and in the human system ex vivo.

2. Materials and Methods
2.1. Ethic Statement

Following approval by the Institutional Review Board of Tübingen University Hospital
(ethics committee), human blood samples were taken after written informed consent was
gathered and neutrophils and platelets were isolated.

All animal experiments were performed in accordance with the German guidelines
for use of living animals and were approved by the local authorities. For all animal
experiments, wild type mice on a genetic C57BL/6 background were used and animals
were selected with similar age, gender, and body weight.

2.2. Isolation of Human Platelets

Human venous blood was withdrawn in a 9 mL syringe with Na-Citrate (Monovette,
Sarstedt, Nürnbrecht, Germany) and centrifuged without acceleration and break at 190× g
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for 20 min at room temperature (RT). The supernatant (PRP) was collected, and number of
platelets determined.

2.3. ADP Release from Human Platelets

In 1 mL of HBSS resuspended platelets (1 × 108 platelets/mL) the release of ADP was
measured with an ADP/ATP ratio assay kit (ab65313; Abcam, Cambridge, UK). An ADP
standard concentration curve (Chrono-Par® from Chrono-Log®, Hamburg, Germany) was
used to calculate the individual values (Figure A1) in platelet samples. Maximum ADP
release was measured after sonication with 50% power for 10 s and minimum ADP release
by centrifugation of platelets at 400× g, for 5 min at room temperature (RT). Shear stress
was generated in platelet samples either with a 5 mL Potter-Elvehjem grinding chamber
and Smooth Pestle with a chamber clearance of 100 to 150 µm to artificially simulate ex vivo
microcirculatory vasculature (1×—one passage, 5×—five passages, 10×—ten passages),
allowing the multiple passages of the pestle through the blood to mimic systolic thin
viscosity observed under shear stress or with a pressure of 0.5 bar (equivalent to 370 mmHg,
slightly above the hypertensive blood pressure), achieved with a 3 mL syringe with a
stopper placed on an air pump for 10 s to mimic an ex vivo ischemic event [51].

2.4. Flow Cytometry of Human PRP

For the staining of surface markers (anti-human BV421-CD41 and APC-CD41/CD61
antibodies (clone PAC-1) (BioLegend, Koblenz, Germany)), platelet samples were incu-
bated in 100 µL of staining solution for 20 min at RT and subsequently exposed to either
1 µg/mL PGE1, 12.5 µg/mL adenosine (Sigma-Aldrich Heidelberg, Germany), 25 µg/mL
ADP (Chrono-Log®, Hamburg, Germany), or 5 µM Diethylamine NONOate diethylammo-
nium salt (DEA NONOate; Cayman Chemical; Ann Arbor, USA) for 5 min, respectively,
and after washing were resuspended in Cytofix™ (BD Biosciences, Heidelberg, Germany).
For intracellular staining, samples were subsequently resuspended with Cytoperm™ (BD
Biosciences, Heidelberg, Germany), centrifuged, and resuspended in Cytoperm™ solu-
tion to stain for 30 min supplemented with intracellular anti-human FITC-VASP-P157 or
FITC-VASP-P239 antibodies (NanoTools, München, Germany). Prior to acquisition, platelet
samples were washed twice and resuspended with perm/wash solution (BD Biosciences,
Heidelberg, Germany). Fluorescence was evaluated on a FACS CantoII and data were ana-
lyzed using BD FACS DIVA Version 6.0 (BD Biosciences, Heidelberg, Germany). Respective
staining controls are shown in Figure A2.

To determine the impact of adenosine signaling via adenosine receptors A2A and
A2B 1 × 106 human platelets were stained with anti-human GPIIb/IIIa antibodies (PAC-1
clone, BioLegend, Koblenz, Germany) for 15 min at RT. Subsequently platelets were prein-
cubated with adenosine A2A and A2B receptor inhibitors (10 µg/µL) (A2A(i)–ZM241385;
A2B(i)–PSB1115; Tocris, Bristol, UK) or vehicle (0.05% DMSO) for 15 min, stimulated with
12.5 µg/mL adenosine for 30 min followed by 5 µM ADP stimulation for 20 min at RT.
Platelets were fixed with 0.5% PFA prior acquisition. Respective staining controls are
shown in Figure A3A.

For the analysis of VASP-phosphorylation platelets were stimulated, as described
above; fixed with 1% PFA for 20 min and then permeabilized with 1× Permeabilization
Buffer (ThermoFisher, Langenselbold, Germany); and stained with anti-human VASP-P157

antibodies (NanoTools, München, Germany) for 30 min. Platelets were washed with 1×
permeabilization buffer and resuspended in PBS prior acquisition. Respective staining
controls are shown in Figure A3B.

2.5. Flow Cytometry of Murine Whole Blood Samples

Adapted from a described methodology [52], for flow cytometry, 100 µL of murine
whole blood were finally collected and stained with anti-mouse Ly6G (BioLegend, Koblenz,
Germany), anti-mouse CD42b, and anti-mouse GPIIb/IIIa antibodies (JON/A clone, both
from Emfret Analytics, Eibelstadt, Germany). Samples were incubated for 30 min at 37 ◦C
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and lysed with 1× BD lysis solution, washed with PBS (ThermoFisher, Langenselbold,
Germany), resuspended in 1× Cytofix™ (BD Biosciences, Heidelberg, Germany) prior
to acquisition on a FACS CantoII, and analyzed with BD FACS DIVA Version 6.0 (BD
Biosciences, Heidelberg, Germany). Murine neutrophils in whole blood samples were
gated for granularity (SSC-A) and Ly6G.

2.6. Hepatic and Myocardial Ischemia Reperfusion Model in Mice

A murine model of hepatic and myocardial ischemia reperfusion was employed using
the previously described hanging weight system [53,54]. To detect PNCs in peripheral
circulation, blood was withdrawn after one hour of ischemia followed by one minute of
reperfusion and stained for flow cytometry analysis, as described previously [26]. To detect
PNCs within the area at risk (AAR), hearts and livers were removed after one hour ischemia
and one hour of reperfusion and processed for immunohistochemical staining, as described
previously and below [26,29].

2.7. Neutrophils and Platelet Staining in Murine Hepatic and Myocardial Tissues

Immunohistological staining in paraffin-embedded/cryo sections of heart and liver
was accomplished using Vectastain ABC Kit (Linaris, Wertheim, Germany). Avidin blocking
(Vector; Burlingame, CA, USA) was used to avoid unspecific binding. After blocking, the
tissue slices were incubated with the primary antibodies (rabbit anti-mouse CD41; Abcam,
Cambridge, UK) for 16 h at 4 ◦C followed by incubation with biotinylated anti-rabbit
immunoglobulin for 60 min. Subsequently, Vectastain ABC Reagent® was applied for
30 min and the staining was detected by DAB substrate. For specific staining of neutrophils,
the procedure was repeated using rat anti-mouse neutrophil antibodies (Ly-6B2 clone
7/4; AbD Serotec, Düsseldorf, Germany) and Histogreen as substrate (Linaris, Wertheim,
Germany). For structural staining of the tissues, nuclear fast red (Linaris, Wertheim,
Germany) was used.

2.8. Detection of Adenosine Receptors (ADORAs) in Human Platelets by Immunoblot Analysis

To detect expression of ADORA1, ADORA2A, ADORA2B, and ADORA3, human
platelets were isolated and resuspended in RIPA buffer. Protein concentrations were
measured by standard BCA method following the manufacturers’ instructions (Thermo
Fisher Scientific, Hanover Park, IL, USA). Protein lysates (50 µg) were loaded on 10%
SDS acrylamide gels and blotted onto nitrocellulose membranes, as described [55]. The
antibodies detecting ADORA1 (sc-28995), ADORA2A (sc-13937), ADORA2B (sc-28996),
and ADORA3 (sc-19388) were purchased from SantaCruz (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). β-Actin (Santa Cruz, CA, USA) served as loading control. A horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG antibody served for immunodetection (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Immunoreactive bands were visualized
by Westar ECL HRP substrate (Westar, Cyanagen, Italy).

2.9. Data Analysis

Data were checked for normal distribution. Statistical analyses were performed using
one-way ANOVA with Tukey’s multiple comparisons test to determine group differences
or unpaired Student’s t test where appropriate. This is indicated in the figure legends.
A value of p < 0.05 was considered to be statistically significant.

3. Results
3.1. Layout of the Cybernetic System/Control Circuit “Platelets in IIR”

To determine our control circuit for “platelets in IIR”, we first defined platelets as the
“controlled section” that have to be kept in homeostasis (Figure 2). Second, the “set point”
was defined as the balanced ratio of extracellular ADP and adenosine (Ado), which is mainly
controlled by nitric oxide (NO) and Prostacyclin (PGI2) [56] (Figure 2). “Disturbances”,
such as ischemia or IIR, bring the system out of balance, and the components of a cybernetic
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system must react to bring the system back in homeostasis. In case of a “disturbance”, the
“variable” ADP is released and detected by the “sensor” P2Y12. Subsequently, downstream
signals in the platelets cause a change in the phosphorylation status of the “controller” VASP
(dephosphorylation), which, in turn, causes a switch to the active state of the “effector”,
the integrin complex GPIIb/IIIa. This activation is required for the binding of fibrinogen
and for the subsequent formation of platelet–neutrophil complexes (PNCs), which we
defined as our “resulting effect”, and subsequent processes, such as, degranulation were
not considered.
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Figure 2. Cybernetic cycle/control circuit in ischemic inflammatory response (IIR) focused on
platelets. To describe the role of platelets and their nucleotide metabolism for PNC formation,
we first defined a cybernetic system with a balanced ADP/adenosine level as the set point, with
the controller VASP, the effector GPIIb/IIIa, with the platelets as controlled section and P2Y12 and
ADORA2 as main sensors. The set point is kept in balance via NO and PGI2. The phosphorylation
status of the controller VASP regulates the (de)activation status of GPIIb/IIIa. This results in ADP
release and PNC formation. Furthermore, disturbance variables, such as ischemia or ischemic
inflammatory responses (IIR), act on the controlled section platelets and are counterregulated by the
controlled variables ADP and Adenosine.

The main “controlled variable” here is adenosine keeping the system in an
inactive condition.

3.2. Initial Disturbance and the Positive Feedback Loop in the Nucleotide-Controlled
Cybernetic System

On the one hand, the initial activation of platelets by ADP (Figure 3A) is followed by
an additional release of ADP, resulting in a positive feedback loop (Figure 2B) and massive
PNC formation in the blood. On the other hand, the breakdown of extracellular ADP to
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Adenosine (Ado) serves as a negative feedback loop (Figure 3C). Both feedback mechanisms
are elaborated in detail in the following sections. In IIR, the controlled section “platelets”
are an autonomous working unit carrying all required ingredients. Soluble mediators
needed for autocrine activation are stored in vesicles, the α- and dense granules, and can be
released into the extracellular environment in the blood. The initial activation of platelets
by e.g., an ischemic event, leads to the secretion of ADP inducing the activation of the P2Y12
receptor, VASP dephosphorylation, GPIIb/IIIa activation, and, finally, to an enhanced
release of ADP from platelet granules (Figure 3A). This massive release of ATP and ADP is
leading to an enormous amplification (positive feedback mechanism) via the sensor P2Y12.
Inside the platelet, the controller VASP is strongly dephosphorylated and the effector
GPIIb/IIIa is switched into an active state. This exacerbates the immediate formation of
PNCs by binding fibrinogen and bridging the platelets to neutrophils (Figure 3B).
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Figure 3. Theoretical description of initial disturbance and feedback loops. Different events are
considered under the aspect of the described cybernetic circle. The different defined components
of the cybernetic circle are illustrated in form and color, as in Figure 1, and describe the following
three physiological processes. (A) Initial disturbance by ischemia induces shear force and subse-
quently results in release of α- and dense granule. (B) This starts the positive feedback mechanism.
(C) The metabolite adenosine (Ado; end product of nucleotide metabolism) is initiating the negative
feedback loop.

3.3. The Negative Feedback Loop in the Nucleotide-Controlled Cybernetic System

Whereas ADP is an important agonist at the P2Y12 receptor for platelet activation, the
metabolite adenosine (Ado) serves as the trigger to bring the controlled section platelets
back into a steady state equilibrium. Ado is the end product of the conversion of extracellu-
lar ADP by the ectoNTPDase1 (CD39) and ecto-5′-nucleotidase (CD73). Ado binds to the
respective ADORA receptors A2A and A2B on platelets, thus increasing intracellular cAMP
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levels and leading to phosphorylation of the controller VASP. Consequently, the effector
GPIIb/IIIa that actively orchestrates platelet aggregation and inflammatory association
with immune cells (monocytes, neutrophils) is inactivated. This prevents further binding
of the bridging molecule fibrinogen to GPIIb/IIIa, thereby returning the comprehensive
activation status of platelets to basal homeostasis (Figure 3C).

Taken together, the two feedback mechanisms are controlled by two different types of
sensors, the P2Y12 and the ADORA receptors A2A and A2B. Therefore, the levels of the
“controlled variables” ADP and Ado are the major natural substances controlling the “con-
trolled section” platelets and, therefore, consequently, their interaction with neutrophils.

In order to verify our theoretical model, the individual cybernetic components were
experimentally addressed and are described in the following paragraphs.

3.4. Analysis of Set Point Components for Homeostasis

In the described cybernetic circle, PGI2 and NO are defined as two major set points inhibit-
ing platelet aggregation and activation. Whereas the PGI2 receptor (PTGIR = prostaglandin I2
receptor) is expressed on the platelet surface, NO signals via intracellular soluble guanylyl
cyclases [57–59]. However, both set points induce VASP phosphorylation mediated through
cAMP/cGMP-induced activation of PKA/PKG [60,61].

Since we defined the phosphorylation of VASP as a controller, we first investigated
whether changing the levels of the two set points would alter the phosphorylation status
of VASP. Therefore, we stimulated human platelets with PGE1, a more stable form of
PGI2, (Figure 4A–C) or with the NO donor DEA NONOate (Figure 4D–F) and analyzed
both VASP-phosphorylation and the activation of the effector GPIIb/IIIa by PAC-1 anti-
body, respectively. As expected, treatment with PGE1 (Figure 4A,B) and DEA NONOate
(Figure 4D,E) induced the phosphorylation of VASP on both serine-sites, Ser-157 and Ser-
239. Subsequently, this treatment resulted in reduced GPIIb/IIIa activation, as measured
by relative percentage of PAC-1 positive platelets (Figure 4C,F) and MFI of PAC-1 binding
response (Figure A4).

Thus, PGI2 (as analyzed by PGE1) and NO showed typical features of a set point,
which can keep the system in homeostasis by balancing ADP and Ado levels. On the
contrary, during massive disturbances, such as ischemia, additional regulation by positive
and negative feedback loops take place.

3.5. Analysis of the Initial Disturbance Induced by Ischemia

ADP is supposed to be the first natural activator for platelets during ischemia, induced
by shear stress [62]. To verify this hypothesis, we have induced shear stress either by
Potter-Elvehjem or by syringe pressure and were able to measure ADP release under both
conditions (Figure 5A). This initial platelet activation by shear stress and the subsequent
low release of ADP triggers the positive feedback loop, amplifying platelet activation.

3.6. Analysis of the Positive Feedback Loop

To mimic this positive feedback loop we stimulated human platelets with ADP and
measured the activation status of the effector GPIIb/IIIa with the specific antibody PAC-1
As expected, treatment with ADP resulted in increased PAC-1 binding (Figure 5B). Before
studying IRI in mice, we verified that GPIIb/IIIa activation (detected by JON/A antibodies)
is also measurable in murine blood. Therefore, we analyzed ADP-stimulated murine
whole blood using specific JON/A antibodies. Correspondingly, stimulation with ADP
led to highly increased JON/A binding (Figure 5D). PNC formation was quantified as
a resulting effect of the activation. In line with the induced activation of platelets, high
numbers of PNCs were found in human and murine whole blood and are depicted either
as a percentage of CD42b positive neutrophils (Figure 5C,E,F, left) or extent of CD42b
expression (MFI) detected on neutrophils (Figure 5C,E,F, right).
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Figure 4. Analysis of the set points. Human platelets were treated with (A–C) either PGE1 (the
more stable variant of PGI2) or (D–F) the NO donor DEA NONOate. Phosphorylation status at
position (A+D) Ser157 and (B+E) Ser239 is depicted as percentage of platelets with respect to isotype
controls (isotype controls and gating strategies are shown in Figure A2). (C+F) Activation status of
GPIIb/IIIa was measured by PAC-1 binding and is presented as percentage of positively stained
platelets with respect to isotype control (isotype controls, gating strategies, and MFIs are shown in
Figures A2 and A4). (A–F) One representative histogram is shown for each condition in the right
panels (black outlined histogram: untreated, grey filled histogram: treated). n≥ 3; unpaired Student’s
t-test with * for p < 0.05; ** for p < 0.01; *** for p < 0.001.

3.7. Ischemia-Induced Changes in Platelet Activation Results in PNC Formation

It is well described that ischemia triggers the activation and transmigration of neu-
trophils into the infarcted area and the neutrophils are well known to be crucial for pro-
voking reperfusion injury [63–65]. Meanwhile it is well established that the platelets guide
the neutrophils, and the PNCs play a major role for adhesion, diapedesis, migration, and
activation of neutrophils [66–69].

Therefore, we analyzed platelet activation and PNC formation in two different is-
chemia reperfusion (IR) models, the hepatic (HIR) (Figure 6 left panel), and the myocardial
(MIR) (Figure 6 right panel).
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Figure 5. Analysis of initial disturbance and positive feedback loop. (A) Measurement of ADP
release from human platelets induced by shear stress. Minimum ADP release was induced by
centrifugation of platelets with 400× g, 5 min at RT; maximum ADP release was measured after
sonication with 50% power for 10 s. Shear stress induction was generated with a Potter-Elvehjem
(1×—one passage, 5×—five passages, 10×—ten passages) or with a pressure of 0.5 bar. (B) Human
platelets were incubated with ADP (5 and 10 µM) (grey bars) and activation of GPIIb/IIIa was
measured with PAC-1-binding and is depicted as percentage of PAC-1 positive platelets with respect
to isotype control (one representative histogram is shown in Figure A5A). (C) Human neutrophils
in whole blood samples were gated for size (FSC) and granularity (SSC-A). ADP-induced platelet–
neutrophil complex (PNC) formation in human whole blood depicted as percentage of CD42b positive
neutrophils (left panel) and by the platelet specific marker CD42b mean fluorescence intensity (MFI)
measured on the surface of neutrophils. (D) Murine whole blood was analyzed accordingly using
murine GPIIb/IIIa activity-specific JON/A antibodies and is depicted as percentage of platelets.
(E) Representative contour plots for unstimulated and ADP-stimulated measurements. (F) Murine
neutrophils in whole blood samples were gated for granularity (SSC-A) and Ly6G. ADP-induced
platelet–neutrophil complex (PNC) formation in murine whole blood depicted as percentage of
CD42b positive neutrophils (left panel) and by the platelet specific marker CD42b mean fluorescence
intensity measured on the surface of neutrophils (right panel; corresponding histograms are depicted
in Figure A5B–F). n ≥ 3; one-way ANOVA with Tukey’s multiple comparisons test for (A,B) and
unpaired Student’s t-test for (C–F) with * for p < 0.05; ** for p < 0.01; *** for p < 0.001.

First, we determined the activation state of the GPIIb/IIIa receptor using JON/A-
antibody as an indicator for circulatory platelet activation (Figure 6A,E). As expected, both
ischemia reperfusion models induced high levels of activated GPIIb/IIIa, in comparison
to sham surgery. GPIIb/IIIa activation facilitates fibrinogen binding and bridging to
macrophage-1 antigen (MAC-1) on neutrophils, resulting in PNC formation (Figure 6B,C,F,G).
Next, blood from sham-operated and HIR- and MIR-treated mice was analyzed for PNC
formation (Figure 6D,H). Interestingly, the percentage of circulating PNCs in the blood of
HIR- and MIR-treated mice was significantly higher, compared to sham-operated blood
samples and slightly higher, compared to blood samples of sham-operated mice incubated
in vitro with ADP (Figure 6D,H).
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Figure 6. Ischemia and PNC formation. Hepatic (HIR; A–D) and myocardial (MIR; E–H) ischemia
was induced followed by reperfusion in mice. (A,E) Platelet activation was assessed in whole blood
by staining with JON/A antibodies and is depicted as percentage of platelets. (B,F) PNC formation
was depicted as percentage of CD42b positive neutrophils. (C,G) Representative contour plots of
(B) and (F), respectively. (D,H) Additionally, mean fluorescence (MFI) of CD42b positive platelets
measured on the surface of neutrophils from sham (white bars) and IR mice (black bars) is depicted.
Blood from sham mice was incubated ex vivo with PBS (grey) or ADP (dark grey). n = 3–5 mice;
unpaired Student’s t-test with * for p < 0.05; *** for p < 0.001.

In addition, the co-staining of platelets (black) and neutrophils (blue) in the affected
tissue sections from HIR and MIR models revealed neutrophil infiltration to the infarcted
area in the form of PNCs in tissue sections only from HIR- (Figure 7B,C) and MIR-subjected
mice (Figure 7E,F) but not from sham operated mice. Importantly, we never observed any
neutrophils without adherent platelets in the infarcted area, highlighting the crucial role of
platelets and PNC formation for the progress of reperfusion injury after ischemic events.

3.8. Analysis of the Negative Feedback Loop

During and after ischemic incidents the controlled section ‘platelet’ is massively dys-
regulated, and the set points (PGI2 and NO) are not sufficient to re-establish the system
balance. Thus, Ado, derived from the breakdown of ADP, is additionally needed to restore
homeostasis. To prove this, human platelets were treated with Ado and subsequently
VASP-phosphorylation was measured. In line with our hypothesis, increased VASP phos-
phorylation at Serine157 was observed upon Ado treatment, whereas ADP treatment
had no impact on VASP phosphorylation (Figure 8A left panel). Accordingly, human
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platelets treated with Ado showed a significant deactivation of the effector GPIIb/IIIa,
whereas the effector was significantly activated after ADP stimulation. (Figure 8B left
panel). Signal transduction of Ado is mediated through the ADORA receptors. Two of
these four receptors, namely ADORA1 and ADORA3, are known to downregulate intra-
cellular cAMP levels upon Ado stimulation [70,71]; however, they are not involved in
the described pathway of VASP-regulation [72–74]. In addition, the proteome database
reports no expression of ADORA1 and ADORA3 in platelets (https://plateletweb.bioapps.
biozentrum.uni-wuerzburg.de/plateletweb.php, accessed on 12 June 2022). In line with
this, ADORA 1 and 3 expression was hardly detectable in human platelets. Therefore,
ADORA 1 and 3 receptor function was not further analyzed. In contrast, strong expres-
sion of ADORA2A and ADORA2B was found (Figure 8C). This, together with the fact
that activation of ADORA2 leads to an increase in intracellular cAMP levels (Figure 1),
suggests that VASP phosphorylation is mainly regulated via ADORA2A and ADORA2B in
platelets [75]. To validate that adenosine signals via ADORA2 receptors, platelets were pre-
treated with adenosine and subsequently stimulated with ADP in the absence or presence
of A2A- and/or A2B-specific inhibitors (Figure 8A,B). On the one hand, blocking specifically
ADORA2A or ADORA2B reduced Ado-induced phosphorylation of VASP to resting and
ADP conditions (Figure 8A right panel). On the other hand, GPIIb/IIIa activation was
induced by ADP treatment and the protective effect of adenosine was diminished in the
presence of ADORA2A inhibitors (Figure 8B).
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Figure 7. Immunohistological analysis of PNCs within the infarcted tissue. Representative histo-
logical images of liver (A–C) and heart tissue (E–G) without ischemia (A,E) and after IR (B,F). Scale
bars 10 µm. PNCs were stained for neutrophils (anti-Ly-6B2; blue) and platelets (anti-CD41; black).
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negative and IgG staining are shown in Figure A6 (liver) and Figure A7 (heart). Statistical analysis of
PNCs in (D) liver and (H) heart sections. n = 3 mice; unpaired Student’s t-test with ** for p < 0.01.
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Figure 8. Analysis of the negative feedback loop. (A) Percentage of VASP-P157 phosphorylation
and (B) GPIIb/IIIa activity (PAC-1) in human platelets after treatment with 12.5 µg/mL Ado and
5 µM ADP and in the presence of ADORA2A and ADORA2B inhibitors (10 µg/µL), as indicated.
Additionally, stimulation of platelets with 10 µM ADP is shown in Figure A3. n ≥ 3; one-way
ANOVA with Tukey’s multiple comparisons test with * for p < 0.05; ** for p < 0.01; *** for p < 0.001.
(C) Immunoblot analysis of ADORA subtypes in human platelets of three donors. One representative
image for each ADORA receptor (upper panel) and the corresponding β-actin control (lower panel)
out of three experiments is shown.

This emphasizes the role of ADORA2 receptors in the interplay of activation and
deactivation of platelets. Therefore, this signaling cascade can be defined as the negative
feedback loop.

4. Discussion

The physiological functions of platelets to keep the integrity of the vasculature and
homeostasis have been well described for several decades, whereas the inflammatory role
of platelets has long been neglected. In recent years, the role of platelets in inflammatory
processes has been intensively investigated [76–78]. In this context, the function of platelets
in different diseases caused mainly by inflammatory stimuli, such as sepsis, lung injury, and
colitis, were analyzed [79–82]. In addition to this, the role of platelets was also examined in
ischemia, focusing on thrombus formation, leading to vessel occlusion and, subsequently,
infarction. Based on the role of platelets and PNCs in influencing the outcome in ischemia-
reperfusion injury [23–26,83–85], we propose that platelets are crucial in controlling and
directing neutrophils to the infarcted area, thus enabling the destruction of the tissue by
neutrophils during the acute inflammatory phase following reperfusion. Thus, platelets
are regulating the ischemic inflammatory responses (IIR) by forming platelet–neutrophil
complexes (PNCs) and guiding the neutrophils into the ischemic tissue causing reperfusion
injury [86]. The initial step in the formation of PNCs is the connection of P-Selectin to
PSGL-1, which results in stable PNC formation, further aided by GPIIb/IIIa binding to
MAC-1 [87–89] bridged by fibrinogen. Most of these aspects of activation and function of
platelets are well known and extensively investigated.
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Here, we consider the components of the control circuit from the perspective of
extracellular nucleotide signaling in the context of ischemia and the resulting ischemia
reperfusion injury with platelets as the “controlled section“ of this cybernetic system.

Changes in the phosphorylation status of the “controller” VASP directly regulates the
“effector” GPIIb/IIIa integrin receptor, with the latter mainly reflecting the overall activation
status of the platelets. As shown here and by others, ADP activates platelets, resulting
in a conformational change of the GPIIb/IIIa receptor to allow fibrinogen binding [90,91].
The receptors for extracellular nucleotides P2Y12 (ADP) and ADORA2A and ADORA2B
(Ado) represent the “sensors” that alter the controller status appropriately in response to
physiological demands. Agonist-induced desensitization should be considered for these
GPCRs, which has to be examined in follow-up studies. In this control circuit, a balanced
ADP/adenosine level (“set point”) is crucial, which is achieved by a constant release of
NO and/or effected by PGI2. “Disturbance variables”, such as IIR, are misbalancing the
homeostasis, resulting in massive ADP release, PNC formation, and ischemic reperfusion
injury [92].

Our description of the cybernetic system allows us to explain already known correla-
tions during ischemia, e.g., it is known that in mice, depletion of platelets prior to ischemia
prevents reperfusion injury [23,93,94]. Our definition of the components within the con-
trol circuit emphasizes the importance of the cell type ‘platelet’ in controlling the role of
neutrophils not only in inflammation but also in IIR [86]. In this context, the importance of
the controller VASP was demonstrated in myocardial IRI showing the relevance of VASP
phosphorylation for reducing IRI by stimulation with the set point parameter, PGE1 [23,24].
In addition, we could show that the controller VASP is crucial for the tissue protective effect
in myocardial ischemic preconditioning (IP) [25]. The protective effect of IP was abrogated
in VASP-deficient mice due to lack of VASP phosphorylation. We suggest that an optimal
short ischemic timeframe in IP might trigger ATP/ADP release by platelets, which could
be counteracted by an immediate reperfusion phase so that the platelets are deactivated
by the action of their set points (PGI2 and NO) [65,95]. Another supporting effect is the
initiated negative feedback loop, generating extracellular adenosine and, therefore, inacti-
vating the platelets through the described ADORA2A and ADORA2B receptor signaling
by phosphorylating VASP and, therefore, inactivating the effector GPIIb/IIIa. The optimal
number of cycles is accomplished when all ATP/ADP stores in the dense granules of the
platelets are exhausted and no further activation by the positive feedback loop is possible.
According to this point of view, the known and described effect of remote IP is explicable,
as empty granule stores in platelets will result in diminished PNC formation, adhesion,
and transmigration, and, therefore, platelets will no longer able to direct neutrophils to the
ischemic tissue. Based on these facts, we consider VASP as the major controller of platelet
activation to regulate PNC formation.

It has to be acknowledged that volatile anesthetics, e.g., sevoflurane, induce VASP
phosphorylation [42]. For sevoflurane and isoflurane, it was shown that they massively
phosphorylate other actin-related proteins and regulate, therefore, the F-actin and G-actin
ratio, resulting in dissolution of actin filaments in neuroblastoma cells [96]. Additionally,
it was shown for isoflurane that it directly influences MIRI [97]. Therefore, anesthetics
for animal ischemia reperfusion experiments have to be selected very carefully to avoid
any pre-protection in the cybernetic model while using VASP phosphorylating agents.
Certainly, there are VASP-independent protective mechanisms in ischemia/reperfusion,
which are mainly important in adhesion, transmigration, and extravasation but less in PNC
formation and/or platelet activation/deactivation.

In patients, the status of the controller VASP is used as a measurement of responsive-
ness to P2Y12 blockers, such as Clopidogrel. These drugs impair the activation of platelets
and subsequent formation of PNCs and, therefore, protect from tissue injury.

We now suppose that the described circle can be adopted to a platelet-specific in vitro
test system to develop and validate new therapeutic medications, targeting ischemia
reperfusion injury, which can be applied in the late phase of ischemia or the early phase
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of reperfusion. With this approach, it is possible to test multiple drugs in parallel using
human platelets and measuring VASP phosphorylation at Ser157 and Ser239 (controller) and
the activation status of the GPIIb/IIIa (effector) by PAC-1 antibodies.
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Figure A1. Standard curve of ADP luminescence. ADP release from 1 × 107 to 1 × 108 platelets was 

measured by enzymatic conversion of ADP to ATP measured in luminescence arbitrary units. Min-

imum ADP release taken from the supernatant of pelleted 1 × 108 platelets (MIN), and maximum 

ADP release was assessed from the supernatant of 1 × 108 platelets sonicated (MAX). 

Figure A1. Standard curve of ADP luminescence. ADP release from 1 × 107 to 1 × 108 platelets
was measured by enzymatic conversion of ADP to ATP measured in luminescence arbitrary units.
Minimum ADP release taken from the supernatant of pelleted 1× 108 platelets (MIN), and maximum
ADP release was assessed from the supernatant of 1 × 108 platelets sonicated (MAX).
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Figure A2. Gating strategies for cytometry analysis shown in Figures 3 and 4. (A) Human platelets 

were labeled with CD41 antibodies to exclude cellular debris and microparticles. Staining control of 

(B) anti-human CD41 antibodies, (C) anti-human VASP-P157, and (D) anti-human PAC-1 antibodies, 

as compared to isotype control and unstained sample. 

Figure A2. Gating strategies for cytometry analysis shown in Figures 3 and 4. (A) Human platelets
were labeled with CD41 antibodies to exclude cellular debris and microparticles. Staining control of
(B) anti-human CD41 antibodies, (C) anti-human VASP-P157, and (D) anti-human PAC-1 antibodies,
as compared to isotype control and unstained sample.
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Figure A3. Gating strategies and MFI for cytometry analysis shown in Figure 8. Human platelets 

were gated with SSC and FSC. Histograms of (A,C) anti-human VASP-P157 and (B,D) anti-human 

PAC-1 antibody staining of unstained, isotype, resting, and adenosine or ADP-stimulated samples. 

(E) VASP phospohorylation at Serine157 is presented as mean fluorescence intensity (MFI). (F) Acti-

vation status of GPIIb/IIIa (PAC-1) is presented as mean fluorescence intensity (MFI). n = 5–6; one-

way ANOVA with Tukey’s multiple comparisons test with * for p < 0.05; ** for p < 0.01; *** for p < 

0.001. 

Figure A3. Gating strategies and MFI for cytometry analysis shown in Figure 8. Human platelets
were gated with SSC and FSC. Histograms of (A,C) anti-human VASP-P157 and (B,D) anti-human
PAC-1 antibody staining of unstained, isotype, resting, and adenosine or ADP-stimulated samples.
(E) VASP phospohorylation at Serine157 is presented as mean fluorescence intensity (MFI). (F) Activa-
tion status of GPIIb/IIIa (PAC-1) is presented as mean fluorescence intensity (MFI). n = 5–6; one-way
ANOVA with Tukey’s multiple comparisons test with * for p < 0.05; ** for p < 0.01; *** for p < 0.001.
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Figure A4. Gating strategies and MFI for cytometry analysis shown in Figure 3. Human platelets 

were treated with (A,B) either PGE1 or (C,D) DEA NONOate. (A,C) Human platelets were gated 

according to SSC and CD41. (B,D) Activation status of GPIIb/IIIa (PAC-1) is presented as mean flu-

orescence intensity (MFI). n ≥ 4; unpaired Student’s t-test with *** for p < 0.001. 

Figure A4. Gating strategies and MFI for cytometry analysis shown in Figure 3. Human platelets
were treated with (A,B) either PGE1 or (C,D) DEA NONOate. (A,C) Human platelets were gated
according to SSC and CD41. (B,D) Activation status of GPIIb/IIIa (PAC-1) is presented as mean
fluorescence intensity (MFI). n ≥ 4; unpaired Student’s t-test with *** for p < 0.001.
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Figure A5. Gating strategies and MFI for cytometry analysis shown in Figure 5. (A–C) Human 

PRP or whole blood was treated with either PBS or ADP. (D–F) Murine PRP or whole blood was 

treated with either PBS or ADP. (A) Representative histograms showing GPIIb/IIIa activity using 

PAC-1 antibodies. (B) Platelets were gated according to SSC and FSC. (C) Mean fluorescence inten-

sity (MFI) of JON/A. (D) Representative histograms showing GPIIb/IIIa activity using specific 

JON/A antibodies. (E) Neutrophils were gated according to SSC and Ly6G. (F) Representative his-

tograms showing CD42b MFI of platelets on neutrophils. n ≥ 3; unpaired Student’s t-test with *** for 

p < 0.001. 
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Figure A5. Gating strategies and MFI for cytometry analysis shown in Figure 5. (A–C) Human
PRP or whole blood was treated with either PBS or ADP. (D–F) Murine PRP or whole blood was
treated with either PBS or ADP. (A) Representative histograms showing GPIIb/IIIa activity using
PAC-1 antibodies. (B) Platelets were gated according to SSC and FSC. (C) Mean fluorescence intensity
(MFI) of JON/A. (D) Representative histograms showing GPIIb/IIIa activity using specific JON/A
antibodies. (E) Neutrophils were gated according to SSC and Ly6G. (F) Representative histograms
showing CD42b MFI of platelets on neutrophils. n≥ 3; unpaired Student’s t-test with *** for p < 0.001.
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Figure A6. Immunohistological staining of infarcted liver tissue. Structural staining of organ cells 

was achieved by nuclear fast red. Immunohistological isotype and secondary antibody control stain-

ing (nuclear fast red stained without anti-CD41 or anti-Ly-6B2). Scale bars 10 µm. Representative 

single staining of platelets (anti-CD41) and neutrophils (anti-Ly-6B2), as indicated. Right panels are 

2.5× magnifications of the corresponding left panels. Representative images of n = 3 mice are shown. 

Figure A6. Immunohistological staining of infarcted liver tissue. Structural staining of organ cells
was achieved by nuclear fast red. Immunohistological isotype and secondary antibody control
staining (nuclear fast red stained without anti-CD41 or anti-Ly-6B2). Scale bars 10 µm. Representative
single staining of platelets (anti-CD41) and neutrophils (anti-Ly-6B2), as indicated. Right panels are
2.5×magnifications of the corresponding left panels. Representative images of n = 3 mice are shown.



Cells 2022, 11, 3009 19 of 23Cells 2022, 11, x FOR PEER REVIEW 21 of 24 
 

 

 

Figure A7. Immunohistological staining of infarcted heart tissue. Structural staining of organ cells 

was achieved by nuclear fast red. Immunohistological isotype and secondary antibody control stain-

ing (nuclear fast red stained without anti-CD41 or anti-Ly-6B2). Scale bars 10 µm. Representative 

single staining of platelets (anti-CD41) and neutrophils (anti-Ly-6B2), as indicated. Right panels are 

2.5× magnifications of the corresponding left panels. Representative images of n = 3 mice are shown. 
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