CHARACTERIZATION OF PATHOLOGIC
NEUTROPHIL RESPONSES AND
IDENTIFICATION OF SIGNALING PATHWAYS IN
HNA-3A ANTIBODY-MEDIATED TRANSFUSIONRELATED ACUTE LUNG INJURY
INAUGURALDISSERTATION
ZUR
ERLANGUNG DES AKADEMISCHEN GRADES EINES
DOKTORS DER NATURWISSENSCHAFTEN (DR. RER. NAT.)
DER
MATHEMATISCH-NATURWISSENSCHAFTLICHEN FAKULTÄT
DER
ERNST-MORITZ-ARNDT-UNIVERSITÄT GREIFSWALD

VORGELEGT VON STEFAN MUSCHTER
GEBOREN AM 21.06.1984
IN LAUCHHAMMER

GREIFSWALD, DEN 28.03.2017

Dekan:

Prof. Dr. rer. nat. Werner Weitschies

1. Gutachter:

Prof. Dr. rer. nat. Uwe Völker

2. Gutachter:

Prof. Dr. med. Ulrich Sachs

Tag der Promotion:

29.09.2017

TABLE OF CONTENTS

Stefan Muschter

TABLE OF CONTENTS
CHARACTERIZATION OF PATHOLOGIC NEUTROPHIL RESPONSES AND IDENTIFICATION
OF SIGNALING PATHWAYS IN HNA-3A ANTIBODY-MEDIATED TRANSFUSION-RELATED
ACUTE LUNG INJURY ............................................................................................................ 1
TABLE OF CONTENTS ............................................................................................................ 3
1

ZUSAMMENFASSUNG DER DISSERTATION .................................................................... 5

2

SUMMARY OF THE DISSERTATION ................................................................................ 8

3

INTRODUCTION ........................................................................................................... 11
3.1
3.2
3.3
3.4

4

MATERIAL AND METHODS ........................................................................................... 35
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22

5

TRANSFUSION-RELATED ACUTE LUNG INJURY ............................................................... 11
NEUTROPHIL PHYSIOLOGY AND SIGNAL TRANSDUCTION ............................................... 22
PHOSPHOPROTEOME ANALYSIS OF NEUTROPHILS ......................................................... 30
AIM OF THE STUDY ....................................................................................................... 34

WORKFLOW OVERVIEW ................................................................................................ 35
VOLUNTEERS ............................................................................................................... 36
NEUTROPHIL ISOLATION .............................................................................................. 36
NEUTROPHIL PRE-TREATMENT...................................................................................... 37
NEUTROPHIL VIABILITY TEST ....................................................................................... 39
NEUTROPHIL TREATMENT ASSAYS ................................................................................ 40
FLOW CYTOMETRY ....................................................................................................... 41
LYSIS AND WASH BUFFER FOR THE PREPARATION OF NEUTROPHILS .............................. 42
NEUTROPHIL HARVEST AND LYSIS ................................................................................ 43
PROTEIN QUANTIFICATION .......................................................................................... 43
IN-SOLUTION PROTEIN DIGESTION............................................................................... 44
ONE-DIMENSIONAL POLYACRYLAMIDE GEL ELECTROPHORESIS (1D-PAGE) ..................... 44
STAINING OF POLYACRYLAMIDE GELS WITH SILVER NITRATE ........................................ 45
WESTERN BLOT ANALYSIS ............................................................................................ 45
PEPTIDE PURIFICATION ................................................................................................ 50
PHOSPHOPEPTIDE ENRICHMENT ................................................................................... 50
MASS SPECTROMETRY .................................................................................................. 52
PROCESSING OF MASS SPECTROMETRIC RAW DATA ...................................................... 53
CONDENSING OF PHOSPHOPROTEOMIC DATA USING MICROSOFT EXCEL ....................... 54
CONDENSING OF PHOSPHOPROTEOMIC DATASETS USING GENEDATA ANALYST ............. 59
ANALYSIS OF PHOSPHOPROTEOMIC DATA ..................................................................... 61
INGENUITY PATHWAY ANALYSIS ................................................................................... 64

RESULTS ....................................................................................................................... 65
5.1
METHOD DEVELOPMENT AND OPTIMIZATION FOR NEUTROPHIL PHOSPHOPROTEOMICS . 65
5.2
IMPACT OF HNA-3A ANTIBODIES ON HUMAN NEUTROPHILS – SINGLE PARAMETER
ANALYSES ............................................................................................................................... 82
5.3
IMPACT OF HNA-3A ANTIBODIES ON HUMAN NEUTROPHILS – GLOBAL PHOSPHOPROTEOME
ANALYSES ............................................................................................................................. 102

3

Stefan Muschter

6

TABLE OF CONTENTS

DISCUSSION AND CONCLUSIONS ............................................................................. 125
6.1
METHOD DEVELOPMENT AND OPTIMIZATION FOR NEUTROPHIL PHOSPHOPROTEOMICS 125
6.2
IMPACT OF HNA-3A ANTIBODIES ON HUMAN NEUTROPHILS – SINGLE PARAMETER
ANALYSES.............................................................................................................................. 132
6.3
IMPACT OF HNA-3A ANTIBODIES ON HUMAN NEUTROPHILS – GLOBAL PHOSPHOPROTEOME
ANALYSES.............................................................................................................................. 141
6.4
MODEL OF HNA-3A ANTIBODY-INDUCED TRALI ............................................................ 146
6.5
OUTLOOK ................................................................................................................... 148

7

REFERENCES .............................................................................................................. 150

8

APPENDICES .............................................................................................................. 179

9

PUBLICATIONS .......................................................................................................... 180

10

EIGENSTÄNDIGKEITSERKLÄRUNG......................................................................... 183

11

CURRICULUM VITAE ............................................................................................... 184

12

ACKNOWLEDGMENTS ............................................................................................. 186

4

ZUSAMMENFASSUNG DER DISSERTATION

1

Stefan Muschter

ZUSAMMENFASSUNG DER DISSERTATION

Die transfusions-assoziierte akute Lungeninsuffizienz (TRALI) ist eine adverse
Transfusionsreaktion und die Hauptursache transfusionsinduzierter Mortalität. Sie
manifestiert innerhalb von sechs Stunden nach der Transfusion und ist durch akute Atemnot
und ein bilaterales nicht-kardiogenes Lungenödem gekennzeichnet. Die Induktion der TRALI
erfolgt im Rezipienten nahezu ausschließlich durch den transfusionsvermittelten Transfer von
leukozytenreaktiven Substanzen aus dem Blutprodukt. Dagegen tritt die Reaktion von
Stimulanzien des Rezipienten mit transfundierten Leukozyten des Spenders sehr selten auf.
Die Mehrheit der Fälle (~80 %) wird durch leukozytenreaktive Immunglobuline ausgelöst
und daher als immunogene TRALI klassifiziert. Die verantwortlichen Antikörper (AK) werden
durch Alloimmunisierung generiert und reagieren mit humanen Leukozytenantigenen der
Klasse I und II (HLA-Klasse-I/II) oder mit humanen neutrophilen Alloantigenen (HNA). Die
Gruppe der HNAs enthält aktuell fünf Antigen-Subklassen (HNA-1 bis HNA-5) und AK gegen
HNA-1, -2 und -3 konnten bislang mit TRALI assoziiert werden. Innerhalb dieser drei AKKlassen besitzen HNA-3a-AK die höchste klinische Relevanz, da sie am häufigsten in schwere
und tödliche TRALI-Fälle involviert sind. Die hohe Mortalität wurde mit ihrer
charakteristischen Fähigkeit assoziiert, starke Neutrophilenaggregationen zu induzieren. Die
Pathogenese der HNA-3a-AK-vermittelten TRALI wurde daher in einem hypothetischen
Modell zusammengefasst, welches die Entstehung der tödlichen Lungenödeme durch
Priming/Aktivierung der Neutrophilen-vermittelten Zytotoxizität und Ansammlung von
Neutrophilenaggregaten in der pulmonalen Mikrovaskulatur beschreibt. Eine Erweiterung
dieser Theorie wurde durch das threshold model von Bux und Sachs im Jahr 2007
vorgeschlagen. Es beschreibt die proinflammatorische Stimulation durch Grunderkrankungen
und die Potenz des transfundierten AKs als kombinative Determinanten der Entstehung und
des Verlaufs der TRALI. Dieses Modell erklärte zwar die variierende Induktion und Schwere
der TRALI in unterschiedlichen Patienten, die molekularen Mechanismen in der
HNA-3a-AK-vermittelten Form des Syndroms blieben jedoch weiterhin unbekannt.
Die hohe klinische Relevanz der HNA-3a-AK-vermittelten TRALI begründet die
Notwendigkeit der Suche nach neuen Präventionsstrategien oder pharmakologischen
Interventionsmöglichkeiten in akuten klinischen Situationen. Die Voraussetzung dafür ist die
Kenntnis der molekularen Pathomechanismen und entsprechende Untersuchungen sind
deshalb von größtem Interesse.
Daher erfolgte in dieser Arbeit die Untersuchung der HNA-3a-AK-vermittelten
Zytotoxizität
und
Aggregation auf molekularer Ebene unter Nutzung der
Durchflusszytometrie,
des
Granulozytenagglutinationstests
und
von
Phosphoproteomanalysen. Die vorliegenden Studien geben einen Einblick in molekulare
Prozesse während HNA-3a-AK-vermittelten Neutrophilenantworten und nutzen erstmalig die
globale, gel-freie Phosphoproteomanalyse zur Untersuchung von Neutrophilen.
Dementsprechend wurden zum ersten Mal Phosphoproteomdaten von Neutrophilen im
Kontext der TRALI erhoben.
Die gel-freie Phosphoproteomanalyse von primären Neutrophilen erforderte die
hochselektive und sensitive Phosphopeptidanreicherung aus stabilen und ausreichend großen
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Proteinextrakten. Ein entsprechender Arbeitsablauf existierte jedoch nicht und wurde daher
durch sequenzielle Optimierungsversuche entwickelt. Zunächst konnte eine geeignete
Methode zur Neutrophilenisolation unter Berücksichtigung von Reinheit, Ausbeute und
Aktivierungsstatus ermittelt werden. Die beobachtete Degradation von NeutrophilenProteinextrakten konnte anschließend durch den Einsatz eines hochkonzentrierten ProteaseInhibitor-Cocktails verhindert werden. Zusätzlich wurde ein Mikrotiterplattenassay (MTPA)
zur Behandlung der Neutrophilen entwickelt und dieser ermöglichte die Kontrolle der
Neutrophilenaggregation bei erhöhter Zellausbeute. Durch die stimulationsarme Inkubation
der Neutrophilen vor der Behandlung konnte zudem die temporäre, isolationsbedingte
Zellaktivierung weitgehend abgeschwächt werden. Anschließende Versuche zeigten die
Eignung der Extrakte für gel-freie Phosphoproteomanalysen nach PolyMAC-Ti-basierter
Phosphopeptidanreicherung. Beachtenswerterweise arbeitete die PolyMAC-Ti-Reagenz selbst
mit kleinen Neutrophilenproben (200 µg Protein) außerordentlich sensitiv und selektiv.
Schließlich konnte die Eignung des entwickelten Workflows für vergleichende, gel-freie
Phosphoproteomanalysen durch die Detektion der Formyl-Methionyl-Leucyl-Phenylalaninvermittelten Aktivierung des extracellular signal-regulated kinase 1/2 (ERK1/2)-Signalwegs
demonstriert werden.
Nach der erfolgreichen Protokolloptimierung wurden die Reaktionen HNA-3a-AK
behandelter Neutrophiler in Einzelparameteranalysen untersucht. Im MTPA konnte gezeigt
werden, dass Neutrophile schon nach 30-minütiger Behandlung mit HNA-3a-AK nahezu
vollständig aggregiert vorliegen. Dies deutete schnelle Signaltransduktions- und
Reorganisationsprozesse als ursächliche Mechanismen an und zeigte, dass die Probennahme
in nachfolgenden Experimenten vorzugsweise während oder bei 30 Minuten der Behandlung
erfolgen sollte. Die Untersuchung der HNA-3a-AK induzierten Zytotoxizität erfolgte mittels
Durchflusszytometrie, zeigte aber weder die erwartete Zunahme von membranlokalisiertem
CD11b (CD11b/CD18, αMβ2-Integrin Mac-1) und CD66b (Carcinoembryonic antigen-related
cell adhesion molecule 8), noch die Abspaltung von membranständigem CD88 (C5a
anaphylatoxin chemotactic receptor 1). Die zeitaufgelöste Detektion von aktivierten Mitogenaktivierten Proteinkinasen mittels Western Blot deutete zusätzlich die fehlende Aktivierung
von JNK1/2 (c-Jun n-terminal kinase) und p38 an. Schließlich konnte jedoch eine
geringgradige ERK2-Aktivierung nach 30-minütiger Behandlung mit HNA-3a-AK gezeigt
werden. Diese Ergebnisse weisen zusammenfassend darauf hin, dass die direkte Stimulation
von Neutrophilen mit HNA-3a-AK höchstwahrscheinlich nicht in der Induktion ihrer
zytotoxischen Effektorfunktionen resultiert. Stattdessen reagieren die Zellen hauptsächlich
durch Aggregation, ein Prozess der potenziell über Integrine realisiert wird und eine
sekundäre, subschwellige Aktivierung von ERK2 zur Folge hat.
Anschließend wurde die HNA-3a-AK-induzierte Zytotoxizität und Aggregation von
Neutrophilen gemäß des threshold models der TRALI nach erfolgtem Priming der Zellen
untersucht, jedoch wurde kein kooperativer Effekt auf die Degranulation (CD11b) detektiert.
Dagegen war die Aggregationskapazität der Neutrophilen nach Priming erhöht und wurde
potenziell durch eine stärkere AK-Bindung bedingt. Die Aggregationsfähigkeit war insgesamt
vom Spender, von der Intensität des Primings und von der Stärke des HNA-3a Plasmas
abhängig. Diese Ergebnisse bestätigten das threshold model, da sie das proinflammatorische
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Priming und die Potenz der HNA-3a-AK als kombinative Determinanten für die Induktion und
Schwere der TRALI andeuten.
Zusammengefasst wiesen diese Analysen auf die Neutrophilenaggregation als
wesentlichen Pathogenesemechanismus in der HNA-3a-AK-vermittelten TRALI hin und daher
wurden die zugrunde liegenden Signaltransduktionsmechanismen nachfolgend in globalen,
gel-freien Phosphoproteomanalysen untersucht.
In initialen Phosphoproteom-Screenings erfolgte die Probennahme nach 5-, 15- und
30-minütiger Behandlung mit HNA-3a-AK, um den gesamten Aggregationsprozess möglichst
umfänglich zu erfassen. Die durchgeführten Ingenuity Pathway Analysen (IPA) deuteten die
Beteiligung von GTPasen der Rho-Familie an, da mehrere assoziierte Signalwege nach 5- und
30-minütiger Behandlung als verändert identifiziert wurden. Zusätzlich konnte die Beteiligung
des ERK Signalweges nach 30-minütiger Behandlung abgeleitet und somit das Ergebnis der
Western Blot-Analysen bestätigt werden. Da in den ausgeführten Experimenten eine nur
eingeschränkte Reproduzierbarkeit der Phosphopeptidanreicherung beobachtet wurde,
musste zur Kompensation dieser Limitation eine erhöhte Zahl von Probenreplikaten
vermessen werden. Für die eingehende Signaltransduktionsanalyse der HNA-3a-AKvermittelten Neutrophilenaggregation wurden daher 14 technische Replikate je Probe
vermessen. Durch die begrenzte Menge an Startmaterial und die Ausrichtung auf die
Detektion früher, aggregationsrelevanter Signalprozesse wurden die Neutrophilen lediglich
für fünf Minuten mit HNA-3a Plasma behandelt. Die Analyse der deutlich erhöhten Zahl von
quantifizierbaren Phosphorylierungsmustern bestätigte das Resultat des vorausgegangenen
Screenings, da die Beeinflussung der Rho-assoziierten Signalwege von PAK, des
Actinzytoskeletts und der Rho GTPasen selbst gezeigt werden konnte. Die Auswertung der
Signalwege identifizierte Rho, Rac und Cdc42 als Hauptregulatoren und daher wurde der
Einfluss der drei Rho GTPasen auf die HNA-3a-AK-vermittelte Neutrophilenaggregation durch
spezifische Inhibition untersucht. Interessanterweise führte die Inhibition von Rho zur
signifikanten Verstärkung der Aggregation und deutete somit einen potenziell inhibitorischen
Effekt der HNA-3a-AK auf die Rho Aktivität an. Demnach verläuft die Rho Inhibition
möglicherweise parallel zur adhäsionsinduzierenden Kaskade und könnte daher die
Stabilisierung der Neutrophilenaggregate in der HNA-3a-AK-induzierten TRALI vermitteln.
Die Ergebnisse dieser Dissertation trugen zur Erstellung eines neuen Modells der
HNA-3a-AK-vermittelten TRALI bei. In diesem reagieren Neutrophile hauptsächlich durch die
homotypische Aggregation und nicht durch die Induktion zytotoxischer Effektorfunktionen
auf die Stimulation mit HNA-3a-AK. Die notwendige Adhäsion erfolgt über Integrine und
führt folglich zu deren Kreuzvernetzung in der Plasmamembran der Neutrophilen. Das
nachfolgende outside-in-signaling führt dann zu einer subschwelligen Aktivierung von ERK2
und einem Priming-ähnlichen Zustand. Die Bindung der HNA-3a-AK verursacht zusätzlich die
Inhibition von Rho, welche die Aggregate durch reduzierte Zellablösung stabilisiert.
Insgesamt führen diese Prozesse zur Ablagerung von soliden, subschwellig aktivierten
Neutrophilenaggregaten vor engen Lungenkapillaren. Der angenommene, Priming-ähnliche
Zustand würde in Gegenwart von anderen proinflammatorischen Mediatoren die erleichterte
Induktion der Zytotoxizität durch Neutrophile ermöglichen. Dies verursacht schließlich die
massive Zerstörung der Endothelbarriere und damit die Manifestation der TRALI.
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SUMMARY OF THE DISSERTATION

Transfusion-related acute lung injury (TRALI) is an adverse transfusion reaction and the
major cause of transfusion-related mortality. The syndrome occurs within six hours after
transfusion and is characterized by acute respiratory distress and the occurrence of a noncardiogenic, bilateral lung edema. TRALI is almost entirely induced by leukocyte-reactive
substances which are present in the blood product and get transferred to the recipient
during transfusion. Reactions of donor-derived leukocytes with stimulants of the recipient
occur in contrast only rarely. The majority of cases (~80%) is caused by leukocyte-reactive
immunoglobulins and is accordingly classified as immune-mediated TRALI. The responsible
antibodies are generated via alloimmunization and are directed against human leukocyte
antigens of class I and II (HLA class I/II) or human neutrophil alloantigens (HNA). The latter
group consists of five antigen subclasses (HNA-1 to HNA-5) and so far, antibodies to HNA-1,
-2 and -3 were described to induce TRALI. Within these three antibody classes, HNA-3a
antibodies have an exceptional clinical relevance as they are most frequently involved in
severe and fatal TRALI cases. The high mortality was associated with their characteristic
ability to induce a strong neutrophil aggregation response. The pathogenesis of HNA-3a
antibody-mediated TRALI was hence described by a hypothetical model suggesting the
induction of fatal lung edemas by priming/activation of neutrophil cytotoxicity and
aggregation-mediated neutrophil sequestration in the lung microvasculature. An extension of
the theory was provided in 2007 by the threshold model of Bux and Sachs. It describes the
comorbidity-derived proinflammatory stimulation and the strength of the transfused antibody
as combinatorial determinants of TRALI onset and severity. Although the model explained
the variances in induction and outcome of TRALI in different patients, the molecular
mechanisms underlying HNA-3a antibody-mediated TRALI were still elusive.
The described clinical relevance of HNA-3a antibody-mediated TRALI motivates the
screening for new strategies for preventive or acute pharmacologic intervention. Knowledge
of the molecular pathomechanisms is a crucial prerequisite and thus, respective
investigations are required. In order to achieve this goal, HNA-3a antibody-induced
cytotoxicity and aggregation were assessed on the molecular level by usage of flow
cytometry, the granulocyte agglutination test and by phosphoproteome analysis. The current
study provides insight into molecular processes during HNA-3a antibody-induced neutrophil
responses and is the first to assess neutrophils using global, gel-free phosphoproteome
analyses. Accordingly, it is the first to provide neutrophil phosphoproteome data in the
context of TRALI.
Gel-free phosphoproteome analyses of primary neutrophils required the highly
selective and sensitive phosphopeptide enrichment from stable and sufficiently large protein
extracts. However, an appropriate workflow did not exist and was hence developed by
sequential protocol optimization steps. A suitable neutrophil isolation method was
determined in an initial approach under consideration of neutrophil purity, yield and
activation state. The observed degradation of neutrophil protein extracts was then prevented
by application of a highly concentrated protease inhibitor cocktail. Furthermore, a microtiter
plate assay was developed for neutrophil treatment, enabling the harvest of increased cell
8
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numbers as well as the evaluation of neutrophil aggregation. Incubating neutrophils in a low
stimulatory environment prior to treatment compensated for the temporal, isolation-induced
cellular activation. Optimally prepared neutrophil extracts were subsequently proven to be
fully compatible with gel-free phosphoproteome analysis using the PolyMAC-Ti technique for
phosphopeptide enrichment. Of note, PolyMAC-Ti performed highly sensitive and selective
with the small-sized neutrophil samples (200 µg of protein). The developed workflow was
finally proven suitable for comparative gel-free phosphoproteomics when detecting the
formyl-methionyl-leucyl-phenylalanine-induced activation of extracellular signal-regulated
kinase 1/2 (ERK1/2) signaling in a proof-of-principle experiment.
After protocol optimization, neutrophils were investigated in single parameter
analyses for their responses to HNA-3a antibodies. Neutrophil aggregation kinetics were
assessed and the process was shown to be largely accomplished already after 30 minutes of
treatment. This indicated rapid signaling and reorganization processes as causative
mechanisms and suggested proper sampling in further analysis during or at 30 minutes of
treatment. Assessment of HNA-3a antibody-induced cytotoxicity was performed using flow
cytometry but revealed neither the expected increases in surface levels of CD11b
(CD11b/CD18, αMβ2-integrin Mac-1) and CD66 (Carcinoembryonic antigen-related cell
adhesion molecule 8) nor the surface shedding of CD88 (C5a anaphylatoxin chemotactic
receptor 1). Time-resolved Western blot detection of activated mitogen-activated protein
kinases demonstrated furthermore the lack of activation of JNK1/2 (c-Jun n-terminal kinase)
and p38. However, ERK2 was found to be weakly activated after 30 minutes of treatment
with HNA-3a antibodies. Therefore, these results revealed that the direct stimulation of
neutrophils with HNA-3a antibodies will likely not cause the induction of cytotoxic effector
functions. In contrast, neutrophils react predominantly by aggregation, a process which is
potentially mediated by integrins and causes a secondary, subthreshold activation of solely
ERK2.
In accordance to the threshold model of TRALI, HNA-3a antibody-induced neutrophil
cytotoxicity and aggregation were assessed after neutrophil priming but a cooperative effect
could not be observed regarding the degranulation response (CD11b). However, the
aggregation capacity of neutrophils was increased after priming and this was potentially
caused by enhanced HNA-3a antibody binding. The overall aggregation capacity was
dependent on the donor, the priming intensity and the potency of the HNA-3a plasma. These
results confirmed the threshold model in that they demonstrated proinflammatory priming
and HNA-3a antibody potency as combinatorial determinants for the onset and severity of
TRALI. Taken together, the single parameter analyses proved neutrophil aggregation as the
main pathomechanism in response to HNA-3a antibodies and thus, the underlying signaling
pathways were investigated by global, gel-free phosphoproteomics.
Aggregation-relevant signaling pathways were initially assessed using global
phosphoproteome screenings and sampling was performed at 5, 15 and 30 minutes of
HNA-3a antibody treatment to comprehensively cover the whole process. Ingenuity Pathway
Analysis (IPA) suggested the involvement of Rho family GTPases since several associated
pathways were revealed to be affected at 5 and 30 minutes of treatment. Additionally, IPA
indicated the involvement of ERK signaling at 30 minutes and corroborated thus the previous
Western blot results. Since only a limited reproducibility of the phosphopeptide enrichment
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procedure was observed, a large number of technical replicates had to be included to
compensate for this technical limitation. Hence, an experiment using 14 technical replicates
per sample was performed for the in-depth analysis of signaling pathways in HNA-3a
antibody-induced neutrophil aggregation. Due to the limitations in starting material and the
aim of discovering early, aggregation-related signaling events, neutrophils were only treated
for five minutes with HNA-3a plasma. The analysis was more comprehensive since the
number of quantifiable phosphorylation patterns was largely increased. IPA results confirmed
data of previous screening experiments as the Rho-related pathways PAK signaling, Actin
cytoskeleton signaling and Signaling by Rho GTPases were predominantly affected.
Evaluation of these signaling cascades revealed Rho, Rac and Cdc42 as central regulators
and thus, all three Rho GTPases were specifically inhibited to investigate their involvement in
HNA-3a antibody-mediated neutrophil aggregation. Intriguingly, Rho inhibition led to a
significant enhancement of neutrophil aggregation and indicated a potential inhibitory effect
of HNA-3a antibodies on Rho activity. Therefore, Rho inhibition was suggested to occur in
parallel to an adhesion-inducing signaling pathway and might hence be involved in the
stabilization of neutrophil aggregates in HNA-3a antibody-induced TRALI.
The results from this doctoral thesis contributed to the generation of a new
pathogenesis model for HNA-3a antibody-mediated TRALI. In this model, neutrophils
respond to HNA-3a antibody exposure rather by homotypic aggregation than by induction of
their cytotoxic effector functions. This clustering is mediated by integrins and leads likewise
to integrin cross-linking in the neutrophil plasma membrane. The subsequent outside-insignaling mediates a subthreshold activation of ERK2 and induces potentially a priming-like
state. Binding of HNA-3a antibodies triggers furthermore the inhibition of the small GTPase
Rho, which stabilizes neutrophil aggregates by the reduction of cell detachment. Altogether,
these processes lead to the sequestration of solid, subthreshold-stimulated neutrophil
aggregates in front of the narrow lung capillaries. Their assumed priming-like state would
potentially allow for the facilitated induction of neutrophil cytotoxicity by other
proinflammatory mediators. Finally, this would lead to the massive destruction of the
endothelial barrier and induce TRALI.
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Transfusion-Related Acute Lung Injury
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3.1

INTRODUCTION

TRANSFUSION-RELATED ACUTE LUNG INJURY

3.1.1 Clinical characterization
Transfusion-related acute lung injury (TRALI) is an adverse transfusion reaction that was
described as the major cause of transfusion-related fatalities by e.g. United States (38%,
2011-2015) and German hemovigilance systems (27%, 1997-2007) [1,2]. TRALI was first
characterized as a discrete syndrome by Popovsky and coworkers in 1983 [3]. Clinical
features of TRALI were described by the same group in 1985 when investigating several
cases of transfusion-associated respiratory distress [4]. Essential symptoms that were
described for TRALI in the following two decades were finally implemented into the common
definition of TRALI proposed by the Canadian consensus conference in 2004 [5].
According to the consensus report, TRALI is defined as acute respiratory distress
syndrome (ARDS) / acute lung injury (ALI) that manifests during or within six hours after
transfusion [5,6]. Of importance, risk factors that are related to other forms of ALI must be
absent for reliable diagnosis [5,7]. Two characteristic symptoms were described with the first
being hypoxemia with a PaO2:FiO21 ratio lower than 300 mmHg or an oxygen saturation
lower than 90% (pulse oximetry) [5,8]. The second typical symptom is the development of
bilateral non-cardiogenic lung infiltrates which are detected via chest radiography and
indicate pulmonary edema [5]. Left atrial hypertension as induced e.g. by transfusionassociated circulatory overload (TACO) must not be present simultaneously [5]. Cyanosis,
dyspnea, tachypnea, fever, hypotension, tachycardia and foamy aspirate or sputum are in
contrast less specific symptoms occurring in TRALI [5,7–10].
TRALI treatment is to date performed symptomatically [9]. Transfusion is
recommended to be abrogated upon onset of respiratory distress [11]. During mild TRALI,
patients are supplied with oxygen, while severe TRALI episodes are treated by mechanical
ventilation [9,12–15]. Of note, Bux summarized in 2011 that ~70% of immune-mediated
TRALI cases are severe and up to 20% of the cases are fatal [4,15–17]. In the case of
survival, TRALI resolves in a time frame of 2 days after onset [4,15].
The agents inducing TRALI were extensively investigated and two TRALI subtypes
were defined in accordance to the underlying mechanism:
1. Non-immune-mediated TRALI
2. Immune-mediated TRALI
Non-immune-mediated TRALI accounts for a minority of all TRALI cases and occurs in
response to bioactive lipids or soluble CD40 ligand [7,9,18,19]. These mediators are
described to accumulate in different blood products during storage by breakdown of e.g.
platelets or erythrocytes [7,9,19,20]. Furthermore, these substances rather prime than
1

oxygen partial pressure / fractional inspired oxygen concentration
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activate neutrophils and were thus shown to require the presence of a second stimulus for
TRALI induction [19,21–23]. The respective authors concluded a two-hit-model of TRALI
induction, which was later adopted to immune-mediated TRALI and evolved in the following
years to multicausal models (section “3.1.4”) [21–29].
Immune-mediated TRALI is induced by leukocyte reactive antibodies and reactions of
this etiology have already been described before TRALI was clinically defined [24,30–32].
Considering several reports, 65-89% of all TRALI cases are thought to be mediated by such
antibodies [4,7,9,12,13,17]. While they are commonly introduced into the recipients’
circulation during transfusion, there are a few described cases in which recipient antibodies
reacted with transfused leukocytes [4,33]. Of all immune-mediated TRALI cases, 66-82% are
caused by antibodies directed against human leukocyte antigens of class I or II (HLA class I,
HLA class II) [16,17,34,35] (Table 1). A smaller proportion of 18-34% targets antigens that
were found to be expressed on neutrophils, therefore being named human neutrophil
alloantigens (HNAs) (Table 1) [16,17,24,36].
Both, the much larger
Table 1: Proportion of HLA and HNA antibodies involved in TRALI
cases. Data of the German hemovigilance system [17] and Serious frequency of TRALI induction
Hazards of Transfusion [16] from the United Kingdom (UK) are exemplarily
as well as the capacity to
shown. The table was modified from Bux 2011 [15]. Modifications:
Citations of the original figure were removed.
cause severe and fatal TRALI
cases substantiate the high
clinical importance of the
immune-mediated
TRALI
[15,24,37,38]. In contrast,
experts in the field were
debating in recent years on
the clinical relevance of so
far
described
pathomechanisms
for
non-immune-mediated
TRALI [15,37]. However, Warkentin, Greinacher & Bux recently reviewed both TRALI
pathomechanisms in the context of heparin-induced thrombocytopenia (immune-mediated
and non-immune-mediated forms are also known) [38]. Here, the authors clearly deduce the
major clinical importance of immune-mediated TRALI but do also emphasize the nonimmune-mediated form as a separate diagnosis [38]. Finally, TRALI subtypes were
rearranged and a new nomenclature was suggested in accordance to the respective
induction mechanism [38]. TRALI-I was suggested for immune-mediated TRALI forms
(TRALI-Ia: HNA antibody-positive, TRALI-Ib: HLA class I antibody-positive, TRALI-Ic: HLA
class II antibody-positive) while TRALI-II was proposed for the non-immune-mediated TRALI
[38].

3.1.2 Human Leukocyte Antigens (HLA)
Human leukocyte antigens (HLA) are plasma membrane-expressed protein complexes
that have central functions in antigen presentation and therefore during induction of the
adaptive immune system via T lymphocytes [39–41]. According to specific variances in
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structure and function, HLA molecules are assigned either to HLA class I or HLA class II
[39,41,42]. All HLA genes are organized in a gene cluster spanning at least 4 × 106 bp on
chromosome 6 [41]. The genes for class I and II HLA molecules are highly polymorphic and
their polygenic structure allows for the expression of several different classical molecule
types per HLA class [39,41,43]. Given the fact that some HLA genes possess more than 200
different alleles, it is conceivable that every individual exhibits its very own combination of
HLA molecules and that there is a risk for alloimmunization during pregnancy or transfusion
[43–45].

3.1.2.1 Human Leukocyte Antigen class I
HLA class I molecules are represented by classical HLA-A, -B and –C complexes as well as by
non-classical and related variants [39,41]. Besides their expression on neutrophils, platelets
as well as B and T lymphocytes, classical HLA class I molecules are also present on most
other cell types [39,41]. Their main function is the presentation of peptides from
intracellularly synthesized proteins to CD8+ cytotoxic T lymphocytes [39,42]. As such
peptides represent endogenous antigens, HLA class I-T cell receptor ligation is primarily
induced at the surface of cells infected with cytoplasm-located pathogens like viruses [42].
TRALI cases caused by transfusion of solely HLA class I antibodies are relatively rare
although they are present with a large fraction in multiparous women [15,17,35]. A possible
explanation was given by Bux in 2011 and Reil and coworkers in 2008 when suggesting a
scavenging effect by platelet and lymphocyte-expressed as well as circulating soluble HLA
class I molecules [15,35,37,46]. Of note, HLA-A2 antibodies are the only HLA class I
antibodies described to often be involved in severe TRALI cases and to strongly aggregate
neutrophils [15,16,35,38]. The correlation of neutrophil aggregation ability and TRALI
severity is an intriguing coincidence and indicates a crucial mechanistic role for neutrophil
aggregation [15,24,47].

3.1.2.2 Human Leukocyte Antigen class II
HLA class II molecules comprise, very similar to class I HLAs, classical and non-classical
variants [39,41]. Classical HLA class II complexes are encoded by gene pairs designated
HLA-DR, HLA-DP and HLA-DQ, giving rise to α- or β-chains of the respective molecule
[39,41]. The expression of HLA class II molecules on blood cells is limited to B lymphocytes,
dendritic cells and monocytes/macrophages [39,41]. While HLA class II molecules are
lacking on the surface of resting neutrophils and T lymphocytes, their surface expression can
be induced by activation in these cell types [15,39,48,49]. Classical HLA class II molecules
are functionally contrasting classical HLA class I molecules in that they present exogenous
antigenic peptides to CD4+ T lymphocytes [39,42].
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3.1.3 Human Neutrophil Alloantigens (HNA)
- This section is based on the previously published review of the doctoral candidate [50] 3.1.3.1 Human Neutrophil Alloantigen-1, -2, -4 and -5
Human neutrophil alloantigens (HNA) are expressed by several membrane-located proteins
and arise mostly from immunogenic polymorphisms [47,50–55]. Hence, HNA-directed
antibodies may originate similar to HLA antibodies from alloimmunization during pregnancy
or transfusion [3,5,17,56]. These may not only be implicated in TRALI but are also known to
induce several other disorders like neonatal alloimmune neutropenia (NAIN), autoimmune
neutropenia (AIN), drug-induced immune neutropenia or isoimmune neutropenia (Table 2)
[47,50]. Although their designation suggests the exclusive expression on neutrophils, some
of the corresponding proteins can also be found on other hematopoietic cells or inner ear
tissue and certain mRNAs were even detected in tissue from colon, lung and liver [36,54,57–
59]. The nomenclature of the HNAs originates from the Granulocyte Antigen Working Party
held in 1998 by the International Society of Blood Transfusion (ISBT) [36]. In detail, the
designation “HNA” is extended by a number that identifies the protein on which the antigen
is expressed. In most cases, this number is followed by a lower case letter that identifies a
certain polymorphism of the corresponding protein. Hence, the full designation, e.g. HNA-3a,
describes a unique human neutrophil alloantigen. To date, the system contains five different
HNA groups (HNA-1 to HNA-5) [36,47]. The following paragraphs comprise short
descriptions of HNA-1, -2, -4 and -5 while HNA-3 represented the focus of the dissertation on
hand and is therefore characterized in detail in a separate section. Extensive reviews of the
HNA system are given by Bux, 2008 and Muschter and coworkers, 2011 [47,50].
HNA-1 is associated to Fc-gamma receptor IIIb (FcγRIIIb, CD16b) [47,50,60] (Table
2). The protein has a low affinity for IgG molecules, is implicated in removal of circulating
immune complexes and phagocytosis of antibody-coated (opsonized) pathogens and its
plasma membrane level increases during neutrophil activation [47,50,61]. Alloantibodies
result from the presence of several single nucleotide polymorphism (SNP)-induced amino
acid exchanges that form the HNA-1a, -1b or -1c allele (Table 2) [47,50–52,62].
Interestingly, allele frequencies have been detected to diverge comparing different ethnic
groups [62–72] (Table 2). Reil and coworkers very recently complemented the HNA-1
system when discovering the new HNA-1d allele but frequencies were not investigated so far
[73]. In contrast to alloantibodies, isoantibodies directed against several epitopes on
FcγRIIIb may occur in rare HNA-1 null individuals (lacking FcγRIIIb expression)
[47,63,64,66,67,72,74,75]. Finally, autoantibodies have also been described [76,77]. TRALI
and several neutropenia types have been associated to FcγRIIIb-directed antibodies and a
recent report described HNA-1b antibody-induced transfusion-related alloimmune
neutropenia [35,77–80].
HNA-2 is presented by the neutrophil-specific glycoprotein CD177, which is thought to
participate in neutrophil transmigration due to its interaction with platelet endothelial cell
adhesion molecule 1 (PECAM-1) [81–83]. Similar to FcγRIIIb, the plasma membrane level of
CD177 is increased by activation-triggered degranulation as the molecule is also incorporated
into membranes of secretory vesicles and secondary granules [84,85]. CD177-reactive
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antibodies are exclusively generated as isoantibodies in HNA-2 null individuals [47,50]. With
a few exceptions, this phenotype is usually less frequent in different ethnical groups [65,86–
90]. HNA-2 antibodies were so far involved in different neutropenia types and TRALI
[79,91,92].
Table 2: The Human Neutrophil Alloantigen (HNA) system. Amino acids are given in single letter code.
Numbers with an asterisk (*) represent phenotype frequencies. Abbreviations: AHL: Acute Hearing Loss; AIN:
Autoimmune Neutropenia; FNHTR: Febrile Non-Hemolytic Transfusion Reaction; NAIN: Neonatal Alloimmune
Neutropenia; TRALI: Transfusion-Related Acute Lung Injury. nd = not determined.

HNA-4 was found on CD11b, representing the αM-chain of αMβ2-integrin
(CD11b/CD18, complement receptor CR3, Mac-1) (Table 2) [55]. The adhesion receptor
participates in firm neutrophil adhesion to and neutrophil transmigration through
endothelium as well as in neutrophil integrin signaling [93–96]. Furthermore, Mac-1
mediates homotypic neutrophil aggregation and it is directly associated to neutrophil
cytotoxicity by its involvement in phagocytosis and production of reactive oxygen species
(ROS) [97–103]. So far, it was also detected on the surface of natural killer cells, monocytes
and subpopulations of B and T lymphocytes [104]. HNA-4a and -4b arise from one amino
acid exchange due to one SNP and their frequencies are relatively consistent in most
populations (Table 2) [55,63,65,105,106]. While TRALI was so far not associated to HNA-4
alloantibodies, neutropenia was described for Mac-1 autoantibodies, HNA-4a alloantibodies
and recently also for HNA-4b alloantibodies. [15,47,50,76,107–109].
HNA-5a is present on CD11a, which is the αL-chain of integrin LFA-1 (αLβ2-integrin)
(Table 2) [55]. The protein mediates leukocyte binding to endothelial cells by interacting
with its counterreceptor ICAM-1 and is therefore another important adhesion receptor [94–
96,110]. One SNP-induced amino acid replacement is causative for HNA-5a and HNA-5b and
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both alleles are varying in frequency comparing different ethnic groups (Table 2)
[55,65,105,111]. HNA-5a alloantibodies were described to mediate neonatal alloimmune
neutropenia but TRALI was to date not reported in conjunction with HNA-5a or HNA-5b
alloantibodies [15,112].
Glycosylphosphatidylinositol(GPI)-anchored membrane proteins are known to
participate in signal transduction and exert this function in part by association to other
transmembrane proteins [113]. A similar mode of operation was suggested by our group in
2011 for GPI-linked FcγRIIIb (HNA-1) and CD177 (HNA-2) and was based on respective
interaction studies for both proteins [50,84,114]. Reported interactions included the
association of FcγRIIIb with Fc-gamma receptor IIa (FcγRIIa), membrane-incorporated
proteinase 3 (mPR3), Mac-1 (HNA-4) and LFA-1 (HNA-5) as well as interactions of CD177
with mPR3 and Mac-1 [61,115–120]. This led to a model of the hypothetical signaling
complex depicted in Figure 1 [50].

Figure 1: Hypothetical lipid-raft associated signaling complex of HNA-bearing proteins. HNA-1 and
HNA-2 antigen-bearing molecules FcγRIIIb and CD177, respectively, are linked to the plasma membrane via
glycosylphosphatidylinositol (GPI)-anchors and are hence suggested to exert signaling capacity by association
with other transmembrane proteins [113]. The described interactions to FcγRIIa, mPR3, Mac-1 (HNA-4) and
LFA-1 (HNA-5) in lipid rafts might facilitate the signaling pathways indicated by the dashed arrows. So far, there
are is only limited information on the signaling capacity of CTL2 (HNA-3) and potential CTL2-interacting proteins.
Abbreviations: CTL2: choline transporter-like protein 2; FcγRIIa: Fc-gamma receptor IIa; FcγRIIIb: Fc-gamma
receptor IIIb; HNA: human neutrophil alloantigen; Mac-1: macrophage-1 antigen; mPR3: membrane-bound
proteinase 3; LFA-1: lymphocyte function-associated antigen 1
- This figure was originally published in Muschter et al. 2011 [50]. Reference adaptation: [12**] = [61]; [13] = [115]; [14] = [116]; [15] = [117]; [16] = [118]; [17**] = [120];
[18] = [119]. References marked with [**] were of outstanding interest for the original publication [50].

3.1.3.2 Human Neutrophil Alloantigen-3
The HNA-3a-bearing protein was only recently defined as choline transporter-like protein 2
(CTL2) (Table 2) [53,54]. Chromosome 19 contains the CTL2-coding gene SLC44A2, which
gives rise to three transcript variants [50,121]. Of those, only one gene product exerts a
certain choline transport activity (isoform 1 = CTL2P2A = CTL2 TV1) [122,123]. However,
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CTL2 seems to be a minor choline transporter since CTL1 exhibits a higher transport capacity
[123]. CTL2 was so far detected on neutrophils, platelets, endothelial cells, T lymphocytes, B
lymphocytes and cells of the inner ear while its mRNA was found to be present in monocytes
and tissue samples of human lung, colon and liver [54,57–59]. Its structure is not resolved
so far, but there is a putative model published by Nair and coworkers [58]. It suggests the
intracellular localization of the N- and the C-terminus and the existence of ten
transmembrane spanning domains. Hence, it contains six cytoplasmatic and five extracellular
regions [58]. A recent study of Bayat et al. suggested interaction of CTL2 with von
Willebrand factor, which bridges CTL2 to Mac-1 in the suggested model [124]. This
interaction was furthermore described to mediate signal transduction processes required for
HNA-3a antibody-induced neutrophil aggregation [124]. However, these results are
contrasting earlier findings of Schubert et al. who demonstrated neutrophil aggregation after
HNA-3a antibody treatment in absence of plasma constituents [125]. These initial molecular
events require hence further investigation.
The HNA-3 variants arise from the SNP G461A, which results in the substitution of
Arg154 with Gln154. The HNA-3a epitope is represented by Arg154 while the HNA-3b
epitope is associated with Gln154 [53,54]. HNA-3 antibodies present in donor plasma are
nearly exclusively directed against the HNA-3a epitope and necessitate therefore presence of
Arg154 [126]. Allele frequencies for HNA-3a and HNA-3b were determined to usually account
for 0.74-0.82 and 0.18-0.26, respectively [54,65,71,126,127]. In terms of alloimmunization,
a certain fraction of HNA-3b antibody-containing blood products would be expected but
respective plasmas are in contrast extremely sparse [126]. Hence, the HNA-3b epitope is
potentially less immunogenic [126]. Exceptions from the common allele frequencies were
reported recently by Matsuhashi et al. and Chen and coworkers. While the former detected
an elevated HNA-3b allele frequency of 0.346 in the Japanese, the latter group described an
even higher HNA-3b allele frequency of 0.42 in the Chinese Yi population [88,128]. Such
groups are expected to consist of a large proportion of HNA-3a antibody-producing donors
and are therefore at high risk for an increased TRALI incidence [88,128]. Recent sequence
analyses of SLC44A2 revealed two other SNPs, of which the Leu153Phe SNP (C457T) is
directly neighboring the HNA-3a-mediating SNP [129]. However, this SNP appears to rather
bias genotyping results and was not associated to any pathologic process [129]. The second
SNP was reported as C908T and causes a Thr303Met substitution in the second extracellular
loop of CTL2 [129]. Similarly, there is no data on the clinical relevance of this SNP.
HNA-3a antibodies were detected as causative for neonatal alloimmune neutropenia
and are also described to induce febrile transfusion reactions [47,79,130]. In contrast,
Nair et al. described the presence of CTL2 autoantibodies and could associate them to the
autoimmune hearing loss [58]. Of most interest, HNA-3a antibodies are relatively frequently
involved in severe and fatal TRALI reactions and may cause the syndrome even without
supportive priming [17,35,131,132].

3.1.4 Pathogenesis models of immune-mediated TRALI
As described in the previous section, polymorphisms in particular membrane proteins give
rise to the existence of several HLAs and HNAs [47,50–55]. Alloantibodies directed against
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certain antigens are mostly generated when individuals are exposed to a foreign allele
variant of a protein and therefore via alloimmunization [133]. This process occurs mainly
during pregnancy and leads to antibody production by the adaptive immune system of the
mother [3,5,17,44,56,133]. As the immunization rate rises with increasing
exposures/pregnancies, multiparous females are at high risk of donating leukocyte-reactive
antibody-containing blood products [17,35,44,45,134]. Knowledge of the alloantibody origin
led to risk minimization strategies, which mainly avoided transfusion of blood products from
multiparous women [15]. Indeed, the incidence of TRALI was reduced by these measures,
but it is unclear whether this regimen can be maintained in case of constant blood product
shortage due to demographic changes [16,135–137].

3.1.4.1 The general pathogenesis model of immune-mediated TRALI
The induction of immune-mediated TRALI was so far associated with transfusion of
HLA class I and II as well as HNA-1, -2 and -3 antibodies [17,35]. Although the respective
target molecules possess remarkable differences in expression pattern and function, the
underlying mechanisms were suggested to rely on a general pathogenesis model
[15,24,47,50]. Symptoms of TRALI closely resemble those of ALI / ARDS and neutrophils
were suggested as the main effector cells due to their enhanced accumulation in lung
capillaries [5,15,29,138,139]. This assumption is furthermore reasonable as leukoreactive
antibodies arrive at first in the lung circulation after being transfused and encounter a large
subset of neutrophils (28% of all circulating neutrophils) that is sequestered in front of the
lung microvasculature [15,24,140,141]. This entrapment occurs physiologically as neutrophils
(~ 6-8 µm) possess a larger diameter than about half of all lung capillaries and since
passage requires active but slowly proceeding neutrophil deformation [15,24,142]. Exposure
of neutrophils to arriving alloantibodies is thought to induce two processes that are
suggested as key steps for TRALI induction: Neutrophil activation and neutrophil aggregation
[15,24,47]. Neutrophil activation was suggested to increase neutrophil stiffness by
cytoskeletal reorganization and was deduced from respective in vitro findings with
proinflammatory mediators [15,140]. As in ARDS, increased neutrophil rigidity enhances their
sequestration in front of the lung microvasculature as active deformation processes are
potentially hampered [15,24,140,143]. Furthermore, neutrophil activation renders the cells
adhesive and leads to the mobilization of the microbicidal, cytotoxic arsenal [15,29,144].
Increased adhesion promotes neutrophil accumulation in lung capillaries and the secretion of
degrading proteins during degranulation as well as the generation of ROS lead to destruction
of surrounding endothelial cells [15,29,144,145]. The disturbance of the endothelial barrier
results in extravasation of vascular fluid and gives rise to the characteristic bilateral lung
edema during TRALI [5,15,24,145,146]. Neutrophil aggregation was observed in vitro and in
vivo and is mostly caused by alloantibody-species related to severe and fatal TRALI cases
[15,24,29,32,47,126,131,138]. Hence, this phenomenon appears as a mechanism that is
strongly enhancing lung sequestration of neutrophils and thereby significantly worsening the
outcome of TRALI [15,24,47,147].
The described general pathogenesis model of immune-mediated TRALI explains most
of the clinical symptoms but it has already been replaced especially for HLA antibodymediated TRALI [15,24,47,148–150]. These antibodies are associated with the majority of all
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immune-mediated TRALI cases (66-75%) but frequency and severity of induced TRALI-cases
vary strongly between both HLA antibody classes [16,17,35]. Although HLA class II
molecules are absent on resting neutrophils, respective antibodies are often involved in
TRALI [15,17,24,35,37]. In contrast, HLA class I alloantibodies are often detected in relevant
blood products but cause TRALI with a relatively low frequency [15,16,35,37,151]. However,
TRALI may be induced by HLA class I antibodies and investigations led to modeling of two
pathomechanisms [37]. In the first, HLA class I antibodies target and activate neutrophils
directly, which causes destruction of the endothelial barrier, lung edema and TRALI
[37,149]. In a second model, HLA class I antibodies ligate first to endothelial cells and recruit
neutrophils subsequently by Fc receptor engagement [37,148]. Here, the resulting Fc
receptor cross-linking induces the activation responses necessary for destruction of the lung
endothelium [37,148]. The pathomechanism for HLA class II alloantibody-mediated-TRALI
contrasts that of the other antibody species (HLA class I, HNA) [37]. In the current model,
lung sequestered monocytes are bound by HLA class II antibodies which triggers secretion of
proinflammatory mediators like interleukin-8 and leukotriene B4 [150,152]. This in turn
activates adjacent, equally sequestered neutrophils, renders them to mobilize their cytotoxic
arsenal and hence leads to endothelium destruction in the lung microvasculature [152].

3.1.4.2 Multicausal pathogenesis models of TRALI
Although the general pathogenesis model is largely congruent with the clinical
symptoms of TRALI, it was extended in recent years and four further generations of
pathogenesis models were created. All modifications were driven by the clinical observation
that the sole transfusion of leukocyte reactive antibodies does not necessarily result in
respiratory distress [15,153,154]. In 2006, Silliman proposed the two-hit-model of TRALI
[25]. In this setting, neutrophils are primed by proinflammatory conditions arising from
comorbidities of the recipient, the first hit, while they are activated in the second hit by
transfused HLA/HNA antibodies (or other soluble mediators in non-immune-mediated TRALI)
[25]. However, the model describes the strict necessity of a first hit and proposes the
activation of lung endothelial cells as a prerequisite for neutrophil priming [15,25]. These
requirements are not met in TRALI cases of patients without inflammatory lung diseases and
especially when TRALI is induced in otherwise healthy recipients [8,15,153]. Hence, the twohit-model is not sufficiently illustrating TRALI induction and was replaced by the threshold
model of TRALI introduced by Bux and Sachs in 2007 (Figure 2) [24,25].
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Figure 2: Threshold model of TRALI induction. The model was introduced by Bux and Sachs in 2007 and
suggests the overall neutrophil activation status as the major determinant for TRALI induction and severity. The
overall neutrophil activation status itself results from the potency of recipient-derived proinflammatory stimulation
(susceptibility) and the strength of the transfused TRALI-inducing blood component (here specifically given as
leukocyte antibodies). Of note, the threshold model states not only on TRALI induction, but also on TRALI
severity. The image was adopted from Bux 2011 [15].

It describes not only TRALI induction but also TRALI severity to rely on the overall
activation status of the recipients’ neutrophils [24]. The overall neutrophil activation status in
this model is a condition that cumulates from the strength of the recipient-derived and
spatially unrestricted proinflammatory stimulation and from the potency of the transfused
TRALI-inducing agent (leukocyte antibody, non-immune trigger) [24]. The threshold model
elegantly explains induction of mild and severe TRALI cases and does also include scenarios
in which the strength of both, the proinflammatory processes in the patient and the
transfused agent, is not sufficient to cause TRALI [24]. Very recently, the threshold model of
TRALI was modified by Middelburg and van der Bom when the authors added a time axis
[26]. The temporally resolved view on TRALI induction is conceivable and helps to
differentiate single risk factors and to exclude those from the pathogenesis model that were
not present at the time of TRALI onset [26]. However, the authors describe also major
limitations of the model, as it does not consider the mutual enhancement or mitigation of
risk factor strengths and does not define transfusion events as mandatory [26]. They
conclude hence that it generally cumulates potencies of different risk factors and that,
instead of TRALI, it largely explains induction of ALI / ARDS [26]. A second variant was
simultaneously given by the sufficient cause model, which basically lists several combinations
of pathological influences (component causes) that can culminate into TRALI [26]. This
model includes transfusion as a required event, but does not state on TRALI severity or the
temporal relation of the individual proinflammatory conditions [26]. Altogether, the threshold
models and the sufficient cause model describe TRALI induction in dependence of several
different risk factors (multicausality) and outperform hence the rather simple two-hit-model
[25,26]. Their individual limitations, however, require the consideration of TRALI in the
context of all three models (threshold, sufficient cause) [26]. Finally, the most
comprehensive explanations for clinically diverging TRALI still appear to be provided by the
threshold model of Bux and Sachs as it defines, in contrast to all other models, TRALI
severity in addition to TRALI induction [24].
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3.1.5 The exceptional role of HNA-3a antibodies
HNA-3a antibodies possess an exceptional clinical relevance [15]. This conclusion was
deduced from investigations of recent years, which demonstrated HNA-3a antibodies to be a
frequent cause of TRALI [17,35]. Furthermore, HNA-3a-related TRALI cases were often
described to be severe or even fatal, which suggest a comparatively high antibody strength
[8,17,35,37,131]. This was moreover underlined by an experimental model that proved
TRALI induction without the need for supportive neutrophil priming (threshold model) [132].
Hence, reports of HNA-3a antibody-induced TRALI after transfusion of only low plasma
volume-containing erythrocyte concentrates are complementing the picture [17,35].
Considering neutrophils, the enormous pathogenic strength of HNA-3a antibodies is
hypothesized to rely on two major pathological features [24,47,155]. The first characteristic
is their capability to prime or even activate neutrophils, which in turn leads potentially to
profound endothelial damage and lung edema in TRALI [24,28,37,47,155]. The second
feature is their capacity to induce active and strong neutrophil aggregation
[15,24,47,126,131]. Neutrophil aggregation is considered a crucial pathomechanistic step as
it correlated also in the case of other leukocyte-reactive antibody species (e.g. anti-HLA-A2)
to the induction of severe and fatal TRALI [15,16,35,47]. It is conceivable that this
mechanism worsens neutrophil sequestration in the lung and histologic investigations of fatal
TRALI cases indeed revealed neutrophil aggregates in the lung vasculature
[15,29,138,139,147].
The exceptionally high clinical relevance of HNA-3a antibody-induced TRALI urged for
the investigation of the two suggested pathologic responses in neutrophils [15,37,38,47].
The definition of HNA-3a antibody-induced signaling pathways and molecular processes
aimed at the detection of potential therapeutical targets for preventive or acute intervention
in the case of TRALI. Hence, respective phenotypic and phosphoproteomic investigations
were the scope of the doctoral thesis on hand.
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3.2

NEUTROPHIL PHYSIOLOGY AND SIGNAL
TRANSDUCTION

Neutrophils are blood cells that constitute a subtype of leukocytes (white blood cells) and
represent a cellular constituent of the innate immune system. They function as professional
phagocytes and, most importantly, as the first line of defense against a variety of prokaryotic
and eukaryotic pathogens [110,156]. The process of neutrophil generation is termed
granulopoiesis, occurs in the bone marrow and leads to the release of mature neutrophils
into the circulation [157,158]. Here, neutrophils account for 40-60% of all leukocytes and
represent therefore the major immune cell fraction [110,157]. Circulating neutrophils are
present in a resting state and possess a spherical shape with a diameter of 6-8 µm [24,110].
Furthermore, they harbor a segmented nucleus and are therefore assigned to the family of
polymorphonuclear leukocytes (PMN) [157]. Neutrophils possess a variety of vesicular
inclusions which are termed “granules” and contain more than 700 different protein species
[157,159]. Granules contain essential components of the neutrophil cytotoxic arsenal used
for pathogen killing and comprise furthermore different membrane-incorporated receptors
[110,156].
The generation of neutrophil granules proceeds throughout granulopoiesis and the
molecular granule content varies depending on the protein spectrum synthesized at the
respective developmental stage [156,160,161]. In accordance to the respective protein
equipment, neutrophil granules are divided into four different types [156]. Azurophil
(primary) granules form at first and are characterized by a high amount of microbicidal
myeloperoxidase (MPO) and by presence of the serine proteases proteinase 3, cathepsin G
and elastase [156,160,162–164]. Other constituents are azurocidin, lysozyme and alphadefensins [165–167]. Specific (secondary) granules are generated subsequently and
represent one subset of the peroxidase-negative granules [156,160]. They are the primary
stores of lactoferrin but do also contain lysozyme, collagenase, cytochrome b558 (gp91phox,
p22phox), formyl peptide receptors, tumor necrosis factor receptors and the β2 integrin
Mac-1 (CD11b/CD18, HNA-4) [110,156,166,168–174]. Of note, secondary granules harbor
also the HNA-2 antigen-bearing CD177 [156]. Gelatinase (tertiary) granules form after
specific granules, are characterized by the highly abundant and name-giving gelatinase and
do also harbor formyl peptide receptors, Mac-1 (HNA-4) and cytochrome b558
[110,156,168,172,173]. The lastly generated granule type is represented by secretory
vesicles which mainly contain membrane-incorporated receptor molecules like Mac-1
(HNA-4), LFA-1 (CD11a/CD18, HNA-5), formyl peptide receptors and complement receptor
CR1 [110,172,173,175]. Fc-gamma receptor III (HNA-1) and the lipopolysaccharide receptor
CD14 were additionally described [156,176].
Resting neutrophils circulate in the vasculature of the host and two different
neutrophil pools are distinguished depending on their specific localization [95]. The
circulating pool comprises blood flow-driven neutrophils that can be located in large and also
small vessels [95]. The second pool is present in the narrow vessels of the capillary beds
from liver, spleen or the microvasculature of the lung and those neutrophils are referred to
as “marginated” [95,141,157,177]. The concomitant neutrophil sequestration is transient,
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independent of adhesion and occurs primarily due to only slowly proceeding deformation
processes [178–181]. Resting neutrophils are short-lived as their life span is described to be
only 5-9 hours [182].
Upon infection or proinflammatory challenge, resting neutrophils switch to a
physiologic state that enables the encounter and removal of invading pathogens. This
process is termed “neutrophil activation” and comprises a multitude of sequential steps
which allow evasion of timely apoptosis, emigration from the blood stream, migration to the
site of infection and finally induction of specific neutrophil effector functions for pathogen
killing [95,110,157]. Processes occurring during neutrophil activation are adhesion to and
migration through activated endothelium, phagocytosis (intracellular pathogen killing),
degranulation (extracellular pathogen killing) and the formation of NETs (neutrophil
extracellular traps) [94–96,110,157]. Importantly, neutrophil activation is described as a
two-step process that consists of initial neutrophil priming and subsequent induction of
neutrophil effector functions [110,157,183]. Hence, neutrophils appear to be primed until
they are fully activated upon arrival at the site of infection [110,157,183]. The life span of
neutrophils is prolonged during activation but the described processes are finally terminated
in infected tissues by apoptosis [95,183].
The following sections describe crucial processes of neutrophil activation in more
detail and relevant signaling pathways will additionally be explained.

3.2.1 Neutrophil migration
Invasion of pathogens and subsequent infection provoke proinflammatory responses of
affected tissue cells and result in the release of host cell- as well as pathogen-derived
chemoattractants [95]. Those substances form a concentration gradient reaching from the
site of infection to adjacent vessels and activate endothelial cells [94,95]. Activated
endothelium itself presents chemotactic agents on the cell membrane and both processes
generate a mixture of proinflammatory gradients consisting of several substances like formyl
peptides, C5a, platelet-activating factor (PAF), leukotriene B4 (LTB4) or interleukin-8 (IL-8,
CXCL8) [95,184,185]. Furthermore, endothelial cells initiate cell surface expression of
P-selectin upon activation [186]. Neutrophils express the counterreceptor P-selectin
glycoprotein ligand-1 (PSGL-1) and are tethered to the induced endothelial P-selectin in
proximity of the site of infection [187,188]. Further interactions are generated by
endothelium expressed E-selectin and L-selectin ligands as well as according neutrophil
receptors PSGL-1, E-selectin ligand 1 (ESL1) and L-selectin (CD62L) [180,187–191]. These
interactions result in an ongoing movement of neutrophils on endothelial cells named
“rolling” [94–96,110]. Rolling is driven by and dependent on the blood stream as selectin
interactions are abrogated without shear force [94,94,192–194]. Of note, PSGL-1 is also able
to bind L-selectin and respective interactions are thought to enable homotypic neutrophil
adherence and therefore enhanced neutrophil recruitment [95,195,196]. The ligation of
neutrophil adhesion receptors and the stimulation by aforementioned chemoattractants
induce early degranulation of secretory vesicles which leads to upregulation and
conformational activation of αMβ2-integrin Mac-1 on the neutrophil surface
[95,156,173,184,185,197–201]. Simultaneously, L-selectin is shed proteolytically from the

23

Stefan Muschter

INTRODUCTION
Neutrophil Physiology and Signal Transduction

neutrophil surface [202–204]. LFA-1, a second β2-integrin, switches furthermore to an
intermediate-affinity state [199]. Signaling pathways resulting in increased integrin affinity
(conformational activation, integrin clustering) are summarized as inside-out-signaling
[94,94,205,206]. E-selectin binding and interaction of both β2-integrins on neutrophils with
respective ligands like intercellular adhesion molecule 1 (ICAM-1) on activated endothelium
finally culminate in “slow rolling” [94,207–210].
The firm adhesion of neutrophils to endothelial cells abrogates slow rolling (neutrophil
arrest) and is described to arise from binding of neutrophil Mac-1, LFA-1 and p150,95
(αXβ2-integrin, CD11c/CD18) to endothelial ICAM-1 [94–96]. After neutrophil spreading, a
process designated intraluminal/intravascular crawling is initiated [94]. This movement is
performed to find optimal positions for transmigration through the endothelial cell lining and
is mediated by Mac-1 [211]. At this stage, neutrophils are polarized and possess a
lamellipodia-consisting pseudopod at the leading edge as well as an uropod at the trailing
end [205]. Transendothelial migration (diapedesis) can be achieved either by paracellular or
by transcellular passage [94,96]. In paracellular transmigration, neutrophils move through
endothelial cell-cell junctions [94,96]. This process involves adhesion molecule-induced
signaling pathways in endothelial cells or neutrophil discharge of permeability-inducing
proteases/ROS [96,212–216]. ROS may trigger endothelial signaling and neutrophil
proteases may act e.g. by mediating cleavage of endothelial adhesion or junction proteins
[214–216]. Furthermore, particular junction molecules are spatially reorganized in the
endothelial cell membrane and removed from intercellular junctions [94,217]. In contrast,
neutrophils may also interact with endothelial ICAM-1, ICAM-2, VCAM-1, CD99, platelet
endothelial-cell adhesion molecule-1 (PECAM-1) and different junctional adhesion molecules
(JAM family) in order to passage through the junctions [94,218–221]. Transcellular
transmigration is performed by a relatively small fraction of neutrophils and requires
endothelial plasma membrane sites that possess clustered and highly expressed ICAM-1
[110,222,223].
Transmigrated neutrophils arrive at the interstitium and start to sense various
chemoattractants (formyl peptides, complement C5a) [95,110]. As those substances are
present in concentration gradients, neutrophils may navigate to the area of infection by
moving towards increasing concentrations [95,110]. Respective receptors are clustered to
the front of the cell and directed chemotaxis is maintained by predominant signaling in
response to infection site-derived substances [110,224–226]. Matrix degradation and surface
upregulation of matrix molecule receptors is achieved by exocytosis of a fraction of primary
and secondary granules and allows for migration through tissues [156,227,228]. Finally,
neutrophils encounter invading pathogens and are triggered for phagocytosis, oxidative
burst, degranulation and NET formation [156,157,229].

3.2.2 Neutrophil phagocytosis, oxidative burst and
degranulation
Neutrophil phagocytosis, oxidative burst and degranulation are mechanistically intersecting
and are therefore described together [156,156,157]. Neutrophils are professional phagocytes
able to recognize non-opsonized and opsonized pathogens via pattern-recognition receptors
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and opsonin receptors, respectively [97,157,230]. The latter comprise the Fc receptors
FcγRIIa (CD32) and FcγRIIIb (CD16, HNA-1), C-type lectins and the complement receptors
CR1 and Mac-1 (CR3, HNA-4) [95,97,157]. Hence, pathogens may e.g. be opsonized by
immunoglobulins and complement factors for Fc receptor- and complement receptormediated phagocytosis, respectively [95,97]. Bound pathogens are rapidly internalized (few
minutes) by molecular mechanisms, which are based on quickly proceeding signal
transduction and cytoskeletal reorganization [95,97,157]. However, the induced endocytotic
processes differ in dependence of the occupied opsonic receptor [95,97,230]. Internalization
by Fc-gamma receptors involves the formation of pathogen-enclosing pseudopods whereas
complement receptor-bound pathogens are described to rather sink into the neutrophil
[95,97,231,232]. Subsequently, endocytotic invaginations are sealed intracellularly and form
the phagosome [97]. The neutrophil microbicidal arsenal is transferred to the otherwise nontoxic phagosome by fusion events with secretory vesicles as well as primary and secondary
granules [97,157]. In the following, these processes give rise to oxygen-dependent and
oxygen-independent mechanisms of pathogen elimination [95,156,158].
In the oxygen-dependent pathway, the fusion of phagosomes and secondary
granules facilitates activation of the neutrophil nicotinamide adenine dinucleotide phosphateoxidase (NADPH oxidase) by assembly of granule membrane-incorporated subunits
gp91phox and p22phox (cytochrome b558) as well as cytosolic subunits p40phox, p47phox,
p67phox and the Rho family GTPase Rac2 [97,156,157,168,171,174]. The active NADPH
oxidase mediates the production of ROS and therefore the “oxidative/respiratory burst”
during neutrophil activation [95,97]. This process comprises the initial production of the
superoxide anion O2- by NADPH oxidase as well as reaction steps that lead to a variety of
other reactive compounds (e.g. hydrogen peroxide - H2O2, hypochlorous acid - HOCl)
[97,158,233]. ROS finally contribute to microbe killing as these substances possess highly
cytotoxic properties [97,158,230,233,234].
The fusion of phagosomes with primary, secondary and tertiary granules is referred
to as degranulation and leads to the luminal enrichment of a variety of degradative or
antimicrobial protein and peptide species [158]. These effector molecules act simultaneously
to ROS production and represent therefore the oxygen-independent pathway of pathogen
killing [158]. Characteristic examples are bactericidal/permeability increasing protein (BPI),
defensins or lysozyme which perforate bacterial membranes [156,158,235–237]. In contrast,
proteases impair the physiologic function of the pathogen by degrading its associated
proteins [158,162,238,239].
Degranulation may also result from the fusion of granules with the plasma membrane
[95,156]. This mechanism is already induced prior to pathogen encounter and facilitates firm
adhesion to endothelial cells (secretory vesicles) as well as tissue migration (primary and
secondary granules) [172,227]. However, further degranulation to the extracellular space
follows at sites of infection and does also involve primary and secondary granules
[95,156,230]. This process allows to attack extracellular pathogens by the same
antimicrobial substances as employed during phagocytosis [95,156,157,230]. Furthermore,
the NADPH oxidase is incorporated into the plasma membrane and produces extracellular
ROS [97,157,230,233,240]. In contrast to phagosome-directed degranulation, degranulation
at the plasma membrane is induced by ligation of soluble proinflammatory substances [97].
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Fusion of the different granule species depends on specific cytoplasmatic calcium (Ca2+)
levels and secretory vesicles are secreted already when only intracellular Ca2+ stores are
emptied [97,241,242]. An additional Ca2+ influx from the extracellular medium occurs later
and mediates exocytosis of residual granules [172,242]. In the context of proceeding Ca2+
mobilization during neutrophil activation, it appears that secretory vesicles are degranulated
first and are successively followed by tertiary, secondary and primary granules [242]. Of
importance, degranulation at the plasma membrane contributes to destruction of
extracellular pathogens but may also cause host tissue damage [95,110].

3.2.3 Neutrophil extracellular traps
Brinkmann and coworkers extended the so far known spectrum of neutrophil antimicrobial
mechanisms in 2004 when discovering neutrophil extracellular traps (NET) [229]. NETs are
released in response to stimulation and consist of diffusely cross-linked DNA equipped with
histones and granular proteins (e.g. elastase, MPO, bactericidal proteins) [229]. The process
of NET formation was later classified as a specific form of programmed cell death termed
NETosis [243,244]. NET functions are still under debate but they potentially comprise
entrapment and killing of extracellular pathogens as well as degradation of virulence factors
[229,245–250]. Of importance, NET formation was also associated to the pathogenesis of
HNA-3a antibody-mediated TRALI by Thomas et al. in 2012 [251].
In recent years, two disparate, stimulus-specific mechanisms of NETosis have been
established [157,245,252]. The originally described process is referred to as classical
pathway and involves ERK1/2 signaling, NADPH-oxidase activation and therefore ROS
generation [243,245,253]. DNA decondensation occurs subsequently and is mediated by
nucleus-translocated elastase (histone degradation), MPO and peptidyl arginine deiminase 4
(PAD4, histone citrullination) [243,254–256]. This process is followed by mixing of nuclear
and granular contents due to disruption of cytoplasmic organelles and finally by cell lysis and
NET release [243]. While the described mechanism requires several hours for
accomplishment, the second known pathway proceeds in minutes and is therefore termed
early or rapid NETosis [243,247,248,257,258]. It is strongly differing from the classical
pathway as it does not require ROS, releases NETs by plasma membrane fusion of DNAcontaining vesicles, is not culminating in cell lysis and thus, leaves neutrophils functionally
competent [247,248,252,257,258,258,259]. Additionally, non-destructive NETosis may also
utilize mitochondrial DNA [260].

3.2.4 Signaling pathways of activated neutrophils
3.2.4.1 Signaling during neutrophil migration
Signaling pathways mediating neutrophil migration are predominantly implemented by
members of G-protein-coupled receptors (GPCR) [205,206]. In neutrophils, GPCRs for major
stimulants are consistently associated to Gi/o family G-proteins [205,206]. Upon receptor
ligation, the intracellularly coupled, heterotrimeric G-protein complex separates into the
receptor-specific Gα subunit and the common Gβ/γ complex by GDP to GTP exchange
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[206,261]. Both constituents usually trigger specific signaling pathways but the relevance of
Gα-induced pathways for neutrophil migration is elusive so far and crucial signaling events
are commonly induced by Gβ/γ [206,262–264]. Consequently, Gβ/γ is a second messenger and
in terms of migration, its activity leads to protein-protein interaction-based and locally
restricted stimulation of phosphoinositide 3-kinase γ (PI3Kγ) [205,265,266] (Figure 3).
PI3Kγ is therefore only active at the intended neutrophil leading edge and synthesizes
phosphatidylinositol
(3,4,5)-trisphosphate
[PI(3,4,5)P3]
by
phosphorylation
of
phosphatidylinositol (4,5)-bisphosphate [205,206,267]. The localized presence of PI(3,4,5)P3
activates Rac guanine nucleotide exchange factors (GEFs) at the leading edge [205].
Generally, GEFs are involved in the regulatory network of small GTPases, which are activated
upon GTP binding and inactive in their GDP-bound form [268]. The cycling through both
states is regulated by GTPase activating proteins (GAPs), which induce inactivity, and GEFs,
which mediate the exchange of GDP to GTP [268]. In the context of neutrophil chemotaxis,
the PI(3,4,5)P3-promoted activity of Rac GEFs like DOCK2 leads to the specific stimulation of
Rac at the leading edge [205,269]. Rac belongs to the Rho family of small GTPases of which
the three most prominent members, Rho, Cdc42 and Rac itself, are involved in cytoskeletal
reorganization [270]. Rho family GTPases are regulated by a large number of specifically
acting GAPs and GEFs and they possess a wide variety of effector molecules in different
signaling pathways [270]. During chemotactic signaling, Rac1 activity mediates stimulation
the SCAR/WAVE complex which finally leads to F-actin polymerization and formation of
lamellipodia at the leading edge (pseudopod) [205]. Those structures are essential for
pressing the migrating neutrophil forward [205].

Figure 3: Signaling during neutrophil migration. The figure was adopted from Mócsai, Walzog & Lowell
2015 [205]. Abbreviations: GAP: GTPase-activating protein; GEF: guanine nucleotide exchange factor; MLC
kinase: myosin light chain kinase; PI3Kγ: phosphoinositide 3-kinase γ; PIP3: phosphatidylinositol (3,4,5)
trisphosphate; PTEN: phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein
phosphatase PTEN; Rac: Rho family small GTPase Rac; Rho: Rho family small GTPase Rho; ROCK: Rhoassociated protein kinase; SCAR/WAVE: SCAR/WAVE complex; SHIP1: phosphatidylinositol 3,4,5-trisphosphate
5-phosphatase 1.
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Additionally, DOCK2 and Rac1 appear to promote further PI(3,4,5)P3 generation at the
pseudopod [205,269]. Rac2 and Cdc42 were also shown to participate in chemotactic
signaling and protein kinase C β (PKCβ) as well as protein kinase D (PKD) are described to
influence actin polymerization by phosphorylating the phosphatase SSH2 [205,271–273]. The
balancing of lamellipodium formation is simultaneously maintained by the inhibitory action of
the PI(3,4,5)P3-degrading phosphatase SHIP1 and the Rac GAP ArhGAP15 [205,274,275].
The localized activation of Rac at the leading edge is followed by the translocation of the
small GTPase Rho, myosin light chain (MLC) and myosin light chain kinases to the trailing
edge (uropod) of the cell [205,276]. Of note, Rac is inhibited at this site by active Rho and
the PI(3,4,5)P3-degrading PTEN [205,277]. Rho activity itself is specifically regulated by Rho
GEFs Lsc and PDZRho as well as by the Rho GAP ARAP3 [205,278–281]. ROCK and MLC
kinase are downstream effectors of Rho and trigger MLC molecule assembly at the trailing
edge via phosphorylation [205,282–284]. These processes induce the uropod-localized
generation of actomyosin and allow therefore for actomyosin contraction, uropod
detachment and cell body retraction [205,285]. In summary, neutrophil polarization and
chemotaxis are induced in a time frame of 5 minutes after chemoattractant ligation by rapid
signaling molecule translocation and phosphorylation pattern alterations [205].

3.2.4.2 Integrin signaling during neutrophil adhesion
Integrins are described to be present in three structural variants, each of which binds to
respective ligands with a specific affinity [205,286]. While the “bent” conformation exists
primarily on resting neutrophils and exhibits a low ligand affinity, the “extended” and “open
extended” conformation are induced sequentially during neutrophil activation and are
characterized by an intermediate and a high ligand affinity, respectively [205,286–291].
Signaling pathways that lead to integrin activation are summarized as inside-out-signaling
while integrin ligation-induced pathways constitute outside-in-signaling (Figure 4)
[95,205,206,286].
Inside-out-signaling events are well characterized for the PSGL-1 (selectin receptor
on neutrophils)-mediated conformational activation of LFA-1 and are described in the
following [205,206]. Ligation of neutrophil PSGL-1 by endothelial E-selectin activates Srcfamily kinases, of which Hck, Fgr and Lyn are expressed in neutrophils (Figure 4A)
[205,206,292,293]. These tyrosine kinases phosphorylate the membrane-incorporated
adaptor molecules FcRγ adaptor and DAP12 at immunoreceptor tyrosine-based activation
motifs (ITAM) [205,206,292]. Furthermore, ITAM phosphorylation occurs at PSGL-1associated ERM (ezrin/radixin/moesin) family proteins [294]. In the following, spleen tyrosine
kinase Syk translocates to the plasma membrane and binds to the phosphorylated ITAMs via
its SH2-domains [292,295,296]. Syk is activated by phosphorylation and begins its signaling
pathway through activation of SLP-76 and ADAP [292,296,297]. The activity of both adaptors
leads subsequently to Btk (Bruton’s tyrosine kinase) activation [297]. Btk stimulates PI3Kγ
function, which results in integrin affinity modulation by activation of Rac GEF P-Rex1
[205,298–300]. Btk additionally induces activity of phospholipase Cγ2 (PLCγ2) [298]. PLCs
are crucial signaling molecules which produce diacylglycerol (DAG) and inositol-1,4,5trisphosphate (IP3) by cleavage of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] [267].
DAG is involved in PKC activation while IP3 facilitates Ca2+-dependent signaling steps [267].
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These pathways lead to the activation of CalDAG-GEF1 (small GTPase GEF) and the mitogenactivated protein kinase p38, which in turn activate the Rap1 small GTPase [205,206,301].
Talin is translocated to the cytoplasmic domain of LFA-1 by active Rap1 and potentially
facilitates the coupling of LFA-1 to the cytoskeleton [205,302]. This interaction is described
to induce the extended conformation of the integrin (Figure 4A) [205,303].

Figure 4: Integrin signaling during neutrophil adhesion. The figure was adopted from Mócsai, Walzog &
Lowell 2015 [205]. Abbreviations: ADAP: adhesion and degranulation promoting adapter protein; BTK: Bruton’s
tyrosine kinase; CalDAG-GEF1: calcium and DAG-regulated guanine nucleotide exchange factor 1; DAP12: DNAX
activating protein 12; ERM: ezrin/radixin/moesin protein; F-actin: filamentous actin; FcRγ adaptor: Fc receptor
gamma adaptor; HPK1: hematopoietic progenitor kinase 1; ICAM-1: intercellular adhesion molecule 1; ITAM:
immunoreceptor
tyrosine-based
activation
motif;
mAbp1:
mammalian
actin-binding
protein 1;
p110/p85: phosphoinositide 3 kinase δ; PI3Kγ: phosphoinositide 3-kinase γ; PLCγ2: phospholipase Cγ2; PRex: Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger protein; PSGL-1: P-selectin glycoprotein
ligand; Rap1: Ras-related protein 1; SFK: Src-family kinases; SLP-76: lymphocyte cytosolic protein 2; SYK:
tyrosine-protein kinase Syk; Vav: guanine nucleotide exchange factor Vav.

The open extended structure arises finally in conjunction with simultaneously triggered
signaling pathways after GPCR ligation (e.g. endothelium-deposited chemokines) and
participating molecules are kindlin-3, mAbp1 and HPK1 [205,303–307].
Outside-in-signaling is induced by high affinity integrin-ligand interaction and, as
described for inside-out-signaling, involves Src-family kinase-mediated ITAM phosphorylation
of DAP12 and FcRγ adaptor (Figure 4B) [98,99,205,206,308,309]. Accordingly, membranerecruited Syk triggers PI3K and PLCγ2 stimulation but does additionally induce activation of
the GEF Vav1 and ERK1/2 via tyrosine phosphorylation [98,99,310–317]. The proteins
mAbp1 and HPK1 are also involved in outside-in-signaling but facilitate rather enhancement
of the adhesion [306,307,318,319]. Interestingly, integrin ligation is causative for neutrophil
phagocytosis, degranulation and oxidative burst induction, linking the outside-in-signaling
directly to full neutrophil activation [98,99,205,206,308,320].
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Neutrophils represent a vital branch of the cellular innate immune system and are generally
described as the first line of defense against invading pathogens [156,158]. While
physiological neutrophil mechanisms help the host to rapidly defend against otherwise
harmful bacteria and fungi, aberrant activation of cytotoxic neutrophil effector functions can
massively impair host tissue integrity [95,110]. Prominent examples for the latter are
rheumatoid arthritis, ALI and TRALI [24,95,110,321]. Hence, the comprehensive
understanding of molecular mechanisms in neutrophils under physiologic and pathologic
conditions will open perspectives for targeted pharmacologic intervention. Proteome
techniques enable the in-depth analysis of the protein composition within a defined biological
system by providing qualitative and quantitative data on a large diversity of protein species
[322]. The relative comparison of condition-dependent protein abundances allows for
comprehensive conclusions on functional alterations and thus, application of respective tools
is promising for enlightening neutrophil biology [322]. The large amount of biological data
derived from comparative expression proteomics is furthermore extended by methods of
functional proteomics, which aim to the characterization of regulatory mechanism like protein
phosphorylation [322]. As many effector functions of neutrophils are induced in only minutes
of stimulation, analysis of protein phosphorylation appears to be of particular importance
[97,99,157,172,205,323]. However, investigation of the neutrophil phosphoproteome
requires awareness of their special characteristics and of the special methodological
requirements [322]. The following two sections will summarize important considerations on
both factors.

3.3.1 Neutrophils in experimental settings
Neutrophils are terminally differentiated immune cells and lack the ability to
proliferate [158]. Furthermore, the cells have a limited life span and turn apoptotic some
hours after bone marrow release, consequently hampering long-term cultivation and
therefore also genetic modification e.g. by transfection [110,110,182,230]. Proliferating cell
lines, like HL-60, PLB-985 or NB4 cells, are available but require induced differentiation to a
neutrophil-like phenotype and it is unclear whether the biology of the resulting cells
completely resembles that of primary neutrophils [230,324–327]. Hence, investigation of
primary cells appears the most promising for generating authentic data and makes
neutrophil isolation from whole blood an essential part of the method spectrum. This has the
advantage that required cells do not need to be cultivated over several days and are readily
available but it also restricts the experimental work. A panel of healthy volunteers is needed
for daily blood donation and studies must be approved by an ethics committee. The volume
of donated whole blood is limited and so is the number of neutrophils available from
respective samples. Isolation procedures are furthermore described to prime the cells, which
alters the neutrophil physiological state and potentially biases analysis results [110,328–
330]. Finally, the limited life span restricts the duration of experimental procedures to a few
hours [182].
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3.3.2 Methods of proteome and phosphoproteome analysis
The term “proteome analysis” refers to the idea of identifying the largest possible fraction of
all protein species present in a defined biological system (cell culture, tissue, organ) under a
given condition [322]. Conclusions on biological processes are derived from such
comprehensive datasets by the comparative assessment of protein abundances from
different experimental configurations i.e. by comparison of quantitative data from the
condition of interest (treatment, disease, etc.) with those of the normal condition (control,
healthy) [322]. This commonly performed type of proteome analysis is summarized as
“expression proteomics” [322]. Phosphoproteome analyses are a part of “functional
proteomics”, rely on mainly the same methodological principles as expression proteomics
and can accordingly be performed by the use of gel-based or gel-free workflows
[322,331,332]. Both approaches comprise sample fractionation steps prior to mass
spectrometric analysis to reduce sample complexity and hence enhance protein identification
[322,331,332].
Gel-based proteome techniques are characterized by a 1-dimensional (1-DE, protein
size) or 2-dimensional (2-DE, isoelectric point, protein size) protein separation [333].
Staining of proteins enables their identification via mass spectrometry and results
furthermore in quantitative data [322,333]. In the case of 1-DE, Western blotting is
performed after separation to stain and quantify proteins of interest but is only applicable to
a few targets at a time. The 2-DE technique uses in-gel staining and has been used for
decades for comparative proteome analyses [322,333]. However, the method possesses
crucial limitations in that it has a limited dynamic range and excludes low abundant proteins
from analysis [333]. Furthermore, membrane proteins are not separated and proteins with a
very high or low molecular weight or with extreme isoelectric points are not detectable
[322,333].
Gel-free proteome analysis relies on the direct protein digestion (e.g. by trypsin) and
peptide separation is mostly achieved by reversed-phase high pressure liquid
chromatography (RP-HPLC, peptide hydrophobicity) [322,333]. The circumvention of the
limitations of 2-DE and the high sensitivity of modern mass spectrometers leads to protein
identification numbers that outperform results of 2-DE approaches and thus, most proteome
analyses are performed with gel-free workflows [322]. One possibility of relative peptide and
hence protein quantification is the differential isotope-labeling of peptides [322,331,332]. By
these means, identical peptides from samples of different conditions are separately identified
in one measurement by their specific isotope-tags and the respective peptide intensities can
be compared [322,331,332]. Labeling is either achieved metabolically by differential culture
medium supplementation with defined isotope-labeled amino acids and the subsequent
incorporation into proteins (SILAC, stable isotope labeling by amino acids in cell culture) or
peptides can be labeled chemically after digestion using differential methylation of lysine,
18
O-labeling of C-termini or by addition of isobaric tags (e.g. iTRAQ) [334–340]. Additionally,
peptides can be quantified in a label-free manner by comparative analysis of spectral counts
or peptide peak areas from different measurements [322,341]. Absolute peptide
quantification is facilitated by stable isotope-utilizing MRM (multiple reaction monitoring) or
SRM (single reaction monitoring) but is restricted to analyses of already known peptide
species [342].
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Protein phosphorylation is a post-translational modification that is induced by
differential action of specific kinases and which is crucial for rapid alterations of the cellular
physiology [205,323,343,344]. It was described to influence the activity of proteins and to
modify their stability [331,332]. Furthermore, it alters protein-protein interactions as well as
protein interactions with nucleic acids [331,332]. Hence, protein phosphorylation influences
cellular mechanisms like signal transduction, cell migration, protein biosynthesis, proliferation
and cell viability [205,331,332,345–349]. In mammals, phosphorylations occur at serine,
threonine and tyrosine and Olsen and coworkers detected abundances of 86.4%, 11.8% and
1.8%, respectively, in a human cell line [332,344]. The comparative analysis of protein
phosphorylation patterns is a promising approach for elucidating the cellular physiology and
can be achieved by means of gel-based and gel-free workflows [322]. However, any type of
phosphoproteome analysis necessitates phosphatase inhibition as the enzymes rapidly
disturb the phosphorylation pattern when active in protein extracts [331,332,350].
Western blotting is a widely performed technique for gel-based phosphorylation
analysis as there is an immense variety of phosphoprotein specific primary antibodies
available. The procedure can be used for 1-DE and 2-DE approaches, robustly reveals the
phosphorylation state of a targeted protein and enables relative quantification of abundance
changes [346,351]. However, phosphoprotein-specific Western blotting enables analysis of
only a few targets in a given time and is hence indicated when hypotheses point at particular
proteins. Global gel-based phosphoproteome analyses have also been performed using 2-DE
in conjunction with the phospho-specific dye Pro-Q Diamond but the technique possesses
the abovementioned limitations and is therefore not as comprehensive as respective gel-free
approaches [322,352]. Gel-free analysis is the method of choice when aiming at global
phosphoproteomics but conventional configurations are not able to detect a comprehensive
number of phosphopeptides [331,332]. This is due to the fact that often only small
proportions of the respective proteins are phosphorylated and thus, gel-free
phosphoproteome analysis requires the application of efficient phosphopeptide enrichment
strategies [331,332].
Phosphopeptide enrichment can be performed by different strategies [331,332].
Phosphopeptides can be modified chemically to allow the non-covalent or covalent but
reversible binding to a specific matrix (phosphate β-elimination and Michael addition,
phosphoramidate chemistry) [332,353–356]. However, such methods possess restricted
efficiency due to the loss of the phosphate residue, the increase in sample complexity or due
to sample loss and result thereby in hampered phosphopeptide analysis [332].
Phosphopeptide enrichment based on immunoaffinity is enabled by phosphotyrosinedirected antibodies and was used in several studies [357–359]. Tyrosine phosphorylations
are crucial mechanistic steps in many signaling pathways, but a considerable amount of
induced phosphorylation changes is also affecting serine and threonine residues
[205,206,267,344,344,360,361]. As antibodies specific for phosphoserine and
phosphothreonine are not existing (in contrast, a variety of protein-specific, phosphatebearing motif-recognizing antibodies is available), the method is not capable of generating
highly comprehensive data for all three phosphorylation types [332,362].
Beneficial phosphopeptide enrichment strategies are chromatography-based and
utilize the reversible binding of phosphopeptides to specific ligands [331,332]. These
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procedures are termed IMAC (immobilized metal affinity chromatography) and MOAC (metal
oxide affinity chromatography) [331,332]. In IMAC, metal ions like Fe3+ or Ga3+ are linked to
the solid phase matrix and enrich phosphopeptides by electrostatic interactions with
negatively charged phospho-residues [332,363–366]. This technology was used for
workflows of several phosphoproteomic studies and many of them contained additional
peptide prefractionation steps [363–365,367–369]. However, IMAC is negatively influenced
by high salt conditions or the presence of detergents [332,370]. In contrast, MOAC utilizes
especially TiO2 for affinity chromatography and particularly this solid phase configuration is
known to be highly selective for phosphopeptides [332,371]. Due to this high selectivity and
its resistance to detergents and salts, TiO2-based MOAC is superior to IMAC and was
therefore the enrichment method of choice in various studies [332,344,367,370,372–374].
In consideration of the primary nature of neutrophils and the limited amount of whole
blood per donation, the excessive amount of protein required for the described
phosphopeptide enrichment strategies was a major limitation. Comprehensive
phosphoproteome studies were described to require samples containing 3-4 mg of protein
and amounts of up to 100 mg of protein were necessary when extensive sample prefractionation was applied [331,360,367–369]. Hence, although TiO2-based phosphopeptide
enrichment was reported highly efficient, experimental requirements were not compatible
with rather small-sized samples of primary neutrophils [332]. However, tremendous
improvements were achieved in recent years regarding the sensitivity of mass spectrometers
and of phosphopeptide-enrichment technologies. Iliuk et al. introduced a new
phosphopeptide enrichment strategy which uses TiO2-functionalized soluble nanopolymers
and is termed PolyMAC-Ti [375]. The authors prepared only 100 µg of protein from a
complex extract for each of three replicates and demonstrated the identification of on
average 877 unique phosphopeptides covering 1003 individual phosphorylation sites [375].
Furthermore, PolyMAC-Ti was highly selective as enriched samples consisted of 96%
phosphorylated peptides [375]. These results proved PolyMAC-Ti as a promising method for
the enrichment of phosphorylated peptides from small-sized neutrophil samples and the
assessment of its applicability was of major importance for the work on hand.

3.3.3 Requirements for gel-based and gel-free
phosphoproteome analyses of neutrophils
Generating meaningful phosphoproteome data from samples of primary neutrophils requires
the methodology used to meet a number of conditions: (1) Protein extracts must to the
largest possible extent consist of neutrophil proteins. Hence, isolates of primary neutrophils
must exhibit a sufficient purity. Furthermore, (2) the physiological state of control
neutrophils must largely resemble that of cells in a healthy environment, (3) protein amounts
per sample must be sufficiently large to conduct an appropriate series of experiments (4)
and protein stability must be ensured during extract preparation, usage and storage. Finally,
(5) neutrophil protein extracts have to be compatible with individual processing steps of the
applied workflow.
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3.4

AIM OF THE STUDY

HNA-3a antibodies have an exceptional role in immune-mediated TRALI, as these antibodies
are often involved in severe and fatal disease progressions and known to strongly aggregate
neutrophils in vitro. Hence, the hypothetical pathogenesis model of HNA-3a antibody-induced
TRALI suggests the profound neutrophil aggregation and neutrophil-mediated cytotoxicity in
the narrow capillaries of the lung microvasculature. The investigation of these so far elusive
mechanisms is a necessary attempt to uncover potential targets for preventive or acute
pharmacological intervention in future TRALI cases and might therefore help to reduce the
high morbidity and mortality emanating from HNA-3a antibodies. Thus, this study aimed to
assess potential HNA-3a antibody-induced neutrophil effector functions and to
comprehensively characterize the underlying, pathogenesis-driving mechanisms on the
molecular level. To achieve this goal, HNA-3a antibody-induced cytotoxicity and aggregation
of neutrophils were intended to be analyzed by flow cytometry, the granulocyte aggregation
test as well as by gel-based and gel-free phosphoproteomics.
Efficient workflows for the analysis of the phosphoproteome of primary neutrophils
were not available with beginning of this work and had to be developed initially. Considering
the methodological requirements, these protocols should allow for the analysis of sufficiently
large, highly pure and minimally activated neutrophil samples. Furthermore, stable neutrophil
protein extracts were required and their compatibility with common laboratory routines and
PolyMAC-Ti-based phosphopeptide enrichment was aimed to be proven. Finally, a proof-ofprinciple approach should demonstrate the feasibility of gel-based and gel-free
phosphoproteome analyses when performing the developed workflows with small-sized
neutrophil samples.
Investigations of HNA-3a antibody-induced neutrophil responses were conducted with
the aim of characterizing neutrophil activation and aggregation. In accordance to the
threshold model of TRALI, both responses were also intended to be characterized after
neutrophil priming. After determination of neutrophil aggregation as the main HNA-3a
antibody-driven pathomechanism, underlying signaling mechanisms should be identified
using global gel-free phosphoproteome analyses. Time-resolved screening approaches
indicated affected pathways but also showed technical limitations, which in turn required
optimization of the experimental setup. Finally, an in-depth analysis of early signaling events
that potentially lead to neutrophil aggregation during HNA-3a antibody treatment was
intended using the optimized approach design.
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WORKFLOW OVERVIEW

All methods used to answer the proposed scientific questions (section “3.4”) and their
individual integrations into complex workflows are summarized in Figure 5. Detailed method
descriptions are given in the sections of this chapter.

Figure 5: Workflow summary chart. The flowchart shows all methods used for the investigations described.
Colored arrows link methods of particular workflows and indicate the processing sequence. Hatched arrows
indicate variations of the identically colored workflow. The actual Granulocyte Agglutination Test was divergently
named in this work and is therefore highlighted with a dashed line. Renaming was required due to development
of an upscaled variant, in turn necessitating clear designations. Abbreviations: DDH: Dextran sedimentationDensity gradient centrifugation-Hemolysis; GAT: Granulocyte Agglutination Test; PMP: Polymorphprep
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VOLUNTEERS

Blood samples were taken from healthy volunteers that were genotyped as homozygous for
the HNA-3a (HNA-3a/a) or the HNA-3b (HNA-3b/b) allele. The required genotyping
experiments were performed prior to involvement of the respective volunteers into the study
by Dr. Tom Berthold (Dept. Transfusion Medicine, University Medicine Greifswald) using
sequence-specific polymerase chain reaction. All experiments involving blood samples were
performed in strict accordance with the regulations of the ethical committee of the University
Medicine Greifswald. All donors gave their informed written consent with respect to blood
donation, study design and HNA-3 genotyping.

4.3

NEUTROPHIL ISOLATION

Two established isolation methods for neutrophils were compared regarding their
performance in generating isolates suitable for proteome analyses. Hence, both methods are
described in the following sections.

4.3.1 Dextran / Density gradient centrifugation / Hemolysis –
DDH
- This procedure has been described similarly in Berthold & Muschter et al., 2015 [376]. Whole blood was withdrawn from healthy volunteers by venipuncture using EDTA-coated
vacutainers (BD, Plymouth, UK). The complete sample was transferred into clean falcon
tubes and one volume of 5% dextran 500 (Serva Electrophoresis GmbH, Heidelberg,
Germany) in 1× phosphate-buffered saline without Ca2+ and Mg2+ (1× PBS w/o; Biochrom
AG, Berlin, Germany) was added to four volumes of whole blood. After careful mixing,
solutions were incubated for 30 min at 37°C at an angle of 45°. After erythrocyte
sedimentation, two volumes of the leukocyte-rich plasma supernatant were transferred onto
one volume of Biocoll Separating Solution (Biochrom; d = 1.077 g/ml) and the tubes were
centrifuged in swing buckets for 20 min at 310 × g and room temperature (RT) at low
acceleration (level 2) and without brake (Rotanta 46 RC, Hettich, Tuttlingen, Germany).
Resulting supernatants were discarded and cell pellets from 5 ml of leukocyte-rich plasma
were resuspended with 2 ml of ice-cold ammonium chloride buffer. The suspensions were
incubated on ice for 5 min to lyse residual erythrocytes. Five volumes of 1× PBS w/o (10 ml)
were added to stop the reaction and cells were subsequently pelleted at 260 × g and RT for
5 min. After discarding the supernatant, cells were resuspended in 10 ml of 1× PBS w/o and
were washed again at 260 × g and RT for 5 min. Cells were resuspended in a small volume
of 1× PBS w/o (50-200 µl) and cell concentration was measured using a Sysmex hematology
analyzer (Sysmex Deutschland GmbH, Norderstedt, Germany). To enable neutrophil yield
assessments, an additional cell concentration measurement was performed with 200 µl of
the original whole blood sample. The cell concentration of the isolate was finally adjusted as
required using an according resuspension buffer lacking calcium and magnesium ions.
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4.3.2 Polymorphprep
One volume of Polymorphprep solution (Axis-Shield PoC AS, Oslo, Norway) was overlaid by
one volume of hirudinized whole blood (final: 10 µg/ml). Tubes were centrifuged in swing
buckets for 45 min at 500 × g at 20°C and at low acceleration (level 1) and without brake.
Neutrophil granulocytes formed a ring in the middle of the density medium which was
completely harvested and transferred into a fresh tube. Suspensions were diluted with
1× PBS w/o to a final volume of 13 ml and cells were washed by centrifugation for 10 min at
260 × g at RT. Pellets were resuspended in 50-200 µl of 1× PBS w/o and cell concentration
was measured and adjusted as described above. Cell concentrations of the original whole
blood sample were determined using a 200 µl aliquot and results served for neutrophil yield
assessments.

4.4

NEUTROPHIL PRE-TREATMENT

4.4.1 Priming
In some experiments, isolated neutrophils were primed prior to the actual treatment by preincubating the cells with different concentrations of bacterial lipopolysaccharide (LPS, SigmaAldrich, Steinheim, Germany) or formyl-methionyl-leucyl-phenylalanine (fMLP, Sigma). Prior
to usage, LPS lyophilisates (from Escherichia coli serotype 055:B5) were dissolved in fetal
calf serum (FCS) and resulting suspensions were incubated over night at 37°C. This
procedure was performed to induce binding of LPS to the serum-derived LPS-binding protein
which is described to enhance the neutrophils LPS recognition [377]. Neutrophils were
isolated as described above and adjusted to 2 × 107 cells/ml with an according resuspension
buffer. Priming was performed by mixing 3 × 106 cells (150 µl) either with 150 µl of fMLP in
1× PBS w/o or with 150 µl of LPS in 1× PBS w/o containing 2% FCS and by subsequent
incubation for 10 min at 37°C. The final concentrations of fMLP and LPS in the resulting
suspensions ranged from 0.5 nmol/l to 10 µmol/l and from 0.02 ng/ml to 2 µg/ml,
respectively. Cells incubated with 150 µl of 1× PBS w/o or 1× PBS w/o / 2% FCS served as
according controls. After incubation, cells were washed with 4 ml of 1× PBS w/o and
centrifuged for 10 min at 260 × g and RT. Finally, resulting pellets were resuspended in
1× PBS w/o as required and subjected to according neutrophil treatment assays.

4.4.2 Recovery Incubation
The recovery incubation method was developed during workflow optimization (section
“5.1.3”). If not stated otherwise, cell concentrations of neutrophil isolates were adjusted to
2 × 107 cells/ml using 1× PBS w/o. Finally, suspensions were incubated for 60 min at 37°C
and under continuous rotation (MACSmix™ Tube Rotator, Miltenyi Biotec, Bergisch Gladbach,
Germany).
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4.4.3 Inhibition
Neutrophils were isolated as described above and adjusted as required with 1× Hank’s
Balanced Salt Solution w/o Ca2+ and Mg2+ (HBSS, PAA Laboratories GmbH, Pasching,
Austria). Glucose-supplemented HBSS (1 g/l) was used as resuspension buffer for these
experiments as cells were in part pre-incubated for several hours potentially leading to
glucose starvation. The inhibitors used, the working buffer [HBSS or 0.2% dimethyl sulfoxide
(DMSO) in HBSS] as well as their stock concentration are given in Table 3.
Table 3. Chemicals used for neutrophil inhibition experiments.

Inhibitor
name

Target
molecule

Working
buffer

Stock
concentration

Incubation
Time

Manufacturer

Rho
Inhibitor I
(CT04)

RhoA/B/C
GTPase

HBSS

100 µg/ml
(in HBSS)

2h

Cytoskeleton, Inc.,
Denver, CO, USA

NSC 23766

Rac
GTPase

HBSS

1 mmol/l
(in HBSS)

30 min

Santa Cruz
Biotechnology, Inc.,
Santa Cruz, CA, USA

ML141

Cdc42
GTPase

0.2%
DMSO in
HBSS

50 mmol/l
(in DMSO)

1h

Merck KGaA,
Darmstadt, Germany

Inhibition approaches were based on phosphoproteomic experiments which included a
recovery phase of 1 h at 37°C. Thus, pre-incubations were designed to last very similarly at
least for 1 h. This premise required a 30 min pre-incubation at 37°C prior to inhibition of
cells with NSC 23766 (total pre-incubation: 1 h).
In detail, isolated neutrophils were adjusted to a concentration of 2 × 107 cells/ml
with 1× PBS w/o. Suspensions were transferred into a sterile tube and incubated for 30 min
at 37°C and under continuous rotation (MACSmix™ Tube Rotator). Cell concentrations were
reduced afterwards to 1 × 107 cells/ml with HBSS and 50 µl aliquots of the resulting
suspension (5 × 105 cells) were mixed with 50 µl of variably concentrated NSC 23766 in
HBSS to be incubated for further 30 min at 37°C in an upright position. Cells were
resuspended after every 15 min of incubation.
Alternatively, cell concentrations were adjusted to 1 × 107 cells/ml immediately after
isolation. Aliquots of 50 µl (5 × 105 cells) were subsequently mixed either with 50 µl of
variably concentrated Rho Inhibitor I (CT04) in HBSS or ML141 in 0.2% DMSO in HBSS.
ML141 solutions were prepared by performing a 1:500 dilution of according stocks in
100% DMSO with HBSS to reduce the DMSO concentration to a non-toxic level of 0.1%
during the final pre-incubation. Neutrophils in HBSS supplemented with Rho Inhibitor I
(CT04) were incubated for 2 h while cells in 0.1% DMSO in HBSS supplemented with ML141
were incubated for 1 h. In both settings, cells were incubated at 37°C in an upright position
and resuspended every 15 min of incubation. Effective inhibitor concentrations were
provided by the manufacturer and by the literature and used concentrations are given in
Table 4 [378–382]. Every inhibitor was intended to be used in 3 different concentrations
with the effective concentration placed in the middle of the concentration range. However,
ML141 was used with only 2 concentrations due to its limited solubility in HBSS.
38

MATERIAL AND METHODS

Stefan Muschter

Table 4. Reagent concentrations used for neutrophil inhibition.

Inhibitor
name

Control

Concentration 1

Concentration 2

Concentration 3

Rho Inhibitor
I (CT04)

HBSS

1 µg/ml

5 µg/ml

25 µg/ml

NSC 23766

HBSS

10 µmol/l

50 µmol/l

250 µmol/l

ML141

0.1%
DMSO in
HBSS

2 µmol/l

10 µmol/l

-

Finally, cells were subjected to the Terasaki plate assay which was essentially
performed as described below. Incubation was performed after addition of undiluted control
plasma pool or undiluted plasma P1 (HNA-3a reference plasma). Furthermore, plasma P1
was applied in serial dilutions prepared with the control plasma pool and ranging from 1:8 to
1:512. All treatment conditions were performed in duplicate and microscopic evaluation was
conducted after incubation for 2 h.
Selected microscopic photographs were furthermore evaluated densitometrically
using the particle analysis function of the ImageJ software (ImageJ 1.47v) [383]. In detail, a
circular selection mask covering solely the area of the well was placed to exclude biasing
image sections from analysis. Images were converted to 8 bit grayscale and the grayscale
threshold for relevant pixels was adjusted per plate with pictures of negative read outs. In
detail, the threshold grayscale value for black pixels was increased to a value at which pixels
of non-aggregated cells were detected as white. This threshold value was read-out and
applied to all images. Hence, pixels of negative areas were neglected and pixels of
aggregates were considered for analysis. Particle analysis was performed by ImageJ by
outlining aggregates (≥ 40 pixels2) and calculating respective area values. The mean particle
area was used as a read-out since neutrophil aggregation strength is reflected by aggregate
size.

4.5

NEUTROPHIL VIABILITY TEST

Neutrophil viability tests were performed either directly after isolation or after inhibitor
incubation using a 0.4% Trypan Blue Solution (Sigma). Cells were adjusted to
1 × 106 cells/ml using an appropriate resuspension buffer and 10 µl aliquots were mixed with
10 µl Trypan Blue. After incubation for 2 min at RT, 10 µl were applied to a C-Chip Neubauer
improved counting chamber (NanoEnTek, Inc., Seoul, Korea) and cell viability was
determined microscopically. Neutrophils were counted in the four large corner squares
according to their morphology. Viable cells appeared colorless while non-viable cells
appeared with a blue color due to stain uptake. The percentage of viable cells was calculated
and was larger than 95% if not stated otherwise.
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NEUTROPHIL TREATMENT ASSAYS

Neutrophil treatment conditions were dependent on the assay used and are therefore
described in three separate units.

4.6.1 Suspension assay for flow cytometry
Neutrophils were adjusted to a concentration of 2 × 107 cells/ml using an appropriate
resuspension buffer. An aliquot containing 1 × 106 neutrophils (50 µl) was transferred into a
fresh tube and mixed with 150 µl of either anti-HNA-3a plasma or the control plasma pool.
Positive control samples were generated by preparing neutrophil suspensions containing
2-4 µg/ml LPS / 2-4% FCS (v/v) in 1× PBS w/o or 10 µmol/l fMLP in 1× PBS w/o. In
contrast, negative control samples were incubated in respective buffers without stimulant. All
suspensions were incubated for 30 min at 37°C. Finally, cells were processed as required.
Some experiments were intended to analyze whole blood samples in order to provide
characteristics of non-isolated neutrophils. Hence, such control samples were treated with
the same agents without previous isolation. In detail, EDTA-anticoagulated whole blood was
initially analyzed using a Sysmex hematology analyzer to determine the concentration of
neutrophils. Sample volumes containing 2.5 × 105 neutrophils (30-100 µl) were transferred
into fresh tubes. Cells were incubated for 30 min at 37°C either with LPS (final: 4 µg/ml in
4% FCS) to serve as positive control or with respective volumes of FCS (final: 4%) for
negative control samples. After treatment, whole blood samples were processed as described
in section “4.7”.

4.6.2 Terasaki plate assay
- This procedure has been described similarly in Berthold & Muschter et al., 2015 [376]. The Terasaki plate assay is usually referred to as the granulocyte agglutination test (GAT).
Since the microtiter plate assay is also a GAT, both assays are designated unambiguously
according to the plate used.
Terasaki plates (Greiner Bio-One, Frickenhausen, Germany) were blocked over night
at 4°C with 0.5% bovine serum albumin (BSA, Miltenyi Biotec) in 1× PBS w/o. Neutrophil
suspensions were adjusted to a concentration of 5 × 106 cells/ml using an appropriate
resuspension buffer. Per well, 1 × 104 cells (2 µl) were incubated with 6 µl of anti-HNA-3a
plasma or control plasma pool (duplicate testing). Serial dilutions of anti-HNA-3a plasma
were used in some experiments and respective dilutions were prepared prior to application
using the control plasma pool (max. plasma dilution: 1:512). Each well was covered with oil
(Bio-Rad Medical Diagnostics GmbH, Dreieich, Germany) and plates were incubated for 2 h
at 37°C. Finally, neutrophil aggregation was assessed using an EVOS FL Auto microscope
(Thermo Fisher Scientific, Rockford, IL, USA). Wells were photographed at 10× magnification
in the brightfield mode using the proprietary color camera. Resulting images contained the
complete well for unrestricted aggregation evaluation and were saved for further analysis.
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4.6.3 Microtiter plate assay
Microtiter plates were blocked over night at 4°C with 200 µl of 0.5% BSA (Miltenyi Biotec) in
1× PBS w/o per well. Prior to use, wells were washed three times with 200 µl of 1× PBS w/o
per well and washing cycle. Neutrophil treatment was performed either directly after
isolation or after recovering for 1 h at 37°C. If required, neutrophil concentrations were
adjusted to 2 × 107 cells/ml using 1× PBS w/o. A sufficient amount of cells was transferred
from the stock suspension to fresh tubes and equal volumes of either anti-HNA-3a plasma or
control plasma pool were added. When positive controls were generated, fMLP in
1× PBS w/o was added to suspensions of 1 × 107 cells/ml to yield a final fMLP concentration
of 10 µmol/l. After gentle mixing, resulting solutions were transferred into the respective
wells. If not stated otherwise, a total volume of 600 µl from three wells was used for each
sample. After sample loading, microtiter plates were sealed and incubated at 37°C until
single samples were aspirated from wells at scheduled time points. Positive controls (fMLP)
were harvested after 5 min while all plasma-treated cells were harvested after 5 min,
10 min, 15 min, 30 min, 45 min and 60 min of incubation. Negative controls were obtained
directly from the stock suspension after the recovery phase was finished. If not explicitly
stated, 6 × 106 cells were aspirated from three wells per sample and processed as described
(section “4.9”) to yield 300-450 µg of protein each. Neutrophil aggregation course and
intensity were read out microscopically and recorded in writing.

4.7

FLOW CYTOMETRY
- Some of the abovementioned procedures have also been described in
Berthold & Muschter et al., 2015 [376]. -

Depending on the workflow applied, isolated neutrophils were prepared for flow cytometry
either directly after isolation or after treatment of the cells. To do so, neutrophils in
suspension were initially fixed with a 1.4-fold volume of 1× BD CellFix (BD Biosciences,
Heidelberg, Germany) for 10 min at RT. After washing the cells for 10 min at 260 × g and
RT, pellets were resuspended in 1× PBS w/o to gain a concentration of 5 × 106 cells/ml.
Direct cell staining was performed for 30 min at RT in the darkness. When cells were
incubated with phycoerythrin (PE)-conjugated anti-CD16 antibodies from BioLegend (San
Diego, CA, USA), 1.25 µl of the antibody solution were applied to 2.5 × 105 cells. In contrast,
2.5 µl of fluorescein isothiocyanate (FITC)-conjugated antibodies directed against CD66b
(granulocyte marker; Abcam, Cambridge, UK) were used to stain the same amount of cells.
Anti-CD11b-PE-Cy5 (phycoerythrin-cyanine 5), anti-CD62L-PE-Cy5 (both: BD Biosciences)
and anti-CD88-FITC (R&D Systems, Minneapolis, USA) were used by applying 5 µl of the
respective antibody solution to 2.5 × 105 cells. Unspecifically binding, isotype-matched
antibodies were used as a negative control (isotype control; FITC: BD Biosciences; PE:
Beckman Coulter, Marseille, France; PE-Cy5: BD Biosciences). After incubation, cells were
washed by centrifugation for 10 min at RT and 260 × g with 4 ml of 1× PBS w/o and pellets
were resuspended in 500 µl of 1× PBS w/o. Final suspensions were subjected to flow
cytometric analysis on a Cytomics FC 500 (Beckman Coulter, Brea, CA, USA).
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Indirect cell staining was only performed to detect surface expressed CTL2. Here,
50 µl of the cell suspension (2.5 × 105 cells) were mixed with 150 µl of anti-HNA-3a plasma
(primary CTL2-antibody) or control plasma (isotype control) and the samples were incubated
for 30 min at 37°C. Subsequently, cells were washed twice with 2 ml of 1× PBS w/o for
5 min at RT and 310 × g to completely remove unbound antibodies from the samples. The
supernatant was discarded and cell pellets were resuspended in the residual washing buffer.
After addition of 100 µl of FITC-labeled anti-human IgG rabbit F(ab′)2 fragments (final:
1:100; Dako Deutschland GmbH, Hamburg, Germany), samples were incubated for 30 min at
RT in the darkness. Finally, cells were washed twice for 5 min at RT and 310 × g and
resulting pellets were resuspended in 500 µl of 1× PBS w/o to be subjected to flow
cytometric analysis.
Some experiments required staining of whole blood samples. In analogy to the flow
cytometry protocol of isolated neutrophils, each staining was performed with samples
containing 2.5 × 105 neutrophils. Cells were treated as described in paragraph two of section
“4.6.1” and fixation was performed for 10 min at RT using 1.4-fold volumes of 1× BD
CellFix. Subsequently, cells were washed with 4 ml of 1× PBS w/o by centrifugation for
10 min at 260 × g. Supernatants were aspirated and pellets were resuspended in 50 µl of
1× PBS w/o. Cells were double-stained for 30 min at RT in the dark using 5 µl of a FITCconjugated anti-CD45 primary antibody in combination with 5 µl of either the anti-CD11b-PECy5 or the CD62L-PE-Cy5 primary antibody. Non-specifically binding, isotype-matched
antibodies were used as a negative control (isotype control). All antibodies were from BD
Biosciences. After staining, cells were washed with 4 ml of 1× PBS w/o and centrifuged for
10 min at 260 × g and RT. Finally, pellets were resuspended in 4 ml of 1× PBS w/o and
subjected to flow cytometric analysis.

4.8

LYSIS AND WASH BUFFER FOR THE PREPARATION
OF NEUTROPHILS
- This section has been described similarly in Muschter et al., 2015 [384]. -

The standard lysis buffer (UT) contained 8 mol/l urea / 2 mol/l thiourea (Sigma) and was
supplemented with 25 mmol/l sodium pyrophosphate (Sigma), 100 mmol/l sodium
orthovanadate (pH 10; Sigma), 500 mmol/l β-glycerophosphate (Merck), 1 mol/l sodium
fluoride (Sigma), 500 mmol/l ethylenediaminetetraacetic acid (EDTA, pH 8; Merck) and
100 mmol/l tris(2-carboxyethyl)phosphine (Sigma) to inhibit activity of phosphatases
(phosphatase inhibitor composition was kindly provided by Dr. Falko Hochgräfe, Junior
Research Group Pathoproteomics, University of Greifswald).
For lysis optimization EDTA-free cOmplete ULTRA mini tablets (Roche Diagnostics,
Mannheim, Germany) were added to UT to yield an 8×, 4×, 3×, 2× or 1× protease inhibitor
concentration (compared to the manufacturer’s suggestion).
For preparation of phosphatase inhibitors-containing wash buffer (PI-WB),
1× PBS w/o was supplemented with phosphatase inhibitors as described for UT.
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NEUTROPHIL HARVEST AND LYSIS
- This procedure has been described similarly in Muschter et al., 2015 [384]. -

Cells were harvested from individual assays or directly after isolation by transferring the
according samples into six volumes of chilled PI-WB (4°C). Suspensions were immediately
centrifuged for 5 min at 550 × g and 4°C. Supernatants were discarded and cells were,
according to the initial sample volume, resuspended in 7 volumes of chilled PI-WB and
centrifuged again for 5 min at 550 × g and 4°C. Pellets were resuspended in respective lysis
buffers (section “4.8”) and immediately snap-frozen in liquid nitrogen.
In experiments utilizing the in-house standard lysis protocol, suspensions were
subjected to six freeze and thaw cycles prior to ultrasonication. Otherwise, this step was
omitted and cells were sonicated on ice in three cycles of 3 s at 60% power using a Sonopuls
ultrasonic probe (Bandelin, Berlin, Germany). Cell debris was pelleted for 1 h at 4°C and
17,000 × g. Supernatants were collected and protein concentrations were determined.

4.10 PROTEIN QUANTIFICATION
Protein concentrations were measured in triplicate and according to Bradford (1976) using
an Ultrospec 2100 Pro UV/Visible spectrophotometer (GE Healthcare, Freiburg, Germany)
with the proprietary SWIFT II QUANT software (ver 2.06) and a fluid dye containing
Coomassie Brilliant Blue G-250 (Protein Assay, Bio-Rad, Hercules, CA, USA) [385]. Samples
were generally prepared by mixing according volumes of protein extract, HPLC grade water
and 200 µl of dye solution resulting in a total volume of 1 ml. A calibration curve was
generated prior to measurement of every sample set. To do so, 100 ng/µl BSA in A. dest.
(Sigma), HPLC grade water (Avantor, Deventer, Netherlands) and 200 µl of dye solution
were mixed as shown in Table 5 to obtain eight samples with the indicated BSA amount.
Table 5. Standard sample composition for calibration curve generation in protein concentration
measurement.

BSA amount [µg]

0

1

2

4

6

8

10

12

BSA in A. dest. [µl]

0

10

20

40

60

80

100

120

HPLC grade water [µl]

800

790

780

760

740

720

700

680

Dye solution [µl]

200

200

200

200

200

200

200

200

The calibration curve was accepted when the line quality determined by the SwiftQuant
software was above 99.7%. Samples were measured each in triplicate using the lysis buffer
as a blank solution for background subtraction. Extract aliquots were stored at -80°C.
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4.11 IN-SOLUTION PROTEIN DIGESTION
- This procedure has been described similarly in Muschter et al., 2015 [384]. Samples containing 15-200 µg of protein were diluted with 20 mmol/l ammonium
bicarbonate (Sigma) and reduced with dithiothreitol (DTT) at a final concentration of
2.5 mmol/l (Amersham Biosciences, Uppsala, Sweden) for 1 h at 500 rpm and 60°C in a
Thermomixer (Eppendorf, Hamburg, Germany). Protein alkylation was performed
subsequently for 30 min at 37°C using iodoacetamide (IAA) at a final concentration of
10 mmol/l (Sigma). Samples were digested with porcine trypsin (Promega, Madison, WI,
USA) at a ratio of 1:10 for 3 h at 37°C. For tryptic digestion, the urea concentration was
consistently adjusted to 1 mol/l (1:8 dilution). Digestion was stopped by adding 20% acetic
acid (v/v; Carl Roth, Karlsruhe, Germany) to yield a final concentration of 1% in the digests.
Subsequently, peptides were either subjected to one-dimensional polyacrylamide gel
electrophoresis (5 µg) or to peptide purification (200 µg) using Sep-Pak tC18 cartridges
(Waters Corp., Wexford, Ireland). Both methods are described below in section “4.12” and
section “4.15”, respectively.

4.12 ONE-DIMENSIONAL POLYACRYLAMIDE GEL
ELECTROPHORESIS (1D-PAGE)
Protein (30 or 50 µg) or peptide samples (5 µg) were mixed with 4× lithium dodecyl sulfate
(LDS) Sample Buffer, 10× Reducing Agent (both Life Technologies, Carlsbad, CA, USA) and
HPLC grade water (Avantor) according to the manufacturer’s instructions. In brief, the
targeted final sample volume was calculated prior to preparation, not exceeding a total
volume of 45 µl. Both agents, 4× LDS Sample Buffer and 10× Reducing Agent, were mixed
with the sample and HPLC grade water was added to dilute the reagents to a final
concentration of 1×, respectively. This protocol was used for all standard 1D-PAGEs and
Western blots with enhanced chemiluminescence detection.
Since blue dyes exert autofluorescence detectable in the 700 nm channel of the
Odyssey CLx (Li-Cor, Lincoln, USA), the sample preparation protocol was modified in
subsequent experiments to avoid high background signals. Proteins (30 µg) were mixed with
4× Li-Cor Protein Loading Buffer containing 0.2% Orange G (w/v) and 10%
β-mercaptoethanol (Sigma). The final volume of the sample was adjusted with HPCL grade
water to dilute reagents to a final concentration of 1× Li-Cor Protein Loading Buffer and
2.5% β-mercaptoethanol. Commercially purchased control cell lysates were used in some
experiments targeting the phosphorylation status of c-Jun n-terminal kinase 1 and 2
(JNK1/2) and mitogen-activated protein kinase p38 (both: Cell Signaling Technology, Inc.,
Danvers, MA, USA).
Reduction was performed either at RT for 15 min or by boiling at 95°C for 5 min.
Samples were loaded onto midi-sized pre-cast gradient gels (NuPAGE 4-12% Bis-Tris, Life
Technologies) and separated using 2-(N-morpholino)ethanesulfonic acid sodium dodecyl
sulfate (MES SDS) Running Buffer (Life Technologies). In contrast to protein samples,
peptide solutions were applied without reduction as this step was irreversibly performed prior
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to digestion. Gels were run at 200 V until the dye front left the gel (approximately 40 min).
In some experiments, gels were run until the 20 kDa marker band reached the end of the
separation area to achieve a stronger separation of larger proteins. Gels were either
subjected to Western blot analysis or stained with silver nitrate.

4.13 STAINING OF POLYACRYLAMIDE GELS WITH
SILVER NITRATE
Staining of polyacrylamide gels with silver nitrate was conducted essentially as described by
Blum et al. (1987). All incubation steps of the procedure were performed at RT and 50 rpm
on an orbital shaker unless stated otherwise. Formaldehyde (Roth) was applied to the
according solutions immediately before use. In detail, proteins were separated by 1D-PAGE
as described and the gels were subsequently incubated in fixative [50% methanol (v/v;
Merck) / 12% acetic acid (v/v; Roth) in A. dest.] for 30 min. Reagents were removed by
washing the gels twice for 20 min each in 50% ethanol (v/v; VWR International GmbH,
Darmstadt, Germany) and under shaking. Gels were prepared for silver staining by
incubation for exactly 1 min in sensitizer (0.02% sodium thiosulfate in A. dest.; w/v; Merck)
and by washing three times for 20 s in A. dest. Sensitizing and washing were performed by
manual shaking. Subsequently, gels were incubated in silver nitrate solution [0.2% silver
nitrate (w/v; AppliChem GmbH, Darmstadt, Germany) / 0.0375% formaldehyde (v/v; Roth)
in A. dest.] for 20 min under shaking. After washing the gels manually two times for 20 s in
A. dest., developer [6% sodium carbonate (w/v; Merck) / 0.005% sodium thiosulfate (w/v;
Merck) / 0.025% formaldehyde (v/v) in A. dest.] was applied and gels were incubated by
manual shaking until staining was visible (2-3 min). Reactions were stopped by manual
washing for 1 min in 1% glycine (w/v; Roth) and an additional incubation for 30 min in
1% glycine on an orbital shaker. Gels were subsequently washed for 30 min in A. dest.,
scanned in color and greyscale, and resulting images were saved as TIFF- and JPG-files for
evaluation. Finally, gels were sealed in clear film and stored at 4°C.

4.14 WESTERN BLOT ANALYSIS
4.14.1 Western blotting for enhanced chemiluminescence
detection
Prior to Western blotting, proteins were separated by 1D-PAGE as described above. After
separation, gel cassettes were disassembled, sample pockets were removed, gels were
marked for identification and finally incubated in 1× transfer buffer [10% 10× transfer
buffer, 20% methanol, 0.05% sodium dodecyl sulfate (w/v; Roth)] for 5 min at RT and 50
rpm on an orbital shaker. The 10× transfer buffer had a pH of 8.5 and was composed of
1 l A. dest., 30.3 g tris(hydroxymethyl)aminomethane (Merck) and 144.1 g glycine.
Whatman chromatography paper (GE Healthcare, Buckinghamshire, UK) as well as
Immobilon-P polyvinylidene fluoride membrane (PVDF, Millipore Corp., Cat.-No.: IPVH00010,
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Billerica, MA, USA) were cut with ethanol-washed scissors to the format needed. Membranes
were activated before use by incubation for 15 s in 100% methanol, for 2 min in A. dest. and
finally for 5 min in 1× transfer buffer. All activation steps were performed in the described
order and under shaking at 50 rpm.
Protein transfer was conducted by using a semi-dry graphite blotter or tank blotter
(both Bio-Rad). Sandwich composition was identical in both methods and consisted of 3
layers of chromatography paper, the gel, the activated PVDF membrane and a final stack of
3 chromatography papers. Trapped air bubbles were removed by repeated end-to-end
flattening of the sandwich with a roller. Sandwiches were oriented in the blotters in
accordance to the direction of the current. Therefore, the gel was oriented to the cathode
while the membrane was directed to the anode. Semi-dry blotting was performed for 2 h
with a current of 1.5 mA per cm2 of membrane. Tank blots were conducted at 4°C for 1 h
and at 100 V. After the transfer, gels were incubated overnight on a shaker at 50 rpm in
freshly prepared Colloidal Coomassie Solution (CCS) and membranes were washed for
15 min in A. dest. A detailed list of the solutions necessary for Colloidal Coomassie staining is
provided in Table 6.
Table 6. Solutions for Colloidal Coomassie Staining of polyacrylamide gels.

Coomassie Brilliant Blue (CBB)
Solution

Colloidal Coomassie Dye
(CCD)

Colloidal Coomassie
Solution (CCS)

A. dest.

A. dest.

80% CCD (v/v)

5% Coomassie Brilliant Blue G-250
(w/v; Merck)

10% (NH4)2SO4 (w/v; Sigma)

20% methanol (v/v)

1% phosphoric acid (v/v; Roth)
2% CBB (v/v)

After washing, membranes were incubated for 30 min at RT and 50 rpm with 20 ml
of PBS-T-based ink solution [1.25% acetic acid (v/v; Roth) / 0.125% ink (Pelikan, Hannover,
Germany)]. The PBS-T solution was composed of 1x PBS and 0.1% Tween 20 (v/v; Sigma).
Membranes were wrapped in clear film, residual air bubbles were removed and membranes
were scanned. Subsequently, protein-free membrane margins were removed, membranes
were marked and finally destained three times for 10 min at 50 rpm with 20 ml of PBS-T.
Membrane equilibration was performed with 20 ml of Tris-buffered saline containing 0.1%
Tween 20 (v/v, Sigma) (TBS-T) for 5 min at 50 rpm and RT. Membranes were blocked with
5% skim milk (w/v; Roth) in TBS-T for 1.5 h at 50 rpm and RT. In experiments using
phosphorylation-specific primary antibodies, membrane blocking was performed with 3%
BSA in TBS-T (w/v; Sigma) to avoid antibody scavenging by highly phosphorylated casein
from the skim milk. Membranes were subsequently probed with 10 ml of the respective
primary antibodies diluted in blocking solution. A complete list of the primary antibodies used
is given in section “4.14.3”. The incubation was performed in clear film and for at least 14 h
(overnight) at 4°C and maximum rpm.
On the next day, gels were destained twice for 15 min each at RT and 50 rpm using
20% Methanol (v/v). For further reduction of background staining, gels were subsequently
washed twice with A. dest. for 1 h each at RT and 50 rpm. Finally, gels were scanned for
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documentation by scanning at 254 dpi and images were saved in TIFF- and JPG-format.
Coomassie staining of post-transfer gels was conducted to control for transfer efficiency and
images are thus not a part of the results section.
After incubation with primary antibodies, membranes were washed six times for
5 min at RT and 50 rpm with 20 ml of TBS-T each to remove unbound primary antibody.
Subsequently, membranes were incubated with a polyclonal horseradish peroxidaseconjugated goat anti-rabbit IgG secondary antibody diluted in blocking solution (Cat. No.:
32460; 1:2000; Thermo Fisher Scientific). After washing six times for 5 min at 50 rpm and
RT with 20 ml of TBS-T each, membranes were incubated with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific) for 5 min at RT and 50 rpm in the
dark.
Signals were detected using a ChemoCam chemiluminescence imager (Intas,
Göttingen, Germany) and the proprietary Chemostar Professional software (v.0.2.33.0, build
June 04, 2010). When detection was conducted in “Sequential Integrate” scan mode, shutter
time was adjusted to 20 s and 45 sequential scans were acquired. When membranes were
scanned in “Single” scan mode, shutter time was adjusted as required and only one scan
was performed. Picture acquisition was generally conducted with a binning of 1 × 1. Original
images were exported as TIFF-files and image levels were modified using Adobe Photoshop
CS4 Extended (ver. 11.0).

4.14.2 Western blotting for fluorescence detection
Western blotting using the Li-Cor fluorescence imager (Odyssey CLx-1008 imager, Li-Cor)
was basically performed as described in section “4.14.1” but with important modifications.
PVDF membranes were fluorescence-optimized Immobilon-FL membranes (Merck
Millipore, Cat.-No.: IPFL00010, Tullagreen, Ireland) and were activated by incubation for
15 s in 100% methanol followed by an incubation for 10 min in 1× transfer buffer. Identical
to the ECL protocol, all incubations were conducted at RT and with 50 rpm on an orbital
shaker unless stated otherwise.
To minimize intense background signals in the 700 nm channel due to contaminations
with blue dyes, membranes were:
A) incubated during the complete procedure in dedicated non-transparent and
closeable trays, which were never exposed to Coomassie Brilliant Blue.
B) incubated with a Ponceau S solution to stain proteins after the transfer
Protein staining was performed by incubating the membranes for 5 min with 20 ml of
0.6% Ponceau S (Sigma) in 10% acetic acid. Subsequently, membranes were washed thrice
by manually shaking for 5 s in A. dest. to remove the background staining. Scanning and
destaining was conducted as described above. Blocking and probing of the membranes with
primary antibodies was performed with a TBS-based Li-Cor Odyssey Blocking Buffer.
Furthermore, Tween 20 was added to primary antibodies to obtain a final concentration of
0.1% (v/v). Polyclonal IRDye 680RD-conjugated goat anti-mouse IgG and polyclonal IRDye
800CW-conjugated goat anti-rabbit IgG (both: Li-Cor) diluted in blocking solution were used
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as secondary antibodies and the incubation as well as all subsequent washing steps were
conducted in the dark.
Signals were detected with an Odyssey CLx-1008 fluorescence imager and the
proprietary Image Studio software (Li-Cor, ver. 4.0.21) using the “Western” scan mode,
automatic channel intensity adjustment for the 700 nm and the 800 nm channel as well as a
focus offset of 0.0 mm. Exposure was performed using both laser sources to generate
fluorophore excitation at 685 nm and 785 nm. Signals were detected in the 700 nm and
800 nm channel, respectively. Complete membranes were scanned with a resolution of
169 µm and with the lowest quality while scans of only the signal area were performed with
a resolution of 42 µm and with medium quality. The acquired extended TIFF-images were
modified with Image Studio and resulting pictures were exported as separate TIFF-files
without altering the original image.
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Table 7. Primary antibodies and their biological properties
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4.15 PEPTIDE PURIFICATION
In experiments requiring phosphopeptide enrichment, peptides were purified and thereby
desalted after digestion. Peptide purification was performed using Sep-Pak tC18 cartridges
(Waters Corp.) having a peptide binding capacity of 1 mg and suitable for handling of
samples resulting from digestion of 200 µg of protein. Generally, cartridges were loaded with
the according buffer or the sample and the complete liquid volume was pressed though the
tC18 column manually by a syringe plugged on top of the cartridge. Flowthroughs of buffers
were discarded.
Initially, pH values of the samples were measured using pH-indicator strips (pH 0-6.0,
Merck). Sample pH was accepted when determined to be between 2.0 and 4.0. All samples
that have been processed for this work possessed the required pH without further
adjustment. The tC18 material of the Sep-Pak cartridges was activated with 1 ml of 80%
acetonitrile / 1% acetic acid in HPLC grade water (both v/v). Column equilibration was
performed subsequently with 1 ml of 2.5% acetonitrile / 1% acetic acid in HPLC grade water
(equilibration/washing buffer). This step was repeated another two times using 1 ml of fresh
equilibration/washing buffer for each step. For peptide loading, the cartridge was placed in a
fresh tube and the complete sample was transferred onto the column. Applying constant
pressure, the volume was slowly pressed through the tC18 material to ensure proper peptide
binding. This step was repeated for another two times by re-transferring the sample
flowthrough on top of the column for each loading step. The final flowthrough was stored at
-20°C. Peptides bound to the tC18 material were washed and thereby desalted with 1 ml of
equilibration/washing buffer. The step was repeated with 1 ml of fresh equilibration/washing
buffer. Subsequently, cartridges were placed on fresh tubes for flowthrough collection.
Peptides were eluted from the tC18 material with 300 µl of 80% acetonitrile / 1% acetic acid
in HPLC grade water and subsequently with 300 µl of 50% acetonitrile / 1% acetic acid. The
latter step was repeated with 300 µl of fresh buffer which resulted in summary in 900 µl of
eluate.
Sample tubes were covered with perforated aluminum foil and deposited for 30 min
at -80°C in order to freeze the samples prior to lyophilization. The freeze-dryer (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode, Germany) was pre-cooled simultaneously
to -20°C for 30 min. Samples were freeze-dried overnight (at least 14 h) at -20°C and a
pressure of 0.09 mbar.

4.16 PHOSPHOPEPTIDE ENRICHMENT
- This procedure has been described similarly in Muschter et al., 2015 [384]. For phosphopeptide enrichment, samples were processed following the standard protocol of
the PolyMAC-Ti Agarose Phosphopeptide Enrichment Kit (Tymora Analytical, West Lafayette,
IN, USA) with minor modifications.
All centrifugation steps of the following protocol were performed at 200 × g and 10°C
while all incubation steps required a Thermomixer adjusted to 25°C and 1200 rpm. The
lyophilisate was reconstituted in 100 µl of Loading Buffer to yield a peptide concentration of
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2 µg/µl. An amount of 2 µg (1 µl) was immediately transferred to 19 µl of Buffer A1 [2%
acetonitrile, 0.1% acetic acid in HPLC grade water (all v/v)] in a microvial. The resulting
mixture had a final peptide concentration of 100 ng/µl and was measured for analysis of
non-enriched samples. The remaining sample volume was vigorously mixed with 10 µl of
PolyMAC-Ti reagent and incubated for 15 min in the Thermomixer. Subsequently, 200 µl of
Capture Buffer was added to raise the pH to a value between 6 and 7, which was stringently
controlled by applying 5 µl of the solution to pH-indicator strips (pH 5.0-10.0, Merck). The
pH of single samples was lowered or raised to approximately 6.5 with small volumes of
Loading Buffer or Capture Buffer when it was not correct after the first adjustment. Spin
columns were prepared by adding 50 µl of thoroughly mixed Capture Gel slurry to the filter
unit with a cut pipette tip. The column was initially centrifuged to separate the gel from the
storage solution. Afterwards, the gel was washed twice by resuspension in 200 µl of HPLC
grade water and by centrifugation at both steps. After washing, the Capture Gel was
resuspended by application of the peptide sample and thorough mixing. The resulting
solution was incubated for 15 min in the Thermomixer and columns were centrifuged
afterwards. Samples were mixed with 200 µl of Loading Buffer and incubated for 5 min. After
centrifugation, samples were washed twice by mixing with 200 µl of Washing Buffer,
incubating for 5 min and by centrifugation. To remove residual Washing buffer, samples
were incubated for 5 min with 200 µl of HPLC grade water and centrifuged. Phosphopeptides
were finally obtained by incubating the gel with 150 µl of Elution Buffer for 5 min and at
1200 rpm in the Thermomixer. The eluate was collected by a subsequent centrifugation for
1 min at 200 × g and the cycle was repeated with another 150 µl of Elution Buffer. After the
second incubation and centrifugation, eluates were unified to obtain 300 µl of
phosphopeptide solution. Eluates were either stored at -80°C or were further processed.
Phosphopeptide-enriched samples obtained by usage of the PolyMAC-Ti kit were likely
to contain visible gel particles that have passed the filter disc of the spin column. These
particles are known to clog pre-columns of mass spectrometers which leads to the eventual
abrogation of measurements due to the exceedance of the column pressure. Additionally,
clogged pre-columns are irreversibly damaged and have to be replaced. Hence, it was
necessary to remove such particles prior to sample measurement. To do so, eluates that
were obtained after phosphopeptide enrichment were centrifuged for 20 min at 17000 × g at
4°C to pellet gel particles at the bottom of the tube. Supernatants were transferred carefully
in several steps to fresh tubes without disturbing the visible white precipitates. Subsequently,
samples were dried completely in a vacuum concentrator (Eppendorf) and resulting pellets
were reconstituted with 12 µl of Buffer A1. Samples were centrifuged again for 20 min at
17000 × g and 4°C and 10-11 µl of the supernatants were finally transferred in several steps
into prepared microvials. After every aspiration step, solutions in the pipette tip were
evaluated optically on the presence of white gel particles. The sample was centrifuged again
when particles were aspirated during the transfer. Finally, samples were stored at -20°C and
were subjected to mass spectrometric analysis.
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4.17 MASS SPECTROMETRY
Peptide analyses were performed by liquid chromatography tandem mass spectrometry (LCMS/MS) on a nanoAcquity UPLC (Waters Corp., Milford, MA, USA) coupled to an LTQOrbitrap Velos mass spectrometer (Thermo Electron Corporation, Germany). The mass
spectrometer was furthermore equipped with a nano-ESI (electro spray ionization) source
and a Picotip emitter (New Objective, USA). For LC separation, peptides were initially loaded
and enriched on a nanoAcquity UPLC 2G-V/Mtrap Symmetry C18 pre-column (2 cm length,
180 µm inner diameter, 5 µm particle size; Waters) and subsequently separated using a
nanoACQUITY BEH130 C18 analytical column (10 cm length, 100 µm inner diameter, 1.7 µm
particle size; Waters). Separation was achieved by formation of a 92 min gradient with an
elevating concentration of Buffer B [5% DMSO / 0.1% acetic acid in acetonitrile (all v/v)] in
Buffer A2 [2% DMSO / 2% acetonitrile / 0.1% acetic acid in water (all v/v)]. The different
steps of the Buffer B gradient were as follows: 1-5% Buffer B in 2 min, 5-25% Buffer B in 63
min, 25-60% Buffer B in 25 min, 60-99% Buffer B in 2 min. Peptides were eluted at a flow
rate of 400 nl/min.
Peptide analysis was generally performed using two different measurement modes.
In the first step, eluted peptides were detected with the FTMS-mass analyzer (Fourier
transform mass spectrometer) which was operated in positive and profile mode. MS spectra
of such survey full scans constituted all ions that were emitted from the ion source at a
certain time point and in a certain mass window (from m/z 300 to 1700). The resolution of
full scans was R = 30000 and the target value was set to 1 × 106. The second scan event
was an MS/MS scan of a fragmented peptide, which was selected from the panel of peptides
detected in the prior full scan (data-dependent mode). MS/MS scans were performed in
positive and centroid mode. The method allowed for the sequential isolation of the 20 most
intense ions (peptides) from the prior full scan and selected peptides were subjected to
collision-induced dissociation (CID) for fragmentation. Peptides of both, non-enriched and
phosphopeptide-enriched samples, were fragmented in CID mode with an isolation width of
2 Da and a target value of 1 × 104 or with a maximum ion time of 100 msec. The ion
selection threshold was set to minimum 2000 counts per MS/MS scan. An activation time of
10 ms and an activation energy of 35% normalized were also applied for MS/MS scans. Only
doubly and triply charged ions were triggered for fragmentation. Target ions already selected
for MS/MS were dynamically excluded for 60 sec. The mass spectrometer automatically
switched between Orbitrap-MS and LTQ-MS/MS acquisition to carry out the full scans and
the MS/MS scans, respectively.
General MS settings were: electrospray voltage of 1.6-1.7 kV, no sheath and auxiliary
gas flow and a capillary temperature of 300°C. Analyses of phosphopeptide-enriched
samples required the injection of the complete sample volume (9 µl) while analyses of nonenriched samples were performed using 5 µl (500 ng) each.
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4.18 PROCESSING OF MASS SPECTROMETRIC RAW
DATA
Files containing mass spectrometric raw data (*.RAW) were processed using the Proteome
Discoverer software package (ver 1.4, Thermo). The workflow applied was designed by
Dr. Gourav Bhardwaj (Dept. Functional Genomics, University Medicine Greifswald) and was
intended to identify phosphorylated peptide species. Using this workflow, peptide spectra
were searched against a human Swissprot database (rel. 01/2012) using the Sequest search
engine. Search parameters were: full tryptic digestion, a maximum of 2 missed cleavage
sites, a precursor mass tolerance of 10 ppm and a fragment mass tolerance of 0.8 Da. The
carbamidomethylation of cysteine (+57.021 Da) was set as the only static modification.
Dynamic modifications were phosphorylations at serine, threonine and tyrosine (+79.966 Da)
and the oxidation of methionine (+15.995 Da). The “phosphoRS 3.0” algorithm was used to
calculate the probability of a certain amino acid to be phosphorylated when the according
fragmentation spectrum indicated a phosphate neutral loss (max. post-translational
modifications per peptide: 10) [386]. Discrimination of correct and incorrect peptidespectrum matches (PSM) resulting from the database search was conducted by the
Percolator algorithm. The algorithm performed a decoy database search and the validation
was based on the q-value of a particular peptide. A false discovery rate (FDR) was calculated
for every peptide and a quality rating designated “peptide confidence” was assigned
according to the peptide FDR. The peptide confidence was rated high when the FDR was
lower than 1% (FDR < 0.01). A medium peptide confidence was assigned to peptides with
FDRs between 0.01 and 0.05 and the peptide confidence was low when the according FDR
was larger than 0.05. Peptide identifications were compiled in MSF-Files (Thermo’s mass
spec format) compatible with Proteome Discoverer 1.4.
Prior to analysis, peptide lists were filtered to discard low quality hits using two
different filtering regimes. One regime was used for non-enriched samples, while the other
one was designed for phosphopeptide-enriched samples. For non-enriched samples, peptide
identifications were accepted when the according peptide confidence was rated “high”.
Associated proteins were regarded as identified when at least two unique, high confidence
peptides were assigned. Phosphopeptide-enriched samples were similarly filtered for high
peptide confidence. Subsequently, high quality phosphopeptides were extracted from the list
for further analysis by only accepting phosphopeptides with a phosphoRS site probability
(PRSSP) ≥ 75% for at least one phosphorylated amino acid. When data from
phosphopeptide-enriched samples were analyzed for protein identification, proteins were
already declared identified when one unique high confidence phosphopeptide could be
assigned. Filtered data were visualized with Proteome Discoverer 1.4 and exported into
Excel-Sheets for further processing.
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4.19 CONDENSING OF PHOSPHOPROTEOMIC DATA
USING MICROSOFT EXCEL
Datasheets containing peptide identifications and according peptide characteristics required
further processing. This was caused by the fact that the intended phosphoproteomic
analyses aimed to highlight differences in the phosphorylation pattern of proteins. This
consequently sets the phosphorylation status of a protein, and therefore a particular
modification configuration, as the discriminating property. This characteristic must finally be
given by one intensity value and therefore the abundance of a particular phosphorylation
pattern on the associated protein. Since the Proteome Discoverer software itself is not able
to summarize peptide data to the level of phosphorylation patterns, the necessary merging
operations had to be performed manually starting with peptide lists. Essential peptide
characteristics from original data as well as the intended peptide processing strategy are
depicted in Figure 6.
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Figure 6: Processing of phosphoproteomic datasets. The upper table drafts phosphoproteomic datasets as
visualized by Proteome Discoverer 1.4 (Thermo) on the peptide level and depicts some of the essential peptide
characteristics required for data processing (Peptide Level). Peptide species were differentiated with respect to
their amino acid sequence, distinguishing correctly and miscleaved forms of one species as well as variants
occurring by modifications. Hence, lists contained several entries possessing identical phosphorylation patterns
but with individual area values (peptide intensity). As (protein) phosphorylation patterns were discriminating
properties, subsequent data condensing was necessary. Automatic data merging performed by Proteome
Discoverer generated area values for proteins as described in the textbox, thus neglecting varying
phosphorylation patterns (Protein Level, right text box). Hence, automatic data condensing proved
insufficient and necessitated manual data condensing. Peptide identifications possessing identical
phosphorylations were therefore merged as described and according area values were summarized (Protein
Phosphorylation Pattern Level, left text box). Of note, Fictive Protein 1 and 2 exerted phosphorylation
patterns with identical peptide-specific positioning information (T4 and Y6). Thus, protein-specific data merging
was required and achieved by linking phosphorylation patterns to the corresponding proteins (Protein
Phosphorylation Pattern Level, first column, accession number implementation). Conversion of
peptide-specific phosphorylation positioning to protein-specific (full length sequence) positioning avoided merging
of identical but spatially separated phosphorylation patterns of one protein. Phosphorylated amino acids are given
as red lower case letters in the upper table. Modifications of methionine and cysteine are given by lower case
letters colored in blue and were irrelevant during merging. Rows of the middle and lower table were generated by
merging indicated rows of the upper table (red numbers). Phosphorylation positions that were determined with
respect to the full length amino acid sequence of the corresponding protein are marked in red in the first column
of the lower table. C-termini of tryptic peptides are underlined in amino acid sequences.
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Manual data processing (condensing) requires knowledge of the basic principles by which
Proteome Discoverer generates peptide lists. The software divides similar peptides into single
entities and therefore individual identification entries according to two characteristics:
1. Amino acid sequence
2. Modification pattern
Thus, peptides covering the same region of the associated protein but differing in the exact
amino acid sequence are regarded as different entities. This is especially the case for
correctly cleaved tryptic peptides and their miscleaved variants (1). Furthermore, peptides
possessing the identical amino acid sequence but different modifications are divided into
discrete identifications. This separation occurs for sequence-matching peptides with
biologically introduced differences in their phosphorylation pattern and with artificially caused
carbamidomethylations and methionine oxidations (2). In summary, the mode of action for
the separation of similar peptide identifications given by the Proteome Discoverer software
dissects the area of a phosphorylation pattern into the partial areas of the individual peptide
identifications carrying the respective phosphorylations (Figure 6, Peptide Level). The
necessary operations for merging peptide identifications according to their covered
phosphorylation status are described in the following paragraphs. These operations required
a list of accepted phosphopeptide identifications (section “4.18”) and those were exported
to Excel datasheets. Important peptide characteristics for the merging process and the final
analysis were: peptide sequence, modifications, protein group accessions and the peptide
peak area (i.e. peptide intensity) as the quantifiable parameter.
The first condensing method (Condensing Method 1 – CM1) is given in Figure 7.

Figure 7: Condensing method 1: Peptides possessing identical identification patterns but differing in artificial
modifications (m = methionine oxidation, c = carbamidomethylation) were merged. Phosphorylated amino acids
phospho-serine (s), phospho-threonine (t) and phospho-tyrosine (y) were initially replaced by numbers (1, 2 and
3 respectively; left table). This step enabled identification of duplicate sequences respecting the amino acid
sequence (incl. missed cleavages; left table) and the phosphorylation pattern but neglecting artificial
modifications. Area values of related duplicates were merged by summation, which resulted in a condensed
dataset (right table). Of note, peptides possessing identical phosphorylation positions according to the peptide
sequence were merged with respect to their corresponding protein. Phosphorylated amino acids in sequences are
marked either by red lower case letters or red numbers. Artificial modifications are depicted by blue lower case
letters. Row numbers of merged entries (area summation) are given by red numbers in the right table. C-termini
of tryptic peptides are underlined in amino acid sequences.
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This method aimed to the summation of phosphopeptides which differed only in non-relevant
artificial modifications (methionine, cysteine) but which were otherwise identical. This
however required a phosphorylation label in amino acid sequences which is distinguishable
by common algorithms in Excel. Proteome Discoverer marks phosphorylated serine,
threonine and tyrosine with lower case letters in the peptide sequence. Since Excel does not
distinguish between lower and upper case letters in most of the operations applied, lower
case letters were initially replaced by “1”, “2” and “3” for “s”, “t” and “y”, respectively.
Carbamidomethylations (“c”) and methionine oxidations (“m”) were left unchanged. This
step allowed Excel to discriminate otherwise identical peptides according to their
phosphorylation status, while “c” and “m” modifications were still not distinctive.
Subsequently, the peptide sequence column was conditionally formatted by highlighting
duplicate sequences. Peptides were only marked as duplicates when they possessed the
identical amino acid sequence and identical phosphorylations. Thus, duplicates were only
found when datasets contained peptides differing in carbamidomethylation and methionine
oxidation but being otherwise identical. Redundant peptide sequence entries were combined
by summing according peptide areas and deleting obsolete entry rows from the datasets.
This step merged dissected peptide identifications induced by artificial modifications (2). An
overview of CM1 is given in Figure 7. The list was finalized by adding a sequence column
with sequences containing alphabetical modification labels (lower case) in addition to the
sequence column containing sequences with numerical phosphorylation labels (generated
during merging step 1).
The next condensing steps were designed to sum peptide sequence entries that
covered identical phosphorylation patterns in slightly different protein regions introduced by
missed cleavages (1). As a prerequisite, every peptide entry was assigned a new parameter
in an additional column containing the phosphorylated amino acids and their positions in
relation to the full length protein. This step had to be performed already at this processing
state although the actual data condensing was conducted later using GeneData Analyst 9.0
(GeneData, Basel, Switzerland). In detail, peptide sequences were aligning to their
respective position in the according protein using the applied FASTA-database. The full
length amino acid positions were derived from the protein entries in the database and read
out for all phosphorylated amino acids. This operation was performed using a python script
which was generated and kindly provided by Tim Kacprowski (Department Functional
Genomics, University Medicine Greifswald). An overview of the procedure is given in Figure
8. The new, full-length-related phosphorylation site descriptions were combined afterwards
with the protein group accessions of the according peptide identifications to yield a new
annotation for every phosphopeptide (Figure 6). This parameter allowed to identify
peptides possessing identical phosphorylation patterns in identical proteins regardless of
their length. Thus, the peak area for a particular phosphorylation pattern in a certain protein
could be generated by summation of the individual peak area values from peptides
possessing the respective phosphorylation pattern. The intended merging of phosphorylation
patterns was named condensing method 3 (CM3) and performed later using GeneData
Analyst.
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Figure 8: Modification of phosphorylation site annotations. Phosphorylation site positioning was originally
generated by the Proteome Discoverer software with respect to the corresponding peptide length (upper table).
Thus, identical phosphorylation site enumeration occurred when detected at identical amino acid positions of
different peptides (identical protein: upper table, row 1 vs. row 3; different proteins: upper table, row 1 and 2 vs.
row 4). Also, identical phosphorylation sites differed in enumeration when corresponding peptides varied in
sequence length (upper table, row 1 vs. row 2). Thus, differentiation of phosphorylation patterns from different
proteins or from different sites of the same protein was not possible. In order to generate discriminative
phosphorylation pattern annotations, phosphorylation site annotations were transformed in a first step using a
python script coded by Tim Kacprowski (Department Functional Genomics, University Medicine Greifswald).
Transformation replaced the original peptide sequence-derived phosphorylation site annotation with a new
annotation derived from the full length sequence of the corresponding protein (lower table, column 2).
Consequently, identical phosphorylation patterns from the same protein were translated into identical
phosphorylation site annotations (lower table, row 1 vs. row 2). Phosphorylation sites from different regions of
the same protein with previously identical annotations were translated into differing phosphorylation site
annotations respecting their position in the protein (lower table, row 1 vs. row 3). Identical phosphorylation site
annotations assigned to peptides of different proteins were translated into different phosphorylation site
annotations when their positions in the corresponding proteins was different (lower table, row 1 and 2 vs. row 4).
New phosphorylation site annotations were subsequently combined with the according accession number to
generate a unique identifier for a particular protein-specific phosphorylation pattern (protein phosphorylation
pattern, shown in Figure 6). Phosphorylations in peptide sequences are highlighted by red lower case amino
acid letters. C-termini of tryptic peptides are underlined in amino acid sequences.
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4.20 CONDENSING OF PHOSPHOPROTEOMIC DATASETS
USING GENEDATA ANALYST
One part of the necessary data condensing was performed with GeneData Analyst 9.0 and
datasets were prepared as required.
In detail, files for Row Annotations were generated by inserting the Proteome
Discoverer peptide lists of every sample one below the other. Subsequently, respective
sample numbers were added to every entry of the respective datasets. Consecutive numbers
were inserted into the first column of the matrix to function as the GeneData Identifier.
Column annotations were created by listing every sample in one column and assigning
important parameters like donor type, treatment type, plasma type, experiment number for
biological replicates and replicate number for technical replicates. A separate Row Annotation
file containing protein names was created by assigning the respective protein names for
every peptide entry using the Protein Group Accession and the “Retrieve” function of the
Uniprot website (www.uniprot.org). The Column Annotation file and both Row Annotation
files were converted to GeneData-compatible GDC-files. Data tables were generated by
creating a data matrix containing the consecutive numbers (Identifiers) in the row headers
and the sample designations in the column headers. Peak areas were imported for every
consecutive number by using Excel’s VLookup function with the Row Annotation as the
search matrix. Data tables were converted subsequently into GeneData-compatible GDAfiles. GDC- and GDA-files were finally uploaded into GeneData to generate a new Session
(i.e. dataset for analysis) and datasets were compressed either to the phosphopeptide level
(condensing method 2 – CM2) or the protein phosphorylation pattern level (CM3).
For analyses based on technical replicates data were summarized in a first step to the
phosphopeptide level (CM2). This was step was necessary, since original matrices listed peak
areas of identical phosphopeptides from each sample in separated rows to enable the proper
use of GeneData’s row mapping function. Consequently, the procedure generated a data
matrix that listed sample-specific areas of identical phosphopeptides next to each other in
only one respective row. The condensing was performed with respect to the individual amino
acid sequence (peptide length) and the phosphorylation pattern (peptide sequences with
numerical phosphorylation labels) as shown in Figure 9.
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Figure 9: Condensing Method 2. Data matrices for GeneData-based analyses were generated by inserting
single area values for every identified phosphopeptide in a separate row per sample (upper table). This procedure
enabled the proper use of GeneData’s row mapping function. However, data condensing on the level of identified
phosphopeptides with numerical modifications was necessary to enable mean area calculation for distinct samples
when technical replicates were analyzed. Therefore, data matrices were uploaded to GeneData and condensed
using peptide sequences with numerical modifications. Data condensing was performed with respect to the amino
acid sequence (missed cleavages) and the phosphorylated amino acids of a peptide and generated one row per
phosphopeptide containing all areas measured in different samples (lower table). Phosphorylations in peptide
sequences are highlighted by red numbers. A red “0” indicates phosphopeptide identification with an area too
close to the noise level. C-terminal tryptic peptides are underlined in amino acid sequences.

Areas of correctly and miscleaved peptides covering the identical phosphorylation
pattern were not summarized with condensing method 2. Cells of samples in which the
respective phosphopeptide was not identified, were left empty. Cells of samples in which the
respective phosphopeptide was detected with an area below the noise threshold contained
the value “0”. In this case, the average area of the phosphopeptide, calculated over the
respective technical replicates, was inserted. This replacement step was performed manually
in Excel and adjusted data matrices, Row Annotations as well as Column Annotations were
subsequently reloaded into GeneData. Finally, areas of identical phosphorylation patterns
were summarized using GeneData’s row mapping function and the new protein
phosphorylation pattern annotation (CM3, Figure 6, lower table and Figure 10). Thus,
this procedure was performed with respect to the phosphorylation pattern but regardless of
the peptide length (Figure 10). Consequently, areas of correctly and miscleaved
phosphopeptide variants were summarized.
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Figure 10: Condensing Method 3. After performance of appropriate processing steps, data still contained
duplicate protein phosphorylation patterns since data condensing was so far conducted with respect to the
peptide length. Thus, correctly and miscleaved variants of otherwise identical phosphopeptides were not
summarized. To merge remaining protein phosphorylation pattern duplicates, condensing method 3 (CM3) was
applied prior to analysis. CM3 was performed using GeneData’s row mapping function and targeted protein
phosphorylation patterns (upper table, column 2). Thus, data were merged by area summation with respect to
the protein phosphorylation pattern but neglecting underlying peptide length (lower table, columns 2 and 5).
Phosphorylations in peptide sequences are highlighted by red lower case amino acid letters. Phosphorylations in
protein phosphorylation patterns are given by red upper case amino acid letters and red protein-specific amino
acid positions. Row numbers of protein phosphorylation patterns whose individual areas were merged are given
by red numbers in the lower table. C-terminal tryptic peptides are underlined in amino acid sequences.

For analyses of data from biological replicates, null value replacement (and therefore
CM2) was skipped because the area of poorly identified phosphopeptides could not be
deduced from non-identical samples. Instead, data were condensed immediately by row
mapping to the level of identical protein phosphorylation patterns (CM3).
In both cases, the resulting data matrices allowed for comparative analyses of
phosphorylation pattern abundances of affected proteins.

4.21 ANALYSIS OF PHOSPHOPROTEOMIC DATA
Data matrices were analyzed using GeneData Analyst 9.0. Initially, data were transformed
using the base-2 logarithm to convert the original area values into a format possessing a
normal distribution. The success of data transformation was evaluated in every analysis by
generating global distribution curves for each sample prior and after transformation. Data
were normalized using GeneData’s central tendency normalization mode. The median area
values over all phosphorylation patterns were calculated per sample and resulting samplespecific medians were adjusted to an identical target value dynamically determined by
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GeneData. The success of data normalization was evaluated in every analysis by generating
area value box plots for each sample prior and after normalization. Phosphoproteomic data
were subsequently analyzed using two different analysis modes:
1)

Phospho-Shift:
Intensities (phosphopeptide peak areas) of certain phosphorylation patterns
were compared between treatment and control experiment. This analysis mode
required presence of sufficient area values in each group and was validated with
different statistical tests.

2)

On/Off-Regulation:
Phosphorylation patterns were analyzed regarding their presence in treatment
and control samples. This analysis mode was performed with GeneData’s
Absent/Present Search. It identified induced phosphorylations when
phosphorylation patterns were identified with a sufficient amount in the
treatment samples while being absent in controls. Vice versa, induced
dephosphorylation was declared to phosphorylation patterns that were absent in
treatment samples but present in samples of controls. Validity of the results was
assessed by obligatory statistical testing performed in the Absent/Present Search
routine.

Both analysis modes varied in dependence of the type of samples involved. Treatment and
control samples were either consisting of three biological replicates each or every group
contained 14 technical replicates of one large sample. The setting using three biological
replicates was used for phosphoproteomic screening approaches while 14 technical replicates
were used in in-depth phosphoproteomic analyses.

4.21.1 Analysis of phosphoproteomic data from screening
approaches
Data matrices were separated into different groups with respect to the cell/donor type and
the treatment type. Since neutrophils were either homozygous for the HNA-3a (HNA-3a/a) or
the HNA-3b (HNA-3b/b) allele and since cells were either treated with HNA-3a antibodycontaining plasma or the control plasma pool, datasets were divided into four different
groups: HNA-3a treatment, HNA-3a control, HNA-3b treatment and HNA-3b control.
Phospho-Shift analysis was performed by comparing HNA-3a treatment with HNA-3a
control and HNA-3b treatment with HNA-3b control. Comparison was performed for every
group using GeneData’s 2 Groups Paired analysis. This mode intended to reveal significant
differences in phosphorylation patterns of both treatment types using a paired t test. Sample
pairing was indicated due to conduct of the experiments on three different days with
differing HNA-3a antibody-containing plasmas. Consequently, data were grouped according
to the treatment type and paired with respect to the experimentation day (HNA-3a plasma).
The threshold for minimum valid pairs was set to 60% (two of three possible data pairs).
Phosphorylation patterns that were identified in the HNA-3a group to show significant
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differences (p value < 0.05) were extracted and cross-validated with results obtained from
the HNA-3b group. A fold change cut-off was not applied to these data. Candidate
phosphorylation patterns that were significantly shifted in the same direction in both HNA-3
groups were deleted from the list. All other phosphorylation patterns were extracted for
further analysis.
On/Off-Regulation analysis was performed by comparing the HNA-3a treatment group
with all control groups using GeneData’s Absent/Present Search (3 vs. 9 samples). Only
candidate phosphorylation patterns that possessed p values < 0.05 after statistical testing
were subjected to further analysis. In case of induced dephosphorylations, the HNA-3a
treatment group was additionally tested against every control group to ensure presence of
candidate patterns in every control group. All On/Off-Regulation candidates were extracted
and added to the list of candidates showing a significant phospho shift.

4.21.2 In-depth analysis of phosphoproteomic data from high
number technical replicates
Similar to the analyses of screening assays, data matrices were divided into the four data
groups.
Phospho-Shift analysis was performed similarly as described above. However, “nullareas” for peptides identified close to the noise intensity where replaced by the mean area of
identical phosphopeptides when present in technical replicates and possessing area values
larger than 0. Non-identified phosphopeptides were not affected by this measure.
Furthermore, sample pairing was not necessary since data were acquired from technical
replicates of identical samples. Statistical testing was therefore performed using an unpaired
t test by application of GeneData’s 2 Groups Analysis and the threshold of valid values was
set to 20% (minimum three values per group). Fold changes were calculated from the
group-specific mean area of every phosphorylation pattern. Again, candidate phosphorylation
patterns were identified by their statistically significant difference in abundance
(p value < 0.05) when comparing the HNA-3a treatment and HNA-3a control group. Fold
change cut-offs were not applied in these analyses. Candidates were cross-validated with
significantly changed phosphorylation patterns observed in HNA-3b/b neutrophils. Again,
candidates were eliminated from the list when they were significantly regulated with the
same direction in the HNA-3b/b cells. All other candidates were extracted for further analysis.
On/Off-Regulation was performed by testing data of HNA-3a plasma-treated HNA-3a/a
cells against data of control plasma-treated HNA-3a/a cells (14 vs. 14). Induced and ablated
phosphorylation patterns were subjected to further analysis when p values were < 0.05.
Cross-validation was performed by testing all resulting patterns in Absent/Present Searches
against datasets of HNA-3b/b cells. Phosphorylation was accepted for patterns that were
absent in datasets of HNA-3b/b neutrophils. Dephosphorylation was approved when
respective patterns were also identified in datasets of both, HNA-3a plasma and control
plasma-treated HNA-3b/b neutrophils.
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4.22 INGENUITY PATHWAY ANALYSIS
Candidate lists were uploaded into QIAGEN’s Ingenuity Pathway Analysis software (IPA,
QIAGEN, Redwood City, CA, USA, www.qiagen.com/ingenuity). Phosphorylation patterns
specifically altered in HNA-3a/a neutrophils were converted into according Accession number
lists prior to upload. Thus, accession duplicates were generated when several
phosphorylation changes at different regions of one protein were present. Those duplicates
were eliminated prior to IPA since the software performs analyses only based on the
abundance of a certain gene or protein. Thus, one accession number, i.e. one protein, may
not exert several abundance changes in one list. Due to the described mode of action,
abundance changes were not uploaded to IPA due to their reference to certain
phosphorylation patterns. As IPA is not able to interpret phosphorylation changes, fold
changes were obsolete and were removed from the list. Consequently, IPA was only able to
reveal which canonical pathways already described in the literature exerted enriched
phosphorylation modifications in HNA-3a/a neutrophils upon HNA-3a antibody treatment.
Assumptions whether certain pathways were activated or silenced were not possible.
After upload of the Accession lists, core analyses were performed using the default
(stringent) analysis settings (Table 8).
Table 8. Settings used for core analyses in IPA.

Analysis parameter

Setting

Population of genes to consider for p-value
calculations

Ingenuity Knowledge Base
(Genes only)

Relationships to consider

Direct and Indirect Relationships

Generate the following networks

Interaction Networks

Data sources

All

Confidence

Experimentally observed

Species

Human, Mouse, Rat

Tissue & Cell Lines

All

Mutation

All
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5
5.1

RESULTS

METHOD DEVELOPMENT AND OPTIMIZATION FOR
NEUTROPHIL PHOSPHOPROTEOMICS

The aim of this doctoral thesis was to investigate the neutrophil phosphoproteome on a
global scale to reveal rapidly induced signaling events in HNA-3a antibody-mediated TRALI.
However, performing such analyses with samples of primary neutrophils is a challenging task
as comprehensive data are only obtained when certain requirements are met (section
“3.3.3”). Accordingly, preparation protocols were chosen or optimized regarding neutrophil
purity (1), sample size (2) and protein extract stability (3). Finally, the optimally prepared
neutrophil samples were assessed on their compatibility with subsequent processing steps of
the two phosphoproteomics workflows (4). This chapter contains detailed descriptions of the
necessary optimization steps. All conclusions from the respective experiments were drawn
with respect to the four abovementioned quality criteria.

5.1.1 Evaluation of different neutrophil isolation methods
Two methods for isolation of neutrophils from whole blood were chosen for performance
evaluation:
1. DDH: A method commonly performed in the field consisting of sequential Dextranbased erythrocyte sedimentation, Density gradient centrifugation and Hemolysis
(erythrocyte lysis).
2. PMP: A one-step centrifugation method that uses PolyMorphPrep separation
medium to generate a continuous density gradient for isolation of neutrophils.
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5.1.1.1 Cell type distribution in neutrophil isolates
The described experiments were performed to identify the cell types present in isolates and
to confirm the correct measurement of isolated neutrophils. Neutrophils from three disparate
donors were exemplarily isolated using the DDH method and granulocyte markers CD66b
and Fc-gamma receptor IIIb (CD16) were stained for flow cytometric cell type identification
(Figure 5, yellow workflow). Morphological analyses initially revealed the presence of
three cellular populations of which the majority possessed the antigen expression pattern of
neutrophils (CD66b+/CD16+) (Figure 11). Comparatively few cells were identified to be
eosinophils (CD66b+/CD16-), monocytes (CD66b-/CD16+) and lymphocytes or non-leukocytes
(CD66b-/CD16-). Gating to CD66b+ events revealed both highly granular populations to
consist of granulocytes (Figure 11). Consequently, these populations were also largely
positive for CD16 and therefore neutrophils. CD66b- cells were found to be mostly present in
the small, low granular population. CD16+ and CD16- events in this population indicated
presence of monocytes, lymphocytes and non-leukocytes (platelets, erythrocytes). Thus, this
fraction contained cellular contaminations (Figure 11). In summary, distribution of
neutrophils to both upper populations allowed for measurement of contaminations by solely
performing morphological gating of the lower population. Since the configuration of the
applied measurement protocol was reused for all analyses, it enabled measurement of the
same cell populations in isolates from DDH or PMP isolation.

Figure 11: Cell type distribution in neutrophil isolates. Representative flow cytometric diagrams of cells
exemplarily isolated by sequential Dextran-based erythrocyte sedimentation, Density gradient centrifugation and
Hemolysis (erythrocyte lysis) (DDH) and analyzed by flow cytometry. The diagrams are representative for data
from three disparate donors. Fixed cells were double stained with fluorochrome-conjugated antibodies directed
against CD66b (FITC, granulocyte marker) or CD16 (PE, Fc-gamma receptor IIIb). Left panel: Dot plot
presenting detected events in dependence of their FITC fluorescence (x-axis) and their PE fluorescence (y-axis)
and divided in four quadrants. Q1: monocytes (CD66b-/CD16+), Q2: neutrophils (CD66b+/CD16+), Q3:
lymphocytes, platelets, erythrocytes (CD66b-/CD16-), Q4: eosinophils (CD66b+/CD16-) Right panel:
Morphological dot plot presenting detected events in dependence of their granularity (side scatter channel) and
their size (front scatter channel). Isolates consisted nearly exclusively of granulocytes (CD66b +) and were
distributed to the two upper highly granular populations in morphological dot plots. The percentage of eosinophils
in CD66+ cells was negligible. Cellular contaminants were constituting solely the small-sized, low granular
population. Fluorescence positivity was determined with respect to the according isotype controls and cut-off
values were used to set quadrant borders. FITC positive events are depicted in green. PE positive events are
depicted in red. In the case of double positivity, the green staining (FITC) overlays the red staining (PE).
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5.1.1.2 Purity of neutrophil isolates
The occurrence of cellular contaminations as a distinct small and low granular population in
flow cytometric dot plots enabled easy, morphology-based contamination measurement and
therefore determination of isolate purity. Hence, both isolation methods were evaluated
based on their capacity to generate a highly pure neutrophil suspension (Figure 5, yellow
workflow). Data of four independent experiments were compared.
This analysis revealed that contaminations in DDH isolates accounted on average for
3.87 ± 0.81%. In contrast, the contaminating cell fraction was significantly larger in PMP
isolates as it amounted on average to 18.98 ± 4.77% (p = 0.0205) (Figure 12). In
summary, purity of PMP isolates was highly variable and with approximately 81%
significantly lower than the relatively constant purity of approximately 96% in DDH isolates.

Figure 12: Purity of neutrophil isolates. Flow cytometric analysis on isolate purity. Neutrophils were isolated
using sequential Dextran-based erythrocyte sedimentation, Density gradient centrifugation and Hemolysis
(erythrocyte lysis) (DDH) or by performing the PolyMorphPrep-based isolation (PMP). Contaminations were
identified based on their morphological characteristics, being small size and low granularity. Percentages of
cellular contaminations were calculated with respect to all events measured in the morphological gate. A)
Exemplary morphological dot plots of DDH- (left panel) and PMP-isolated cells (right panel). Gate “Region 1” and
the red coloring depict fractions of cellular contaminations. B) Bar graph showing percentages of cellular
contaminations. Data of four independent experiments were compared using an unpaired two-sided t test.
P value dimension coding: * = p < 0.05.
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5.1.1.3 Isolation efficiency
Both isolation methods were compared in terms of their efficiency to isolate neutrophils from
whole blood. This was performed by determining total neutrophil numbers in whole blood
samples as well as in isolates using data from the Sysmex hematology analyzer. Total
neutrophil numbers of isolate suspensions were compared to total neutrophil numbers in
original volumes of whole blood. Neutrophil recovery was expressed as percentage and
calculated from five independent experiments.

Neutrophil Recovery [%]

120

Figure 13: Efficiency of different neutrophil
isolation methods. Neutrophils were either isolated
using
sequential
Dextran-based
erythrocyte
sedimentation, Density gradient centrifugation and
Hemolysis (erythrocyte lysis) (DDH) or by performing the
PolyMorphPrep-based
isolation
(PMP).
Neutrophil
numbers in suspensions were calculated using Sysmex
hematology analyzer results (concentration × total
volume). The dashed line indicates the relative amount of
neutrophils in whole blood and accounts for 100%. Data
of five independent experiments were compared. P value
dimension coding: ** = p < 0.01.
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DDH isolation recovered on average 43.0 ± 2.5% of the neutrophils that were
originally present in respective volumes of whole blood (Figure 13). PMP isolates contained
significantly less neutrophils since the neutrophil yield was determined to be 27.1 ± 3.8% for
this method (DDH vs. PMP: p = 0.0082). Thus, DDH-based neutrophil isolation was
determined to be more efficient.

5.1.1.4 Isolation method-dependent pre-activation of neutrophils
Neutrophil isolation methods are known to expose cells to more or less intense activating
stimuli. Isolation-induced pre-activation might, however, hamper analyses of the neutrophil
activation state [328–330]. Thus, both isolation methods were compared regarding their
potential to pre-activate neutrophils using flow cytometry (Figure 5, orange and light
blue workflow). Furthermore, responsiveness of isolated neutrophils was assessed by
activating cells with bacterial lipopolysaccharide (4 µg/ml LPS). Activation markers CD11b
(alpha chain of the heterodimeric αMβ2-integrin Mac-1) or CD62L (L-selectin) were stained in
isolates prior to flow cytometry. Detection of neutrophils in whole blood samples was
achieved by additional staining of the leukocyte marker CD45 and morphological gating.
CD11b surface levels were expected to increase with neutrophil activation while CD62L
surface levels were expected to be diminished on activated cells [387]. Data were acquired
from six independent experiments. All analyses were performed by usage of a paired t test.
CD11b and CD62L surface expression values (geometric mean fluorescence intensity GMFI) obtained from untreated whole blood neutrophils were set to 100% and
corresponding values were converted with respect to this baseline. LPS-treated whole blood
neutrophils showed a significant, nearly 6-fold elevated CD11b level compared to untreated
whole blood neutrophils (mean ± SEM; 576 ± 180%, p = 0.0458) (Figure 14).
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Figure 14: Activation marker plasma membrane levels on differentially-isolated neutrophils. Assays
were performed either in whole blood (WB) or suspensions containing isolated neutrophils. Neutrophils were
isolated either using sequential Dextran-based erythrocyte sedimentation, Density gradient centrifugation and
Hemolysis (erythrocyte lysis) (DDH) or using PolyMorphPrep separation solution (PMP). Additionally, cells of each
suspension were treated for 30 min at 37°C either in 4 µg/ml of bacterial lipopolysaccharide / 4% fetal calf serum
(WB, DDH and PMP + LPS, respectively) or in control buffer (4% fetal calf serum, designation: WB, DDH and
PMP). Left panel) Plasma membrane levels of CD11b (Mac-1) expressed as percentage and calculated from
GMFI values. Right panel) Plasma membrane levels of CD62L (L-selectin) expressed as percentage and
calculated from GMFI values. Statistical analysis was performed using a paired t test with values from six
independent experiments. Dashed lines depict baseline plasma membrane levels of respective molecules on
untreated neutrophils in whole blood and were set to 100%. P value dimension coding: n.s. = p > 0.05, * = p <
0.05, ** = p < 0.01, *** = p < 0.001.

Similarly, LPS-treated DDH- and PMP-derived neutrophils showed significantly increased
CD11b levels when compared to their untreated counterparts (DDH vs. DDH + LPS: 318 ±
84% vs. 588 ± 169%, p = 0.0292; PMP vs. PMP + LPS: 291 ± 72% vs. 712 ± 165%;
p = 0.0110) (Figure 14). Comparing only untreated neutrophils, DDH and PMP isolated
neutrophils possessed both a significantly elevated CD11b surface level in comparison to
untreated whole blood neutrophils (DDH: 318 ± 84%, p = 0.0489; PMP: 291 ± 72%,
p = 0.0461). CD11b surface levels did not differ significantly when comparing untreated
isolates from both methods (p = 0.2518).
LPS-treated whole blood neutrophils possessed a significantly reduced CD62L surface
level of 15 ± 2% compared to the baseline value (WB vs. WB + LPS, p < 0.0001) (Figure
14). Similarly, LPS-treated DDH- and PMP-derived neutrophils showed a significant reduction
in CD62L surface levels when compared to untreated controls (DDH vs. DDH + LPS: 46 ±
9% vs. 17 ± 3%, p = 0.0062; PMP vs. PMP + LPS: 106 ± 21% vs. 18 ± 3%, p = 0.0061)
(Figure 14). Comparison of untreated whole blood neutrophils and untreated PMP-derived
neutrophils revealed no significant difference in CD62L surface levels (106 ± 21%,
p = 0.7522). However, a significant reduction to 46 ± 9% was observed on untreated DDHisolated neutrophils in comparison to untreated whole blood neutrophils (p = 0.0014).
Consequently, a significant difference in CD62L surface levels was also revealed when
untreated DDH-isolated and untreated PMP-isolated neutrophils were compared
(p = 0.0102).
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5.1.1.5 Conclusions from neutrophil isolation experiments
In summary, the experiments described above revealed the sequential dextran-based
erythrocyte sedimentation, density gradient centrifugation and hemolysis (erythrocyte lysis)
(DDH) to be superior to the Polymorphprep-based method. Usage of highly pure neutrophil
isolates potentially leads to proteomic data that are undistorted by cell responses of other
cells. The higher yield reduces the amount of starting material, which is limited to volumes
not exceeding 80 ml in the case of whole blood samples. Adversely, neutrophils from DDHisolates showed a certain degree of activation as indicated by CD62L surface expression.
However, a complete shedding of CD62L was not observed and CD11b surface expression
was similar to that of PMP-derived neutrophils. Thus, this effect was suggested to be a weak,
isolation-derived priming response, which is known to be reversible and appeared therefore
negligible. Consequently, the DDH isolation of neutrophils was used for all further
approaches.

5.1.2 Upscaling of the granulocyte agglutination test
The intended phosphoproteome analyses required experimental setups that allow for an
appropriate read-out of the induced cellular response and the harvesting of sufficient cellular
material (protein yield). Performance of the classical GAT is therefore unfavorable since its
sample load is limited to 6 × 105 neutrophils per Terasaki plate. Hence, upscaling of the
classical Terasaki plate assay (TPA) was necessary and a microtiter plate assay (MTPA) was
created with the following modifications:
1. Terasaki plates were replaced by 96-well microtiter plates, allowing usage of larger
sample volumes per well.
2. The cell concentration in wells was doubled.
3. The volume fraction of cell suspensions in wells was raised from 25% to 50%.
4. The volume fraction of plasma in wells was reduced from 75% to 50%.
Application of the MTPA for phosphoproteomics was only reasonable when HNA antibodyinduced neutrophil responses resembled those of the classical TPA. Hence, it was
investigated whether HNA-3a homozygous (HNA-3a/a) neutrophils showed the typical
aggregation upon HNA-3a antibody treatment also in the MTPA. Responses were compared
to those observed in the classical TPA (Figure 5, black & green workflow).
In both assay types, neutrophils did not show any sign of cellular clustering after 0 min and
120 min of treatment when the control plasma pool was applied. Cells were distributed
evenly and planar on the bottom of wells from microtiter plates and were only concentrated
in a ring-like pattern in the TPA due to the conically shaped wells of Terasaki plates (Figure
15, upper panels).
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Figure 15: Neutrophil response to HNA-3a and control plasma in different treatment assays.
Representative microscopic images of HNA-3a homozygous neutrophils treated with either control plasma pool
(Control plasma, upper panels) or HNA-3a antibody-containing plasma P1 (HNA-3a plasma P1, lower panels).
Treatments were performed either in the Terasaki plate assay (TPA, left panels), reflecting the original
granulocyte agglutination test, or in the newly developed scale-up variant, the microtiter plate assay (MTPA, right
panels). Incubations were performed for 120 min and images were recorded at the beginning (0’) and at the end
(120’) of the treatment. Images were recorded in brightfield mode and at 10× magnification.

Treatment of HNA-3a/a neutrophils with the HNA-3a antibody-containing plasma P1 led to
cellular aggregations regardless of the assay used. While aggregates were clearly separated
in Terasaki plates, aggregation was visible in continuous structures throughout the wells due
to the elevated cell number in microtiter plates (Figure 15, lower panels).
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In summary, neutrophil aggregation was observable in the MTPA and enabled
thereby a read-out for the successful induction of the cellular response. Furthermore,
upscaling and the changes on cell concentration raised the cell number per well by a factor
of 200. All parameters together proved the MTPA as an assay suitable for proteomic analyses
involving neutrophil treatment with HNA-3a plasmas.

5.1.3 Optimization of neutrophil protein extract preparation for
phosphoproteomic analysis
– This section describes results published in Muschter et al. 2015 [384]. –
– All figures presented in this section are parts thereof and were not modified. –
5.1.3.1 Inhibition of protein degradation in neutrophil protein extracts
In contrast to Tris-based solutions, urea-containing lysis buffers exhibit denaturing properties
and are therefore able to reduce proteolytic enzyme activities in protein extracts [388]. The
inhibitory activity of the urea-based lysis buffer (1× UT: 8 mol/l urea, 2 mol/l thiourea)
commonly used in the Department of Functional Genomics is hence sufficient to prevent
protein degradation in extracts of most cell types. However, it was unclear whether usage of
1× UT was also suitable for preparation of extracts from protease-rich neutrophils.
Protease activity was assessed in neutrophil extracts prepared with 1× UT in
conjunction with the standard lysis protocol (repeated freezing & thawing + ultrasonication).
This was performed by investigating the integrity of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) using Western blot analysis (Figure 5, blue workflow excluding
pre-treatment and MTPA as described in section “4.9”). Available protein extracts of
HEK293 cells were deliberately used as controls since these extracts are already stable in
standard 1× UT and provide signals of intact GAPDH.
Control extracts of HEK293 cells showed one single signal migrating at a molecular
weight (MW) of 37 kDa. Bands at other MWs were not detected (Figure 16, lane 1). When
neutrophils were prepared using the standard 1× UT lysis buffer and the standard
preparation routine, several bands were detected after Western blotting. The most
prominent band occurred at approximately 10 kDa, whereas weaker signals were detected at
MWs of approximately 35 to 18 kDa (Figure 16, lane 2). Presence of several signals
smaller than 37 kDa (actual MW of GAPDH) indicated degradation of GAPDH. Thus,
neutrophil proteases were still active after standard preparation.

72

RESULTS

Stefan Muschter

Method Development and Optimization for Neutrophil Phosphoproteomics

Figure 16: Prevention of protein degradation in extracts from neutrophils. The image shows Western
blot analyses of differentially prepared protein extracts from human neutrophils. Protein extracts of HEK293 cells
served as controls (Co) and were prepared using the standard 1× UT lysis buffer and the standard preparation
protocol. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was detected after blotting using an appropriate
primary antibody and enhanced chemiluminescence. The table indicates individual lysis and processing conditions
for extracts of according lanes. The black arrow marks the position of intact GAPDH at molecular weight (MW) of
37 kDa. Lanes cut from identical membranes are separated by gaps and lanes from different membranes are
divided by dashed lines.

- This figure was identically published in Muschter et al. 2015 [384]. -

Neutrophil protein degradation was initially aimed to be reduced by avoiding
conditions favorable for enzymatic activity during preparation. Hence, extract temperature
was maintained at 4°C during cell lysis by excluding repeated freezing and thawing at 30°C
(FT). However, this modification had no beneficial effect on neutrophil extract stability since
GAPDH staining revealed a band pattern similar to that seen after performing standard lysis
(Figure 16, lane 2 + 3). Moreover, FT appeared to be irrelevant for protein yield since
protein concentrations were similar regardless whether it was performed or not (data not
shown). Hence, FT was dispensable and excluded from the preparation protocol.
Subsequently, protein reduction for 15 min at RT prior to 1D-PAGE was replaced by
harsher sample boiling for 5 min at 95°C. Neutrophil protein degradation could also not be
prevented by this modification since GAPDH immunoblotting revealed similar band patterns
for extracts from both protocol variants (Figure 16, lane 4 + 5). Sample boiling at 95°C is,
however, an established measure for efficient protein reduction, which is particularly
important for proper detection of protein phosphorylations. Furthermore, the high
temperature sets an additional denaturing stimulus that might be advantageous after the
necessary sample dilution prior to 1D-PAGE. Therefore, sample boiling at 95°C was adopted
as protein reduction step for all future preparations.
Since maintaining temperatures unfavorable for enzymatic activity during neutrophil
preparation exerted no beneficial effect on protein stability, addition of various protease
inhibitors to the lysis buffer was indicated. To determine whether and at which concentration
protease inhibitors would stabilize neutrophil protein extracts, the protease inhibitor cocktail
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(PIC; Roche Diagnostics) was used at different concentrations. When neutrophils were lysed
using the modified protocol and 1× UT buffer containing 1× PIC, the fragmentation pattern
of GAPDH (35 to 10 kDa) was detected only with comparatively low intensities. Blot images
additionally showed a strong signal at 37 kDa, indicating intact GAPDH (Figure 16, lane 6).
The fragmentation pattern of GAPDH was further reduced to a faint band at 35 kDa and a
strong signal at 37 kDa when 2× concentrated PIC was used (Figure 16, lane 7).
Increasing the PIC concentration to 3×, 4× or 8× in the 1× UT buffer finally resulted in the
detection of only one strong signal at 37 kDa (Figure 16, lane 8 – 10). Although
neutrophil protein stabilization was already achieved at a 3× PIC concentration, future
preparations were performed with 4× concentrated PIC to compensate for eventual sample
dilutions in other preparation steps.
Since the described optimization was performed by referring solely to the integrity of
GAPDH, stability of other proteins was still not clear. Hence, neutrophil protein extracts were
prepared using the optimized preparation protocol and subjected to Western blotting for
detection of the following proteins: mitogen-activated protein kinase 3/1 – MK03/01
(extracellular signal-regulated kinase 1/2 - ERK1/2), mitogen-activated protein kinase p38,
serine/threonine-protein kinase PAK 1, tyrosine-protein kinase SYK and focal adhesion kinase
FAK.
All proteins were detected at positions reflecting their expected individual native MW.
Absence of apparent fragment bands smaller than expected indicated that every protein
analyzed was stable and did not display any signs of degradation (Figure 17).

Figure 17: Detection of various stable proteins in protease-inhibited extracts of human neutrophils.
The image shows Western blot analyses of stabilized neutrophil protein extracts after detection of various
proteins. Neutrophil protein extracts were generated in accordance to the optimized preparation protocol and the
following proteins were detected using appropriate primary antibodies and enhanced chemiluminescence:
mitogen-activated protein kinase 3/1 – MK03/01 (extracellular signal-regulated kinase 1/2 - ERK1/2), mitogenactivated protein kinase p38, serine/threonine-protein kinase PAK 1, tyrosine-protein kinase SYK, focal adhesion
kinase FAK. Lanes were cut from different membranes and are separated by gaps. The expected molecular
weight (Exp. MW in kDa) of every protein is given at the bottom of the figure for comparison with the molecular
weight marker.

- This figure was identically published in Muschter et al. 2015 [384]. -
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5.1.3.2 Investigation of accidental neutrophil activation
In initial phosphoproteomic experiments, assays were validated by neutrophil activation and
accordingly detection of phosphorylated ERK1/2 [389]. However, heterogeneous ERK1/2
activation was observed in samples prepared directly after isolation. This effect appeared
problematic since accidental neutrophil activation responses were assumed to potentially bias
global screening results. Hence, it was reasonable to detect the cause of the unwanted
neutrophil activation.
Since ERK1/2 was known to be activated in neutrophils of cigarette smokers, it was
initially assessed whether the observed ERK1/2 phosphorylation was due to the smoking
status of respective donors [390]. Therefore, neutrophils of five non-smokers and of five
smokers were prepared. Activated human bronchial epithelial cells (16HBE14o-, kindly
provided by Dr. Falko Hochgräfe, Junior Research Group Pathoproteomics, University of
Greifswald) served as controls. Total and phosphorylated ERK1/2 were detected using the
gel-based phosphoproteomics workflow (Figure 5, blue workflow excluding pretreatment and MTPA as described in section “4.9”).

Figure 18: Detection of ERK1/2 activation in non-smoking and smoking blood donors. Neutrophils of
five non-smokers and five smokers were isolated using the DDH method and protein extracts were prepared
according to the optimized protocol. The blot shown in the upper panel was probed with a Phospho-ERK1/2specific antibody (T202/Y204 and T185/Y187, respectively), while the blot of the lower was incubated with an
antibody specific for total ERK1/2. Detection of phosphorylated ERK1/2 indicated neutrophil activation. Black
arrows indicate bands of phosphorylated ERK1/2 and white arrows mark signals of total ERK1/2. The table below
the membrane images indicates the smoking status of corresponding blood donors.

Total proteins of ERK1/2 were detected in HBE control cells at expected MWs of
44 kDa and 42 kDa. Similarly, total ERK1/2 was identified in all neutrophil samples. Staining
of phospho-ERK1/2 led to the detection of expected bands in lanes of HBE control cells.
Phospho-ERK1/2 was also detected with a lower intensity in eight of ten neutrophil samples.
Since three samples were from non-smokers and five were from smokers, cigarette smoking
could not be proven as the main cause of accidental ERK1/2 activation (Figure 18, lanes
3-5 and lanes 7-11, respectively).
In contrast to the strong phospho-ERK1/2 signal from HBE cells, bands of neutrophil
phospho-ERK1/2 appeared with comparatively low intensities and indicated potentially
reversible neutrophil priming. Considering previous results, it was conceivable that this
priming was rather induced by neutrophil isolation than being a donor-derived phenomenon.
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Thus, it was investigated whether the unwanted ERK1/2 activation was due to neutrophil
priming and therefore reversible by performing a “resting” incubation after isolation.
Neutrophils were incubated directly after isolation at 2 × 107 cells/ml for 60 min at
37°C in PBS without Ca2+ and Mg2+. Subsequently, neutrophils were stimulated with fMLP
(10 µmol/l, 5 min, 37°C) to test for their responsiveness. Three independent experiments
were performed and samples were harvested directly after isolation, after the “resting
incubation” and after “resting” and subsequent stimulation with fMLP (Figure 5, blue
workflow).
Neutrophil samples analyzed directly after isolation showed ERK1/2 phosphorylation
to different extents (Figure 19, upper row: lanes 1, 4 & 7). After the “resting”
incubation, phospho-ERK1/2 band signals were consistently reduced close to background
intensity (Figure 19, upper row, lanes 2, 5 & 8). Stimulation with 10 µmol/l fMLP
subsequent to “resting” led furthermore to the consistent detection of comparatively high
phospho-ERK1/2 signals (Figure 19, upper row, lanes 3, 6 & 9). Finally, total ERK1/2
was detected with comparable intensities in all samples from one experiment (Figure 19,
lower row, lanes 1-9).

Figure 19: Reversal of isolation-derived neutrophil priming. Western blot images of neutrophil samples
prepared directly after isolation (Iso), after isolation and subsequent “resting” incubation for 60 min at 37°C in
1× PBS w/o (Rest) and after isolation, “resting” incubation and subsequent treatment with 10 µmol/l fMLP for
5 min at 37°C (fMLP). Results of three individual experiments are shown (n = 3). Blots shown in the upper row
were probed with a Phospho-ERK1/2-specific antibody (T202/Y204 and T185/Y187, respectively), while blots of
the lower row were incubated with an antibody specific for total ERK1/2. Detection of phosphorylated ERK1/2
indicated neutrophil activation. Black arrows indicate bands of phosphorylated ERK1/2 and white arrows mark
signals of total ERK1/2. The table below the membrane images indicates the individual condition of samples in
corresponding lanes. Images are not arranged in the chronological order of the experiments.

In summary, the unwanted pre-activation response could be abolished by incubating
neutrophils after isolation for 60 min at 37°C (resting). Hence, the process was suggested to
be isolation-induced neutrophil priming. “Resting” did furthermore not impair neutrophil
responsiveness and adoption of the incubation step was indicated. It was thus used in all
following proteomic screenings to raise analysis sensitivity by lowering data falsification
through uncontrolled responses. However, it was not applied to single parameter analyses
since measured parameters were expected to exceed priming responses in magnitude or to
be untriggered by priming. Neutrophils treated with fMLP served as positive controls for
phospho-ERK1/2 in all following preparations.
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5.1.3.3 Assessment of tryptic digestion in protease-inhibited neutrophil extracts
Presence of highly concentrated urea (6 – 8 mol/l) in protein extracts inhibits trypsin activity
and thus impairs mandatory protein digestion in gel-free proteomics workflows. This
limitation is routinely overcome by diluting standard protein extracts prior to digestion to
approximately 1 mol/l urea (e.g. dilution of 1:8), a concentration that allows for tryptic
cleavage. However, it was unclear how the standard dilution step affects activity of trypsin
and endogenous proteases in highly protease-inhibited neutrophil protein extracts. Activities
of trypsin and neutrophil-specific proteases during sample digestion were therefore assessed
qualitatively. Samples of neutrophils (1× UT + 4× PIC) and HEK293 cells (1× UT) were
prepared for digestion and incubated in presence or absence of trypsin. Digests were
separated by 1D-PAGE and gels were silver stained (Figure 5, blue-hatched and redhatched workflow).
Silver staining revealed presence of a smear at MWs lower than 13 kDa after
incubating neutrophil samples as described in the presence of trypsin (ratio 1:10, 3 h, 37°C).
Trypsin was detected as one prominent band at 21 kDa (Figure 20, lane 1). However, a
complex band pattern was observed when neutrophil samples were incubated without
trypsin. This pattern was largely congruent with that of undigested neutrophil extracts but
occurred with lower intensity (Figure 20, lanes 2 – 3).

Figure 20: Proteolytic activity in digests of highly protease-inhibited neutrophil extracts. Images of
silver-stained gels after 1D-PAGE of differentially incubated neutrophil and HEK293 (Control) extracts. Neutrophil
extracts were prepared in accordance to the optimized protocol (1× UT + 4× PIC) and HEK293 cells were
generated by performing the standard preparation (1× UT). Extracts were incubated in presence of trypsin (Try
1:10) or in absence of trypsin (Mock). Undigested extracts served as controls (Ex). Lanes of identical gels are
divided by a gap and the dashed line separates lanes from different gels. The leftmost lane shows the molecular
weight marker.

- This figure was identically published in Muschter et al. 2015 [384]. -

77

Stefan Muschter

RESULTS
Method Development and Optimization for Neutrophil Phosphoproteomics

Analysis of HEK293 control cells (1× UT, original preparation protocol) revealed similar
results. After digestion in presence of trypsin, only one faint trypsin band was detected
(Figure 20, lane 4). As observed for neutrophil samples, staining of mock digests revealed
a band pattern largely similar to that of undigested extracts (Figure 20, lanes 5 – 6).
Analysis of protease-inhibited neutrophil samples (1× UT + 4× PIC) led to results
similar to those of standardly prepared HEK293 cell extracts (1× UT). Hence, trypsin
performance was considered comparably high after standard dilution. Incubations lacking
trypsin indicated extract stability and proved neutrophil extracts as stable as extracts of
HEK293 cells. Hence, the intended digestion protocol could be used for all future analyses
without modifications.

5.1.3.4 Evaluation of digest quality and phosphopeptide enrichment using
PolyMAC-Ti
Feasibility of gel-free phosphoproteome approaches was evaluated by assessment of
neutrophil peptide sample quality, effectivity of PolyMAC-Ti-based phosphopeptide
enrichment as well as by a proof-of-principle approach investigating the well described
activation of ERK1/2 in neutrophils after fMLP treatment [206,233,389]. These three aims
were achievable with one small sample set and were targeted in succession by performing
the workflows for gel-based and gel-free phosphoproteome analyses (Figure 5, blue and
red workflow, respectively). Due to the smaller experimental setup, the suspension
assay was used instead of the MTPA. Isolated neutrophils were thus subjected to the
recovery incubation with an elevated concentration of 2 × 108 cells/ml and a total of
1 × 107 cells was treated with fMLP (10 µmol/l, 5 min, 37°C) subsequently. Neutrophils
serving as controls were left untreated. Samples were processed using the optimized
protocol and 200 µg of protein were used per sample to generate phosphopeptide-enriched
as well was non-enriched samples. Initially, data of untreated neutrophils were processed
and evaluated. The experiment was conducted with three biological replicates from disparate
donors.
In non-enriched samples, an average of 6611 ± 273 high confidence peptides and
860 ± 40 proteins (≥ 2 high confidence peptides) was identified. Lists covering all protein
and peptide identifications are provided by Appendix 1 and 2, respectively. Of all accepted
peptides, an average of 99.20% was detected to be non-phosphorylated (6558 ± 272
peptides) while phosphorylated peptides constituted a share of 0.80 ± 0.01%
(53 ± 2 peptides). In contrast, this percentage was increased to an average of
68.76 ± 0.90% by phosphopeptide enrichment since 1224 ± 36 of 1782 ± 72 peptides were
determined to be phosphorylated in the respective samples (Figure 21A).
As analysis of identification numbers might under- or overestimate the abundance of
particular peptide species, similar calculations were performed with summed peptide peak
areas (peptide intensities). Analyses of non-enriched samples detected an average area
percentage of 0.14 ± 0.02% for phosphorylated peptides while an area share of
99.86 ± 0.02% accounted for non-phosphorylated peptides. The average area share of
phosphorylated peptides increased after phosphopeptide enrichment to 86.02 ± 1.71% while
the area percentage of non-phosphorylated peptides was reduced to 13.98 ± 1.71%
(Figure 21B).
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Figure 21: Analyses of digest quality and phosphopeptide enrichment using PolyMAC-Ti. The pie
charts show identification results of optimally prepared and mass spectrometrically analyzed neutrophil samples
prior and after phosphopeptide enrichment (three independent experiments). Upper panels depict results of nonenriched samples while lower panels show results of phosphopeptide-enriched samples. A) Analyses of
identification numbers. Total numbers of identified proteins and peptides are given above pie charts (* = ≥ 1
high confidence peptide / protein). B) Analyses of peptide peak areas (peptide intensities). Calculations from
peptide areas were performed as identification analyses might under- or overestimate the magnitude of certain
peptide species.

- This figure was identically published in Muschter et al. 2015 [384]. -

In summary, analysis of optimally prepared neutrophil protein extracts revealed
adequate identification numbers and thereby a high sample quality. Furthermore, PolyMAC-Ti
in combination with its in-house optimized protocol (Dr. Gourav Bhardwaj, Dr. Elke Hammer,
Dept. Functional Genomics, University Medicine Greifswald) proved to be highly sensitive for
the enrichment of phosphopeptides from small-sized neutrophil samples (200 µg). Tryptic
digestion and phosphopeptide enrichment were therefore used as described for all following
preparations.

5.1.3.5 Detection of fMLP-induced phosphorylation of ERK1/2 in human
neutrophils using gel-based and gel-free phosphoproteomics
In order to prove the feasibility of global gel-free phosphoproteomic analyses with smallsized samples of human neutrophils, the well-known fMLP-induced phosphorylation of
mitogen-activated protein kinases 3 and 1 (extracellular signal-regulated kinase 1/2 ERK1/2, respectively) was targeted in a proof-of-principle approach (Figure 5, red
workflow). Thus, non-enriched and phosphopeptide-enriched samples from fMLPstimulated neutrophils were prepared and processed in addition. Phosphopeptide data from
fMLP-treated and resting neutrophils were compared using GeneData’s “Absent/Present
Search” as described in section “4”. Gel-based analyses with identical extracts were
performed for comparison (Figure 5, blue workflow). Data of the gel-free approach were
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processed using Ingenuity Pathway Analysis (IPA) to identify ERK1/2 pathway-association of
candidate proteins.
Western blot analysis revealed presence of both ERK isoforms in extracts of resting
and fMLP-treated neutrophils since bands migrated at expected MWs of 44 kDa (ERK1) and
42 kDa (ERK2). However, ERK1/2 phosphorylation at T202/Y204 and T185/Y187,
respectively, was only detected when neutrophils were treated with fMLP (Figure 22, left
panel). Gel-free analysis of identical extracts provided similar results. Analysis of ERK2 in
non-enriched extracts of resting and fMLP-treated neutrophils revealed comparable
abundance of the protein in every sample with average normalized log2 areas of 23.26 and
22.96, respectively (Figure 22, right panel). The ERK2-specific peptide
VADPDHDHTGFLTEYVATR carries the activation-mediating TEY-motif (T185/Y187) at amino
acid positions 13 and 15 and its phosphorylated form was detected in all three samples of
fMLP-treated neutrophils with an average normalized log2 area of 25.32. In contrast, this
phosphorylation pattern was not identified in samples of resting neutrophils (Figure 22,
right panel).

Figure 22: Detection of fMLP-induced ERK1/2 signaling using the developed gel-based and gel-free
phosphoproteomic workflows. The figure shows representative results of gel-based Western blotting and gelfree phosphoproteomic experiments targeting the well-known fMLP-induced ERK1/2 phosphorylation in human
neutrophils. Neutrophils were either treated for 5 min with 10 µmol/l fMLP (fMLP) in the suspension assay or
were left untreated (Co). Samples were optimally processed and analyzed using both workflow variants. Three
independent experiments were performed. Left panel) Western blotting results of one experiment
representative for three independent approaches. The black arrow indicates phosphorylated ERK2 migrating at
42 kDa. Bands were detected without apparent signs of degradation. Right panel) Diagrams showing log2
normalized intensity values (area) of total ERK2 or the ERK2-specific activation peptide (gray box,
phosphorylation positions are marked with circled “P”s). The dashed line indicates the detection limit of mass
spectrometry and lacking identifications are therefore given below the line.

- This figure was identically published in Muschter et al. 2015 [384]. -

In total, 1150 proteins and 10311 peptides were identified in six non-enriched
neutrophil samples. Protein and peptide identifications from additional data of fMLP-treated
neutrophils are also provided in Appendices 1 and 2, respectively. Furthermore, 2570
unique phosphorylation patterns were identified from all six phosphopeptide-enriched
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samples (Appendix 3). GeneData’s Absent/Present Search revealed 64 phosphorylation
patterns with fMLP-dependent changes in abundance. While 47 phosphorylation patterns
were induced, 17 were removed in response to fMLP. All candidate phosphorylation sites
could be assigned to 55 proteins and direct relationships (according to the IPA
nomenclature) to ERK1/2 were assignable to six of those. ERK1/2 associated proteins were:
CCAAT/enhancer-binding protein β (CEBPB), GRB2-associated-binding protein 2 (GAB2),
phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1 (SHIP1), signal transducer and
activator of transcription 3 (STAT3), RAF proto-oncogene serine/threonine-protein kinase
(RAF1) and transcription factor Sp1 (Sp1) (Figure 23). Consequently, the result list
contained 47 proteins which are not directly associated to active ERK1/2 (Appendix 3).

Figure 23: ERK1/2-associated proteins with fMLP-induced phosphorylation changes. Respective data
were acquired from phosphoproteomic analysis of three biological replicates. Peptides with identified fMLPdependent changes in phosphorylation pattern were uploaded to Qiagen’s Ingenuity Pathway Analysis (IPA,
www.qiagen.com/ingenuity). Data were merged at protein level due to the intended functionality of IPA. Analysis
was performed by filtering the dataset for proteins with known direct relationships (IPA nomenclature) to ERK1/2
according to the Ingenuity Knowledge Base. The flow chart depicts the revealed network of the ERK1/2associated (ERK1 = MK03; ERK2 = MK01) candidate proteins and arrows indicate the direction of the molecular
activity (activation or phosphorylation). The table lists all identified ERK1/2-associated proteins and their analysisrelevant characteristics.
- This figure was identically published in Muschter et al. 2015 [384]. -
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5.2

IMPACT OF HNA-3A ANTIBODIES ON HUMAN
NEUTROPHILS – SINGLE PARAMETER ANALYSES

The impact of HNA-3a antibodies on antigen-matching (HNA-3a/a) human neutrophils was
investigated by conducting two particular analyses types. These were:
1. Single parameter analyses: These approaches were measurements targeting one
single (molecular / morphological) read-out parameter representative for a particular
response type of human neutrophils.
2. Global phosphoproteome analyses: These approaches were undertaken for
performing comparative analyses of entire sets of protein phosphorylation patterns
(phosphoproteome) in human neutrophils under different conditions. Such
experiments are based on simultaneously detecting abundances of as much analytes
as possible, enabling statements on protein phosphorylation / dephosphorylation.
This chapter describes results of single parameter analyses conducted as parts of the
dissertation on hand and the dissertation of Dr. Tom Berthold (Dept. Transfusion Medicine,
University Medicine Greifswald). Thus, the chapter contains results that have already been
published with equal contributions of both scientists in Berthold & Muschter et al. in 2015
[376].

5.2.1 Epitope specificity of neutrophil aggregation
The epitope specificity of the HNA-3a antibody-mediated neutrophil aggregation was initially
aimed to be shown in the newly developed microtiter plate assay (MTPA) (Figure 5, purple
workflow). Therefore, aggregation responses of “rested” HNA-3a/a and HNA-3b
homozygous (HNA-3b/b) neutrophils were evaluated microscopically after treatment in the
MTPA with HNA-3a antibody-containing plasma P1 or control plasma pool (120 min, 37°C).
This treatment time frame was chosen as it is routinely applied for read-out in the diagnostic
granulocyte agglutination test (GAT). Experiments were repeated for confirmation with two
different HNA-3a plasmas.
Treatment of HNA-3a/a neutrophils led to a negative read-out when the control
plasma pool was applied as cells showed a confluent and uniform arrangement (Figure 24,
upper left panel). However, these neutrophils possessed the characteristic aggregation
pattern of apparent continuous lines from densely clustered cells when treated with HNA-3a
plasma P1 (Figure 24, lower left panel). In contrast, experiments performed with HNA3b/b cells remained negative regardless of the plasma used (Figure 24, right panels).
Like in the Terasaki plate assay (classical GAT), neutrophil aggregation was observed
in the MTPA in the expected epitope-specific manner. Hence, the microscopic evaluation of
the cellular response in the MTPA was used as a read-out system in all following proteomicsbased analyses.
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Figure 24: Epitope specificity of the HNA-3a antibody-mediated neutrophil aggregation.
Representative microscopic images of HNA-3a homozygous (HNA-3a/a, left panels) and HNA-3b homozygous
(HNA-3b/b, right panels) neutrophils treated using the newly developed microtiter plate assay. Neutrophils were
incubated for 120 min with either the control plasma pool (Control plasma, upper panels) or HNA-3a
antibody-containing plasma P1 (HNA-3a plasma P1, lower panels). Experiments were repeated for confirmation
with two different HNA-3a plasmas and provided identical results. Images were taken at 10× magnification and
the scale bar indicates a distance of 400 µm.

5.2.2 Investigation of the kinetics of the HNA-3a antibodymediated neutrophil aggregation
Investigations of HNA-3a antibody-induced responses in neutrophils first required
information on the reaction kinetics to determine appropriate time points for measurement
or cell harvesting. Neutrophil aggregation was the only reaction known to be stimulated by
HNA-3a antibodies and thus, kinetics of the neutrophil aggregation response were assessed
[131]. Briefly, “rested” neutrophils (HNA-3a/a) were treated with HNA-3a antibody-containing
plasma P1 or the control plasma pool for 120 min and microscopic pictures were recorded
after every 15 min during treatment (Figure 5, purple workflow). Experiments were
repeated for confirmation with two different HNA-3a plasmas.
Incubation of neutrophils with control plasma resulted consistently in a negative readout (Figure 25). In contrast, treatment with HNA-3a plasma P1 led to neutrophil
aggregation. While cells showed a tendency for aggregation already at 15 min of incubation,
the response could clearly be identified at 30 min. Neutrophil condensing appeared to
continue until minute 75 and did not apparently proceed in the last 45 min (Figure 25).
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These results demonstrated rapid initiation and accomplishment of the HNA-3a
antibody-induced neutrophil aggregation during the first 30 min of treatment. Hence,
pathologic processes in TRALI were suggested to be realized by the well described molecular
reorganization processes that also lead to rapid neutrophil responses in presence of proinflammatory stimuli [205,206]. Most treatment steps for single parameter analyses were
therefore performed for 30 min and sampling for phosphoproteome analyses was primarily
conducted during the first 30 min of incubation.

Figure 25: Assessment of neutrophil aggregation kinetics. Representative microscopic pictures of
neutrophils treated either with HNA-3a antibody-containing plasma P1 (HNA-3a plasma P1) or the control plasma
pool (Control) in the microtiter plate assay. Incubation was performed at 37°C for 120 min and images were
taken every 15 min. The figure shows the full kinetic for the HNA-3a plasma P1 incubation while it presents only
three images for the control plasma pool incubation. Experiments were repeated for confirmation with two
different HNA-3a plasmas and provided similar results. Images were taken with a 10× magnification. The scale
bar in every image is representative for 400 µm.
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5.2.3 Impact of HNA-3a antibodies on neutrophil activation
markers
– This section describes results published in Berthold & Muschter et al. 2015 [376]. –
Previously shown results proved neutrophils to respond rapidly upon stimulation with HNA-3a
antibodies and indicated the association to neutrophil activation which is likewise known to
be accomplished with similar kinetics [205]. Hence, the impact of HNA-3a antibodies on
neutrophil activation was assessed using relative flow cytometric quantification of different
cell surface activation markers.
Initially, surface levels of CD11b were investigated flow cytometrically since CD11b is
rapidly transported to the cell surface via degranulation processes during neutrophil
activation [172]. HNA-3a/a neutrophils were therefore treated with several HNA-3a antibodycontaining plasmas or the control plasma pool in the suspension assay (Figure 5, orange
workflow). Positive controls were generated using 10 µmol/l fMLP or 2 µg/ml of LPS. The
CD11b surface levels of control plasma-incubated neutrophils were set to 100% for all
individual comparisons. Statistical data analysis was performed using a paired two-sided t
test.
Analyses revealed a significantly increased surface expression of CD11b when
neutrophils were treated with either 10 µmol/l fMLP or 2 µg/ml LPS (fMLP: n = 10, +95%,
p < 0.001; LPS: n = 10, +80%, p < 0.001) (Figure 26).

Figure 26: Impact of HNA-3a antibodies on surface levels of CD11b on neutrophils. HNA-3a
homozygous neutrophils were isolated and treated either with control plasma pool (C) or six different HNA-3a
antibody-containing plasmas (P1-P6) for 30 min (minimum: n = 3). Cells were treated with 10 µmol/l fMLP (fMLP)
or 2 µg/ml LPS (LPS) for 30 min at 37°C to serve as positive controls. Relative comparison was performed by
setting average GMFIs of control plasma-treated cells to 100% and by subsequently calculating according
percentages for every HNA-3a plasma or positive control tested. Error bars are given as the upper and lower ratio
error of the 95% confidence interval. The dashed line indicates baseline values of CD11b surface expression
measured in control plasma treated cells. P value dimension coding: ** = p < 0.01, *** = p < 0.001.
- This figure was identically published in Berthold & Muschter et al. 2015 [376]. 85
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In contrast, most of the HNA-3a plasmas applied did not significantly alter CD11b surface
levels (P3-P6: all n = 3, p > 0.05). Nevertheless, investigation of HNA-3a plasma 2 revealed
a positive trend (n = 14, +15%, p = 0.09) while HNA-3a plasma 1 yielded a significant
increase in CD11b surface levels (n = 20, +23%, p = 0.008) (Figure 26).
In subsequent experiments, the neutrophil activation status was further investigated
using activation markers CD66b (granulocyte marker, Carcinoembryonic antigen-related cell
adhesion molecule 8: CEACAM8) and CD88 (C5a anaphylatoxin chemotactic receptor 1:
C5aR) [391,392]. HNA-3a/a neutrophils were treated only with the potent HNA-3a plasma P1
and positive controls were generated only by treatment with 10 µmol/l fMLP. Data
calculation was performed equally to CD11b detection.
Comparison of control plasma and fMLP-treated neutrophils revealed a notable
difference in CD66b surface levels. However, this fMLP-induced increase was insignificant
due to a high variance (C vs. fMLP: mean GMFI percentage ± SEM: 100.0% vs.
156.1 ± 16.7%, n = 3, p = 0.0784). In contrast, neutrophils treated with HNA-3a plasma P1
showed a relatively low and insignificant increase to 112.1 ± 8.6% (n = 3, p = 0.2949)
(Figure 27A). Membrane levels of CD88 were significantly reduced on fMLP-treated
neutrophils in comparison to control cells (C vs. fMLP: 100.0% vs. 36.2 ± 2.1%, n = 3,
p = 0.0011). However, HNA-3a plasma P1-induced reduction was comparatively low and
insignificant (C vs. P1: 100.0% vs. 74.9 ± 10.7%, n = 3, p = 0.1424) (Figure 27B).

Figure 27: Impact of HNA-3a antibodies on surface levels of CD66b and CD88 on neutrophils. HNA-3a
homozygous neutrophils were isolated and treated either with the control plasma pool (C) or HNA-3a antibodycontaining plasma P1 (P1) for 30 min. Cells were treated with 10 µmol/l fMLP for 30 min at 37°C to serve as
positive controls (fMLP). Relative comparison was performed by setting average GMFIs of control plasma-treated
cells to 100% and by subsequently calculating according percentages for HNA-3a plasma P1 or the positive
control. Three independent experiments with neutrophils of disparate donors were conducted. A) Bar graph
showing the surface expression of CD66b (Carcinoembryonic antigen-related cell adhesion molecule 8). B) Bar
graph showing the surface expression of CD88 (C5a anaphylatoxin chemotactic receptor 1). The dashed lines
indicate baseline values of CD66b and CD88 surface expression measured in control plasma treated cells. Values
are given as mean GMFI percentage ± SEM. P value dimension coding: ** = p < 0.01.

In summary, changes in the surface levels of the three activation markers were
largely achieved by stimulating neutrophils with 10 µmol/l fMLP while HNA-3a plasma
treatment did not induce the expected alterations. Only plasma 22 P1 was able to induce
surface expression changes of CD11b and was therefore considered the reference HNA-3a
plasma. Results suggested that treatment with HNA-3a antibodies was unlikely to trigger
classical, commonly known activation mechanisms in epitope-matching neutrophils.
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5.2.4 Impact of HNA-3a antibodies on the mitogen-activated
protein kinase system of neutrophils
Proinflammatory stimulation induces signaling pathways in neutrophils that utilize the well
described mitogen-activated protein kinase (MAP kinase) system [206]. It was therefore
reasonable to investigate whether exposition to HNA-3a antibodies would activate at least
one of the three extensively investigated MAP kinases via phosphorylation: c-Jun n-terminal
kinase (JNK), p38 mitogen-activated protein kinase (p38), extracellular signal-regulated
kinase 1 and 2 (ERK1/2).
HNA-3a/a (three donors) and HNA-3b/b (one donor) neutrophils were subjected to
resting and treated either with the control plasma pool or HNA-3a antibody-containing
plasma P1 (reference plasma) for 5, 10, 15, 30 or 45 min in the MTPA (Figure 5, blue
workflow). Negative and positive controls for JNK and p38 activation were obtained from a
commercial source.

5.2.4.1 Impact of HNA-3a antibodies on JNK1/2 phosphorylation
Phosphorylated variants of both JNK isoforms (JNK1 = p46 JNK; JNK2 = p54 JNK) were
detected by two strong signals in positive control samples at the expected positions (JNK1:
41 kDa, JNK2: approximately 49 kDa) while staining of negative controls led to detection of
only faint bands (Figure 28, upper panel).

Figure 28: Impact of HNA-3a antibodies on the phosphorylation of JNK1 and JNK2 in HNA-3a
homozygous neutrophils. HNA-3a homozygous (HNA-3a/a) neutrophils were isolated, subjected to resting and
treated for different time points in the MTPA using HNA-3a plasma P1 (P1) and the control plasma pool (C). The
phosphorylated variants of JNK1/2 (both: T183/Y185), total JNK1/2 as well as GAPDH (loading control) were
stained during Western blotting with according primary antibodies and detection was performed using different
fluorescent dyes. Control samples (Co) were purchased from a commercial source. One respective blot of three
independent experiments is shown. Upper panel) Signals of dually phosphorylated JNK1 and JNK2 as well as
total GAPDH. Middle panel) Signals of total JNK1/2. Lower panel) Overlay image of upper and middle panel
(both fluorescence channels) depicting phospho-JNK1/2 and GAPDH in green and total JNK1/2 in red. The table
below the images depicts the samples separated in according lanes. Signal positions of respective proteins are
indicated by black arrows at the right side of each image. All images were obtained from the same membrane.
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In contrast, signals of phosphorylated JNK1/2 did not appear in any of the lanes containing
samples of HNA-3a/a neutrophils (Figure 28, upper & lower panel). Analyses of total
JNK1/2 revealed bands of both JNK isoforms with comparable intensities in both control
samples. Samples of HNA-3a/a neutrophils showed, however, a diverging pattern since strong
signals were only present for JNK2. JNK1 signals were comparatively low (Figure 28,
middle & lower panel). Finally, GAPDH bands at 37 kDa were detected in all samples.
Neutrophil samples additionally exhibited a smaller band at approximately 35 kDa while no
other signals at lower MWs were detected (Figure 28, upper & lower panel).
Western blot analysis of identically treated HNA-3b/b neutrophils revealed similar
results although the read-out was aggravated by weaker signal intensities. However,
phosphorylated JNK1/2 were also detected with relatively high signals in the positive control
sample while signals were faint but visible in the negative control lane. Again, no signals
were detected in lanes containing neutrophil samples (Figure 29, upper and lower
panel). Total JNK1 and JNK2 were detected in both control samples with comparatively high
intensities while analysis of neutrophil samples consistently revealed weaker signals and only
at the position of JNK2 (Figure 29, middle and lower panel). Finally, GAPDH signals
were detected at 37 kDa with apparently similar intensities comparing all samples. Bands
migrating at approximately 35 kDa appeared only in lanes loaded with neutrophil samples
(Figure 29, upper and lower panel, lanes 3-12).

Figure 29: Impact of HNA-3a antibodies on the phosphorylation of JNK1 and JNK2 in HNA-3b
homozygous neutrophils. The figure shows fluorescence Western blot images after staining of phosphoJNK1/2 (both: T183/Y185), total JNK1/2 and total GAPDH (loading control). Assessment was performed with
commercially obtained control samples (Co) or HNA-3b homozygous (HNA-3b/b) neutrophils treated for different
time frames with either the control plasma pool (C) or HNA-3a antibody containing plasma P1 (P1). Upper
panel) Signals of dually phosphorylated JNK1 and JNK2 as well as total GAPDH. Middle panel) Signals of total
JNK1/2. Lower panel) Overlay image of upper and middle panel (both fluorescence channels) depicting
phospho-JNK1/2 and GAPDH in green and total JNK1/2 in red. The table below the images depicts the samples
separated in according lanes. Signal positions of respective proteins are indicated by black arrows at the right
side of each image. All images were obtained from the same membrane.
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5.2.4.2 Impact of HNA-3a antibodies on p38 phosphorylation
Assessment of p38 phosphorylation led to doublet signals at approximately 39 kDa that were
present with the expected low or high intensity in commercially purchased negative and
positive control samples, respectively. Neutrophil analyses revealed bands of phospho-p38 in
every sample but intensities were differing. Comparatively weak bands appeared in samples
of neutrophils treated for 10 and 15 min with either plasma type. However, when neutrophils
were incubated for 30 or 45 min with HNA-3a plasma P1, intensities of phospho-p38 bands
were higher than those obtained from control plasma-treated neutrophils. An apparently
weak difference in signal intensity was observed when comparing samples that were only
treated for 5 min (Figure 30, upper and lower panel). Bands of total p38 were
consistently detected in all samples at approximately 39 kDa but intensities in neutrophil
samples were notably higher than in commercial control samples (Figure 30, middle and
lower panel). Finally, GAPDH bands at 37 kDa were consistently detected with comparable
intensities and 35 kDa bands appeared only in lanes containing neutrophil samples (Figure
30, upper and lower panel).

Figure 30: Impact of HNA-3a antibodies on the phosphorylation of p38 MAP kinase in HNA-3a
homozygous neutrophils. HNA-3a homozygous (HNA-3a/a) neutrophils were isolated, subjected to resting and
treated for different time points in the MTPA using HNA-3a plasma P1 (P1) and the control plasma pool (C).
Membranes were incubated with primary antibodies directed against dually phosphorylated (T180/Y182) p38,
total p38 and total GAPDH as a loading control. Control samples (Co) were purchased from a commercial source.
One respective blot of three independent experiments is shown. Upper panel) Signals of dually phosphorylated
p38 (T180/Y182) as well as total GAPDH (loading control). Middle panel) Signals of total p38. Lower panel)
Overlay image of upper and middle panel (both fluorescence channels) depicting phospho-p38 and GAPDH in
green and total p38 in red. The table below the images depicts the samples separated in according lanes. Signal
positions of respective proteins are indicated by black arrows at the right side of each image. All images were
obtained from the same membrane.
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HNA-3b/b neutrophils were treated identically to assess the impact of HNA-3a
antibody-containing plasma P1 on p38 MAP kinase phosphorylation in cells lacking the
cognate antigen. Optical evaluation of band duplets migrating at approximately 39 kDa
revealed again the expected stronger phosphorylation of p38 MAPK in positive controls
compared to negative controls. Phosphorylated p38 MAPK was furthermore present in all
neutrophil samples but apparent HNA-3a plasma-dependent elevations in respective band
intensities were lacking. (Figure 31, upper & lower panel). Total p38 was identified in
lanes of control extracts and was also detected with relatively high intensities in lanes
containing neutrophil samples (Figure 31, middle & lower panel). Finally, GAPDH was
detected as expected in every sample at an MW of 37 kDa and an additional 35 kDa band
occurred in lanes of neutrophil samples (Figure 31, upper & lower panel). In summary,
HNA-3a plasma treatment-dependent increases in p38 MAP kinase phosphorylation were not
observed in HNA-3b/b neutrophils.

Figure 31: Impact of HNA-3a antibodies on the phosphorylation of p38 MAP kinase in HNA-3b
homozygous neutrophils. HNA-3b homozygous (HNA-3b/b) neutrophils were isolated, processed and treated
for varying time frames using HNA-3a antibody-containing plasma P1 (P1) or the control plasma pool (C) in the
MTPA. Membranes were incubated with primary antibodies directed against dually phosphorylated (T180/Y182)
p38, total p38 and total GAPDH as a loading control. Control samples (Co) were purchased from a commercial
source. Upper panel) Signals of dually phosphorylated p38 (T180/Y182) as well as total GAPDH (loading
control). Middle panel) Signals of total p38. Lower panel) Overlay image of upper and middle panel (both
fluorescence channels) depicting phospho-p38 and GAPDH in green and total p38 in red. The table below the
images shows the samples separated in according lanes. Signal positions of respective proteins are indicated by
black arrows at the right side of each image. All images were obtained from the same membrane.

Further analysis investigated whether the observed HNA-3a plasma-dependent
increases in p38 phosphorylation in HNA-3a/a neutrophils after 5, 30 and 45 min of treatment
were consistent in all three replicate experiments. Optical evaluation revealed that these
alterations occurred with varying intensity also in the two additional sample sets. In
comparison to dataset 1, the elevated p38 phosphorylation after 5 min of HNA-3a plasma
treatment occurred with a higher intensity in datasets 2 and 3. The enhanced p38
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phosphorylation after 30 and 45 min of HNA-3a plasma incubation appeared vice versa less
intense in both additional datasets (Figure 32).
In summary, the described differences in phospho-p38 signal intensity were rather
small and optical evaluation did not reveal the biological significance of the results. Hence,
band intensities were quantified by densitometric measurement to allow statistical
evaluation. Phospho-p38 band intensities were normalized using the following equation:
𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑝ℎ𝑜𝑠𝑝ℎ𝑜-𝑝38 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑝ℎ𝑜𝑠𝑝ℎ𝑜-𝑝38
𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑡𝑜𝑡𝑎𝑙 𝑝38

Figure 32: Optical evaluation of HNA-3a plasma-induced p38 MAP kinase phosphorylation in
HNA-3a homozygous neutrophils. Western blot images of either commercially purchased phospho-p38
negative and positive control samples (Co) or of HNA-3a homozygous (HNA-3a/a) neutrophils treated for various
time frames with HNA-3a antibody–containing plasma P1 (P1) or the control plasma pool (C). Membranes were
stained with primary antibodies directed against either dually phosphorylated p38 MAPK (T180/Y182) or total
GAPDH. Membranes from three independent experiments are shown. The table below the images depicts the
samples separated in according lanes. Signal positions of respective proteins are indicated by black arrows at the
right side of each image. Images were obtained from three different membranes.

Finally, ratios of phospho-p38 abundance were calculated per time point by dividing
normalized phospho-p38 intensities of treated samples by normalized phospho-p38
intensities of respective control samples. Statistical significance was calculated using a paired
two-sided t test (3 values per treatment type at one time point = 6 values per pairing).
Analysis revealed that the phospho-p38 abundance in samples from 10 and 15 min of
treatment was unchanged comparing HNA-3a plasma and control plasma-treated cells (av.
ratio P1 / C: 10 min: 0.89, p = 0.5039; 15 min: 0.90, p = 0.2391) (Figure 33). After
treatment for 30 and 45 min, analysis resulted in ratios slightly larger than 1 but the
difference was not significant (30 min: 1.25, p = 0.7428; 45 min: 1.15, p = 0.6270).
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Figure 33: Comparative analysis of HNA-3a plasma-dependent p38 MAP kinase phosphorylation in
HNA-3a homozygous neutrophils. Densitometric analysis of Western blot data after detection and
quantification of phospho-p38 MAPK and total p38 MAPK in samples of HNA-3a homozygous (HNA-3a/a)
neutrophils treated for varying time frames either with HNA-3a antibody-containing plasma P1 or control plasma
pool. Datasets used were from three independent experiments. Ratios of normalized phospho-p38 values from
HNA-3a plasma- and control plasma-treated neutrophils were calculated in a time point dependent manner
(HNA-3a plasma/control plasma). Same operations were performed for data of commercially purchased
phospho-p38 control extracts (Co). P value dimension coding: * = p < 0.05.

Although data from the 5 minutes treatment similarly revealed an insignificant and minor
HNA-3a plasma-dependent increase in phospho-p38, a positive trend was observed (av. ratio
P1 / C: 1.31, p = 0.0752) (Figure 33).

5.2.4.3 Impact of HNA-3a antibodies on ERK1/2 phosphorylation
Similar to JNK and p38 assessment, the three independently generated sample sets were
subjected to Western blotting and stained for dually phosphorylated ERK1/2 (T202/Y204 and
T185/Y187, respectively). In these experiments, neutrophils that were either left untreated
after “resting” or which were treated for 5 min with 10 µmol/l fMLP served as negative and
positive controls, respectively.
Western blot analysis of neutrophils from one HNA-3a/a volunteer revealed no ERK1/2
phosphorylation when cells were harvested directly after the resting incubation (Figure 34,
upper & lower panel, lane 1). In contrast, signals of dually phosphorylated ERK1/2
migrating at MWs of 44 and 42 kDa, respectively, were detected after fMLP stimulation
(Figure 34, upper & lower panel, lane 2). Treatment of neutrophils for up to 15 min
with either plasma type did not lead to detection of phospho-ERK1/2 signals.
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Figure 34: Impact of HNA-3a antibodies on the phosphorylation of ERK1/2 in HNA-3a homozygous
neutrophils. HNA-3a homozygous (HNA-3a/a) neutrophils were isolated, subjected to resting and treated for
different time points in the MTPA using HNA-3a plasma P1 (P1) and control plasma pool (C). Neutrophils
harvested directly after resting served as negative controls (Rest) and cells treated with 10 µmol/l fMLP served as
positive controls (fMLP). Membranes were incubated with primary antibodies directed against dually
phosphorylated ERK1/2 (T202/Y204 & T180/Y182, respectively), total ERK1/2 and GAPDH as a loading control.
One respective blot of three independent experiments is shown. Upper panel) Signals of dually phosphorylated
ERK1 and ERK2 as well as total GAPDH. Middle panel) Signals of total ERK1/2. Lower panel) Overlay image of
upper and middle panel (both fluorescence channels) depicting phospho-ERK1/2 and GAPDH in green and total
ERK1/2 in red. The table below the images shows the samples separated in according lanes. Signal positions of
respective proteins are indicated by black arrows at the right side of each image. All images were obtained from
the same membrane.

However, phosphorylated ERK1/2 was identified after treating neutrophils for 30 or
45 min with plasma P1 while respective signals were not identified for corresponding control
plasma-treated cells (Figure 34, upper & lower panel, lanes 3-12). Of note, the band of
phospho-ERK2 was relatively strong in comparison to the signal of phospho-ERK1 (Figure
34, upper & lower panel, lanes 9 + 11). Analysis of total ERK1/2 revealed presence of
ERK1/2 with comparable abundances in every sample. Band intensities of ERK1 (44 kDa)
were lower than those of ERK2 (42 kDa) and lanes contained an additional band at
approximately 32-33 kDa (Figure 34, middle & lower panel). No further bands were
detected below this MW. Finally, GAPDH was identified at 37 kDa and bands possessed
comparable abundances in all samples (Figure 34, upper & lower panel). A 35 kDa band
appeared furthermore in each lane but additional bands migrating at smaller MWs were not
detected.
The previously described analysis was identically performed with HNA-3b/b neutrophils
to investigate whether the abovementioned results were epitope-specific. The pattern of
phospho-ERK1/2 of control samples resembled that of the previous experiment (Figure 35,
upper & lower panel, lane 1-2). However, neither plasma caused phosphorylation of
ERK1/2 at any harvesting time point (Figure 35, upper & lower panel, lanes 3-12).
Analyses of total ERK1/2 and GAPDH exactly resembled the results that were already
observed in the previous approach (Figure 35, middle & lower panel).
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Figure 35: Impact of HNA-3a antibodies on the phosphorylation of ERK1/2 in HNA-3b homozygous
neutrophils. HNA-3b homozygous (HNA-3b/b) neutrophils were isolated, subjected to resting and treated for
different time points in the MTPA using HNA-3a plasma P1 (P1) and control plasma pool (C). Neutrophils
harvested directly after resting served as negative controls (Rest) and cells treated with 10 µmol/l fMLP served as
positive controls (fMLP). Western blotting was performed as described (Figure 34) Upper panel) Signals of
dually phosphorylated ERK1 and ERK2 as well as total GAPDH. Middle panel) Signals of total ERK1/2. Lower
panel) Overlay image of upper and middle panel (both fluorescence channels) depicting phospho-ERK1/2 and
GAPDH in green and total ERK1/2 in red. The table below the images shows the samples separated in according
lanes. Signal positions of respective proteins are indicated by black arrows at the right side of each image. All
images were obtained from the same membrane.

A final analysis was performed to investigate whether ERK1/2 phosphorylation was
consistently inducible by HNA-3a plasma treatment in neutrophils of different HNA-3a/a
volunteers. Hence, further experiments using HNA-3a/a neutrophils of two additional donors
were performed and results of ERK1/2 phosphorylation from all three approaches were
compared.
Similar to the initial experiment, signals of phosphorylated ERK1/2 were detected
when neutrophils were treated for 30 and 45 min with HNA-3a plasma and were absent in
samples from corresponding control plasma-treated cells. The HNA-3a plasma-induced
phosphorylation of ERK2 appeared again with higher intensities than that of ERK1. However,
results obtained from disparate donors differed since phospho-ERK1/2 band intensities
appeared more intense in the first experiment and were weaker in analyses of samples of
the two additional donors (Figure 36, lanes 9-12).
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Figure 36: Optical evaluation of HNA-3a plasma-induced ERK1/2 phosphorylation in HNA-3a
homozygous neutrophils. Western blot images of neutrophil samples from three different HNA-3a homozygous
(HNA-3a/a) donors. Cells were treated in the MTPA with either HNA-3a antibody–containing plasma P1 or the
control plasma pool (C). Neutrophils harvested directly after resting served as negative controls (Rest) and cells
treated with 10 µmol/l fMLP served as positive controls (fMLP). Membranes were stained with primary antibodies
directed against either dually phosphorylated ERK1/2 (T202/Y204 & T185/Y187, respectively) or total GAPDH.
The table below the images depicts the samples separated in according lanes. Signal positions of respective
proteins are indicated by black arrows at the right side of each image. Images were obtained from three different
membranes.

In summary, the results of MAP kinase assessment revealed no evidence for
phosphorylation and therefore activation of JNK1/2, p38 and ERK1/2 immediately (5-10 min)
after stimulation. However, signals indicating HNA-3a antibody-dependent ERK2
phosphorylation were detected 30 min after treatment. These findings corroborate flow
cytometry results (CD11b, CD66b, CD88) by similarly proving that induction of a classical
neutrophil activation mechanism during HNA-3a antibody treatment is unlikely. However, the
results strongly suggested a subthreshold activation response secondary to neutrophil
aggregation.
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5.2.5 Influence of priming on HNA-3a antibody-induced

neutrophil responses
– This section describes results published in Berthold & Muschter et al. 2015 [376] –
Previous results indicated HNA-3a antibody-mediated neutrophil aggregation already at
15-30 min of treatment but suggested the simultaneous induction of classical neutrophil
activation mechanisms to be improbable. However, the threshold model of TRALI proposes
that neutrophil priming by coinciding proinflammatory stimulants supports TRALI induction in
patients [24]. Hence, it was investigated whether neutrophil activation by HNA-3a antibodies
was dependent on previous priming and whether such pre-stimulation would promote
neutrophil aggregation.

5.2.5.1 Influence of priming on the HNA-3a antibody-mediated increase in CD11b
surface levels on neutrophils
In order to assess the influence of priming on the HNA-3a antibody-mediated
neutrophil activation, the degranulation response was investigated by flow cytometric
measurement of membrane-incorporated CD11b (Figure 5, orange-hatched workflow).
HNA-3a/a neutrophils were isolated from whole blood samples of four disparate donors
(n = 4). Priming and treatment of neutrophils were performed as described in section “4”
and statistical analysis was conducted by comparing GMFI differences (HNA-3a plasma vs.
control plasma) of different priming groups by pairwise two-sided one sample t tests.
Additionally, a two-way ANOVA was performed as described [376].
CD11b surface levels were consistently higher on HNA-3a plasma-treated neutrophils
than on control plasma-treated cells when compared within each fMLP priming group
(unprimed – 10 µmol/l fMLP). The baseline CD11b surface levels of control plasma-treated
cells of each priming group increased with elevating fMLP concentration. However, none of
the chosen fMLP concentrations increased the HNA-3a effect compared to the data recorded
with unprimed neutrophils (p > 0.271 in pairwise two-sided one sample t tests comparing
absolute GMFI differences of unprimed, differentially plasma-treated neutrophils with primed,
differentially plasma-treated neutrophils of eight incubations). A similar result was obtained
in an ANOVA of fMLP-primed vs. unprimed neutrophils (p value of 0.548) (Figure 37A).
Similar results were observed when LPS-primed neutrophils were analyzed. Again,
CD11b surface levels were slightly increased when comparing HNA-3a plasma-treated
neutrophils with control plasma-treated cells for both, non-primed and LPS-primed groups.
In analogy to fMLP, baseline CD11b surface levels increased with increasing LPS
concentration. However, analysis of average CD11b GMFI differences (HNA-3a plasma vs.
control plasma) revealed that neither the LPS priming groups nor the unprimed pair
displayed statistically significant differences in CD11b surface levels (pairwise two-sided one
sample t tests calculated p values > 0.126 for six comparisons and ANOVA resulted in a
p value of 0.713) (Figure 37B).
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Figure 37: Impact of fMLP- and LPS priming on the HNA-3a plasma-induced increase in CD11b
surface levels. HNA-3a homozygous neutrophils of four different volunteers were isolated and pre-incubated for
10 min using different concentrations of fMLP and LPS (priming groups: fMLP: unprimed, 0.5 nmol/l-10 µmol/l in
1× PBS w/o, final concentration; LPS: unprimed, 0.02 ng/ml-2 µg/ml in PBS/2% FCS, final concentration). Cells
were subsequently incubated with HNA-3a plasma P1 (anti-HNA-3a plasma P1) or the control plasma pool
(control plasma) and CD11b surface levels were measured flow cytometrically. Priming did not cooperatively
enhance the HNA-3a plasma-mediated increase in CD11b surface expression on neutrophils.
- This figure was modified from Berthold & Muschter et al. 2015 [376]. -

Modifications: 1. Legends for each plasma type were inserted.

5.2.5.2 Influence
aggregation
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priming

on

HNA-3a

antibody-mediated

neutrophil

The tendency of differentially primed neutrophils to form aggregates in response to HNA-3a
antibodies was assessed using the Terasaki plate assay (TPA, classical GAT configuration)
(Figure 5, green-hatched workflow). HNA-3a/a neutrophils were primed and treated as
described in section “4”. Experiments were performed with neutrophils of eight and three
disparate donors when HNA-3a plasma P1 and HNA-3a plasma P2 were applied, respectively.
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Statistical analysis was performed by logarithmic transformation of the highest, still reactive
dilution factor and subsequent application of a two-sided one-sample t test [376].
Neutrophils formed stable aggregates with lower amounts of HNA-3a antibodies when
primed with fMLP previous to treatment. In detail, the highest reactive dilution factor of
HNA-3a plasma P1 and P2 was increased after fMLP priming and the increment accounted
for one to two serial dilution steps. Dilution factors for HNA-3a plasma P1 were 32-128 when
applied to unprimed cells and increased significantly to 256-512 when incubated with primed
cells (n = 8, p < 0.001). The highest reactive dilution factors of HNA-3a plasma P2 were
comparatively low but increased likewise from undiluted-4 with unprimed neutrophils to 4-16
when exposed to fMLP-primed cells (n = 3). The p value of the latter experiments could not
be calculated due to a variance of 0 (Figure 38A).

Figure 38: Impact of priming on the aggregation tendency of primed neutrophils exposed to
HNA-3a antibodies. HNA-3a homozygous neutrophils were primed directly after isolation for 10 min with
indicated concentrations of fMLP (A) or LPS (B) and were subjected subsequently to the TPA (classical GAT).
Treatment was performed with control plasma or serially diluted HNA-3a plasmas P1 (eight donors) and P2 (three
donors). The highest reactive dilution factors for respective conditions were read out microscopically. The tables
show the values measured in all experiments. Results of duplicate tests of individual conditions were consistent
over all experiments. Shades of gray indicate the highest reactive dilution factors with respect to the according
baseline: light gray: highest reactive dilution factor at baseline; mid gray: first elevation; dark gray: second
elevation. nd = not determined, UD = undiluted.
- This figure was modified from Berthold & Muschter et al. 2015 [376]. -
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Similar results were obtained after LPS priming as the highest reactive dilution factors of
HNA-3a plasma P1 increased significantly from 32-128 when applied to unprimed cells to
128-512 in conjunction with primed neutrophils (n = 8, p < 0.001). The reactivity of HNA-3a
plasma P2 increased insignificantly but a positive trend was observed. Here, the highest
reactive dilution factors were undiluted-4 with unprimed neutrophils and 4-8 when
neutrophils were primed with LPS (n = 3, p = 0.057) (Figure 38B).
The priming agent concentrations that caused the shifts in HNA-3a plasma reactivity
varied in dependency of the respective donor but were determined to range between 5 and
500 nmol/l for fMLP and between 0.2 and 200 ng/ml for LPS. Addition of FCS in LPS priming
experiments (PBS/2% FCS) did not provide an additional priming influence, since neutrophils
from the same donor showed similar reactions when resuspended in PBS or PBS/2% FCS
(Figure 38, columns “unprimed”). Results were furthermore proven reproducible since
reported reactivity shifts occurred in both wells of respective batches (duplicate testing). This
was moreover corroborated by the fact that the increased reactivity of HNA-3a plasmas
remained stable or was enhanced for a second time when agonist concentrations were
increased further (Figure 38).
Figure 39 shows microscopic images from one representative experiment. Optical
evaluation indicated the described priming-induced reactivity shift and revealed furthermore
the enhanced aggregation strength of primed neutrophils compared to unprimed cells when
the same HNA-3a plasma dilution was applied (Figure 39, e.g. HNA-3a plasma 1,
dilution factor of 64).

Figure 39: Microscopic evaluation of the impact of priming on the HNA-3a antibody-induced
neutrophil aggregation. The figure shows representative microscopic images of one experiment (donor 2)
investigating the aggregation behavior of unprimed and primed neutrophils when exposed to HNA-3a plasmas P1
and P2. HNA-3a homozygous neutrophils were primed directly after isolation for 10 min with different
concentrations of fMLP (1 µmol/l shown) or LPS (200 ng/ml shown) and were subjected subsequently to the TPA
(classical GAT). Treatment was performed with control plasma or serially diluted HNA-3a plasmas P1 (left panel)
and P2 (right panel). Figure 38 shows the complete dataset.
- This figure was modified from Berthold & Muschter et al. 2015 [376]. -
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Finally, priming-induced augmentation of neutrophil aggregation was not caused by
overlay of two aggregation events provoked by HNA-3a antibodies and the priming agents.
This was indicated since fMLP- and LPS-primed neutrophils did not aggregate when
incubated in control plasma (Figure 40). Hence, results indicated priming to directly
promote the molecular mechanism of HNA-3a antibody-induced neutrophil aggregation.
In summary, priming of neutrophils using fMLP or LPS did not facilitate the induction
of neutrophil-mediated cytotoxicity by HNA-3a antibodies but enhanced the aggregation
tendency of neutrophils in response to HNA-3a antibodies. Hence, neutrophil aggregation
was suggested to be the main pathomechanism in HNA-3a antibody-mediated TRALI.

Figure 40: Aggregation behavior of differentially primed neutrophils in absence or presence of
HNA-3a antibodies. The figure shows representative microscopic images of one experiment investigating the
aggregation behavior of unprimed and primed neutrophils when exposed to control plasma or HNA-3a plasmas.
HNA-3a homozygous neutrophils were primed directly after isolation for 10 min with different concentrations of
fMLP (10 µmol/l shown) or LPS (2 µg/ml shown) and were subjected subsequently to the TPA (classical GAT).
Treatment was performed with control plasma (C) or serially diluted HNA-3a plasmas (one reactive dilution of P1
shown). Priming itself did not induce neutrophil aggregation.
- This figure was modified from Berthold & Muschter et al. 2015 [376]. -

5.2.6 Influence of priming on HNA-3a antibody binding to
neutrophils
The experiments described in the previous section revealed the enhanced reactivity of
primed neutrophils to HNA-3a antibodies in comparison to unprimed cells. This increase in
responsiveness was potentially caused by an improved epitope availability on the neutrophil
surface, leading to enhanced binding of HNA-3a antibodies. Hence, it was subsequently
investigated whether neutrophil priming would lead to enhanced recruitment of HNA-3a
antibodies to the cell surface.
HNA-3a/a neutrophils were primed, treated and stained as described in section “4”
(Figure 5, orange-hatched workflow). Experiments were performed with neutrophils
from four disparate donors and conditions were tested in duplicate. GMFI values of control
plasma-stained cells (isotype) were subtracted pairwise from those of HNA-3a plasmastained (CTL2) neutrophils. Normalized values of unprimed controls were set to 100% and
percentages of primed cells were calculated in reference to this baseline. Statistical analysis
was performed by subjecting isotype-normalized values of HNA-3a staining to a two-sided
one sample t test [376].
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Analyses revealed a slight increase in HNA-3a antibody binding to neutrophils primed
with 10 µmol/l fMLP in comparison to unprimed cells since GMFI values increased on average
by 19 ± 9%, which was, however, not significant (n = 4, p = 0.09). In contrast, priming with
2 µg/ml LPS led to a smaller elevation in HNA-3a antibody binding but this difference was
calculated to be significant (n = 4, +13 ± 3%, p = 0.02) (Figure 41).

Figure 41: Impact of priming on HNA-3a antibody binding to neutrophils. HNA-3a homozygous
(HNA-3a/a) neutrophils of four different donors (n = 4) were incubated directly after isolation for 10 min with
10 µmol/l fMLP (fMLP), 2 µg/ml LPS (LPS) or with respective resuspension buffers (unprimed). After incubation
for 30 min with the control plasma pool, CTL2 on neutrophils was stained for flow cytometry using HNA-3a
plasma P1 as primary antibody. GMFI values of control plasma-stained cells were subtracted from values of
corresponding HNA-3a plasma-stained cells. Relative comparison was performed by setting average GMFIs of
unprimed neutrophils to 100% and by subsequently calculating according percentages for fMLP- or LPS-primed
cells. The dashed line indicates mean baseline values of antibody binding to HNA-3a/a neutrophil surface proteins
measured with unprimed cells. P value dimension coding: * = p < 0.05.

- This figure was identically published in Berthold & Muschter et al. 2015 [376]. -
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5.3

IMPACT OF HNA-3A ANTIBODIES ON HUMAN
NEUTROPHILS – GLOBAL PHOSPHOPROTEOME
ANALYSES

5.3.1 Gel-free phosphoproteome analysis of HNA-3a
antibody-treated neutrophils – Initial screening and
workflow evaluation
Results from preceding single parameter analyses suggested the neutrophil aggregation as
the main pathologic response upon exposure to HNA-3a antibodies. However, underlying
signaling pathways have not been described so far and were consequently investigated on a
global scale using the optimized workflows for gel-based and gel-free phosphoproteomic
analyses. The experimental design for approaches of this section is given in Figure 42.

Figure 42: Phosphoproteome screening approach. Schematic depiction of the experimental setup used for
global phosphoproteomic screening. Neutrophils were isolated from one HNA-3a homozygous (HNA-3a/a) and
from one HNA-3b homozygous (HNA-3b/b) donor, subjected to resting for 60 min in PBS and treated for a
maximum period of 60 min in the MTPA with one of three different HNA-3a plasmas or the control plasma pool.
Neutrophils were harvested at the indicated time points: 5 min, 15 min, 30 min, 45 min, 60 min. Neutrophils
harvested directly after resting served as negative controls (-) and positive controls were generated by incubating
neutrophils for 5 min with 10 µmol/l fMLP after resting in the MTPA (+). Three independent experiments were
performed and neutrophils were each from the same individuals. HNA-3a plasmas used were: plasma P1, plasma
P5, plasma P7. The control plasma pool (C) was applied in every of the three experiments for data pairing. Each
sample consisted of 6 × 106 neutrophils (three wells) and yielded each 300-450 µg of protein. Time lines do not
reflect temporal relations due to the contextual focus of the figure.
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Since previous approaches proved HNA-3a plasma P1 to consistently trigger similar
responses in HNA-3a/a neutrophils from disparate donors, neutrophils were only isolated from
one HNA-3a/a donor for the following approaches. Three independent experiments were
performed using each a different HNA-3a plasma as this allowed for an efficient detection of
HNA-3a antibody-specific effects. Result filtering was furthermore increased in stringency
since findings from HNA-3a/a neutrophils were cross-validated with those from HNA-3b/b
neutrophils. Both neutrophil types were treated after “resting” using the MTPA and cells were
harvested after 5, 15, 30, 45 and 60 min of incubation. HNA-3a plasmas were: plasma P1,
plasma P5, plasma P7. The control plasma pool was applied in all approaches for pairwise
comparison.
Initial experiments aimed at the discovery of promising sampling time points for
gel-free phosphoproteome analysis by detection of major changes in tyrosine
phosphorylation during HNA-3a plasma treatment. The impact of HNA-3a antibodies on the
tyrosine phosphorylation pattern of HNA-3a/a- and HNA-3b/b neutrophils was assessed by
performing the abovementioned screening experiments in conjunction with the gel-based
phosphoproteomic workflow and by usage of a phosphotyrosine-specific primary antibody
(Figure 5, blue workflow). Simultaneously, neutrophil aggregation was evaluated by
microscopic read-out (Figure 5, purple workflow).
Aggregation was observed with each of the three HNA-3a plasmas (P1, P5, P7) when
applied to HNA-3a/a neutrophils while cells showed a negative read-out after incubation with
the control plasma pool (Figure 43, left panels). In contrast, none of the plasmas used
caused aggregation of HNA-3b/b neutrophils (Figure 43, right panels).
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Figure 43: Microscopic evaluation of aggregation responses in phosphoproteome screening
experiments. Representative microscopic images of HNA-3a homozygous (HNA-3a/a) and HNA-3b homozygous
(HNA-3b/b) neutrophils (from one donor, respectively) treated with different plasmas for 120 min in the MTPA.
Images were taken at the beginning (0 min) and at the end of the treatment (120 min). Incubations were
performed either with the control plasma pool (C) or with HNA-3a antibody-containing plasmas: plasma P1 (P1),
plasma P5 (P5) and plasma P7 (P7).

Global analysis of the tyrosine phosphorylation revealed signal patterns with multiple
bands due to the staining of several proteins possessing the modification. Treatment of
HNA-3a/a neutrophils with HNA-3a plasma P5 did not induce major changes in the band
pattern compared to control plasma-treated cells (Figure 44, upper panel). Instead, the
total phosphotyrosine signal was changed in dependence of plasma P5 at 30-60 min of
treatment and a similar effect was observed for control plasma-treated cells at 5 min of
incubation (Figure 44, upper panel). However, none of these observations were
resembled by treating HNA-3a/a cells with HNA-3a plasmas p1 or p7 (not shown) or they
occurred also in HNA-3b/b neutrophils as observed after treatment for 30-60 min with plasma
P5 (Figure 44, lower panel, lanes 7-12). Activation controls (untreated vs. fMLP-treated
neutrophils) demonstrated the validity of the experiments since a band of approximately
40-42 kDa appeared on the membranes after fMLP-treatment while it was absent in
corresponding negative controls (Figure 44, lanes 1-2). This result was consistently found
in all activation controls and was independent of the HNA-3 epitope.
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Figure 44: Tyrosine phosphorylation in neutrophils in dependence of HNA-3a antibody exposure and
HNA-3 epitope expression. The figure shows representative Western blot membranes loaded with samples of
HNA-3a homozygous (HNA-3a/a, upper panel) and HNA-3b homozygous (HNA-3b/b, lower panel) neutrophils
treated with HNA-3a plasma P5 or the control plasma pool (C) for 60 min in the MTPA. Neutrophils harvested
after resting or treated with 10 µmol/l fMLP after resting served as negative [(-) Co] and positive control [(+)
Co], respectively. Membranes were probed with a monoclonal primary antibody directed against phospho-tyrosine
residues on proteins (clone: P-Tyr-1000). Validity of the experiments was indicated by a particular band at
40-42 kDa (black arrow) that was consistently present in samples of fMLP-treated neutrophils (+) while being
absent in resting cells (-). Three independent experiments were performed with three different HNA-3a plasmas
(P1, P5, P7). The table below the images depicts the samples which were separated in according lanes.

In summary, HNA-3a plasma treatment did not result in clear and reproducible
changes of phosphotyrosine band pattern compositions or overall lane intensities in samples
of HNA-3a/a neutrophils. The identification of treatment time frames at which neutrophil
proteins exhibit prominent alterations in their phosphorylation pattern due to HNA-3a plasma
exposure was therefore not achieved. Consequently, incubation time points for sampling in
global phosphoproteomic analyses were chosen deliberately. Respective samples were
intended to evenly cover the potential phase of aggregation induction and therefore the first
30 min of incubation. Furthermore, these gel-free screening approaches should identify
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definitive and potential HNA-3a antibody-induced changes in the protein phosphorylation
pattern of neutrophils and required less restrictive analysis settings for result filtering. In
detail, protein extracts from the initial experimental series were used and originated from
HNA-3a/a and HNA-3b/b neutrophils treated for 5, 15 and 30 min with HNA-3a plasma P1,
HNA-3a plasma P5, HNA-3a plasma P7 or respectively with the control plasma pool (Figure
42). Per sample, 200 µg of protein were prepared as described for gel-free, global
phosphoproteome analyses (Figure 5, red workflow). The resulting raw data were
processed using GeneData as described in section “4.21.1”. The “2 Groups Paired” option
(two-sided paired t test) was chosen for Phospho-Shift analysis to ensure data pairing.
Phospho-Shift analysis criteria and settings for result filtering were less stringent as data
testing was conducted with a “minimum valid pairs” parameter of only 60% (minimum 2 of 3
possible data pairs). Furthermore, results were regarded valid when p values were < 0.05
regardless of the fold change. Results of HNA-3a/a neutrophils were finally cross-validated
with results of HNA-3b/b neutrophils to exclude HNA-3a antibody-unspecific effects (Figure
45).

Figure 45: Analysis characteristics for phosphoproteomic screening approaches. Flow chart depicting
analysis parameters used for global gel-free phosphoproteome screenings. Samples harvested at 5 min, 15 min
and 30 min in initial experiments for screening approaches were used (Figure 42). Resulting phosphoproteome
data were analyzed for discovery of definitive and potential HNA-3a antibody-induced alterations in
phosphorylation pattern abundance by performing the Phospho-Shift analysis and the On/Off-Regulation analysis.
Phospho-Shift analyses were performed with the shown less stringent parameters.

Datasets of different sample groups (categorized by donor type and incubation time)
consisted on average of 473-750 different phosphopeptide species (six values per group)
when neglecting phosphorylation site probability (unfiltered) (Table 9). Hence, average
identification numbers differed by 37% comparing both extremes. Numbers were
successively reduced by filtering for entries with a site probability ≥ 75% (average: 386-611)
and data condensing for phosphorylation pattern generation (average: 352-546) (Figure
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10). Similarly, total identification numbers ranged from 1186 to 1752 per sample group
when unique phosphopeptides were counted in unfiltered datasets and indicated thereby a
difference of 32%. Filtering for entries with a site probability of at least 75% reduced counts
to 994-1472 and 895-1302 phosphorylations patterns were obtained after data condensing.
Of those, 161-239 were quantifiable during Phospho-Shift analysis with respective sample
groups (Table 9). Hence, quantifiable phosphorylation patterns accounted for 17.2 ±0.5%
of the respective total number of identified phosphorylation patterns. A list containing all
identified phosphorylation patterns from this analysis is provided in Appendix 4.
Table 9: Identification and quantification numbers of phosphopeptides and phosphorylation
patterns from different analysis groups. Average (ø) and total (#) identification and quantification numbers
of different phosphopeptide species (Unfiltered; Site Probability ≥ 75%) and phosphorylation patterns (resulting
from data condensation). Total numbers indicate numbers of unique entries. Values in each column were
calculated from the six related datasets.

Results suggested presence of technical factors that might reduce result quality by
decreasing numbers of quantifiable phosphorylation patterns for Phospho-Shift analysis
(Table 9). The first factor appeared to be related to mass spectrometric measurement and
caused differences in identification numbers, predominantly between sample groups of
different time points. The second factor was suggested to be sample-specific and to cause
the small proportion of quantifiable phosphorylation patterns. Hence, its origin was
investigated.
Regarding the sample-specific variance factor, results from GeneData’s “Coverage”
overview were analyzed for samples of each harvesting time point (12 datasets per time
point). Analysis of the phosphorylation pattern coverage showed that an average of 449
phosphorylation patterns per sample (5 min: 435 ± 46; 15 min: 518 ± 20; 30 min:
393 ± 32) overlapped with an average total number of 1546 unique phosphorylation
patterns (5 min: 1536; 15 min: 1725; 30 min: 1377). This accounted for phosphorylation
pattern overlap percentages of averagely 28.95% (5 min: 25.31 ± 2.96%; 15 min:
30.00 ± 1.18%; 30 min: 28.53 ± 2.34%) (Table 10).
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Table 10: Percent and absolute overlaps of identified phosphorylation patterns in individual
datasets related to total phosphorylation pattern identification numbers. Calculations were performed
with 12 datasets per time point. Absolute values are given as mean ± SEM.

Similar results were obtained when overlap values were calculated exemplarily from
datasets of biologically identical samples. Datasets were from HNA-3a/a or HNA-3b/b
neutrophils treated in three independent experiments for 15 min with control plasma.
Phosphorylation patterns identified in all three samples of HNA-3a/a neutrophils accounted for
24% (240 phosphorylation patterns). An average overlap percentage of 7.67% (average: 77
phosphorylation patterns) was calculated for phosphorylation patterns that overlapped with
two HNA-3a/a samples. An average of 17.67% of phosphorylation patterns (average: 176
phosphorylation patterns) was identified specifically in single samples (Figure 46, left
Venn-diagram). Results were similar when identified phosphorylation patterns of HNA-3b/b
samples were compared. The percentage of identified phosphorylation patterns overlapping
with all three samples accounted for 21% (170 phosphorylation patterns). The overlap
percentage of phosphorylation patterns in two respective samples accounted for 8.67% on
average (average: 69 phosphorylation patterns) and 18% of all identified phosphorylation
patterns (average: 143 phosphorylation patterns) were averagely present in only one of
three samples (Figure 46, right Venn-diagram). Altogether, the sample-specific variance
was considered rather high and was potentially introduced by the PolyMAC-Ti-based
phosphopeptide enrichment.
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Figure 46: Overlap values of identified phosphorylation patterns in samples of identically treated
HNA-3a homozygous and HNA-3b homozygous neutrophils. Datasets of HNA-3a homozygous (HNA-3a/a)
or HNA-3b homozygous (HNA-3b/b) neutrophils that were identically treated in three independent experiments
[control plasma pool (Co), 15 min] were compared regarding overlapping of identified phosphorylation patterns.
The left and right Venn-diagram shows overlaps of datasets from HNA-3a/a neutrophils and HNA-3b/b neutrophils,
respectively. Percentages were calculated in relation to the total number of phosphorylation patterns identified
over all three datasets and are indicated by bold numbers in circle partitions of according samples. Values in
brackets indicate absolute numbers of identified phosphorylation patterns.

Although limitations of phosphoproteome data were revealed in previous
assessments, comparative phosphoproteomic analyses were performed subsequently as
initial experiments were designed as screening approaches. Investigations were conducted
as described in section “4.21” (Phospho-Shift, On/Off-Regulation) and as indicated in
Figure 45. Each sample group consisted of six related but independent datasets.
Regulation data of Phospho-Shift analyses revealed primarily elevated
phosphorylation pattern abundances after treating both neutrophil types for 5 min with
HNA-3a plasmas (changes in HNA-3a/a: 5 positive, 1 negative; changes in HNA-3b/b:
4 positive, 2 negative) (Table 11). In contrast, results were opposing in datasets from
neutrophils treated for 15 min. Data of HNA-3a/a neutrophils predominantly indicated negative
changes in phosphorylation pattern abundance (2 positive, 9 negative) while results of
HNA-3b/b neutrophils showed more phosphorylation patterns with elevated abundance (6
positive, 0 negative). Analysis of HNA-3a/a neutrophils treated for 30 min indicated
phosphorylation pattern abundance changes that accounted almost equally for positive and
negative effects (4 positive, 3 negative). Results from HNA-3b/b cells were contrasting by
indicating solely protein dephosporylation (0 positive, 6 negative). Total numbers of
significantly changed phosphorylation patterns were comparable between both neutrophil
types regarding datasets of the 5 minutes and the 30 minutes treatment (HNA-3a/a vs. HNA3b/b: 5 min: 6 vs. 6, 30 min: 7 vs. 6). Treatment for 15 min led to the detection of more
significantly changed phosphorylation patterns in samples of HNA-3a/a cells compared to
samples of HNA-3b/b cells (HNA-3a/a vs. HNA-3b/b: 11 vs. 6) (Table 11).

109

Stefan Muschter

RESULTS

Impact of HNA-3a Antibodies on Human Neutrophils – Global Phosphoproteome Analyses

Table 11: Numbers of phosphorylation patterns with significantly changed abundances in screening
approaches of HNA-3a plasma-treated HNA-3a homozygous (HNA-3a/a) and HNA-3b homozygous
(HNA-3b/b) neutrophils.

On/Off-Regulation analyses indicated induction of 7 phosphorylation patterns and
lacking dephosphorylations in HNA-3a/a neutrophils after 5 min of HNA-3a plasma treatement
(Table 11). After incubation for 15 min, 16 phosphorylation patterns were identified only in
HNA-3a/a cells while 3 phosphorylation patterns were identified only in the three control
groups (HNA-3a antibody-specific dephosphorylation in HNA-3a/a cells). HNA-3a plasma
treatment for 30 min led to the identification of 8 HNA-3a/a-specific phosphorylation patterns.
Finally, 1 phosphorylation pattern was specifically detected only in control groups (Table
11).
After cross-validating Phospho-Shift data from HNA-3a/a neutrophils with those of
HNA-3b/b cells and summarizing HNA-3a/a-specific candidate phosphorylation patterns, 12
phosphorylation patterns showed a positive change in abundance while 1 phosphorylation
pattern was negatively changed after 5 min of HNA-3a plasma treatment (Table 11).
According HNA-3a/a-specific analyses resulted in 18 positively and 12 negatively changed
phosphorylation patterns after 15 min of HNA-3a plasma treatment while 12 positive and 4
negative alterations were detected after 30 min (Table 11).
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All 59 candidate phosphorylation patterns obtained from the described screening
approaches are listed in Table 12. Phosphorylation pattern abundances of a major fraction
of proteins were changed with a fold change < 2 in positive and negative direction as
determined by Phospho-Shift analyses (20/24 phosphorylation patterns) (Table 12).
Table 12: Proteins with significantly altered phosphorylation pattern abundance detected in
phosphoproteomic screening approaches of HNA-3a antibody-treated HNA-3a homozygous
neutrophils. Phosphorylation sites that were not listed in the PhosphoSitePlus database
(http://www.phosphosite.org) at the time of analysis were marked with an asterisk.

Accordingly, a small fraction of 4 proteins possessed phosphorylation pattern fold
changes > 2 with the largest being 4.81 (S269 of Drebrin-like protein; 30 min). Most of the
Phospho-Shift analysis-derived candidate phosphorylation patterns were furthermore
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identified with p values ranging between 0.01 and 0.05 (19/24 phosphorylation patterns)
while 5 candidate phosphorylation patterns were altered with p values < 0.01 (Table 12).
On/Off-Regulation analyses identified 32 of 35 candidate phosphorylation patterns
with p values ranging between 0.01 and 0.05 and 3 candidate phosphorylation patterns with
p values < 0.01 (Table 12).
Candidate phosphorylation patterns were compared to the PhosphoSitePlus database
(http://www.phosphosite.org). Of 78 identified phosphorylation sites (referring to one
phosphorylated amino acid), 7 sites were described to possess specific functions in protein
activity regulation. Hence, a specific effect could not be deduced for 71 candidate
phosphorylation sites. Furthermore, 73 candidate phosphorylation sites were also found in
the PhosphoSitePlus database while 5 phosphorylation sites were not listed (Table 12).
In a final analysis step, accession numbers of candidate pattern-related proteins were
analyzed per time point by Ingenuity Pathway Analysis (IPA) to evaluate which pathways
were potentially affected by the treatment with the three HNA-3a plasmas. Analyses were
performed separately for each harvesting time point and did not include fold changes or
change directions as protein activity could not be concluded from most of the altered
phosphorylation patterns (Table 12).
IPA-based core analysis revealed several enriched pathways for each treatment time
point (Figure 47). Investigation of samples from 5 min and 30 min of HNA-3a antibody
treatment led to the identification of more than 10 pathways possessing a negative
log(p value) passing the IPA-calculated threshold value. In contrast, analysis of samples from
15 min of treatment resulted in the assignment of 4 pathways.
The most highly affected pathways after 5 min of HNA-3a plasma treatment were
involving small GTPases of the Rho family (Signaling by Rho family GTPases, Rac Signaling,
RhoGDI signaling). Other identified pathways were the phagosome maturation pathway or
were belonging to the glucose metabolism spectrum (glycolysis I, gluconeogenesis I,
Rapoport-Luebering glycolytic shunt) (Figure 47, upper panel).
Pathways identified after treating HNA-3a/a neutrophils for 30 min with HNA-3a
plasmas were in part similar to those of 5 minutes samples as three of them were related to
Rho family GTPases. The respective pathways were: Cdc42 signaling, Actin cytoskeleton
signaling and Signaling by Rho family GTPases. However, one additional pathway was
related to ERK signaling (ERK/MAPK signaling) (Figure 47, lower panel).
Three of four pathways identified in HNA-3a/a neutrophils treated for 15 min with
HNA-3a plasmas contrasted those of both other analyses. These were: ATM signaling, PI3
kinase signaling in B lymphocytes, and B cell development. Only leukocyte extravasation
signaling was related to Rho GTPase regulation by assignment of Rho GTPase-activating
protein 9 (Figure 47, middle panel & Table 12).
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Figure 47: Ingenuity pathway analyses of neutrophil proteins with identified abundance changes in
phosphorylation pattern after treatment with HNA-3a antibodies. HNA-3a homozygous and HNA-3b
homozygous neutrophils were treated as part of phosphoproteomic screening approaches for 5, 15 and 30 min
with three different HNA-3a plasmas as described. After phosphorylation pattern analyses (Phospho-Shift, On/OffRegulation), datasets containing accession numbers of proteins with significantly altered phosphorylation pattern
abundances were uploaded per sample group to Ingenuity Pathway Analysis (IPA) and analyzed using the core
analysis function. Top 10 IPA pathways assigned to respective candidate proteins and which passed the sample
specific threshold –log(p value) are depicted. Z-scores given in the legend indicate pathway activation or
repression based on abundance data but did not apply in these analyses. Ratios to the right of the pathway bar
chart indicate the number of candidate proteins that were assigned to the pathway in relation to the total number
of proteins contained in the pathway (Overlap with Dataset).

In summary, the described phosphoproteomic screening approaches led to the detection of
phosphorylation patterns with significant abundance changes in HNA-3a/a neutrophils at
different time points of HNA-3a antibody exposure. IPA analysis of respective protein species
113

Stefan Muschter

RESULTS

Impact of HNA-3a Antibodies on Human Neutrophils – Global Phosphoproteome Analyses

revealed signaling pathways that were potentially influenced by HNA-3a plasma treatment.
However, the preceding data analysis also showed a low overlap of identified
phosphorylation patterns between samples, even when biologically identical (Table 10 &
Figure 46). This circumstance was potentially caused by a high technical variance during
phosphopeptide enrichment and reduced the quantification efficiency by introducing a
considerable lack of data in small-scaled phosphoproteomic analyses.
In order to increase the amount of data for phosphoproteomic studies, it was
investigated which number of replicates was necessary to identify the majority of
phosphopeptides in a specific neutrophil protein extract. Neutrophils sufficient for extraction
of at least 3 mg of protein were treated for 5 min in the MTPA with control plasma and were
prepared in 14 technical replicates containing 200 µg of protein each (Figure 5, red
workflow until “Data Processing”). Data were analyzed by cumulating numbers of
unique phosphopeptides possessing a site probability ≥ 75% sequentially over all datasets.
The total number of 1056 unique phosphopeptides identified in sample 1 was
increased by 419 unique phosphopeptides when adding data of sample 2 (Figure 48). The
dataset was enlarged by 247 and 179 unique phosphopeptides after implementing data of
samples 3 and 4, respectively. A further increase in the cumulative number of more than 100
unique phosphopeptides per sample was yielded up to processing of dataset 7. Finally,
integration of datasets 8 to 14 led to stepwise and consistent increases of about 100 unique
phosphopeptides per sample (Figure 48). These results suggest the usage of at least 4
technical replicates for covering the majority of identifiable phosphorylation patterns.
However, proper statistical analysis requires a minimum of three identifications per
phosphorylation pattern and sample set and thus, the subsequent analysis was performed
using 14 technical replicates per sample.

Figure 48: Cumulation of unique phosphopeptide sequences from 14 technical replicates. Neutrophils
sufficient to generate an extract containing at least 3 mg of protein were treated with control plasma for 5 min in
the MTPA. The sample was processed in 14 technical replicates of 200 µg each as described. The total number of
unique phosphopeptides was cumulated successively. Bars show total numbers of unique phosphopeptides
counted over respective numbers of replicates (x-axis). The black line indicates the number of unique
phosphopeptides that were newly found in the respective replicate (x-axis) and added to the total number of
unique phosphopeptides counted so far (grey bar in the category left of the respective data point).
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5.3.2 In-depth analysis of early neutrophil phosphoproteome
changes induced by HNA-3a antibodies
Investigations of the impact of HNA-3a antibodies on the phosphoproteome of neutrophils
was finally analyzed globally and in-depth using a maximum number of 14 technical
replicates per sample (Figure 5, red workflow). Neutrophils were isolated from the same
HNA-3a/a and the same HNA-3b/b donor as in the previous screening approach (section
“5.3.1”). With regard to the limited amount of cells available from one blood withdrawal
and the necessary measurement time, the approach design shown in Figure 42 was
changed to the configuration shown in Figure 49. Instead of three HNA-3a plasmas, only
the reference plasma P1 was used for comparison. Due to the expectably long measurement
time for 14 technical replicates per condition, preparation of additional biological replicates
was excluded. For the same reason, harvesting time points were reduced from three to one.
Since investigation of early signaling events during neutrophil aggregation in TRALI was the
scope of this approach, neutrophils were harvested and analyzed after 5 min of treatment
with HNA-3a plasma P1 and control plasma (Figure 49).

Figure 49: Experimental design for in-depth phosphoproteomic analyses of HNA-3a antibodyinduced alterations in neutrophils. Schematic depiction of the experimental setup. Neutrophils were isolated
from one HNA-3a homozygous (HNA-3a/a) and from one HNA-3b homozygous (HNA-3b/b) donor, incubated for
60 min in PBS (resting) and treated for 5 min in the MTPA with either HNA-3a plasma P1 (P1) or the control
plasma pool (C). Each sample consisted of 4.8 × 107 neutrophils (24 wells) and yielded each 4-5 mg of protein.
Time lines do not reflect temporal relations due to the contextual focus of the figure.
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Finally, data analysis was performed as described for in-depth phosphoproteomic
analyses in section “4.21.2”. Briefly, Phospho-Shift analyses were conducted using an
unpaired two-sided t test and the threshold of valid values was set to 20% (minimum three
values per sample) (Figure 50). Candidates were extracted when p values were lower than
0.05. On/Off-Regulation analysis was performed as described in section “4.21.2”. Similar to
the screening approaches, results obtained from investigations of HNA-3a/a neutrophils were
cross-validated with results of HNA-3b/b neutrophils to filter for HNA-3a antibody-specific
effects.

Figure 50: Experimental setup and analysis settings for in-depth investigations of HNA-3a antibodyinduced alterations of the neutrophil phosphoproteome. Flow chart depicting analysis parameters used for
comprehensive gel-free phosphoproteome analyses. HNA-3a homozygous (HNA-3a/a) and HNA-3b homozygous
(HNA-3b/b) neutrophils were harvested after treatment for 5 min with HNA-3a plasma P1 (TRALI P1) or control
plasma (Co). Resulting phosphoproteome data were analyzed for discovery of definitive and potential HNA-3a
antibody-induced alterations in phosphorylation pattern abundance by performing the Phospho-Shift and On/OffRegulation analysis. Phospho-Shift analyses were conducted with the shown less stringent parameters.

Initial data analysis was performed per donor with the 28 related datasets and
revealed the identification of an average of 1187 and 1035 phosphopeptides in samples of
HNA-3a/a- and HNA-3b/b neutrophils, respectively (Table 13). Filtering for phosphopeptides
with a site probability of ≥ 75% reduced phosphopeptide identification numbers to averagely
900 in HNA-3a/a cells and on average 782 in HNA-3b/b cells. After data condensing for
generation of unique phosphorylation patterns, datasets from HNA-3a/a neutrophils consisted
of averagely 822 entries while an average of 717 phosphopeptides was identified in HNA-3b/b
datasets (Table 13).
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Counting of total unique phosphopeptides in unfiltered datasets revealed
identification of 5748 and 5411 different phosphopeptides in HNA-3a/a and HNA-3b/b datasets,
respectively.
Table 13: Identification and quantification numbers of phosphopeptides and phosphorylation
patterns from the in-depth phosphoproteome approach. Average (ø) and total (#) identification and
quantification numbers of different phosphopeptide species (Unfiltered; Site Probability ≥ 75%) and
phosphorylation patterns (resulting from data condensation). Total numbers indicate numbers of unique entries.
Values in each column were calculated from the 28 related datasets.

Of those, 4421 phosphopeptides had a site probability ≥ 75% in datasets of HNA-3a/a cells
while 4103 phosphopeptides possessed this property in HNA-3b/b datasets. Finally,
condensing to unique phosphorylation patterns resulted in identification of 3917 entries in
HNA-3a/a datasets whereas 3680 entries constituted the dataset of HNA-3b/b neutrophils
(Table 13). Applying the abovementioned criteria for Phospho-Shift analysis, 1098 and 929
phosphorylation patterns could be quantified with HNA-3a/a and HNA-3b/b datasets,
respectively (Table 13). In summary, HNA-3a/a datasets contained consistently more entries
than HNA-3b/b datasets but identification numbers were generally larger compared to those
of the screening approaches (Table 9 & Table 13). All phosphorylation patterns identified
in this analysis are listed in Appendix 5.
Phospho-Shift analysis using the 28 datasets of HNA-3a/a neutrophils revealed
significant abundance changes of 103 phosphorylation patterns due to HNA-3a plasma
treatment (Table 14). Of those, 35 phosphorylation patterns were positively changed and a
majority of 68 phosphorylation patterns showed a negative regulation direction. In contrast,
analysis of the 28 HNA-3b/b datasets revealed a total of 126 significantly changed
phosphorylation patterns, of which 92 phosphorylation patterns were positively changed. A
negative regulation direction was accordingly assigned to a smaller fraction of 34
phosphorylation patterns (Table 14). After cross-validation, 30 of 35 positively changed
phosphorylation patterns and 64 of 68 negatively changed phosphorylation patterns were
identified to be regulated specifically in HNA-3a/a neutrophils.
On/Off-Regulation analysis revealed 2 candidate phosphorylation patterns that were
induced specifically in HNA-3a/a neutrophils in response to HNA-3a plasma treatment.
Furthermore, dephosphorylation analysis led to the identification of 10 candidate
phosphorylation patterns being absent in HNA-3a plasma-treated HNA-3a/a neutrophils but
present in every of the three control samples (Table 14).
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Results of both analysis types were summarized and yielded 32 positively changed
and 74 negatively changed phosphorylation patterns. Both cumulated to a list of 106
phosphorylation patterns that possessed HNA-3a antibody-specific abundance changes
specifically in HNA-3a/a neutrophils (Table 14). A list of all significantly regulated
phosphorylation patterns identified in samples of HNA-3a/a and HNA-3b/b neutrophils is
provided by Appendix 6.
Table 14: Numbers of phosphorylation patterns with significantly changed abundances identified in
in-depth analyses of HNA-3a plasma-treated HNA-3a homozygous (HNA-3a/a) and HNA-3b
homozygous (HNA-3b/b) neutrophils.

Candidate phosphorylation patterns were assigned to their respective proteins and
according accession numbers were extracted. The resulting list was subjected to the core
analysis function of Ingenuity Pathway Analysis (IPA) and molecular pathways potentially
influenced by the observed HNA-3a antibody-induced phosphoproteome alterations were
extracted. Fold changes or regulation directions were not implemented into the analysis
since pathway activity could not be concluded from the detected candidate phosphorylation
patterns. Of all identified canonical pathways, the ten highest rating pathways were
extracted and evaluated.
Numbers of candidate proteins assigned to pathways did not vary to a large extent
(Figure 51). However, more proteins were assigned in comparison to the screening
approaches (Figure 47 & Figure 51). While 6-8 candidate proteins were assigned to the
top five pathways, a range of 2-5 candidate proteins was associated with the last five
pathways. However, the top three pathways differed from the remaining 7 pathways since
their –log(p value) was determined comparatively high and ranged from 4.7 to 5.4. All other
pathways possessed –log(p values) ≤ 3.6. These top three pathways were: PAK signaling
[-log(p value): 5.369], Actin cytoskeleton signaling [-log(p value): 5.022], signaling by Rho
family GTPases [-log(p value): 4.784]. In the following analysis step, the three identified
canonical pathways were analyzed with respect to candidate protein composition.
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Figure 51: Ingenuity Pathway Analysis of proteins with detected phosphorylation pattern
alterations from the in-depth phosphoproteomic analysis of neutrophils. HNA-3a homozygous and
HNA-3b homozygous neutrophils were treated as part of the global in-depth phosphoproteomic analysis for 5 min
with HNA-3a plasma P1 and control plasma. Each treatment resulted in the generation of 14 technical replicates.
Datasets resulting from cross-validated Phospho-Shift and On/Off-Regulation analyses were added by accession
numbers of phosphorylation change-associated proteins. These were uploaded to Ingenuity Pathway Analysis
(IPA) and analyzed using the core analysis function. Top 10 IPA pathways that were assigned to the respective
candidate proteins are depicted. Z-scores given in the legend indicate pathway activation or repression based on
abundance data but did not apply in this analysis. Ratios to the right of the pathway bar chart indicate the
number of candidate proteins that were assigned to the pathway in relation to the total number of proteins
contained in the pathway (Overlap with Dataset).

The PAK signaling pathway was identified by association of 6 candidate proteins: Rho
guanine nucleotide exchange factor 6 (ARGHEF6), ARF GTPase-activating protein GIT1
(GIT1), Myosin regulatory light chain 12A (MYL12A), Cytoplasmic protein NCK1 (NCK1),
Protein-tyrosine kinase 2-beta (PTK2B) and Paxillin (PXN) (Figure 52).
Actin cytoskeleton signaling was associated with 8 of the candidate proteins: Rho
guanine nucleotide exchange factor 6 (ARGHEF6), ARF GTPase-activating protein GIT1
(GIT1), Kininogen-1 (KNG1), Myosin regulatory light chain 12A (MYL12A), Protein
phosphatase 1 regulatory subunit 12A (PPP1R12A), Paxillin (PXN), Sodium/hydrogen
exchanger 1 (SLC9A1) and Protein phosphatase Slingshot homolog 2 (SSH2) (Figure 53).
The pathway designated Signaling by Rho family GTPases was identified by 8
candidate proteins: Rho guanine nucleotide exchange factor 2 (ARHGEF2), Rho guanine
nucleotide exchange factor 6 (ARGHEF6), Myosin regulatory light chain 12A (MYL12A),
Protein phosphatase 1 regulatory subunit 12A (PPP1R12A), Protein-tyrosine kinase 2-beta
(PTK2B), Sodium/hydrogen exchanger 1 (SLC9A1), Stathmin (STMN1) and Vimentin (VIM)
(Figure 54).
Comparison of the top three canonical pathways indicated their common participation
in cytoskeletal reorganization processes. Additionally, Rho, Rac and Cdc42, all being
members of the Rho family of small GTPases, were found to be essential regulators of the
identified pathways (Figure 52, Figure 53, Figure 54). Hence, further validation
approaches targeted these three GTPases to investigate their impact on HNA-3a antibodymediated aggregation of HNA-3a/a neutrophils.
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Figure 52: PAK signaling from Ingenuity Pathway Analysis. Identified proteins are indicated by gray-filled
and purple-surrounded symbols. Rho family GTPases commonly associated with the top three pathways are
marked by bold lettering and a red symbol fill.

Figure 53: Actin cytoskeleton signaling from Ingenuity Pathway Analysis. Identified proteins are
indicated by gray-filled and purple-surrounded symbols. Rho family GTPases commonly associated with the top
three pathways are marked by bold lettering and a red symbol fill.
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Figure 54: Signaling by Rho family GTPases from Ingenuity Pathway Analysis. Identified proteins are
indicated by gray-filled and purple-surrounded symbols. Rho family GTPases commonly associated with the top
three pathways are marked by bold lettering and a red symbol fill.

Previously described phosphoproteomic analyses indicated the potential impact of
HNA-3a antibodies on Rho GTPase regulated processes in HNA-3a/a neutrophils during the
first 30 min of treatment. Since the HNA-3a antibody-induced neutrophil aggregation was
considered to proceed in the same time frame, it was investigated whether Rho GTPases are
necessary for this response.
Using the Terasaki plate assay (TPA, classical GAT), HNA-3a/a neutrophils were pretreated with differentially concentrated inhibitors of Rho GTPases Rho, Rac and Cdc42 as
described in section “4.4.3” (Figure 5, green-hatched workflow, Table 3, Table 4).
Four independent experiments were performed for each inhibitor type.
Regardless of the pre-incubation condition, neutrophils (HNA-3a/a) showed negative
read-outs when the control plasma was applied. Hence, aggregation was not induced by
mere incubation with any of the inhibitors (Figure 55, control plasma rows).
Furthermore, the expected aggregation response of neutrophils (HNA-3a/a) was inducible
with HNA-3a plasma P1.
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Figure 55: Aggregation enhancement of HNA-3a homozygous neutrophils after pre-incubation with
inhibitors of different Rho GTPases. Representative microscopic images of HNA-3a homozygous neutrophils
pre-incubated with variably-concentrated inhibitors of Rho family GTPases [Rho = Rho Inhibitor I (CT04), Rac =
NSC 23766, Cdc42 = ML 141] and treated either with control plasma (C) or the highest reactive dilution of
HNA-3a plasma P1 (HNA-3a reference plasma). Enhancement of neutrophil aggregation was observed within the
same HNA-3a plasma dilution when cells were pre-incubated for 2 hours with 5 µg/ml of Rho Inhibitor 1 or for
30 min with 50 µmol/l and 250 µmol/l of NSC 23766. The effect occurred consistently with the highest reactive
HNA-3a plasma dilution (n = 4 per inhibitor, HNA-3a plasma rows, P1). Neutrophil aggregation was not induced
by mere pre-incubation with respective inhibitors (control plasma rows, C).
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Results resembled generally those of priming approaches since the highest reactive dilutions
of plasma P1 differed in dependence of the neutrophil donor (compare section “5.2.5”).
Although neutrophils were also aggregated with HNA-3a plasma P1 after pre-incubation with
25 µg/ml Rho Inhibitor I (CT04), cell numbers appeared to be less in respective wells
(Figure 55, Rho Inhibitor I, 25 µg/ml). Trypan blue exclusion revealed a viability of
61% and the inhibitor was accordingly not applied in this concentration in replicate
experiments.
In contrast to the expectations, the highest reactive dilution factors of HNA-3a
plasma P1 were not reduced after pre-incubation with any inhibitor concentration in
comparison to buffer-treated neutrophils (Figure 55). However, some inhibitors caused an
apparently stronger aggregation and this was predominantly visible in wells of the highest
reactive plasma P1 dilution (Figure 55). This effect occurred consistently when neutrophils
were pre-incubated for 2 h with 5 µg/ml of Rho Inhibitor I (CT04) or when pre-incubated for
30 min with 50 µmol/l or 250 µmol/l of Rac Inhibitor NSC 23766. In contrast to priming
experiments (compare section “5.2.5”), however, the highest reactive dilution factors of
HNA plasma P1 were not increased by one or more levels. The described aggregation
enhancing effect was not observed after pre-incubating neutrophils with any of the ML 141
(Cdc42 inhibitor) concentrations used.
Due to missing inhibitor-induced increases in the highest reactive dilution factor of
HNA-3a plasma P1, images were analyzed densitometrically to quantify and statistically
validate the observed neutrophil aggregation enhancement. Analysis was performed as
described in section “4.4.3” using images from wells containing the highest reactive HNA-3a
plasma dilution. As increased neutrophil aggregation is also indicated by larger aggregates
compared to control conditions, the parameter investigated was the average particle size.
Absolute values from the control condition (buffer-treated neutrophils + plasma P1) were set
to 100% and mean particle sizes of control plasma-treated cells (all pre-incubations) as well
as all other HNA-3a plasma-treated neutrophils (inhibitors + plasma P1) were correlated to
this baseline. Four independent experiments were performed for each inhibitor type.
When neutrophils were pre-incubated with 1 µg/ml of Rho inhibitor I prior to
treatment with the highest reactive HNA-3a plasma dilution, average particle sizes were
significantly increased compared to buffer-incubated cells (mean ± SEM: 165 ± 7%,
p = 0.0024) (Figure 56). This effect was further elevated after application of 5 µg/ml Rho
Inhibitor I (295 ± 52%, p = 0.0335). In contrast, usage of 10 µmol/l or 50 µmol/l Rac
Inhibitor NSC 23766 during pre-incubation did not lead to a significant particle size
enlargement (10 µmol/l: 116 ± 10%, p = 0.1991: 50 µmol/l: 144±17%, p = 0.0808).
Although results from inhibition experiments with 250 µmol/l NSC 23766 were also
insignificant, a positive trend could be observed (163 ± 20%, p = 0.0504). Finally, no
significant alterations in average particle size were revealed when comparing bufferincubated and ML 141-inhibited neutrophils after treatment with the highest reactive HNA-3a
plasma dilution (2 µmol/l: 119 ± 15%, p = 0.3027; 10 µmol/l: 151 ± 34%, p = 0.2349)
(Figure 56).
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Figure 56: Impact of different Rho family GTPase inhibitors on the average neutrophil aggregate
size. HNA-3a homozygous neutrophils were pre-incubated with buffer or variably-concentrated inhibitors of Rho
family GTPases [Rho = Rho Inhibitor I (CT04), Rac = NSC 23766, Cdc42 = ML 141]. Subsequently, plasmatreatment was performed either with control plasma (C) or the highest reactive dilution of HNA-3a plasma P1
(HNA-3a reference plasma). Average particle sizes were measured and values of buffer-incubated, HNA-3a
plasma-treated neutrophils were set to 100%. Mean values of neutrophil aggregates obtained from other
conditions were calculated with respect to this baseline. Four independent experiments were performed for each
inhibitor. A) Pre-treatment of neutrophils for 2 h with differently concentrated Rho Inhibitor I (CT04) B) Pretreatment of neutrophils for 30 min with differently concentrated Rac inhibitor NSC 23766 C) Pre-treatment of
neutrophils for 60 min with differently concentrated Cdc42 inhibitor ML 141. Dashed lines indicate the baseline
values of detected particle sizes (100%). P value dimension coding: * = p < 0.05, ** = p < 0.01.
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6

DISCUSSION AND CONCLUSIONS

Transfusion-related acute lung injury (TRALI) is an adverse transfusion reaction and the
major cause of fatalities related to transfusion events in industrialized countries [2,393].
Since the syndrome’s clinical characterization by Popovsky and Moore in 1985 [4], research
uncovered the existence of non-immune- and immune-mediated TRALI forms, with the latter
being triggered by allospecific antibodies directed against human leukocyte antigen classes I
and II (HLA class I and II) as well as human neutrophil alloantigens (HNAs) [7,9,24]. Among
the HNA antibodies, the group of HNA-3a antibodies frequently induces severe and fatal
TRALI cases. Hence, its clinical relevance provides the scientific rationale for
comprehensively investigating the underlying molecular mechanisms and identifying potential
therapeutical targets [35,131]. In this doctoral thesis, flow cytometry, variants of the GAT
and especially gel-based and gel-free phosphoproteome analyses were used to contribute to
a better understanding of the molecular mechanisms of HNA-3a antibody-mediated TRALI.
Particularly the phosphoproteome analysis required the development and optimization of
preparation steps to enable the analysis of small-sized neutrophil samples. Thus, a respective
workflow was generated and is now available for further analyses. The results of this thesis
contributed finally to the generation of a new pathogenesis mechanism for HNA-3a antibodymediated TRALI and this model is described in detail at the end of this chapter (section
“6.4”).

6.1

METHOD DEVELOPMENT AND OPTIMIZATION FOR
NEUTROPHIL PHOSPHOPROTEOMICS

6.1.1 Neutrophil isolation
Phosphoproteome analyses require the preparation of sufficiently large, highly pure and nonactivated primary neutrophil isolates from whole blood. However, an appropriate standard
protocol was not existent at the beginning of this work and thus, two isolation procedures,
the DDH method (Dextran-Density gradient-Hemolysis) and the PMP method (PolyMorphPrep
density medium), were compared with respect to these parameters.
Flow cytometric analysis of isolate purity was aimed to be performed by
morphological gating of granulocytes and residual contaminants (cell size: front scatter
channel, granularity: side scatter channel). To prove the feasibility of this procedure, isolates
were stained with fluorochrome-conjugated antibodies directed against CD66b (granulocyte
marker) and CD16 (Fc-gamma receptor IIIb) and the distribution of CD66b+/CD16+
neutrophils over all morphologic populations was assessed. Isolates consisted almost
exclusively of granulocytes (CD66b+) and these cells were allocated only to the two highly
granular populations. Although the granulocyte fraction contained CD66b+/CD16+ neutrophils
and CD66b+/CD16- eosinophils, the proportion of the latter was negligibly small. Hence, both
morphological populations were regarded as neutrophil populations. The presence of two
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neutrophil populations is usually not observed and was found to be a fixation-mediated
artifact. It did not occur when unfixed cells were analyzed (compare: Supplementary File 1 of
Muschter et al. 2015 [384]). CD66b- non-granulocyte contaminants constituted the
remaining small-sized, low granular population. Their sharp delineation from neutrophils
enabled the determination of isolate purity by gating of contaminants in morphological dot
plots.
Subsequently, determination of neutrophil purity was performed with isolates from
both methods and detection limits were adjusted prior to analysis for better display of dot
plots (compare Figure 11 and Figure 12). These analyses revealed a higher neutrophil
purity in DDH isolates compared to PMP isolates and yield measurements furthermore
showed that DDH allowed isolation of more neutrophils from the same volume of whole
blood compared to PMP isolation. Both parameters are crucial in phosphoproteome analyses
as a high neutrophil purity avoids contamination-induced data bias and as high neutrophil
yields from limited amounts of whole blood enable more extensive analyses. Hence, DDH
isolation was proven superior to PMP isolation.
Analysis of isolation-dependent pre-activation was performed by flow cytometric
measurement of CD11b and CD62L surface levels. Isolated neutrophils consistently showed
higher CD11b surface levels than neutrophils from whole blood, indicating isolation-induced
pre-activation. However, the results of CD62L measurements were differing since DDHisolated neutrophils showed a pre-activated phenotype (moderate CD62L shedding) while
PMP isolates showed baseline CD62L levels. This result is unusual since both activation
markers were described to alter their expression virtually simultaneously [394]. The DDHinduced CD62L shedding might hence indicate a slightly larger activating impact and was
probably introduced by the hemolysis step. Both isolate types were yet regarded as only
slightly activated since they were still able to switch to a strongly activated phenotype after
LPS treatment (positive control). Thus, neutrophils from both isolates were still responsive to
proinflammatory stimulation.
Comparing both isolation protocols, DDH isolation was superior to PMP due to the
higher neutrophil purity and the 1.6-fold higher neutrophil yield. Hence, the DDH isolation
method was selected for subsequent proteomic as well as non-proteomic experiments.

6.1.2 Upscaling of the granulocyte agglutination test
Investigation of HNA-3a antibody-induced responses by phosphoproteome analyses
necessitated a treatment assay enabling the read-out of successful HNA-3a antibodymediated neutrophil aggregation as well as the harvest of sufficient amounts of cells per
sample. An assay allowing the evaluation of neutrophil aggregation was the granulocyte
agglutination test (GAT). However, it is commonly performed in Terasaki plates and hence,
sample loads are limited to 6 × 105 neutrophils per plate. This would have required
harvesting from 60 wells, which likely would have yielded protein amounts lower than 50 µg.
Furthermore, this procedure would also constitute a considerable reproducibility issue. To
meet the requirements for phosphoproteome analyses, this Terasaki plate assay (TPA) was
upscaled to the format of a microtiter plate assay (MTPA). The neutrophil concentration was
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moreover increased 4-fold and the plasma volume per cell was reduced to 1/6 of the original
value.
In the MTPA, responses of HNA-3a/a neutrophils to HNA-3a plasma and control plasma
were identical to those observed in the TPA (aggregation and even distribution,
respectively). Due to the quadruplicated cell concentration, cells showed a high density after
sedimentation. Aggregates were thus not present as separate neutrophil clusters, but rather
as continuous structures of tightly adhered neutrophils intersected by virtually cell-free zones
(Figure 15). Since HNA-3a plasma P1 is reactive at dilutions of up to 1:128, the reduction
of the plasma concentration per cell to 1/6 did not lead to substantial impairment in the
aggregation response (compare to results in section “5.2.5”). Finally, the developed
assay allowed the treatment of 2 × 106 neutrophils in one well, a number equivalent to
approximately 3.5 fully-loaded Terasaki plates.
In summary, the MTPA met the requirements for treatment of neutrophils in
phosphoproteome analyses and was applied in all respective experiments.

6.1.3 Optimization of neutrophil protein extract preparation for
phosphoproteome analysis
- The results/discussion of this subchapter were already published in a similar form in
Muschter et al. 2015 [384] Phosphoproteome analysis of neutrophils is challenging for two major reasons. First,
granule-stored neutrophil proteases turn catalytically active upon cell lysis and hamper the
analysis by protein degradation [322,395]. Second, especially gel-free approaches require
the input of large protein amounts due to the low abundance of protein phosphorylations
and the limited sensitivity of phosphopeptide enrichment methods available so far [332].
Protein extraction was thus assessed and optimized with regard to protein stability and a
highly sensitive and selective phosphopeptide enrichment strategy was evaluated for its
performance with small-sized neutrophil samples.

6.1.3.1 Inhibition of protein degradation in neutrophil protein extracts
Protein extraction prior to proteome analyses is commonly achieved by using one of two lysis
buffer systems. Tris-based lysis buffers constitute the first system and allow for extraction of
functionally active proteins due to their non-denaturing properties. However, these buffer
characteristics render neutrophil protein extracts prone to unwanted degradation and require
the addition of different protease inhibitors [322]. The second system consists of strongly
denaturing urea-based lysis buffers which may be applied when protein function is negligible
[396,397]. A commonly used urea buffer (UT buffer: 8 mol/l urea / 2 mol/l thiourea) was
chosen for protein extraction as the intended proteome analysis did not require native
proteins and since the denaturing properties suggested neutrophil protease inactivation.
However, the exact protease inhibitory capacity has not been published before. Although
urea-based lysis buffers were used in several studies of the neutrophil proteome, these were
inconsistent regarding the use of additional protease inhibitors [398–401]. Hence, it was
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investigated whether the routinely used UT buffer was sufficiently stabilizing neutrophil
protein extracts.
As a marker of ongoing protein degradation, stability of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was monitored. UT buffer clearly triggered denaturation of
neutrophil protein extracts but did not avoid protein degradation even when extracts were
exclusively exposed to temperatures unfavorable for enzymatic activity. In fact, neither
exclusion of repeated freezing and thawing at 30°C (FT) nor introduction of sample boiling at
95°C showed stabilizing effects. However, both modifications were adopted to the optimized
protocol for two reasons. First, protein extraction did not benefit from FT as protein
concentrations were comparable between FT-treated and non-FT-treated samples. Second,
proper detection of protein phosphorylations benefits from efficient protein reduction and
denaturation and both is commonly achieved by sample boiling at 95°C.
Results from previous experiments indicated the limited capacity of UT buffer to
stabilize neutrophil protein extracts. Hence, a protease inhibitor cocktail (PIC) was added in
different concentrations to the original lysis buffer and GAPDH monitoring revealed a largely
prevented protein degradation when a threefold-concentrated PIC (compared to the
manufacturer’s original suggestion) was used. This result proves usage of additional protease
inhibitors as a mandatory measure even when performing protein extraction from
neutrophils with urea buffers. It indicates furthermore that the protease/inhibitor ratio is
crucial for inhibition efficiency and reveals thus, that effective inhibitor concentrations must
be determined in advance for every experimental setup. The PIC was used in a 4×
concentration in all subsequent experiments to avoid protein degradation even after
potential sample dilution during preparation.
Follow-up studies showed finally that the stabilizing effect was not restricted to
GAPDH and proved the optimized protocol suitable for global analyses. In such approaches,
it allows moreover for measurement of protein concentrations and therefore application of
identical sample loads and normalization steps. Hence, it is superior to procedures that
circumvent degradation by immediately boiling cells in sample buffer after harvest [402–
404].

6.1.3.2 Investigation of accidental neutrophil activation
Successful stabilization of neutrophil protein extracts allowed for unhampered detection of
proteins and their phosphorylated isoforms using Western blotting. Initial experiments aimed
to detect the activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2, dual TEYmotif phosphorylation T202/Y204 and T185/Y187, respectively) as this process had been
described to occur consistently in neutrophils upon stimulation [206,389]. However, ERK1/2
was found to be occasionally activated in samples harvested already after isolation. This
processing-mediated or sample-associated neutrophil activation was suggested to be
unfavorable since it would likely overlap with signaling pathways induced by HNA-3a
antibodies. Hence, investigation of the origin of unwanted neutrophil activation was required.
Since cigarette smoking was described to permanently activate circulating neutrophils
and as some donors were cigarette smokers, it was investigated if this habit would be
causative for unwanted ERK1/2 activation [405]. However, Western blot results did not
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confirm this assumption since ERK1/2 phosphorylation was observed with smokers and nonsmokers to a similar extent.
The second hypothesis was derived from previous flow cytometric investigations of
plasma membrane activation markers. Here, the CD11b surface level increased during
isolation and indicated accidental neutrophil priming (Figure 14). It was hence conceivable,
that the observed ERK1/2 phosphorylation was another outcome of isolation-induced
priming. However, neutrophil priming is a reversible process and Western blot detection of
phospho-ERK1/2 was thus used to assess whether priming reversal could be achieved by
introducing a “resting” incubation [406]. ERK1/2 activation was observed with donordependent intensities and could indeed be eliminated by performance of the “resting”
incubation. Results furthermore showed the retained responsiveness of all isolates to
subsequent proinflammatory challenge and confirmed thus the hypothesis of a reversible,
isolation-induced priming response [406]. The “resting” incubation step was consequently
implemented into all subsequent experiments analyzing protein phosphorylation (Figure 5,
red and blue workflows) as those approaches required a particularly high sensitivity.
Workflows for flow cytometric and GAT experiments were not modified since properly
induced responses to HNA-3a antibodies were expected to be untriggered by priming
(aggregation) or to outperform small priming effects (activation). Neutrophils harvested after
resting and neutrophils treated for 5 min with 10 µmol/l fMLP were used in some subsequent
experiments as negative and positive control for ERK1/2 activation, respectively.

6.1.3.3 Assessment of tryptic digestion in protease-inhibited neutrophil extracts
Efficient tryptic digestion of protein samples is a prerequisite for proper mass spectrometric
analyses. However, in urea-based protein extracts the serine protease trypsin could be
partially inhibited due to the denaturing characteristics of the buffer. This inhibition is usually
circumvented by diluting extracts 1:8 prior to enzyme addition to achieve urea
concentrations of 1 mol/l. The developed neutrophil lysis buffer, in contrast, did not only
contain highly concentrated urea but also the 4-fold concentrated protease inhibitor cocktail.
Hence, it had to be determined whether tryptic digestion was efficient in neutrophil extracts
when using the optimized protocol. It was likewise unclear whether neutrophil proteases
would be reactivated due to dilution. Surprisingly, tryptic digestion of neutrophil extracts had
a similar efficiency as that of control cell (HEK293) extracts and endogenous neutrophil
proteases persisted in an inactive state. Signals in mock samples were weaker than those of
undigested extracts but this effect occurred also in controls and was potentially due to
differences in protein loads.
In summary, the observed effects were potentially elicited by irreversible protease
inhibitors of neutrophil extracts that bound to respective targets prior to digestion.
Subsequent extract dilution was consequently lowering concentrations of remaining serine
protease inhibitors and urea, thereby creating permissive conditions for tryptic digestion. As
different protease inhibitor cocktails contain varying amounts of reversibly and irreversibly
acting chemicals, it is mandatory to validate the described beneficial effects for each cocktail
used.
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6.1.3.4 Evaluation of digest quality and phosphopeptide enrichment using
PolyMAC-Ti
While the previously described analyses proved unhampered tryptic digestion of neutrophil
extracts containing protease inhibitors, they did not assess peptide sample quality.
Neutrophil digests were hence analyzed by mass spectrometry. Additionally, performance of
the highly sensitive and selective PolyMAC-Ti phosphopeptide enrichment was assessed
[375,407]. A protein amount of 200 µg per sample was chosen in accordance to enrichment
optimization results obtained previously by Dr. Gourav Bhardwaj (Dept. Functional Genomics,
University Medicine Greifswald). In case of proving a high sample quality and successful
phosphopeptide enrichment, a proof-of-principle approach showing the feasibility of gel-free
phosphoproteome analyses with small-sized neutrophil samples was envisioned. Here, the
well described fMLP-induced phosphorylation of ERK1/2 was intended to be demonstrated.
These three aims were achievable with a sample set of three biological replicates and
initially, sample quality and phosphopeptide enrichment were evaluated using the control
samples.
On average, 860 proteins (≥ 2 high confidence peptides) and 6611 high confidence
peptides were identified by mass spectrometric analysis of non-enriched samples (Appendix
1 & 2). Previous neutrophil proteome studies of Kotz and coworkers (2010) and Tomazella
and coworkers (2010) identified 860 to 1249 proteins, respectively [408,409]. Thus, the
results presented here fit well to the reported literature data.
Phosphopeptide enrichment using PolyMAC-Ti increased the proportion of
phosphorylated peptides from <1% in non-enriched samples to more than 80% in
phosphopeptide-enriched samples and was thus highly effective. The average identification
number of 1224 unfiltered phosphopeptides was comparable to the 1257 phosphopeptides
identified on average from mouse tissue samples by Searleman and colleagues [407]. Of
note, these authors used 3 mg of protein per sample and applied reversed phase liquid
chromatography prior to phosphopeptide enrichment while the study on hand was performed
with only 200 µg per unfractionated sample [407]. PolyMAC-Ti performed thus highly
selective and sensitive in enriching phosphorylated peptides from small-sized neutrophil
samples.

6.1.3.5 Detection of fMLP-induced ERK1/2 phosphorylation in human neutrophils
using gel-based and gel-free phosphoproteomics
The practicability of gel-based as well as gel-free phosphoproteome analyses with smallsized samples of human neutrophils was validated in a proof-of-principle experiment. The
fMLP-inducible activation of ERK1/2 in human neutrophils was used as a model and isolated
neutrophils were treated accordingly in three biological replicates [389]. Due to the known
on/off activation of ERK1/2, data analysis was performed using GeneData’s Absent/Present
Search (section “4”) [389].
The expected fMLP-induced phosphorylation of ERK1/2 could be shown by performing
specific, gel-based (Western blot) and global, gel-free (mass spectrometry) analysis. The
developed workflows were thus capable of identifying profound alterations in protein
phosphorylation patterns. Since gel-free analyses were performed with only 200 µg of
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neutrophil protein per sample (20 ml whole blood), the technique was also proven suitable
for clinical trials, which usually provide small volumes of whole blood as starting material.
The final list of affected phosphorylation patterns was filtered in a further analysis for
candidates with a direct relationship to ERK1/2 using the Ingenuity knowledge base
(Appendix 3). Six phosphorylation patterns in six different proteins met this criterion and
three of these proteins were the transcription factors CEBPB, STAT3 and Sp1. Although T235
of CEBPB is a direct phosphorylation target of ERK1/2, this modification was hitherto only
described for stimulation with glucocorticoids and interleukin-1β and only in lung epithelium
[410–412]. Similarly, the affected S59 of Sp1 was originally described to be phosphorylated
by ERK1/2 [402]. However, Sp1 showed dephosphorylation in this analysis, indicating
simultaneous activity of signaling pathway-modulating phosphatases. Protein phosphatase
2A is described as a potential candidate in the literature [413,414]. Finally, STAT3 was found
to possess induced phosphorylations at T714 and S727. The protein is a known modulator of
the JAK/STAT pathway but relevant activating phosphorylation sites differ from those
identified [415,416]. However, this dual phosphorylation was intriguingly described only
recently as a new phosphoform with distinct activating function and was found in endothelial
cells dually stimulated via epidermal growth factor receptor (EGFR) and protease-activated
receptor 1 (PAR-1) [417]. The other three candidate proteins were RAF1, GAB2 and SHIP1.
The upstream ERK1/2 modulator RAF1 was dephosphorylated at S296 and modification of
this amino acid is involved in ERK1/2 signaling. However, studies on the mechanistic
outcome are contradictory and its functional relevance is thus still elusive [418–420]. The
affected phosphorylation patterns of GRB2 and SHIP1 were so far only discovered in other
global phosphoproteome studies and there is no information on their mechanistic role
[421,422].
Besides ERK1/2 and its directly related candidates, this small analysis showed a large
amount of phosphorylation changes in proteins, for which no associations to ERK1/2 were
shown so far. However, unspecific side effects can not be excluded and their relevance in
ERK1/2 signaling remains thus elusive.
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6.2

IMPACT OF HNA-3A ANTIBODIES ON HUMAN
NEUTROPHILS – SINGLE PARAMETER ANALYSES

Investigating the mode of action of HNA-3a antibodies is an important research goal as these
antibodies frequently induce severe and fatal TRALI cases [35,131]. Besides the fact that
they provoke a strong aggregation response in antigen-matching neutrophils and render
them cytotoxic under certain circumstances, there was no information on relevant
pathomechanisms available at the beginning of this doctoral thesis [28,127,131]. Hence, the
developed methodology was applied to investigate known and conceivable responses of
neutrophils exposed to HNA-3a antibodies. The approaches consisted of confirming and
novel characterizations of HNA-3a antibody-induced neutrophil aggregation and covered
moreover investigations on potential HNA-3a antibody-induced neutrophil cytotoxic effector
functions.

6.2.1 Epitope specificity of neutrophil aggregation
The epitope specificity of the HNA-3a antibody-mediated neutrophil aggregation is based on
the existence of a single nucleotide polymorphism in choline transporter-like protein 2 (CTL2)
[53,54]. Although CTL2 has only recently been found to carry the HNA-3a epitope, the
capacity of HNA-3a antibodies to induce neutrophil aggregates is known for a long time from
routine GAT tests [53,54,127]. However, upscaling of the TPA (classical GAT) required the
confirmation of the epitope-specific aggregation in the newly developed MTPA and responses
were indeed observed as expected and without any impairment (Figure 24). Therefore, the
MTPA was considered suitable as a treatment and read-out system especially for
experiments designed for subsequent proteomics-based analyses.

6.2.2 Investigation of the kinetics of the HNA-3a antibodymediated neutrophil aggregation
Neutrophil aggregation is inducible in vitro by several HNA-class antibodies and was also
evidenced in vivo when lung sections from animal models or from fatal TRALI cases were
investigated [29,138,139]. Hence, neutrophil aggregation was suggested as a major
pathomechanism. Furthermore, this process appeared indicative for the general response
speed of neutrophils in HNA antibody-mediated TRALI. The aggregation kinetics of HNA-3a
antibody-treated HNA-3a/a neutrophils were consequently assessed microscopically and
appropriate sampling time points should be derived from resulting data. The total time frame
of 120 min was chosen in accordance to the standard GAT protocol.
Results confirmed earlier studies and indicated a rather fast response speed since
neutrophils appeared in clearly visible clusters already after 30 min of HNA-3a plasma
treatment. Molecular mechanisms enabling this homotypic interaction were consequently
completed at least in a certain fraction of neutrophils already after this period of time. The
cell clustering process appeared to proceed much slower between 30 min and 60 min of
incubation and was potentially driven by a small fraction of yet unbound cells. In conclusion,
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neutrophil aggregation was not the result of stimulus-induced transcription and protein
biosynthesis as the whole process is estimated to take at least 60 min to be accomplished in
eukaryotic cells [331]. Mechanisms that allow for a rapid response to stimulation are,
however, described especially for neutrophils [205]. Such processes involve fast
phosphorylation pattern changes on signaling molecules and rapid reorganization processes
of the neutrophil cytoskeleton [389,423]. Hence, neutrophils may be rapidly activated and
respond by migration and mobilization of the microbicidal arsenal shortly after stimulation
[172,205,241]. The temporal similarity between those mechanisms and aggregation as well
as the evidence of lung tissue damage during TRALI indicated coincidental induction of
neutrophil cytotoxic effector functions [138,172,241,389]. Hence, the HNA-3a antibodymediated triggering of cytotoxic responses in neutrophils was investigated in the following by
flow cytometry.
Besides revealing those biological conclusions, the obtained results contributed also
to a refinement of experimental setups. The observed aggregation kinetics indicated that
analysis after 30 min of treatment was suitable for flow cytometric and microscopic
approaches (irreversible responses). However, time resolved approaches allowed for the
screening of a broad time frame and thus, cell harvesting was performed in defined intervals
during the first 45-60 min of HNA-3a antibody treatment.

6.2.3 Impact of HNA-3a antibodies on neutrophil activation
markers
– This section discusses results published in part in Berthold & Muschter et al. 2015 [376],
Schubert et al. 2013 and 2× Berthold et al. 2015 [125,424,425] –
HNA-3a antibody-induced neutrophil cytotoxic effector functions were so far only studied on
the basis of radical oxygen species production but results were negative under the conditions
applied [28]. However, results obtained with HNA-1 and HNA-2 antibodies clearly showed,
that such a finding does not negate neutrophil activation. Both HNA antibody classes differ in
their capacity to induce the oxidative burst but they consistently provoke the upregulation of
CD11b (α-chain of αMβ2-integrin, Mac-1) on the neutrophil surface [426]. This increase in
CD11b surface levels is common in activated neutrophils, indicates early degranulation of
secretory vesicles and occurs prior to diapedesis [156,172,202,227,241]. As this parameter
was not investigated so far in the context of HNA-3a antibodies, it was assessed in this study
using flow cytometry.
Contrary to expectations, analysis of CD11b surface levels excluded induction of this
activation phenotype for the majority of the tested HNA-3a plasmas. Only HNA-3a plasma P1
and P2 caused statistically significant or close to significant increases in CD11b surface
levels, respectively. However, the biological relevance was ambiguous since the effect sizes
were rather small compared to the changes observed in positive controls (Figure 26). Thus,
HNA-3a antibodies were found to exert at best a marginal impact on secretory vesicle
mobilization [125,172]. These experiments were complemented by Dr. Tom Berthold’s (Dept.
Transfusion Medicine, University Medicine Greifswald) parallel flow cytometric studies on
L-selectin (CD62L). This molecule was also a promising marker as it is involved in rolling of
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activated neutrophils on endothelial cells and since it is proteolytically shed from the surface
after stimulation [95,110,427]. However, CD62L surface levels were not reduced after
HNA-3a antibody treatment and confirmed results of CD11b measurements [424]. Despite
these negative results, HNA-3a plasma P1 was assumed to be highly reactive as it induced at
least weak responses. Hence, it was used as the reference plasma in all following
approaches.
An additional series of experiments assessed the impact of HNA-3a antibodies on the
surface levels of the activation markers CD66b and CD88. CD66b (Carcinoembryonic antigenrelated cell adhesion molecule 8: CEACAM8) was investigated since elevated surface levels
were associated with a special neutrophil activation phenotype in a sepsis model. This
sepsis-related phenotype was intriguing as it was shown to lack typical increases in CD11b
surface levels and to be massively aggregating [391,428–430]. Furthermore, it depicted a
potential link between TRALI and the symptomatically similar ALI / ARDS [430]. Surface
levels of CD88 (C5a anaphylatoxin chemotactic receptor 1) were measured, since they were
described to be reduced in a setting of generalized bacterial infection [392].
Contrary to expectations, CD66b surface levels were not increased in HNA-3a
antibody-treated neutrophils and this conclusion was drawn although the changes in positive
controls were non-significant. However, these positive controls showed a clear positive trend
and hence, statistical significance would have been achieved with a larger replicate number
(Figure 27). Additionally, HNA-3a antibody treatment did not induce a reduction in surface
levels of CD88 (Figure 27). In contrast to studies of Schmidt and coworkers, the lacking
regulation of CD66b surface levels was not due to absence of blood factors as all treatments
were performed with aliquots of HNA-3a plasma [430]. Additionally, parallel studies of
Dr. Nicole Schubert (Dept. Transfusion Medicine, University Medicine Greifswald) revealed
that the HNA-3a antibody-mediated neutrophil aggregation proceeds also in absence of any
additional plasma constituents [125]. In summary, the results show that HNA-3a antibodies
do not induce exocytosis of specific granules and surface shedding of CD88. The aggregating
phenotype of HNA-3a antibody-treated neutrophils arises thus potentially from different
molecular mechanisms than the phenotype known from sepsis settings [430]. The strong
indications that HNA-3a antibodies provoke a so far undefined reaction in neutrophils were
furthermore supported by Maik Rohr and Dr. Tom Berthold (both: Dept. Transfusion
Medicine, University Medicine Greifswald). Their studies on the neutrophil activation
response showed that purified HNA-3a antibodies (IgG) are incapable of directly inducing the
oxidative burst [425]. Therefore, HNA-3a antibodies are potentially not able to induce the
classical neutrophil activation by direct exposure.
Classical neutrophil activation pathways were largely discovered from experiments
using a few standard agonists like fMLP or LPS. However, these studies might not cover the
whole spectrum of activation responses possible. Accordingly, Orr and coworkers stimulated
human neutrophils in vitro with interleukin-8, complement C3a and platelet-activating factor
and found that CD11b switched to its high affinity conformation while total numbers of
CD11b and CD62L remained unchanged [431]. The authors concluded that neutrophils may
turn adhesive without changing the levels of activation markers on the membrane. Finally,
this model could be confirmed for HNA-3a antibodies in parallel studies of Dr. Tom Berthold
(Dept. Transfusion Medicine, Greifswald). Treatment of HNA-3a/a neutrophils with HNA-3a
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plasmas resulted in a significant conformational activation of CD11b while the molecule
remained inactive on HNA-3b/b neutrophils [424,431]. Furthermore, HNA-3a antibody-treated
neutrophils were more adhesive to immobilized fibrinogen than control cells [424].
Altogether, these data suggest that HNA-3a antibodies mediate a neutrophil activation
mechanism that is essentially different from those observed with mediators like fMLP or LPS.
In accordance to the obtained results, exposure of HNA-3a antibodies to HNA-3a/a
neutrophils renders the cells more adhesive without directly inducing cytotoxic effector
functions. Since target structures like ICAM-1 are expressed on other neutrophils and
endothelial cells, respective interactions would be promoted [110,432–436].

6.2.4 Impact of HNA-3a antibodies on the mitogen-activated
protein kinase system of neutrophils
The restricted number of neutrophil effector functions can be induced by a multitude of
different stimulants [206,233]. This effect is achieved by channeling signal transduction
events from various specific receptors into crucial molecular nodes like the mitogen-activated
protein kinase (MAP kinase) systems [206,233]. The three MAP kinase systems JNK, p38 and
ERK1/2 are known to be activated in stimulated neutrophils but data on their activation by
HNA-3a antibodies were not acquired so far [206,233,389]. Hence, time-resolved phosphospecific Western blotting was used to investigate respective activation kinetics in HNA-3a
plasma P1-treated HNA-3a/a neutrophils. Identically treated samples of HNA-3b/b neutrophils
served for cross-validation.
Near-Infrared-based Western blotting revealed a degradation band of GAPDH at
35 kDa in all experiments of this series. However, this phenomenon did not occur during
chemiluminescence detection and other degradation bands were not observed. Therefore,
detection of the GAPDH fragment was suggested to be rather a result of the system’s
enhanced sensitivity than to indicate neutrophil protein extract degradation.
JNK1 (p46) and JNK2 (p54) were not phosphorylated (TPY-motif) in HNA-3a/a and
HNA-3b/b neutrophils at all time points analyzed. These results indicated that stress-induced
signaling pathways and hence JNK pathway-related molecules c-Jun and AP-1 were not
activated in HNA-3a/a neutrophils by HNA-3a antibodies [437]. Pro-apoptotic and antiapoptotic responses, which are induced by active JNK1 and JNK2, respectively, might thus
not be promoted [438]. Of note, JNK activation is associated with superoxide anion
production and its inactivity in these experiments correlates with the lacking burst induction
from studies discussed in the previous section [425,438]. The result of inactive JNK supports
moreover the proven independence of HNA-3a antibody-mediated neutrophil aggregation
from surface levels of CD66b since enhanced CD66b ligation would potentially lead to JNK
activation via Src kinases [439].
The MAP kinase p38 was assessed for its participation in HNA-3a antibody-induced
signaling pathways as the molecule is known to mediate responses to a multitude of agonists
[267]. For example, it is activated after LPS ligation to Toll-like receptors and is hence
involved in the mediation of cytotoxic neutrophil responses [267,440,441]. Phospho-p38specific Western blotting of samples from HNA-3a/a neutrophils showed HNA-3a antibodyspecific p38 activation at 5, 30 and 45 min of incubation. This effect was absent in HNA-3b/b
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cells and occurred primarily for the lower p38α band of the assumed p38δ / p38α duplet
[441,442]. As intensity shifts were only faint, densitometric comparison of band patterns was
performed for three independent replicates (HNA-3a/a donors) but revealed no significant
changes for any sampling time point (Figure 33). Hence, typical p38-mediated responses
like TNF-α secretion and degranulation of primary and secondary granules were unlikely to
be induced by HNA-3a antibodies [440,441]. In addition, these results indicated that HNA-3a
antibody-treated neutrophils increase their adhesiveness by a p38-independent pathway
[441].
In a third series of experiments extracellular signal-regulated kinases 1 and 2
(ERK1/2) were investigated on their activation by HNA-3a antibodies. This was conceivable
as neutrophil ERK1/2 was described, very similar to p38, to be activated by various activating
stimulants [206,233,384,389]. This hypothesis could be confirmed since phospho-specific
Western blotting revealed HNA-3a antibody-specific activation of ERK1/2 in HNA-3a/a
neutrophils after 30 and 45 min of incubation. The result was reproducible and epitopespecific as this activation pattern occurred similarly with neutrophils of two other HNA-3a/a
donors and was absent when HNA-3b/b cells were analyzed. Intensities of phospho-ERK1/2
bands differed between HNA-3a/a donors, which indicated varying susceptibilities to one and
the same HNA-3a plasma. The increase in phospho-ERK1/2 band intensities was not due to
increased expression of total ERK1/2 since band intensities of the total protein were
apparently similar over all time points. The on/off-characteristic of the observed
phosphorylation rendered densitometric analysis unnecessary.
Of note, several differences were revealed when comparing HNA-3a antibody-induced
phospho-ERK1/2 signals with those of the positive controls (10 µmol/l fMLP, 5 min). First,
positive controls showed a much stronger ERK1/2 activation than relevant samples of
HNA-3a antibody-treatment, indicating a comparatively weak activation capacity of HNA-3a
antibodies. However, the results support those of flow cytometric activation marker
measurements and oxidative burst determinations, which similarly indicated a low or lacking
activating impact of HNA-3a antibodies [376,425].
A second difference between positive controls and HNA-3a plasma-treated
neutrophils concerned the individual phosphorylation strength of each ERK isoform. HNA-3a
plasma treatment induced the activation of primarily ERK2 (42 kDa band), while both
isoforms were strongly activated after fMLP treatment. A targeted ERK2 phosphorylation was
already described by Mócsai and coworkers when signaling mechanisms in adherent
neutrophils were investigated [99]. Interestingly, this phenomenon was associated with
integrin occupation and could in part be assigned to β2-integrins [99,443–445]. The
predominant ERK2 activation in HNA-3a plasma-exposed neutrophils would consequently
occur by secondary β2-integrin ligation. This hypothesis is strengthened by the HNA-3a
antibody-mediated conformational activation of αMβ2-integrin (Mac-1) found in parallel
studies and by the fact that ERK2 activation occurred coincidental with neutrophil
aggregation (after 30 min of HNA-3a plasma incubation) [424]. However, it must clearly be
stated that ERK1/2 activation is yet to be demonstrated with other HNA-3a plasmas.
In a conceivable model, HNA-3a antibodies induce the activation of Mac-1 on
neutrophils. The following counterreceptor ligations lead to adherence to lung endothelial
cells or to homotypic neutrophil aggregation. Of note, fMLP-treatment does also induce
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CD11b activation but causes only transient aggregations [101–103]. Thus, the HNA-3a
antibody-mediated neutrophil aggregation is suggested to require activation or increased
surface levels of additional adhesion molecule species. The suspected interactions lead finally
to integrin-cross-linking, which results in ERK2 signaling and potentially in the induction of
other associated pathways [99]. As seen from the results, this integrin-dependent ERK2
activation occurs to a low extent and does potentially not allow for full neutrophil activation.
However, it might mediate adhesion-induced neutrophil priming and would thereby allow for
the induction of pronounced neutrophil cytotoxicity in response to other proinflammatory
mediators. Such stimulants might be present due to comorbidities of the patient or they are
released by other HNA-3a antibody-stimulated cell types [24,59].

6.2.5 Influence of priming on HNA-3a antibody-induced
neutrophil responses
– This section discusses results published in Berthold & Muschter et al. 2015 [376] –
Previous results showed that HNA-3a/a neutrophils formed solid aggregates already after
15-30 min of incubation with HNA-3a plasmas. While the simultaneous induction of cytotoxic
effector functions could not be confirmed, investigations led to the identification of an ERK2mediated priming pathway, which potentially occurred secondary to neutrophil aggregation.
However, these studies were only assessing the direct effects of HNA-3a antibodies and did
not consider the proposed models of the multifactorial TRALI etiology. One of these is the
two-hit model and describes TRALI onset in dependence of transfusion-related and recipientderived risk factors [22,25,28,446]. A more comprehensive hypothesis was given by Bux and
Sachs with the threshold model of TRALI. It proposes that onset and severity of TRALI
depend on the combined intensity of both, patient-derived proinflammatory mediators and
the TRALI-inducing antibodies transfused [24]. It was thus conceivable that HNA-3a
antibodies, usually described to only prime neutrophils when directly applied [28], would
provoke cytotoxic effector functions when neutrophils were sufficiently primed in advance. In
order to verify this hypothesis, neutrophils were incubated with increasing doses of the
priming agents fMLP and LPS prior to treatment with the reference HNA-3a plasma P1. Flow
cytometric measurements of CD11b surface levels were used again for determination of the
neutrophil activation state as profound increases symbolize induced degranulation [172].
The priming steps were clearly effective since dose-dependent increases in CD11b
surface levels were detected for both agents. However, the subsequent treatment with
HNA-3a plasma P1 did not result in an additional, cooperatively promoted increase in CD11b
surface levels. Hence, these results indicate the lacking capacity of HNA-3a antibodies to
induce cytotoxic neutrophil responses in primed cells and appear thus to contradict
conclusions of Silliman and coworkers [28]. However, the authors used an experimental
model in which LPS-activated endothelial cells were incubated in co-culture with neutrophils
before adding HNA-3a antibodies. Neutrophil cytotoxicity could be induced but was
dependent on priming by endothelium-derived agonists and Mac-1-mediated neutrophil
adhesion to the endothelial cells [28]. This experimental setup is thus not comparable to the
rather simple approach of this thesis. In contrast to the latter, it is not conceived to answer
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the question if priming of circulating neutrophils, as it potentially occurs in septic conditions,
may facilitate cytotoxicity induction by HNA-3a antibodies. It rather explains a condition that
might occur during pulmonary inflammation and proves neutrophil-mediated cytotoxicity in
this context. These approaches must thus be evaluated with respect to the individual
experimental conditions. In conclusion, both studies separately add valuable information on
the multicausal model of TRALI induction rather than being contradictory.
In order to complement the previous results, neutrophil priming was equally
investigated on its capacity to enhance the HNA-3a antibody-mediated aggregation.
Neutrophils were primed with increasing doses of fMLP and LPS and serial dilutions of HNA3a plasmas were applied. The TPA was used as a read-out since it allowed for the
determination of the neutrophil aggregation capacity in dependence of their priming state.
Neutrophils were indeed able to aggregate with lower concentrations of HNA-3a plasma P1
when they were properly primed in advance. In detail, the concentration of P1 could be
reduced to 25-50% of the minimum concentration necessary to aggregate unprimed cells.
Furthermore, equally concentrated HNA-3a plasma P1 induced a stronger aggregation with
primed than with unprimed neutrophils. Interestingly, the priming agent concentrations at
which reactivity shifts were observed differed donor-dependently and ranged from
5-500 nmol/l for fMLP and 0.2-200 ng/ml for LPS. The obtained results were considered
highly reproducible for several reasons: they occurred consistently in duplicate testings, they
were reproduced with HNA-3a plasma P2 and finally, the reduced HNA-3a plasma
concentrations remained effective or could be decreased further with increasing priming
intensity.
These results indicate that the onset of TRALI is positively correlated with neutrophil
priming intensity and the HNA-3a antibody potency. Thus, they are in accordance with the so
far proposed bi- or multicausal models of TRALI induction [24–26]. However, the obtained
data also prove the identical correlation for TRALI severity and thus, they are especially
supporting the threshold model of Bux and Sachs [24]. In summary, this study provides an
explanation for varying TRALI outcomes in different patients when transfusing one and the
same HNA-3a plasma [153].
Besides the abovementioned conclusions, data analysis revealed other intriguing
details on TRALI pathogenesis. The donor-specific requirements for effective priming (agent
concentration) suggested interindividual variances in priming susceptibility. Additionally,
donor-related differences in the general aggregation capacity indicated diverging individual
susceptibilities to HNA-3a antibodies themselves. This conclusion is supported by the
previously described donor-dependent variances in HNA-3a antibody-mediated ERK2
activation. Finally, data showed that both HNA-3a plasmas differed generally in their capacity
to induce neutrophil aggregation and support thus the idea of a plasma-dependent TRALI
induction [24].
Comparison of the TPA data with those from in vivo studies revealed notable
discrepancies. While 0.2-200 ng/ml LPS were required to induce an increase in aggregation
capacity in vitro, blood LPS concentrations in septic patients account on average only for
0.3 ng/ml [447]. However, both results are not necessarily conflicting. Cellular responses are
not only dependent on concentration but also on exposure time. Profound neutrophil priming
might therefore also be achieved by the long term stimulation with comparatively low LPS
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concentrations in vivo. Furthermore, LPS concentrations might vary between different
sections of the vascular system and thus, local microcompartments might possess higher
endotoxin levels. Conclusively, both scenarios explain the enhancement of the HNA-3a
antibody-induced neutrophil aggregation under clinically relevant conditions.
Finally, results can be directly translated into clinical settings. Experiments with
HNA-3a plasma P2 demonstrated the relevance of priming when considering the transfusion
of 200-300 ml of a plasma-containing blood product into a patient with a blood volume of
5000 ml. Without priming, P2 would probably not induce TRALI as it was only effective when
used undiluted. In contrast, profound priming of the patient’s neutrophils would render P2
effective up to a dilution of 1:16. As this dilution might not be exceeded in the exemplary
clinical setting, P2 would potentially induce TRALI. Results from experiments with HNA-3a
plasma P1 additionally confirm the assumed importance of antibody potency. After neutrophil
priming, HNA-3a plasma P1 is reactive until a dilution of 1:512 and hence, it would
potentially induce TRALI in the assumed comorbid patient even when present in a plasmapoor red blood cell concentrate (10-15 ml of plasma) [448,449].

6.2.6 Influence of priming on HNA-3a antibody binding to
neutrophils
– This section discusses results published in Berthold & Muschter et al. 2015 [376] –
The priming-induced enhancement of neutrophil aggregation was potentially caused by an
increase in HNA-3a antibody binding and flow cytometric measurements confirmed this
hypothesis. In previous studies, similar results have also been described for HNA-1 and
HNA-2 antibodies [47,50,84]. These observations were due to stimulation-induced elevations
in surface levels of Fc-gamma receptor IIIb and CD177, the proteins that present HNA-1 and
HNA-2 epitopes, respectively [47,50,84]. A first hypothesis considers thus a similar increase
in HNA-3a surface levels. This response might rather be induced by rapid degranulation
events than by protein biosynthesis since it was already observed after 10 min of priming
[172]. However, confirmation of this model requires additional investigations on the
distribution of CTL2 in neutrophil granules. A second hypothesis is based on the selectivity of
HNA-3a antibodies for a certain CTL2 conformation and suggests that priming shifts the
tertiary structure of CTL2 to a variant more favorable for HNA-3a antibody binding [450].
Confirmation will also be necessary for this hypothesis and requires e.g. investigations on the
coupling of CTL2 to the cytoskeleton as modeled for integrin activation [303]. Both models
explain the enhanced aggregation response of primed neutrophils by assuming a stronger
CTL2 occupation. However, it is also conceivable that aggregation is additionally supported
by the parallel, priming-induced increase in cell surface CD11b. This mechanism provides
more potential adhesion sites and the conformational activation of Mac-1 would occur either
simultaneously by priming or cooperatively by the evidenced activating impact of HNA-3a
antibodies [424]. The pronounced aggregation is potentially facilitated by active Mac-1 and
additional adhesion molecules and would lead to severe TRALI.
Parallel studies performed by Dr. Tom Berthold (Dept. Transfusion Medicine,
University Medicine Greifswald) aimed to confirm potential HNA-3a expression changes
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during long term priming by induced transcription of the coding gene SLC44A2 [376].
However, the hypothesis was not confirmed since CTL2 mRNA numbers were not increasing
during 240 min of stimulation with 100 ng/ml LPS [376]. The results suggested hence a
rather constant number of CTL2 mRNA molecules over longer periods of time.
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6.3

IMPACT OF HNA-3A ANTIBODIES ON HUMAN
NEUTROPHILS – GLOBAL PHOSPHOPROTEOME
ANALYSES

Aggregation and classical activation of neutrophils were initially suggested as the two
mechanisms leading to HNA-3a antibody-mediated TRALI [15,24,47]. The activation
hypothesis could not be confirmed as previous investigations revealed the unexpected
induction of an alternative neutrophil phenotype and a priming response secondary to
neutrophil aggregation [376,424,425]. However, data showed that neutrophil aggregation is
a consistent, rapid and priming-sensitive outcome and this process was thus considered as
the essential pathomechanism induced by HNA-3a antibodies [376]. Accordingly,
aggregation-related signaling mechanisms were investigated by global phosphoproteome
analyses to discover potential target proteins for pharmacologic intervention.

6.3.1 Gel-free phosphoproteome analysis of HNA-3a
antibody-treated neutrophils – Initial screening and
workflow evaluation
Sampling for time-resolved global phosphoproteome analysis had to cover a treatment
period in which crucial HNA-3a antibody-induced changes of phosphorylation patterns
proceed. In order to define promising harvesting time points, the gel-based
phosphoproteome workflow (Figure 5, blue workflow) was used to screen for alterations
in signaling-relevant tyrosine phosphorylations [332,451]. HNA-3a/a and HNA-3b/b neutrophils
were analyzed for elimination of unspecific effects of HNA-3a plasma treatment.
HNA-3a antibodies mediated epitope-specific neutrophil aggregation but did not
induce specific changes in the tyrosine phosphorylation of HNA-3a/a neutrophils. Although
these results indicate a missing modulation of tyrosine phosphorylation at investigated time
points, it must be mentioned that this is only true for profound alterations. This was deduced
from analysis of positive control lanes, which revealed only one fMLP-induced band at the
position of ERK1/2 [389]. The failure to detect the weak HNA-3a antibody-induced
phosphorylation of ERK1/2 in HNA-3a/a neutrophils after 30 min of treatment supported this
conclusion. Therefore, relevant harvesting time points could not be determined from these
analyses.
The sampling regime for the subsequent screening experiments was deduced from
the described kinetics of the neutrophil aggregation and thus, harvesting was deliberately
performed at 5, 15 and 30 min of HNA-3a antibody treatment to cover the complete process
(Figure 42). In accordance to the experimental setup, the approach resulted in 36 samples,
which were processed using the gel-free phosphoproteome workflow (Figure 5, red
workflow) and analyzed as described in section “4”. Of note, GeneData-analysis was
performed with the less stringent settings to add profound phosphorylation changes by those
that were induced only weakly or less consistent over all replicates. Furthermore, transient
and weak alterations should be identified [323,332,389].
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The initial evaluation of phosphopeptide identifications revealed a technical variance
that was introduced during mass spectrometric measurements. This was concluded first from
the substantial identification number differences between measurement batches, which are
represented by all samples of a single harvesting time point. Furthermore, the average
identification numbers of 473-750 from this approach were outperformed by results of the
reference studies (1224-1257 phosphopeptides) [384,407]. Of note, this was not the case
with the previous optimization data. This variance factor was found to originate from the
reduced phosphopeptide binding capacity of long-term used pre-columns in mass
spectrometers. Hence, pre-column performance should be evaluated with phosphopeptideenriched test samples prior to every measurement and replacement should be performed if
necessary.
Evaluation of quantification efficiencies in Phospho-Shift analyses revealed a second
limitation for data analysis since yields of quantifiable phosphorylation patterns were rather
small. This effect was caused by a poor re-identification of phosphorylation patterns in
replicate samples and originated from the technical variance of the phosphopeptide
enrichment procedure. The limited reproducibility of PolyMAC-Ti was already published but
as it was still higher than that of conventionally used TiO2-beads, PolyMAC-Ti remained the
method of choice for small-sized samples [375]. Of note, the small proportion of consistently
identifiable phosphorylation patterns hampers principal component analyses due to the lack
of intensity (area) values necessary for calculation. Regarding quantification, robust
calculation is usually achieved with three data points per group and hence, gel-free
phosphoproteomic analyses should be performed with a sufficient number of replicate
samples.
Since the permissive analysis strategy of the current approach intended a less
stringent screening for potential phosphorylation changes, data were evaluated despite these
limitations. When avoiding a fold-change cut-off, analyses revealed several candidates in
both cell types but probably also a certain number of false positives. Thus, comparison of the
extent of candidate patterns was not conclusive (Table 11). The datasets from HNA-3a/a
samples were nevertheless assumed to contain candidate patterns specifically induced by
HNA-3a antibodies. This was conceivable due to the mostly inverse distribution of
phosphorylations and dephosphorylations in HNA-3a/a and HNA-3b/b cells and the lacking
detection of unspecific candidates after cross-validation. Phospho-Shift analyses with these
permissive filter settings detected many significant candidate patterns with fold changes < 2.
Although some patterns might be false-positive, others may also indicate weak HNA-3a
antibody-induced phosphorylation changes. The complementary On/Off-Regulation analysis
was predominantly used in similar studies and detects profound phosphoproteome
alterations [384,452]. However, a more permissive variant was used in this approach
(criteria: p value-based presence or consistent absence) and allowed for extended candidate
detection. In summary, both analyses successfully identified distinct possible candidate
patterns. However, the risk of looking at false-positive candidates must be considered during
evaluation.
The detected phosphorylation changes on serine, threonine and tyrosine residues in
a/a
HNA-3 neutrophils were thought to reveal HNA-3a antibody-induced signaling pathways.
However, distinct pathways could not be deduced from the sole analysis of changed
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phosphorylation patterns since five of those were newly discovered and the majority of the
remaining candidate patterns were of unknown functional relevance. A rather contextual
interpretation was hence necessary and Ingenuity Pathway Analysis (IPA) was used for this
purpose. Of note, IPA does not consider functional outcomes of phosphorylation changes.
Thus, it only revealed affected pathways in HNA-3a/a neutrophils and did not state on
pathway activity. Results from 5 min and 30 min of HNA-3a antibody treatment were similar
as both indicated involvement of Rho family GTPases. These Ras homologs (Rho) are 22
different small GTPases and include the extensively studied members Rho, Rac and Cdc42
[453]. Hence, the impact of HNA-3a antibodies on neutrophil migratory mechanisms was
indicated by a total of five pathways from both groups. IPA revealed furthermore the
involvement of ERK MAP kinase signaling due to the phosphorylation change of ribosomal
protein S6 kinase alpha-1 (S380) after 30 min of treatment. This serine/threonine kinase is a
direct target of activated ERK1/2 and serine 380 was described to be phosphorylated upon
stimulation [454,455]. Hence, this result confirms the late ERK1/2 activation by HNA-3a
antibodies observed in previous Western blot analyses. IPA results from 15 min of treatment
were contrasting to those of both other time points for two reasons. First, they showed the
lowest pathway coverage of this experimental series although being calculated from the
largest input of significantly changed phosphorylation patterns. Second, they did not reveal a
predominant impact of Rho family GTPase-regulated pathways. Both observations indicate
the primary alteration of functionally unrelated phosphorylation patterns, which translates to
a low level of signaling pathway regulation at this time point.
Altogether, these results point towards a biphasic signaling pathway in HNA-3a
antibody-treated neutrophils. This pathway is characterized by initial Rho family GTPase
signaling, a signaling gap at 15 min and a late signaling phase involving Rho family GTPases
and the ERK pathway.
Gel-free phosphoproteomic screening approaches gave insight into signaling
mechanisms potentially associated to HNA-3a antibody-mediated neutrophil aggregation.
However, analyses suffered from technical variances that were introduced by the limited
reproducibility of PolyMAC-Ti-based phosphopeptide enrichment. This variance is potentially
eliminated when analyzing a sufficient number of replicates per sample and the optimal
replicate number was hence aimed to be determined. Mass spectrometric measurement of
14 technical replicates from one single extract revealed large numbers of newly identified
unique phosphopeptides until replicate 4 was reached. This number was reduced to about
150 unique phosphopeptides with every additional replicate but did not decrease to
negligible amounts. Therefore, the number of unique phosphopeptides was not saturable by
stepwise cumulation and indicated a spectrum of at least 2850 different unique
phosphopeptides in neutrophil samples. Although 66% of all identified unique
phosphopeptides were covered with four technical replicates, a much larger replicate number
was potentially necessary to generate a data redundancy allowing for proper statistical
analysis (three area values per condition). Hence, the following in-depth phosphoproteome
analyses were performed with 14 technical replicates per sample.
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6.3.2 In-depth analysis of early neutrophil phosphoproteome
changes induced by HNA-3a antibodies
The in-depth phosphoproteome analysis required large protein extracts per sample to allow
for the generation of 14 technical replicates. However, the maximum neutrophil number
from one whole blood donation was limited and thus, the experimental design had to be
restructured. Neutrophils were only treated with reference HNA-3a plasma P1 and the
control plasma pool. Furthermore, the number of harvesting time points was reduced to one
at 5 min of treatment. This was reasonable as early signaling events leading to HNA-3a
antibody-mediated neutrophil aggregation were anticipated (Figure 49). Phospho-Shift and
On/Off-Regulation analyses were performed as described in section “4”.
Reduction of the measurement-specific variance was successful since average
identification numbers of unfiltered phosphopeptides were comparable with those from the
proof-of-principle approach (section “6.1.3” and Muschter et al. 2015) [384]. Per
sample group, 3680-3917 phosphorylation patterns were identified and numbers were
consistently larger in HNA-3a/a than in HNA-3b/b datasets. The latter occurred potentially due
to a slightly reduced protein load in the HNA-3b/b samples but different abundances in
general were corrected for by data normalization. Applying the optimized protocol, the
amount of quantifiable phosphorylation patterns was elevated by a factor of ~4 compared to
the screening approaches.
Phospho-Shift data from the in-depth approach and the respective screening
experiment
(5
min
treatment)
were
contradictory
with
respect
to
the
phosphorylation:dephosphorylation ratio. A similar observation was made when results of
both On/Off-Regulation analyses were compared (Table 11, Table 14). However, the
selection criteria used for both approaches were either permissive for false positives
(Phospho-Shift) or were differing between experiments (On/Off-Regulation) (section
“4.21.1” & “4.21.2”). A comparison of raw data from both experiments was thus not
considered conclusive and analysis was continued by cross-validation against HNA-3b/b
datasets and the contextual data interpretation using Ingenuity Pathway Analysis.
Performing IPA’s core analysis with the larger dataset led to more confident results as
an increased number of candidates was assigned to the top canonical pathways. Thus, also
IPA profits from elevated replicate numbers in phosphoproteome analyses. As expected, the
current results partially resembled those from screening approaches as the top three
pathways were consistently related to Rho family GTPases. Their -log(p values) (IPA’s
significance measure) were substantially larger than those of the other signaling cascades
and hence, these Rho pathways possessed the highest relevance in this approach. Although
IPA is not able to judge pathway activity from phosphorylation changes, it clearly indicated
Rho pathway involvement in HNA-3a antibody-mediated neutrophil responses. Further
analysis revealed that Rho, Rac and Cdc42 are central regulators of these pathways and
thus, these molecules were suggested to be involved in HNA-3a antibody-mediated TRALI.
All three Rho family GTPases are known to regulate cytoskeletal dynamics, thereby
facilitating processes like cell migration [205,270,453]. Neutrophil aggregation is described
as an active process but involvement of migration is still elusive as there is no data on the
active formation of chemotactic gradients or the induction of cytoskeletal reorganization
[15,24]. However, Rho GTPase signaling also influences neutrophil adhesiveness
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[453,456,457]. As this opens another intriguing mechanistic perspective for the formation of
homotypic cell-cell contacts, it was assessed whether Rho GTPases are necessary for HNA-3a
antibody-mediated neutrophil aggregation. Neutrophils were treated with specific inhibitors
of Rho, Rac or Cdc42 and neutrophil aggregation capacity was measured as described
(section “4”). Effective inhibitor concentrations were covered by the concentration ranges
tested [378–382]. Rho inhibition by Rho Inhibitor I (CT04) led unexpectedly to pronounced
neutrophil aggregation. In contrast to priming experiments, this was not observed by
aggregation induction with reduced HNA-3a plasma concentrations but rather by an increase
in aggregate size [376]. Furthermore, the effect was predominantly observable with the
highest reactive HNA-3a plasma dilution. Hence, Rho inhibition promoted neutrophil
aggregation to a lesser extent than did neutrophil priming [376]. Rac inhibitor NSC 23766
induced a similar effect but aggregate enlargement occurred only when the usually effective
inhibitor concentration was increased five-fold [379,380]. However, densitometric results
were not significant and indicate potentially an impairment of the Rho signaling axis by
unspecific inhibition. This conclusion is corroborated by a parallel study of Dütting and
coworkers, who similarly demonstrated unspecific side effects of NSC 23766 in platelets
[458]. Unspecific Rho pathway inhibition is moreover conceivable when considering the
reciprocal feedback inhibition of Rho and Rac as well as their opposing roles during migration
[205].
Altogether, the results indicate a signaling model in which HNA-3a antibodies lead to
Rho inhibition and trigger thereby a mechanism that contributes to adhesion maintenance.
This concept is supported by studies that demonstrated reduced detachment of Rhoinhibited neutrophils from endothelial cells after having adhered for 30 min via their integrins
[459]. Further confirmation is provided by experiments showing similar effects for other
leukocyte subtypes [285,459]. More details are given by Rac and Cdc42 inhibition
experiments. Both interventions did not apparently weaken neutrophil aggregation and thus,
breakdown of Rho function does not mediate its aggregation-promoting impact due to
coactivation of both functionally opposing GTPases. Furthermore, the observed aggregation
enhancement appears to be a secondary process as Rho inhibition alone did not induce
neutrophil aggregation. Hence, a primary pathway is needed for establishment of homotypic
interactions and is potentially provided by the evidenced Mac-1 activation [424]. The
assumption of separate aggregation-inducing and aggregation-maintaining steps is moreover
conceivable when considering the fMLP-mediated neutrophil aggregation. This process is
very similarly elicited by Mac-1 activation but it occurs rapidly and only transiently [101–
103]. Hence, the aggregation-maintaining Rho inhibition might be unique to HNA-3a
antibodies and could facilitate long-term homotypic adhesion by cytoskeletal dysregulations.
The formation of solid aggregates is potentially the major pathomechanistic step in HNA-3a
antibody-mediated TRALI and its extent might decide on the onset and severity of the
syndrome.
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6.4

MODEL OF HNA-3A ANTIBODY-INDUCED TRALI

In contrast to HNA-1 and HNA-2, HNA-3 expression is not restricted to neutrophils. HNA-3 is
also expressed on platelets, endothelial cells, lymphocytes and cells of the inner ear
[53,54,57–59]. Moreover, its mRNA was identified in monocytes as well as in human lung,
colon and liver tissue [57]. These findings are of particular relevance as they suggest
HNA-3a antibodies to target several cell types and indicate a rather complex pathogenesis of
HNA-3a antibody-mediated TRALI.
This doctoral thesis and the parallel work of Dr. Tom Berthold (Dept. Transfusion
Medicine, University Medicine Greifswald) focused on the investigation of neutrophil
responses upon direct interaction with HNA-3a antibodies. Therefore, the results obtained
shed light onto intriguing molecular events within a defined branch of the potential
pathomechanistic network. Bayat and coworkers assessed the impact of HNA-3a antibodies
on endothelial cells and discovered additional pathologic aspects [59]. These authors showed
that HNA-3a antibodies can directly induce barrier breakdown through disturbance of lung
endothelial cells, which leads to TRALI-like symptoms even in the absence of neutrophils.
However, the observed outcome was milder than in presence of neutrophils and thus, severe
TRALI was demonstrated to depend on both cell types. Very recently, the same group
showed the dependency of HNA-3a antibody-mediated neutrophil aggregation on the
presence of von Willebrand Factor (vWF) [124]. As this result is contradictory to data of
Schubert and coworkers, who demonstrated independence of the process of any plasma
factor, this mechanism requires further investigation [125]. Considering these recent
findings, the following section describes a comprehensive pathogenesis model of HNA-3a
antibody-mediated TRALI, which is moreover in accordance to the threshold model.
Upon transfusion of HNA-3a antibodies, neutrophils are encountered and CTL2
ligation leads to neutrophil stiffening [424]. This increase in rigidity was shown to depend on
an intact actin cytoskeleton and it is therefore an intriguing hypothesis that the process is
related to Rho dysregulation [424]. Neutrophil stiffening is a first trigger of neutrophil
sequestration in front of narrow lung capillaries and it is thought to be independent of
adhesion molecules like Mac-1 or L-selectin [180,460,461]. However, the subsequent
maintenance of neutrophil sequestration is caused by the HNA-3a antibody-induced
conformational activation of Mac-1 [424]. This is conceivable since the mechanism triggers
adhesion to activated endothelium or aggregate formation in the lung microvasculature
[28,29,32,59,139]. It is so far unclear whether Mac-1 activation is mediated by classical
inside-out-signaling or whether unconventional mechanisms play a role. As demonstrated by
Berthold and coworkers, neutrophil aggregation depends on the activity of a serine protease
[425]. Interestingly, neutrophil serine proteases were shown to induce conformational
activation of β3-integrins on platelets [462]. Thus, a similar effect on neutrophil-expressed
β2-integrins would depict an intriguing primary pathway elevating their adhesive capacities.
In the following, neutrophil aggregation leads to integrin cross-linking, thereby inducing
outside-in-signaling, weak ERK2 phosphorylation and finally subthreshold neutrophil
activation [99,443–445]. Considering the participation of vWF, the molecule would probably
mediate the assumed co-localization of CTL2 and Mac-1 at this time point [124]. In the
ongoing process, homotypic neutrophil aggregation is sustained in a secondary pathway by
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Rho dysregulation. This step is a crucial mechanistic node which gives rise to solid, TRALImediating aggregates and is potentially lacking in the transient homotypic neutrophil
aggregation mediated by fMLP [101]. Sequestered and adhesive neutrophils interact in
addition with endothelial cells and such interactions are enhanced when the endothelium is
present in an activated state. Activation of the endothelium is directly inducible by HNA-3a
antibodies and occurs therefore simultaneously to the induction of neutrophil responses [59].
Of note, this direct alteration of the endothelial physiology leads to a mild edema prior to
neutrophil sequestration in the microvasculature of the lung [59]. Aggregated or
endothelium-adherent neutrophils are finally stimulated by endothelium-derived
proinflammatory agents (ROS, cytokines) and this process is potentially alleviated by the
previous ERK2-mediated subthreshold activation. In turn, neutrophils mobilize their
microbicidal arsenal which translates into cytotoxicity [95]. The pronounced destruction of
endothelial cells gives finally rise to profound capillary leakage and manifestation of the well
described severe lung edema during HNA-3a antibody-mediated TRALI [131,132].
Regarding the threshold model of TRALI, HNA-3a antibody-mediated neutrophil
aggregation is enhanced by previous priming with proinflammatory mediators [138,376].
This is caused by the priming-induced elevation of cell surface Mac-1, which culminates into
an increased adhesiveness after HNA-3a antibody ligation [172,424]. The same process
enhances likewise neutrophil binding to HNA-3a antibody-activated endothelium [424].
Importantly, endothelial activation is also induced by proinflammatory mediators. Thus,
subsequently secreted cytokines render at least a part of the neutrophil population adhesive
to endothelial cells even before HNA-3a antibodies are present [28]. In accordance, this
priming-induced clinical setting is characterized by pronounced neutrophil sequestration in
front of lung capillaries due to enhanced neutrophil-neutrophil and neutrophil-endothelium
adhesions. Endothelium-derived proinflammatory mediators and HNA-3a antibodies induce
finally activation of the increased number of endothelium-bound neutrophils. Additionally,
the same agonists activate the primed neutrophils which are clustered to solid aggregates.
Both events culminate in pronounced neutrophil-mediated cytotoxicity, increased endothelial
damage and more severe TRALI.
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6.5

OUTLOOK

Results from this doctoral thesis provided new insights into the pathogenesis of HNA-3a
antibody-mediated TRALI. The studies aimed at the investigation of direct neutrophil
responses to HNA-3a antibodies and a workflow for gel-free analysis of the neutrophil
phosphoproteome was successfully developed for this purpose. While the induction of
neutrophil cytotoxicity was shown to be unlikely, neutrophil aggregation was demonstrated
as the main pathomechanism and crucial molecular events within this process were revealed.
Parallel studies of Dr. Tom Berthold (Dept. Transfusion Medicine, University Medicine
Greifswald) provided complementing data and added to the described conclusions. However,
the pathogenesis of HNA-3a antibody-mediated TRALI is still far from understood and thus,
further investigations are necessary.
Monoclonal antibodies directed against HNA-3 or other CTL2 epitopes are necessary
molecular tools for further investigations. However, attempts to generate mouse monoclonal
antibodies failed so far due to the conformation sensitivity of CTL2 and the homology
between human and murine CTL2 variants. These obstacles may be overcome by performing
immunization approaches with natively-folded full-length CTL2 and a suitable host species.
Although this strategy is elaborate, it will be rewarding as a proper set of monoclonal
antibodies allows for CTL2 interaction studies using co-immunoprecipitation. Such
investigations could identify the transmembrane protein potentially employed for signal
integration and the revealed processes would indicate a number of downstream signaling
pathways. Finally, their involvement in HNA-3a antibody-mediated TRALI can be assessed by
usage of the described phosphoproteomics workflows.
HNA-3a antibody-induced neutrophil aggregation is a crucial pathomechanism and
discovery of the responsible adhesion molecules would allow for the development of
pharmacological intervention strategies. Although activation of Mac-1 was shown in response
to HNA-3a antibody treatment, it is still not completely understood how neutrophils form the
observed aggregates [424]. This mechanism differs in timing and stability compared to fMLPinduced aggregation and thus, other adhesion molecules are potentially involved. As these
might be counterreceptors for Mac-1 or other integrins, molecules like ICAM-1 or LFA-1
should be investigated in future experiments.
A great discovery was made when HNA-3a antibody-mediated neutrophil aggregation
was found to depend on serine protease activity. Protease inhibition is hence another
potential therapeutical measure for treatment of respective TRALI cases. However, the exact
identity of the protease is still elusive and awaits its unveiling by comprehensive
investigations using a broad panel of serine protease inhibitors.
Knowledge of HNA-3a antibody-induced signaling pathways may open perspectives
for preventive treatment when onset of TRALI is suspected. Respective studies are feasible
using the workflows for neutrophil phosphoproteome analyses presented in this doctoral
thesis. In order to expand the present data, future investigations should consider neutrophil
treatment with other HNA-3a plasmas and for additional periods of time. It is highly
recommended to perform these experiments with an optimal number of replicates and
permissive analysis settings to facilitate enhanced candidate pattern identification.
Furthermore, in-depth phosphoproteome analyses should also be performed with neutrophil
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membrane fractions. Such investigations require subcellular fractionation but are indicated as
crucial signaling events proceed in close proximity to the plasma membrane. Moreover, mass
spectrometric measurement would benefit from the reduced sample complexity.
Investigation of early-activated signaling molecules in HNA-3a antibody-mediated
neutrophil aggregation is of eager interest. Such studies would either reveal the stimulation
of alternative pathways or indicate the involvement of well described membrane-proximal
signaling proteins. Potential molecules would include phospholipases, protein kinase C
isoforms (PKC) and phosphoinositide 3-kinase (PI3K). Activation of PKCs is mediated by
distinct phosphorylation steps and can hence be assessed using phosphorylation-specific
Western blotting (reviewed in [463]). In contrast, phospholipases and PI3K are regulated by
membrane translocation and thus, investigations are best performed by evaluating neutrophil
aggregation after specific inhibition (reviewed in [464,465]. In the case of positive detection,
these signaling molecules would depict potential pharmacological targets and would indicate
possible downstream signaling pathways.
Rho GTPase-regulated pathways were shown to be involved in HNA-3a antibodymediated neutrophil aggregation and particularly Rho was revealed to be inhibited. These
results indicated cytoskeletal dysregulation and raised the question whether sustained
aggregation and neutrophil stiffening are linked to a common process. However, the exact
regulatory mechanisms are still unknown and thus, further investigation is required. For this
purpose, appropriate pull down or ELISA assays should be used for measuring the activity of
all three Rho GTPases during aggregation. Furthermore, immunofluorescence can be applied
to investigate whether and how the localization of the molecules is changed. Likewise, other
prominent regulators of the cytoskeleton could be assessed by similar methods. Finally,
immunofluorescence could be used for investigating actin dynamics.
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Appendix 1: Identified proteins of six neutrophil samples. Mass spectrometrically
identified proteins of three independent samples from untreated neutrophils and neutrophils
treated for 5 min with 10 µmol/l formyl-methionyl-leucyl-phenylalanine are shown.
Appendix 2: Identified peptides of six neutrophil samples. Mass spectrometrically
identified peptides of three independent samples from untreated neutrophils and neutrophils
treated for 5 min with 10 µmol/l formyl-methionyl-leucyl-phenylalanine are shown.
Appendix 3:
dependently
Phosphorylation
phosphorylation

Unchanged and formyl-methionyl-leucyl-phenylalanine (fMLP)changed phosphorylation patterns in human neutrophils.
patterns with fMLP-dependently changed abundances as well as unchanged
patterns are shown.

Appendix 4: Identified phosphorylation patterns from gel-free phosphoproteome
screenings of HNA-3a plasma-treated neutrophils. HNA-3a homozygous (HNA-3a/a)
and HNA-3b homozygous (HNA-3b/b) neutrophils were treated in three independent
experiments for 5, 15 or 30 min either with HNA-3a plasma or control plasma and all
identified phosphorylation patterns are shown.
Appendix 5: Identified phosphorylation patterns from the in-depth gel-free
phosphoproteome analysis of HNA-3a plasma-treated neutrophils. HNA-3a
homozygous (HNA-3a/a) and HNA-3b homozygous (HNA-3b/b) neutrophils were treated for
5 min either with HNA-3a plasma P1 or control plasma and identified phosphorylation
patterns from 14 technical replicates of each condition are shown.
Appendix 6: Phosphorylation patterns with significant abundance changes
detected in the in-depth gel-free phosphoproteome analysis of HNA-3a plasma
treated neutrophils. HNA-3a homozygous (HNA-3a/a) and HNA-3b homozygous (HNA-3b/b)
neutrophils were treated for 5 min either with HNA-3a plasma P1 or control plasma and
Phospho-Shift as well as On/Off-Regulation analyses were performed. Phosphorylation
patterns that possessed significant and HNA-3a/a neutrophil-specific abundance changes are
shown.
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