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THESIS






1. INTRODUCTION

Infectious diseases are a leading cause of morbidity and mortality in newborns worldwide.
The challenges of the perinatal period and particular immunologic preconditions make neo-
nates especially susceptible to infection and sepsis. Without medical intervention at an early
stage, neonatal infections may progress rapidly with fatal or adverse long-term outcomes. Ob-
taining early diagnostic certainty is, however, fraught with difficulties: due to the unspecific
initial symptoms in newborns, due to our incomplete understanding of their dynamic phys-
iology, and — closely related to that — due to the unsatisfying status quo of diagnostic means.
In the face of suspect but ambiguous symptoms, none of today’s established blood tests of-
fers a predictive accuracy that would allow neonatologists to forgo an immediate initiation
of antibiotic therapy. For the sake of patient safety, antibiotics are usually administered for at
least 24-48 h, normally until blood culture results are obtained. This low-threshold approach,
however, leads to a significant proportion of unnecessary treatments, promotes antibiotic re-
sistances, and takes the risk of mid- or long-term consequences due to the disruption of a
developing microbiome. Therefore, neonatology would greatly benefit from novel diagnostic
means, reducing the number needed to treat while enabling earlier and more accurate identi-
fication of those patients who are actually in need of therapy:.

Proteomics as a systems biology approach is dedicated to the research of proteins in their
totality and systematics. Its central method is mass spectrometry, enabling the identification,
quantification and characterization of up to several thousand proteins in tiny amounts of most
diverse specimens. Due to the principally unbiased nature and the inherent multiplexicity of
such analyses, proteomics is thought to be well-suited for clinical biomarker research. The
methodological progress of recent years gives hope for a breakthrough of proteomic appli-
cations and biomarkers in clinical practice. Neonatology might particularly benefit from a
proteomics-driven progress in biomarker research, not least as to the described challenges
with neonatal infections.

In this context, in 2017-2019 the department of neonatology at the Dr. von Hauner Chil-
dren’s Hospital Munich (LMU) cooperated with the Max Planck Institute of Biochemistry
Martinsried (MPIB) and performed a large-scale proteomic observational study in neonates.

This thesis is centred on the proteome analyses of a subgroup of late preterm and term in-
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tfants affected by early-onset bacterial infection. The main questions concern the differences
between the protein profiles of healthy and diseased newborns as well as changes after the
beginning of antibiotic therapy.

Overall, this thesis is to contribute to a deeper understanding of the neonatal blood pro-
teome and of the benefits that proteomic methods may have for the diagnosis and treatment

of neonatal infections.

1.1 Neonatal infections

Since the proteomic analyses of this thesis were conducted on neonates who were diagnosed
with a bacterial infection, the following general remarks will focus only on these and com-

pletely omit the broad field of viral, fungal and parasitic infections.

1.1.1 Epidemiology

A child’s risk of dying is never higher than during the first month of life (UNICEF, 2021).
The neonatal period covers, by definition, 28 days postnatally. For 2020, the United Nations
Inter-agency Group for Child Mortality Estimation (UN IGME) indicated a global neonatal
mortality rate of 17 deaths per 1000 live births, which is an estimated total of 2.3 million
fatalities worldwide. On the one hand, the global mortality rate of children has constantly
been decreasing over the past decades and has never been lower than in 2020 (UN IGME,
2021). On the other hand, it could be observed that the mortality rate of neonates decreased
slower than that of all other children under five years of age (Global Burden of Disease Study;,
2021).

Within the neonatal period, infectious diseases are — besides prematurity and asphyxia —
a leading cause of death (Lawn et al., 2005; Liu et al., 2015). According to a meta-analysis of
global data from 1979-2016, 2202 neonates per 100000 live births were affected by neonatal
sepsis with a mortality of 11-19 % (Fleischmann-Struzek et al., 2018). This results in a global
incidence of roughly 3.0 million neonatal sepsis cases per year. For 2013, Liu ef al. estimated
the worldwide number of neonatal deaths due to sepsis at 0.421 million. For 2019, the Global
Burden of Disease Study finds a fraction of sepsis and other infections in all neonatal fatalities
of approx. 12 % (GBD, 2021). For 2000, Lawn et al. estimated that even 36 % of all neonatal
deaths worldwide were due to any sort of infection.

Generally, neonatal infections are a major health care issue in any part of the world. In
2019, neonatal mortality rate in high-income economies was ca. ten times lower than in low-
income economies (referring to World Bank ranking; UN IGME, 2021). At the same time,
the proportion of neonatal deaths due to infectious diseases was only ca. two times lower

(referring to sociodemographic index ranking; GBD, 2021).
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For Germany in 2020, the UN IGME reports a neonatal mortality rate of 2.25 deaths per
1000 live births, which is an estimated total of 1776 fatalities in the neonatal period. These
values are slightly under the European average of 2.53 deaths per 1000 live births. For 2010-
2016, a Germany-wide retrospective analysis found an incidence of 1006 cases of neonatal

sepsis per 100000 live births (Born et al., 2021). Case fatality rate was reported as 3.9 %.

1.1.2 Definitions

Infection is generally understood to be a proliferation of micro-organisms in normally sterile
body compartments (such as blood or cerebrospinal fluid) leading to an inflammatory reaction
(Zemlin et al., 2021).

The term sepsis is to be distinguished from that, since it rather accentuates the organ-
ism’s uncontrolled and harmful response to infection. In adult medicine, a revised interna-
tional consensus definition for sepsis (the so-called “Sepsis-3”) has been established, which
terms sepsis a "life-threatening organ dysfunction caused by a dysregulated host response to infec-
tion” (Singer et al., 2016). In neonatology, however, there is to date no such internationally
consented and established definition of neonatal sepsis (Wynn, 2016; McGovern et al., 2020).
Among various reasons, this may be due to the very unspecific sepsis symptoms in neonates
and the principal challenge of dealing with a broad spectrum of gestational ages.

In praxi, neonatal sepsis is divided into two entities according to their timely occurrence:

early-onset sepsis (EOS) and late-onset sepsis (LOS).

Table 1.1: Classification of neonatal sepsis

Early-onset sepsis (EOS) Late-onset sepsis (LOS)
Onset within 72 h pp. later than 72 h pp.
Pathogens mainly from maternal vaginal mainly from nosocomial flora

flora (e.g. CoNS, S. aureus)

(e.g. GBS, E. coli)

For further frequent causative agents of neonatal sepsis cf. Tab. 1.3.

The exact definition of EOS and LOS, however, strongly varies (Dong & Speer, 2015). Some
authors set the cut-off generally at 48h, 96 h or even seven days, some differentiate between
preterm (72h) and term infants (7 d), some rely on special groupings when group B strepto-

cocci (GBS) are the cause.

1.1.3 Risk factors

The risk of a bacterial infection is inversely correlated with gestational age, birth weight and
socioeconomic status (Klinger et al., 2009). It is in direct relation to the interval between rup-

ture of membranes and delivery as well as to the mother’s highest intrapartum temperature
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(Puopolo et al., 2011). A further major risk factor is vaginal colonization of the mother by
GBS, leading to intrapartum transmission or even intrauterine infection (cf. Ch. 1.1.4; Patras
& Nizet, 2018; Edmond et al., 2012).

The pronounced inverse correla- Table 1.2: Risk factors of neonatal sepsis

tion of risk with birth weight had al- maternal risk tactors Infant risk factors
ready been shown in several countries jasive procedures during pregnancy prematurity
(Vergnano et al., 2011; Boghossian et al., fupture of membranes low birth weight
. prior to labour (PROM) male sex
2013; Tsai et al" 2014) and has recently > 18 h prior to delivery instrument-assisted birth
been confirmed for Germany as well. chorioamnionitis prolonged hospitalization
fever (> 38°C) congenital anomalies

Born et al. (2021) showed that among all

leukocytosis (> 15000 wbc/mm?)
deliveries in German hospitals in 2010- tachycardia (> 100bpm)

2016 a total of 17.7 % of very low birth uterine tenderness
foul odor of amniotic fluid

weight infants (VLBW) were sooner or foetal tachycardia at delivery (> 160 bpm)

later affected by neonatal sepsis. How- 9roup B streptococci (GBS)
vaginal colonization

ever, this was the case for only 2.1 % of bacteriuria during pregnancy

neonates with a low birth weight and infection in previous child
low socioeconomic status

0.6 % of neonates with a normal birth
poor prenatal care
weight. poor nutrition

. . . . . ni
Meconium-stained amniotic fluid substance abuse

Risk factors of neonatal sepsis according to Simonsen et al. (2014)
and Genzel-Boroviczény & Roos (2019).

(MSAF) during delivery in the absence
of other risk factors is not a sufficient
reason for starting sepsis diagnostics and antibiotic treatment (Siriwachirachai et al., 2014;
Zemlin et al., 2021). Nevertheless, as the newborn might have swallowed or inhaled it in utero
MSAF cannot be definitely ruled out as a risk factor for EOS (Taskin et al., 2020). In com-
bination with e.g. intrapartum fever MSAF is in any case a well-known warning signal for
postnatal complications (Levin et al., 2021).

Concerning LOS, the main risk factors (besides degree of immaturity) are strongly con-
nected with hospitalization and invasive medical procedures, like mechanical ventilation,
catheterization or surgery (Dong & Speer, 2015). Beyond that, asphyxia and postnatal res-

piratory complications play a major role as LOS risk factors (Leal et al., 2012).

1.1.4 Aetiology

A neonatal bacterial infection may have its cause before, during or after birth. Invasive ob-
stetric procedures in the amniotic cavity (e.¢. amniocentesis or chorionic villus sampling) all
bear a risk of introducing pathogens into the child’s protected environment and, by that, a
risk of amniotic and subsequent foetal infection (Wilkins et al., 1989; Fejgin et al., 1993). More-

over, transplacental hematogenous infections do not occur exclusively with viruses, but also
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with certain types of bacteria, such as Treponema pallidum (causative agent of syphilis), Listeria
monocytogenes (causative agent of listeriosis) or others (Lamont et al., 2011; Arora et al., 2017).
The most common aetiology of an EOS,

Table 1.3: Bacterial pathogens of neonatal sepsis however, is the infant’s colonization and

Early-onset sepsis (EOS) Late-onset sepsis (LOS) subsequent infection through bacteria from

Group B streptococci (GBS)*  Coagulase-neg. staph. (CoNS)* the maternal genitourinary and gastroin-

Escherichia coli Staphylococcus aureus testinal tract. These may be acquired either

Streptococcus viridans Escherichia coli

Streptococcus pneumoniae Klebsiella spp. antepartum (through an ascending intra-
Staphylococcus aureus Enterobacter spp. amniotic infection) or intrapartum (after
Enterococcus spp. Pseudomonas spp.

Enterobacter sop. rupture of membranes and/or through pas-
Haemophilus spp. sage of birth canal). Either way, it can

Listeria monocytogenes

lead to an invasive infection with the clini-

Predominant bacterial agents of EOS and LOS according to Si- . .
monsen et al. (2014) and Dong & Speer (2015). Most frequent  cal picture of an EOS (Simonsen et al., 2014).

ones are listed on top (*). GBS and E. coli together account for . .
more than two third of all EOS cases, the same is true for CONS ~ Bacteraemia with GBS - the most relevant

among LOS cases. GBS are foremost S. agalactiae, CoNS are . .
e.g. S. epidermidis or S. saprophyticus. The actual spectrum of Pathogen in this context — may already be

pathogens varies significantly across countries and is constantly

evolving over time (Shim et al., 2011). prevalent at the time of delivery (Pyati et al.,

1983).

Possible postnatal causes for neonatal sepsis may be the immaturity of dermal/mucosal
barriers in preterm infants (Darmstadt et al., 2003), infections of the umbilical cord stump
(Moraa et al., 2019), mucosal injuries through endotracheal suctioning (Storm, 1980) or any
other adverse effect of invasive medical procedures (cf. Ch. 1.1.3).

Within the last decades, long-term observations showed significant shifts as to the pre-
dominant pathogens (cf. Tab. 1.3) and the incidences of EOS and LOS. An international cohort
study covering more than 140 000 term births in 2011-2016 identified GBS still to be the most
frequent causal pathogen for EOS (Polcwiartek et al., 2021). In the Western world, however,
the fraction of cases due to GBS and E. coli declined since the 1980s whereas the importance of
coagulase-negative staphylococci (CoONS) and S. aureus as EOS pathogens increased (Ronne-
stad et al., 1998; Bizzarro et al., 2005). At the same time, overall EOS cases decreased and
LOS cases increased (Bizzarro et al., 2005). This reduction of EOS cases and the change in
the spectrum of causative agents may be attributed to the introduction of GBS prophylaxis in
the early 1980s (i.e. antepartum screening & intrapartum antibiotics). Improved survival and
prolonged hospitalization of preterm neonates may also have led to the increase of LOS cases
(Bizzarro et al., 2005; Shim et al., 2011; Dong & Speer, 2015).

1.1.5 Immunology

Neonates are significantly more susceptible to infection and at greater risk of severe progres-
sions than adults. Even pathogens that are very unlikely to cause illness in adults (such as GBS

or RSV) can have a serious impact on newborns. However, the “immaturity” of the neonatal
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immune system can be seen from at least two different angles (cf. Zhang et al., 2017; Tsafaras
et al., 2020): on the one hand, it can be understood in the sense of deficient immunologic fit-
ness and diverse cellular/humoral impairments (”quantity, coordination & experience”); on
the other hand, the aspect of immunologic regulation in neonates has increasingly been taken
into focus (”quality & unfavourable but necessary ways of coordination”). Two aspects may
elucidate why the neonatal susceptibility for infections does not only arise from certain cellu-
lar impairments or the predominance of innate over adaptive immunity, but also from very
specific ways in which the neonatal immune system is necessarily regulated.

Firstly: The immunologic challenge of pregnancy is to ensure foeto-maternal tolerance
(PrabhuDas et al., 2015). However, this effort for an immunologically “reconciled” pregnancy
and a safe intrauterine development originates by far not unilaterally from the maternal side.
For this mutual acceptance e.g. regulatory T cells seem to play a major role in both mother and
child (Aluvihare et al., 2004; Mold et al., 2008). Mold et al. showed that maternal cells passing
the placental barrier lead to a presentation of maternal antigens in foetal lymph nodes and
subsequently to an induction of Ty cells that suppress immunity against these very antigens.
These Treg cells persist long after birth, partly until adolescence. Immediately after birth,
however, these or any residues of foeto-maternal tolerance may be disadvantageous for an
effective immune response of the newborn.

Secondly: The immunologic challenge of delivery is the newborn’s transition from a semi-
sterile to a microbe-laden environment (Wassenaar & Panigrahi, 2014; Tsafaras et al., 2020).
Microbial colonization of all external and internal surfaces is an inevitable and crucial part
of adaptation, but theoretically it could also be an overwhelming inflammatory stimulus. In
view of that, maintaining a tight immune regulation postnatally also protects developing or-
gans (as the lungs) and mucosal tissues (as in the intestine) from hyperinflammatory damage.
Again, regulatory T cells (which are abundant in neonatal mucosa) may play an important
role in this process (Thome et al., 2016). Chronically high levels of inflammation might also
impede the necessary and ongoing development of immunologic ”self-tolerance” (Adkins
et al., 2004). In this sense, a cautious encountering of allo-antigens is of similar importance as
for auto-antigens. An aggressive pathogen clearance, anyway, does not seem to be an absolute
priority of the neonatal immune system (Zhang et al., 2017) and — from this point of view —a
certain immunologic “inertia” seems to be favourable. As soon as eventual pathogen growth
exceeds a critical limit the neonatal immune system is, however, easily forced into the other
extreme and tends to react with harmful hyperinflammation (Zhang et al., 2017; Tsafaras et al.,
2020).

Summarizing the two aspects above, an overall challenge for the immune system in early
life is “balanced maturation”. Any dysbalance in the continuous (intra- & extrauterine) adap-
tations of immune-regulatory processes favours adverse reactions and increases infection sus-

ceptibility (Ygberg & Nilsson, 2012). The neonatal immune system should be capable of
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switching between a “moderate under-responsiveness” in normal times and full mobilization
of its defensive capacities in threatening situations (Adkins et al., 2004).

Besides this perspective on neonatal immune regulation, numerous aspects reflecting the
cellular/humoral impairments of neonatal immunity could still be elaborated. Tab. 1.4 is sup-
posed to highlight some prominent ones. All of these aspects underline how much neonates

are in need of special diagnostic and therapeutic caution.

Table 1.4: Impairments of the neonatal immune system

Cellular immunity

neutrophils rolling, adhesion & diapedesis | [1] — chemotaxis | [2] — phagocytosis, NETosis &
effects of degranulation | [3]
monocytes phagocytosis & antigen presentation | [4] — adhesion, diapedesis & degranulation | [5]
— cytokine production | [6]
dendritic cells phagocytosis & antigen presentation |, [4]
natural killer cells  degranulation & cytotoxicity | (7]
T cells predominance of naive T cells [8] — T 1-type response | ("vs. intracellular pathogens”)
& Ty2-type response 1 ("vs. extracellular pathogens”) [9]
B cells predominance of naive B cells [8], occurrence of class switch | [11]
Humoral immunity
cytokines release upon stimulus |, [6] — pro-inflammatory potential | [9, 10] — cellular polyfunction-
ality | (i.e. barely more than one type of cytokine from one immune cell) [9]
antibodies velocity, peak level, duration & affinity | [11] — response to polysaccharide antigens
(encapsulated bacteria) | [12]
complements serum levels | [13]
Physical barriers
cutis permeability 1 [14]
mucosa permeability 1 [15]

[1] Nussbaum & Sperandio (2011) — [2] Weinberger et al. (2001) — [3] Zhu et al. (2014) — [4] Nguyen
et al. (2010) — [5] Kaufman et al. (1999) — [6] Yerkovich et al. (2007) — [7] Guilmot et al. (2011) — [8]
Walker et al. (2011) — [9] Kollmann et al. (2009) — [10] Strunk et al. (2004) — [11] Glaesener et al. (2018)
—[12] Klein Klouwenberg & Bont (2008) — [13] Firth et al. (2005) — [14] Darmstadt et al. (2003) — [15] Koren
etal. (2021).

1.1.6 Diagnostics

Given the possibly foudroyant progression of neonatal infections to septic shock, reliable di-
agnostics enabling early therapy is absolutely crucial.

In reality, however, diagnosis can be challenging and fraught with uncertainty, beginning
with the unspecific and initially subtle symptoms of affected newborns. Although they do
not allow a reliable differentiation from other conditions such as maladaptation, respiratory
complications or metabolic diseases, awareness for these clinical signs is of major importance
in neonatology. Their occurrence necessarily initiates further diagnostics and demands for
close observation of the respective infant. Tab. 1.5 provides an overview of possible clinical
signs which suggest a beginning/ongoing infection. Until proven otherwise, any newborn
with inexplicable respiratory distress should be considered as afflicted with infection (Zemlin
et al., 2021).
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Table 1.5: Clinical signs of neonatal infections

General poor feeding, hypothermia/fever, central-peripheral temperature difference >2 °C

Respiratory apnea/dyspnea/tachypnea, grunting, nasal flaring, intercostal retractions

Circulatory bradycardia/tachycardia, centralization (capillary refill >2 sec), arterial hypotension

Neurological $pathy/llethargy, muscular hypo-/hypertension, irritability/hyperexcitability/touch sensitivity, seizures, taut
ontane

Gastrointestinal distended abdomen, absence of intestinal sounds, vomiting/obstipation/diarrhea, delayed gastric emptying

Dermal paleness, cyanosis, erythema (puncture sites, catheters), pustula/abscess/omphalitis, petechial bleedings,
edema, icterus

Clinical signs of neonatal infections according to Simonsen et al. (2014) and Genzel-Boroviczény & Roos (2019). The intensity
of the symptoms above varies depending on gestational age and severity of disease. In preterm infants and Gram-positive infec-
tions, symptoms may be less obvious than in term infants or infections due to Gram-negative and fungal pathogens (Simonsen
et al., 2014).

Besides clinical evaluation of the neonate, basal initial diagnostics should cover a complete
blood count, the C-reactive protein, the interleukines 6 & 8 and a blood culture (Zemlin et al.,
2021). Suprapubic or lumbar puncture as well as imaging should be conducted if the severity
of symptoms gives reason to do so.

Due to the dynamic physiology of neonates the complete blood count (CBC) is strongly
dependent on both gestational and postnatal age (Christensen et al., 2009). Therefore, even
when applying adapted reference values (e.g. for the physiologic leukocyte left shift within
48h pp.; Manroe et al., 1977) a CBC is generally to be interpreted with caution as far as an in-
fection is to be evaluated. The I/T ratio (immature to total neutrophils ratio) as a measure for
this leukocyte left shift may have a high negative predictive value (Murphy & Weiner, 2012;
Saboohi et al., 2019) and thus may help rule out neonatal sepsis, but it is lacking sensitivity.
Similarly, even the total count of white blood cells (WBC) offers a merely low positive predic-
tive value in sepsis detection due to a late increase of WBC after an onset of sepsis (”latent
period” of ca. 4h; Christensen et al., 1985). Ultimately, the CBC in all its aspects has foremost
a supporting diagnostic function rather than being relied upon exclusively.

Until today, the most established inflammatory biomarker in neonatology is the C-reactive
protein (CRP). Originally, it was discovered through and named after its ability to form pre-
cipitates with a component of the pneumococcal cell wall, the C-polysaccharide (Tillett &
Francis, 1930). Today, CRP is an extensively researched serum protein produced by hepa-
tocytes (Hurlimann et al., 1966) in the so-called ”acute phase”, the organism’s response to
tissue injuries and inflammatory processes of any kind (Sproston & Ashworth, 2018). CRP’s
diverse physiological functions include (according to Marnell et al., 2005): i) opsonization
of intruded bacteria aiming at an activation of the complement system (i.e. fostering innate
immune response); ii) mediation of immune-modulatory effects on macrophage- and T-cell-
level through cytokine release; iii) marking apoptotic cells for phagocytosis and increasing

their clearance; iv) binding damaged membranes and, by that, preventing autoimmunity; and
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several more. Du Clos (2000) describes CRP as a “surveillance molecule for altered self and
certain pathogens”, comparable to a polyvalent immunoglobulin.

In daily clinical use, CRP helps assess a general “inflammatory status” and thus in identi-
fying acute (bacterial) infections as well as evaluating responsiveness to treatment. The latter
results from its property to increase reasonably soon after a suitable stimulus and to decrease
just as reliably as the stimulus ceases (Du Clos, 2000). As it does not pass the placental barrier
(at least not in relevant amounts) there is no risk of confusing maternal and neonatal inflam-
mation (Rozansky & Bercovici, 1956; Nielsen et al., 1990). However, there is an unspecific
increase of CRP within the first days of life, presumably due to stress of delivery (Kaapa &
Koistinen, 1993; Chiesa et al., 2001). This physiologic rise of CRP can reach > 1.0mg/dl in
up to 20 % of healthy term neonates (Mjelle et al., 2019), which might complicate eventual
diagnostics. While in several diseases sole CRP levels correlate well with severity and out-
come, a stringent correlation for sepsis is at least controversial, both in adults (Gradel et al.,
2013; Kurisu et al., 2020) and neonates (Philip, 1985; Vasiljevi¢ et al., 2008). As for the predic-
tion of neonatal sepsis outcomes, however, height of CRP in relation to albumin or platelet
levels might be a promising complement to current diagnostic capabilities (Li ef al., 2021a,b).
The most significant limitation of CRP is its delayed increase and its lack of sensitivity in
the early phase of an acute infection. CRP levels increase 6 h after their respective stimulus
and reach a peak after 48h (Pepys & Hirschfield, 2003). De facto, this makes CRP a “late”
marker which is more suitable for surveillance than for diagnosis itself. It necessarily needs
an “early” marker as its partner which is normally interleukin-6 (IL-6), interleukin-8 (IL-8)
and/or procalcitonin (PCT).

The cytokine IL-6 originates from endothelial and immune cells at the onsite of infection
and is the main inductor of hepatic CRP production and release (Weinhold & Ruther, 1997).
IL-6 levels reach their peak already 2 h after their respective stimulus and return to their base-
line within 8 h (Shannon et al., 2007). Unlike CRP, this makes IL-6 inappropriate for moni-
toring. However, as CRP’s precedent in the inflammatory cascade the sensitivity of IL-6 in
the early phase of neonatal sepsis is high (80-100 %; Hofer et al., 2012). Oftentimes, it is de-
termined together with IL-8, another pro-inflammatory cytokine with similar properties and
a high negative predictive value for neonatal sepsis in its early phase (90-94 %; Franz et al.,
2007).

In septicaemia — mediated through bacterial endotoxins and inflammatory cytokines —
the prohormone PCT is released, presumably from pulmonary and intestinal neuroendocrine
cells (Becker et al., 1980; Maruna et al., 2000). PCT levels rise at 4h and reach their peak 6 h
after their respective stimulus, which will be maintained for 24h (Dandona et al., 1994). This
makes it another early biomarker for acute bacterial infections with kinetics between that of
IL-6 and CRP. PCT’s sensitivity and specificity in the early phase of neonatal sepsis are high
(both 80 %; Vouloumanou et al., 2011). Similarly to CRP, one can observe a physiological in-
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crease within the first two days of life (independently from gestational age, Sachse et al., 1998).
Furthermore, there are rising PCT levels also in conditions associated with haemodynamic or
hypoxic complications (Lapillonne et al., 1998; Monneret et al., 1998). Despite these limitations,
PCT has proven partly superior to CRP in the prediction of neonatal sepsis (Vazzalwar et al.,
2005).

Although an abundance of potential further biomarkers has been evaluated in recent years,
the diagnostic triumvirate out of CRP, IL-6, and PCT is in praxi largely unchallenged. For
instance, cell surface antigens of bacterially activated leukocytes (as CD11b or CD64) per-
formed in some studies with high sensitivity and specificity for neonatal sepsis (Nupponen
et al., 2001; Ng et al., 2002). However, they are quite volatile and their determination is tech-
nically demanding (Haque, 2010). Not least, this is why CRP — despite all limitations (as its
delayed sensitivity) — remains a central component to any neonatal infection diagnostics: due
to its widespread availability and rapid, convenient and low-cost determination (Hofer et al.,
2012).

Besides blood biomarkers as indicators of a certain (patho-)physiological status, the formal
gold standard in diagnosing infectious diseases are actually microbial cultures. However,
these are fraught with decisive drawbacks: (1) the late obtainment of results due to a time
to positivity commonly between 24-48 h (Kuzniewicz et al., 2020); (2) a certain risk of false-
negative results due to too little volumes of inoculated blood (Woodford et al., 2021); (3) the
high risk of false-positive results due to a contamination with cutaneous commensals during
the blood sampling (Hall & Lyman, 2006). Therefore, in daily newborn healthcare the time-
critical initial decision-making is based on clinical signs and blood biomarkers, whereas blood
cultures serve as verification of the diagnosis, as re-evaluation of an empiric antibiotic therapy

and for its targeted deescalation.

1.1.7 Therapy

In view of all inevitable shortcomings of today’s diagnostic possibilities, there is an iron con-
sensus in treating newborn patients: to react to any reasonable suspicion of a bacterial infec-
tion by immediately initiating calculated antibiotic therapy (Zemlin et al., 2021). This urgency
arises from a direct relation between delaying a necessary treatment and increased morbidity
and mortality (Weiss et al., 2014). An intraamniotic infection or some constellations of mere
risk factors (cf. Ch.1.1.3) may even justify a start of antibiotic therapy despite an absence of
clinical symptoms or inflammatory markers (NICE, 2021).

In turn, this safety comes at the price of a more or less pronounced overuse of antibiotics
in neonates, entirely depending on local standards. While a Norwegian group (Fjalstad et al.,
2016) reported 2.3 % of all live-born term infants of their cohort having been treated with
antibiotics, a US-American group (Mukhopadhyay et al., 2013) reported a fraction of 7.4 %

(including late preterm infants > 35+0). In both studies, culture-positive EOS cases were less
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than 0.1 %. Kiser et al. (2014) drew attention to the fact that 24.2 % of a cohort of neonates
born after an intraamniotic infection were (in accordance with former guidelines) treated with
antibiotics, while the fraction of patients with positive blood cultures was 0.7 % in this study.

Among all treated patients of the aforementioned studies, indeed, a relevant number of
“clinical” EOS cases is to be assumed, i.e. cases which do not allow microbiological detec-
tion of a causative pathogen despite an obvious and compelling constellation of symptoms
and other findings. Nevertheless, the numbers above illustrate a great potential for savings
in antibiotics, resources and not least discomforting interventions within the first days of life
of many patients. More sensitive diagnostics, more solid criteria and more tailored therapies
are obviously required. For VLBW, it could be shown that a prolonged application of em-
pirical antibiotics after sterile blood culture results may even increase the risk of developing
necrotizing enterocolitis (Abdel Ghany & Ali, 2012). Caution is required, not least as possible
long-term health implications of an early life exposure to antibiotics come more and more into
focus. These are increased odds for developing childhood asthma (Murk et al., 2011), diabetes
(Boursi et al., 2015), inflammatory bowel disease (Ng et al., 2013) or others (Schulfer & Blaser,
2015).

Thus, a further key principle — complementary to an early start of antibiotic treatment —
is its early re-evaluation, usually after 3672 h on the basis of clinical appearance, inflamma-
tory markers and blood culture results (van der Hoeven et al., 2022). German, British and
US-American guidelines generally advise to stop empiric antibiotic therapy after 3648 h if
the suspicion of infection cannot be maintained based upon normal clinical evaluation, nega-
tive inflammatory markers and sterile blood cultures (Zemlin et al., 2021; NICE, 2021; Puopolo
et al.,2018a,b). Referring to their (prospective, multicentre, randomized and controlled) inter-
vention study, Stocker et al. (2021) argue that after 36 h of empiric antibiotic therapy and serial
measurements of CRP and PCT the negative predictive values of both markers do not rise
any further. According to the authors, after 36 h and provided normal CRP and PCT levels a
discontinuation of antibiotic therapy is reasonable.

In clinically unambiguous or culture-proven cases, empirical antibiotic therapy ought to be
changed to a de-escalated pathogen-directed choice of antibiotics, which is then to be main-
tained over the appropriate period of time. For a culture-negative but clinically unequivocal
infection, an empirical therapy over up to 10d is to be considered. In culture-proven sepsis,
10d of treatment is generally indicated. In case of meningitis, the duration is usually 14-21d
(Nizet & Klein, 2015).

As far as the choice of antibiotics is concerned, it can be summarized that in literally every
case of sepsis two aspects have to be taken into account: firstly, the onset of symptoms, as
it points to an EOS- or LOS-specific spectrum of pathogens (cf. Ch. 1.1.2); secondly, the local
conditions, as each country and ultimately each hospital has its specific microbial flora with

certain patterns of susceptibility to antibiotics.
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Today’s probably most established combination of antibiotics for the initial empiric ther-
apy of EOS is a broad-spectrum penicillin (mostly ampicillin) plus an aminoglycoside (mostly
gentamicin) since they act synergistically against GBS and listeria (Baker et al., 1981; Mac-
Gowan et al., 1998). A widely used alternative are third-generation cephalosporines (mostly
cefotaxime) instead of the aminoglycoside. This combination, however, is increasingly crit-
icized for the fast development of resistances (Bryan et al., 1985), unfavourable selection of
other pathogens (e.g. ESBL bacteria and candida; Le et al., 2008; Manzoni et al., 2006) and even
a questionably higher mortality compared to a therapy with ampicillin/gentamicin (Clark
etal.,2006). However, in suspected meningitis — especially when attributable to Gram-negative
bacilli — cefotaxime should always be considered due to its high capacity of penetrating tis-
sues and cerebrospinal fluid (Begue et al., 1984). Similarly as for EOS, the first line antibiotic
therapy of LOS usually is a penicillin (mostly flucloxacillin or vancomycin) plus an aminogly-
coside (mostly gentamicin). In the therapy of LOS, however, national standards differ more
significantly than in the therapy of EOS.

As mortality rates remain high even under the most up-to-date antimicrobial and support-
ive therapy, there has been an intense search for adjuvant therapies. While G-CSF (granulocyte
colony-stimulating factor) or IVIG (intravenous immunoglobulines) did not prove beneficial
(Schibler et al., 1998; INIS, 2008, 2011), pentoxifylline is still under evaluation (Lauterbach &
Zembala, 1996; Peng & Xia, 2019). It is an immunomodulating agent with anti-inflammatory
properties (TNF-a-inhibitor) and positive effects on microcirculation. In their meta-analysis
from 2019, Peng & Xia found pentoxifylline to be associated with significantly reduced hospi-

talization and potentially reducing mortality among neonates suffering from sepsis.

1.1.8 Long-term morbidities

Despite all diagnostic and therapeutic endeavours, neonatal infections and sepsis are not only
associated with relevant mortality (c¢f. Ch. 1.1.1) but also with unfavourable outcomes and
long-term morbidities, both in preterm and term neonates.

Especially when sepsis is followed by meningitis, neurodevelopmental outcomes are a
major issue. A prospective active surveillance study from Germany covered 347 preterm
and term infants born in 2001-2003 who had survived GBS-induced sepsis (without or with
meningitis). 14 % of them had neurologic sequelae at the time of discharge (Fluegge et al.,
2006). Among these, hydrocephalus and cerebral seizures were, by far, the most frequent
manifestations. In a British cohort of preterm and term infants born in 1996-1997, among 84
survivors of a culture-positive bacterial meningitis in the neonatal period only 40 % did not
show any sign of disability at five years of age (de Louvois et al., 2005). 52 % showed mild or
moderate, 7 % severe signs of disability.

In VLBW, the evidence for poor outcomes is even more compelling. An Israelian popu-

lation-based observational study included nearly all VLBW (n = 15839) born over a period
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of ten years (1995-2005). For those 2.4 % of study patients with EOS, the odds for mor-
tality, severe intraventricular haemorrhage (IVH), bronchopulmonary dysplasia (BPD) and
retinopathy of prematurity (ROP) were all significantly increased (Klinger et al., 2010). At-
tempts to explain such observations mostly refer to the general dysregulation of inflamma-
tory processes (cf. Ch. 1.1.5) and an immature blood-brain barrier in preterm infants (Adams-
Chapman, 2012). Ultimately, the exact pathophysiology of these consecutive phenomena and

of neonatal sepsis itself is yet to be fully understood.

1.2 Proteomics

1.2.1 Basics

The so-called central dogma of molecular biology going back to Francis Crick (1958) essen-
tially deals with the flow of genetic information in any organism. Oftentimes, it is broken
down to the formula "DNA makes RNA, and RNA makes protein”. This points to the dogma’s
key message that there can neither be any transfer of information between proteins and nu-
cleic acids nor between proteins and proteins. Genetic information (i.e. any determination
of nucleic acid sequences and thereby amino acid sequences) that once has reached protein
level is virtually “caught” on it. While this postulate of an absolute unidirectionality within
the flow of genetic information has long been abandoned (remember reverse transcription or
the effects of prions), the conception of proteins as the central effectors of nearly all cellular
functions is still valid. Performing most diverse tasks — from structuring to signalling — pro-
teins are sometimes referred to as “working horses” of the cell or even as “nano-machines”
(Zaccai, 2003). While the genome is often referred to as some sort of “construction plan”,
the proteome may consequently be seen as this plan’s actual implementation, realized by the
cellular machinery out of transcription (DNA to RNA), translation (RNA to proteins) and
post-translational modifications of proteins (PTM). Caterpillar and butterfly may be geneti-
cally identical, but they totally differ in their proteome and the resulting morphology (Mishra,
2010). Therefore, the proteome is the effective link between genotype and phenotype. Or in
other words: “genotype makes proteome and proteome makes phenotype”.

The term proteome was shaped in the 1990s when, first, Marc R. Wilkins used this coinage
to describe the “entire protein complement expressed by a genome, or by a cell or tissue type” (Wilkins
et al., 1996). The proteome can thus be understood as the totality of proteins of a defined sys-
tem, from single cell to entire organism. Therefore, proteomics is a systems biology approach
that deals with the expression, structure, function, modification and interaction of proteins.
The most widely used method for studying the proteome is mass spectrometry (MS). Whithin
the last decade, MS-based proteomics has developed into a high-throughput method. A key

characteristics is the high complexity of raw data, since commonly data from multiple physi-
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cal dimensions are recorded. These need to be disentangled in an elaborate raw data analysis
before protein abundance information on a sample can be derived. While more conventional
approaches in molecular biology often investigate only few selected gene products in a tar-
geted manner, proteomics usually aims at a maximum of analytical depth and an unbiased
detection of as many gene products as possible.

The number of protein-coding genes of the human being is said to be around 20 000 (Salz-
berg, 2018). Since the completion of the Human Genome Project in the early 2000s there is,
however, still no definitive consensus between the leading genome databases about the ex-
act number of protein-coding genes. Determining the total number of resulting proteins is
even more delicate. Indeed, there may be just as many immediate gene products as cod-
ing genes, i.e. one “representative, non-redundant” protein for any gene locus (terminology by
Uhlen & Ponten, 2005). On the other hand, the actual number of functional protein variants
originating from this immediate gene product (also called proteoforms) can exceed the num-
ber of protein-coding genes by far, totally depending on the mode of counting. Even when
only considering the number of possible protein variations through RNA splicing and prote-
olytic maturation, some estimations already end up with 500000 functional proteins (Uhlen
& Ponten, 2005). And yet, this does neither include the hundreds of thousands of possible
proteoforms due to posttranslational modification (such as glycosylation, phosphorylation,
amidation, lipidation, ubiquitinylation efc.) nor does it include the millions of possible pro-
tein variants due to somatic DNA rearrangements as they can be found in the synthesis of

immunoglobulins (Uhlen & Ponten, 2005).

1.2.2 Challenges

Having laid out the previous numbers, it becomes obvious that the proteome is an enormously
complex system. The first complete proteomic characterization of an unicellular organism was
that of the yeast species Saccharomyces cerevisiae (de Godoy et al., 2008). This was 12 years after
the complete sequencing of its genome (Goffeau et al., 1996). Nearly 20 years after the first
publication of a whole human genome sequence (Consortium, 2004), an analogous proteomic
achievement is not even in sight. The human proteome is far from being exhaustively under-
stood or even “decrypted” (Aebersold & Mann, 2016), despite decades of research and sig-
nificant progress in many aspects. State-of-the-art proteomic workflows detect around 10 000
proteins in cell culture experiments (Wang et al., 2020b). Comprehensive studies aim at explor-
ing cellular protein localizations (Itzhak et al., 2016) or expression patterns in the course of cell
cycle (Ly et al., 2014). Others try to shed light on the complex field of signal transduction path-
ways (Humphrey et al., 2015) and protein-protein interactions, the so-called interactome (Hut-
tlin ef al., 2017). Entire cell type or organ-specific proteome maps were determined (Sharma
et al., 2015; Wang et al., 2019) and even first attempts to draft maps of the complete human
proteome were released (Kim et al., 2014; Wilhelm et al., 2014). And yet, all of these develop-
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ments should not hide the fact that proteomic methods — with the exception of MALDI-TOF
in microbiology (Croxatto et al., 2012) — are still far away from a broad application in clinical
routine. The promise of a widely successful biomarker discovery through proteomics is yet to
be fulfilled (Geyer et al., 2017).

One explanation for this gap between aspiration and reality is technological. Virtually
all progress in proteomics is tied to the challenge of overcoming technical barriers in mass
spectrometry (MS), its pivotal analysis method. Likely more than any other field of life sci-
ences, proteomics appears to be profoundly interwoven with MS. Some authors have already
risen the question "whether technology drives biology or whether biology drives the development of
new technologies” (Aebersold, 2003). For a long time, a major barrier for a broader application
of MS-based proteomics had been the fact that depth of detail had to be bought by extensive
analysis time. Studies with a high protein coverage typically had a reduced sample through-
put and vice versa. Newer proteomic workflows, however, address this dilemma and concen-
trate on a successful balance between coverage and throughput (Geyer et al., 2016a). Allin all,
a series of challenges in terms of sample preparation, instrumentation, peptide identification,
protein quantification and even study design may have contributed to the fact that the clinical
benefit of proteomics has not been resounding, yet (Geyer, 2017).

Another constant challenge in proteomics is rather of statistical nature and is founded in
its property as high-throughput method. As it usually deals with most extensive data sets,
evaluating the true effect sizes of proteomic findings can be difficult. Hundreds to thousands
of simultaneous statistical tests (one for each detected biomolecule) are quite in the nature of
all omics technologies. But as the risk of false positive findings naturally increases with the
very number of performed tests, proteomics is particularly error-prone in this regard. The
correct contextual interpretation of a high number of statistical tests and their (seemingly)
significant results is known as the problem of multiple hypothesis testing (cf. Ch. 1.2.6). It is,
for sure, an omnipresent challenge in proteomics (Diz et al., 2011).

The latter becomes all the more evident when considering some biological peculiarities of
the proteome. In contrast to the relatively static genome, which is identical in virtually any
cell of an organism, the proteome as the variable product of the genome is extremely dynamic.
It reacts sensitively to external influences (such as diseases or drugs) and the expression level,
the localization or the activity of proteins can change quickly and significantly. Of course,
these dynamics can be very informative, but they have to be carefully differentiated from a
basal noise of continuous processes on cellular level, and over-interpretation is to be strictly
avoided (Friedman, 2012). Apart from that, protein levels also show a certain range of inter-
and intra-individual variability. Some may be stable over time within one individual while
the general protein levels strongly vary between several individuals (Geyer et al., 2016b). Oth-
ers may be variable over time for one person but the relative changes are similar between

several individuals or conditions (Geyer et al., 2016a).
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A further proteomics-specific and even more significant issue is known as the problem
of dynamic range. Proteins appear in extremely different abundances. In blood plasma,
ten to twelve orders of magnitude can lie between the most abundant protein (albumin,
ca. 50mg/ml) and the least abundant ones (as cytokines, ca. 5 pg/ml, Hortin et al., 2006).
For cellular proteomes, the relation is rather six orders of magnitude (Zubarev, 2013). In both
compartments, however, the abundances approximately represent a logarithmic normal dis-
tribution. Ultimately, this leads to an overlaying of the least abundant proteins by the highly
abundant ones, which makes the former undetectable for MS (Wu & Han, 2006; Zubarev,
2013). As a result, even state-of-the-art MS-based proteomics has to accept this inherent lower
detection limit.

All of the aforementioned issues can be notable confounders in proteomic analyses, which

have to be faced by solid study designs, precise instruments and thorough statistics.

1.2.3 Potential

All of these complexities do, nonetheless, imply the true (or at least expected) potential of pro-
teomics, too: which is to act as a precise “mirror” of cellular and systemic processes (Geyer
et al., 2016a). As laid out before, the proteome can be considered as the link between geno-
type and phenotype, which is not only true for the state of health but also that of disease.
Proteins are thought to be the ideal indicators of any condition, be it a physiological or patho-
logical one, and on any level — in cells, tissues, organs or the whole organism. A profound
understanding of the human proteome is supposed to naturally come along with the discov-
ery of many novel protein biomarkers (i.e. biological surrogate parameters, BDWG, 2001) or
whole biomarker networks. This would certainly be of great value for many efforts in mod-
ern medicine: to diagnose diseases early and precisely, to prognosticate and monitor their
progression reliably, and to identify pathways and molecular targets for new causal therapies.

According to statistics of the Department of Laboratory Medicine at Klinikum Grofshadern
in Munich (LMU university hospital), in 2016, for nearly 80 % of all inpatients at least one
blood-based laboratory test was performed. In ca. 40 % of all blood tests, the subject were
proteins with their concentrations and enzyme activities (Geyer et al., 2017). These exemplary
numbers indicate the eminent role of proteins in clinical decision-making, which they have
been holding for a long time at least in the form of conventional single-protein tests (as im-
munoassays or enzymatic assays). The principal problem with such tests, however, is their of-
ten obvious lack of specificity. The new edition of the International Statistical Classification of
Diseases and Related Health Problems (ICD-11) contains 55 000 entries, in contrast to its pre-
decessor version with 14 000 diagnoses (ICD-10). Even when theoretically assuming only 5000
well-distinct pathological states of the human body, it would still remain more than question-
able if — in view of ca. 20000 protein-coding genes — a highly specific stand-alone biomarker

existed for each of these conditions (Geyer, 2017). Despite a notable number of monogenetic
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diseases, most pathologies are yet perceived as results from complex interactions of genetic,
epigenetic and environmental influencing factors. Taking the specific dynamics of diseases
into account as well, it becomes fully obvious that single readouts and even serial readouts of
one biomarker must always be interpreted with caution.

A typically proteomic approach to face this problem of biomarker-specificity is the search
for multi-biomarker panels. The idea is to put a blood-test founded decision on a broader
basis by a contextual evaluation of a whole set of biomarkers. Combining several diagnostic
findings is clearly one of the most intuitive requirements on each level of clinical decision-
making, be it anamnesis, physical examination, imaging or other techniques. But especially
in laboratory diagnostics — where the potential is particularly large — the idea of standardized
multi-parameter panels is not as established yet as it could be. Mixed scoring instruments,
that include clinical observations and single lab values, have partly been in use for a long
time. The Child-Pugh score e.g. includes albumin and bilirubin for a classification of liver
cirrhosis (Child & Turcotte, 1964; Pugh et al., 1973). The SOFA-score integrates creatinine
and bilirubin concentrations to assess acute organ dysfunction in sepsis (Vincent et al., 1996).
Several others of such mixed scoring instruments could still be mentioned, but pure biomarker
panels are yet a rarity in clinical use. In gynaecology, the sFlt-1/PIGF ratio has meanwhile
been widely established for the assessment of pre-eclampsia. A tandem-measurement of the
anti-angiogenesis factor soluble Fms-like tyrosine kinase-1 (sFlt-1) and of the placental growth
factor (PIGF) has proven to be very reliable in differentiating between pregnant women with
and without pre-eclampsia (Levine et al., 2004; Lapaire et al., 2010).

Beyond these conventional examples the, to date, only genuine multi-biomarker panel in
clinical use, that was found by means of proteomics, is the OVA1 test (Petricoin et al., 2002;
Rai et al., 2002; Zhang et al., 2004; Bristow et al., 2013). In 2009, the OVA1 test was approved
by the United States Food and Drug Administration (FDA) for a targeted assessment of pelvic
masses suspected for ovarian cancer. It includes an evaluation of CA 125, Apolipoprotein Al,
Beta-2 microglobulin, Transferrin and Pre-albumin. The OVA1 test does also illustrate that an
inconspicuous bundle of unspecific parameters can potentially be combined to a significant
set of markers.

The actual challenge remains to uncover the complex interactions and molecular regu-
lation mechanisms behind. Once being able to sufficiently handle these complexities of the
human protein mosaic, the theoretical potential for biomarker discovery would be immense.
With tens of thousands of functional proteins the number of arithmetically possible combi-
nations for such panels seems nearly inconceivable. Even when presuming a high number
of redundant and unspecific proteins as not eligible for the formation of such panels, it is
only reasonable to expect this general idea of “multiplex” laboratory diagnostics to be more
powerful than the status quo of single-protein tests. Past decades have been characterized by

the (mostly futile) search for “magic bullets” in the diagnostics of this or that type of cancer
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or some other diseases (Hurst, 2009). However, the upcoming (or at least expected) era of
individualized medicine and of computer-assisted clinical decision-making may be the time
for a paradigm shift: from stand-alone biomarkers towards powerful multi-biomarker panels
(Hurst, 2009).

The current conventional and lengthy approach of proteomics-based biomarker discovery
could be summarized as follows: Few patients and controls are, first, examined in great detail
leading to a large number of biomarker candidates. In subsequent validation stages, the num-
ber of biomarker candidates decreases while patient groups grow. This is what Geyer et al.
(2017) denote as the classical triangular strategy and in contrast to which they present their
concept of a rectangular strategy. The authors argue that — due to the achieved methodolog-
ical advances in MS — the laborious multilevel scheme might be obsolete, namely when two
independent, large and similarly sized cohorts are a priori analysed at the greatest possible
depth (cf. Fig. 1.1). The overlapping biomarker candidates are supposed to be more signifi-
cant than such filtered out by the conventional approach. This rectangular strategy relies on
the assumption that the most interesting correlations are to be found when naturally emerg-
ing from huge proteomic data sets in a hypothesis-free and unbiased manner. Although it still
leaves some questions of practicability, cost-effectiveness and not least of bioethics, this may

be an approach which unleashes additional potential in proteomic biomarker discovery.
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Figure 1.1: Triangular vs. rectangular strategy. Two concepts of proteomics-based biomarker discovery according to Geyer
et al. (2017). In the first one, cohort size and protein coverage are inversely proportional over the different stages. In the
second one, two large cohorts are a priori analysed at great depth of detail. "Shotgun proteomics” is a synonym for LC-MS/MS-
based "bottom-up” proteomics. In this method, proteins are subjected to proteolytic digestion prior to their mass spectrometric
identification (cf. "Basics of mass spectrometry” in the appendix). Figure adapted from Geyer et al. (2017).

1.2.4 Neonates

A perpetual challenge in paediatrics is that the majority of all medical and pharmaceutical
research is conducted with a focus on adults. For instance, the ”off-label use” of drugs, i.e.
drugs that have never been specifically tested and approved for a certain purpose or patient
collective, is — due to the lack of alternatives — a daily practice of paediatrics and neonatology

(Schrier et al., 2020). It is therefore barely surprising that all the more in the young field of
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clinical proteomics only a minimal percentage of studies deals with children, although this
proportion has slightly increased in recent years (cf. Fig. 1.2). Today, proteomics may be
applied to a considerable range of paediatric issues, such as genetic or metabolic diseases,
haemato-oncological, cardiovascular or even surgical questions (Everett & Ignjatovic, 2014).
Nevertheless, in a recent review about biomarker research in premature infants, Letunica et al.
(2021) stated a considerable lack of proteomic evidence for this population. And yet there are
elucidating contributions of MS-based proteomics in the field of inflammation and infection
in neonates, of which some are to be outlined in the following.

Suski et al. (2018a,b) examined both cord blood and blood plasma of preterm infants
(< 30+0) and could show severe disturbances in protein networks associated with inflam-
mation, immunomodulation, coagulation and complement. Compared to cord blood of term
infants and to follow-up plasma samples at 36 weeks of corrected gestational age (cGA), most
diverse proteins of the mentioned systems were significantly decreased or partly increased.
The authors interpret this picture of overall normalizing protein patterns with increasing post-
natal age as a “progression toward recovery from perinatal perturbations”. Referring to healthy
term infants, Bennike et al. (2020) observe a nearly gradual increase of proteins from the clas-
sical and the terminal complement pathway in the first seven days of life. Moreover, the mere
postnatal adaptation on the first day of life seems to be characterized by a significant tempo-
rary acute phase reaction, mainly through an increase of SAA1 (Bennike et al., 2020; Marchini
et al., 2000; Levy, 2007; Pettengill et al., 2014). Any search for novel infection biomarkers in
newborns has to take account of this dynamic physiology.

These and other peculiarities of the neonatal proteome may have contributed to the so far
limited success in biomarker discovery for newborns. However, some promising approaches
and results from recent time that deal with three of the most significant complications in
neonatology, EOS, LOS and NEC (necrotizing enterocolitis), shall be introduced in more detail
in the following.

In several studies published in 2005-2010, Buhimschi ef al. examined the proteome of am-
niotic fluid and found neutrophil defensin-1 & -2 and S100-A8 & -A12 (calgranulin A & C) to

be effective markers for intra-amniotic infection and/or inflammation, given that at least two
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of four proteins are measurable (Buhimschi et al., 2005). S100-A8 & -A12 in amniotic fluid is
associated with a subsequent EOS and poor neurological outcomes (Buhimschi et al., 2007a,b,
2009; Buhimschi & Buhimschi, 2010). Furthermore, Buhimschi et al. (2011) assessed cord blood
of a cohort of 180 preterm infants, several of whom had blood-culture-positive EOS. Multi-
stage analyses showed that antenatal exposure to intra-amniotic infection and/or inflamma-
tion leads to a genetic “switch-on” pattern in haptoglobin expression. Highly increased levels
of haptoglobin (HP) and HP-related protein in cord blood reflect a foetal adaptation to intra-
uterine immunologic stress. They may be used as early biomarkers of an emerging EOS with
positive effects on early and targeted treatment. The observed “switch-on” pattern was in-
dependent of gestational age and birthweight, suggesting it to be a powerful and clinically
useful indicator.

Since 2010, at least five major proteomic studies attempted to find reliable indicators for
NEC and LOS in preterm infants. Similarly to EOS, both conditions are clinically severe and
associated with a high risk of death or poor long-term outcomes, such as bronchopulmonary
dysplasia, neurodevelopmental impairment or gastrointestinal complications (Sharma & Hu-
dak, 2013; Shah et al., 2015).

Ng et al. (2010) identified the pro-apolipoprotein C2 (Pro-Apo-C2) and a variant of the
serum amyloid A (SAA) as promising indicators in blood plasma for NEC and LOS. The
suggested “ApoSAA score” combines both proteins. It was reported to identify cases and to
stratify them into risk categories, ultimately allowing for a more targeted initiation and termi-
nation of antibiotic treatment. Murgas Torrazza et al. (2013), however, criticized the ApoSAA
score for enabling only late diagnoses and for not distinguishing between NEC and LOS. A
safe distinction between these life-threatening conditions with overlapping symptoms is crit-
ical since it affects the decision on enteral feeding, eventual surgery and details in antibiotic
treatment.

Murgas Torrazza et al. (2013) themselves approached the diagnosis of NEC by buccal
swabs, obtaining buccal epithelium as a representative of the intestinal epithelium (both have
similar embryologic roots). Proteomic analyses of the buccal proteins suggested the inter-
leukin-1 receptor antagonist (IL-1RA) as a promising predictor of NEC. Another non-plasma-
based approach of proteomic NEC diagnosis was presented by Sylvester et al. (2014) who iden-
tified a panel of fibrinogen peptides in urine (FGA1826, FGA1883 and FGA2659) as promising
indicators of an emerging NEC (AUC = 0.856). By combining it with a specifically devel-
oped scoring instrument out of 27 clinical parameters, the outcome of all 65 included NEC
cases could correctly be predicted as either conservatively or surgically treatable. Addition-
ally, non-invasive sampling of urine or buccal epithelium would be a great practical benefit,
enabling easier monitoring of patients at risk than by repeated blood sampling.

Stewart et al. (2016) examined the serum proteomes of ten NEC and LOS patients longitu-

dinally over three standardized time points. At the time of diagnosis, they state associations of
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both diseases with several proteins, such as CRP, SAA2, HP and others. One of the main con-
clusions, however, is the low likelihood for the existence of a single, highly specific biomarker
for NEC and/or LOS.

Chatziioannou et al. (2018) compared the serum proteomes of 25 NEC and 18 LOS patients
to matched controls and to each other. They presented two biomarker panels of three proteins
each, which they claim to have excellent accuracy in diagnosing LOS and in distinguishing
NEC from LOS. The first panel out of CRP, Apo-A4 and CETP (cholesterol ester transfer pro-
tein) allowed for a highly precise distinction between LOS and control at the time of diagnosis
(AUC =0.98; 95 % CI = 0.917-1). The second panel out of Apo-A4, Apo-C1 and LCAT (lecithin-
cholesterol acyltransferase) was even more accurate in discriminating between NEC and LOS
patients at the time of diagnosis (AUC = 0.999; 95 % CI = 0.987-1). With an AUC = 0.784 CRP
as a solitary biomarker was reported to be not sufficient for distinguishing NEC from LOS
patients. Notably, despite numerous overlapping findings as for the lipid metabolism in in-
fection/inflammation, Chatziioannou et al. (2018) did not observe the Apo-C2 (described by
Ng et al., 2010) to be a significant marker.

The aforementioned studies from the NEC & LOS complex also underline the potential of
multi-biomarker panels (cf. Ch. 1.2.3). In their review of infection and inflammation biomark-
ers in febrile children Zandstra et al. (2021) emphasize the progress that has indeed been made
with respect to transcriptomic, proteomic or flow-cytometric multi-biomarker panels. Differ-
ent procedures from all of these dynamic fields bear great promise to facilitate clinical deci-
sion making through novel laboratory or even point-of-care tests (POCT). There are already
POCTs on the market which support the distinction between bacterial and viral infections,
a daily issue e.g. in ambulatory health care. An example is the ImmunoXpert " triple assay,
which evaluates the plasma proteins TRAIL (TNF-related apoptosis-inducing ligand), IP-10
(IFN-y-induced protein-10) and CRP (Oved et al., 2015; van Houten et al., 2017; Srugo et al.,
2017), or the FebriDx® double assay, which measures MxA (myxovirus resistance protein A)
and CRP (Self et al., 2017; Shapiro et al., 2018; Shirley, 2019). A third example is a novel POCT
measuring a two-transcript host RNA signature out of EMR1-ADGRE1 and IFI44L, enabling
an on-site transcriptomics-based distinction between a bacterial and viral genesis of infection
(Pennisi et al., 2021).

Besides this multitude of proteomics-based clinical observation studies and first estab-
lished diagnostic concepts, two exemplary animal studies of recent time ought to be men-
tioned at this point since they may have high relevance for neonatology and the understand-
ing of sepsis.

Muk et al. (2019) investigated plasma and cerebrospinal fluid alterations in preterm piglets,
resulting from a systemic infection with S. epidermidis immediately after caesarean section (n =
15 vs. control n = 11). The plasma proteomes of 6, 12 & 24 h after inoculation showed elevated

protein levels and significant dynamics for HP, lipopolysaccharide binding protein (LBP), von
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Willebrand factor (vVWF), Apo-A4, SERPIN A3-6, soluble CD14 (sCD14) and mannose-binding
lectin 1 (MBL1). The cerebrospinal fluid proteomes of 24 h after inoculation showed elevations
of neuroinflammation-related neuropeptide Y (NPY), interleukin 18 (IL-18) and matrix metal-
loproteinase 14 (MMP14). In a third group of piglets (n = 14), all infected with S. epidermidis
but also enterally fed with bovine colostrum, the described alterations in plasma were re-
duced. This dampening effect, however, was much weaker in the cerebrospinal fluid. All in
all, the observed proteome alterations elucidate the pathophysiology of premature organisms
in sepsis.

Malmstrom et al. (2016) presented a detailed MS-acquired tissue protein atlas for a mouse
model. With the help of such an extensive reference proteome the massive changes in blood
plasma composition during sepsis may be more comprehensible. Generally, organ damage
leads to an increase of so-called tissue leakage proteins in plasma. Although not having an
original functional role in plasma they are yet well suited as indicators for the underlying or-
gan damage (e.g. AST and ALT in hepatic injury efc.). For a proteomic investigation of sepsis,
a whole tissue protein atlas may be particularly useful since sepsis —"a life-threatening organ
dysfunction caused by a dysregulated host response to infection” (Singer et al., 2016) — is character-
ized by pronounced tissue damage. Provided that the generation of such reference proteomes
for humans is feasible, their clinical application in monitoring sepsis and organ injury is con-
ceivable.

Altogether, the presented proteomic knowledge about infection, inflammation, and sepsis
in neonates is promising, even though the way to clinical application may still be long. MS-
based proteomics can provide deep insights into the perinatal period’s complex physiology.
In order to do so, it only requires minimal sample amounts (some dozens of ng), which is
especially advantageous with neonatal patients. Therefore, the further investigation of the

neonatal proteome is most worthwhile and the present work is intended to contribute to this.

1.2.5 Mass spectrometry

Mass spectrometry (MS) has long been an indispensable tool in many fields, particularly in
the entire domain of life sciences. The connection between proteomics and MS, however,
appears to be so close today that any engagement with proteomics is almost “incomplete”
without some basic knowledge of MS. Therefore, some major principles of MS shall be briefly
outlined here, while the appendix contains a more systematic introduction to the topic, which
resulted from my personal interest in the technology.

So, what is mass spectrometry? Basically, MS is not one isolated method, but rather a
whole family of approaches, techniques and devices, grown over the 20t century. Their com-
mon goal is identifying, quantifying and characterizing unknown components of any chem-
ical mixture, be it an elemental or a molecular one, be it a pure one or a complex mix of

compounds as in proteomics (Gross, 2017).
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MS ultimately achieves these goals by determining the mass of molecules. While masses,
which are reasonably large (from a human perspective), can be classified by observing their
response to gravity, this is not possible with the minimal masses of peptides and proteins.
Therefore, MS takes a different physical approach. Tiny amounts of the desired analyte are
transferred to gas phase as ions and then exposed to arbitrarily applied electromagnetic forces
in a vacuum environment. Observing their response to these electromagnetic forces replaces
the evaluation of their response to gravity (Savaryn et al., 2016). In the controlled surroundings
of a mass spectrometer, ions in gas phase behave in strict dependence of their mass and charge.
Hence, the mass-to-charge ratio (1 /2) can be used to identify and finally quantify the ion in
question (Gross, 2017).

What, most of the time, is simply called ”“a mass spectrometer” is in fact a multi-modular
setup unifying several analysis methods. At present, one of the leading approaches in pro-
teomics (and the approach of this thesis) is LC-MS/MS. It is a combination of liquid chro-
matography (LC) and tandem mass spectrometry (MS/MS). In such a setup, a prepared
mixture of cleaved proteins is first separated in an LC column into its single components.
In chromatography, all constituents of a mixture show an individual affinity to the material
of the separation module, and therefore leave it in a certain order (according to their reten-
tion time). By applying a voltage at the end of the LC column (electrospray ionization) the
separated analyte is transformed into an ionized aerosol. These ions in gas phase finally en-
ter the electric field of the actual mass spectrometer, in which they will first be focused to a
concentrated beam, purified from adducts and neutrons and then filtered according to the
user-defined mode of analysis. In devices that belong to the realm of tandem mass spectrom-
etry, the remaining peptides can (optionally) still be fragmented before meeting the actual
analysis module, which determines the m/z. This ability to analyze each peptide species on
multiple levels of detail is a pivotal strength of the approach. A peptide can once be detected
in its original shape and once as its fragments, providing additional, almost fingerprint-like
information for its identification. By combining all given information (retention time, mode of
analysis, intensity, m/z of each level etc.), specialized bioinformatics software can finally infer
from fragments to peptides and from peptides to proteins. Ultimately, label-free quantifica-
tion is a widespread computational approach to quantify the measured intensities without
any external standards and only in relation to the present measurements, providing a calcu-

lable quantity for biostatistical downstream analyses.

1.2.6 Multiple hypothesis testing

Multiple hypothesis testing is a crucial challenge in proteomics (as laid out in Ch. 1.2.2)
and statistical precautions have to be taken to prevent misleading conclusions. Such are
often based on the avoidance of false-positive test results by adjusting the false discovery

rate (FDR). Three of these correction mechanisms (all applied in the analyses of this thesis)
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will be outlined in the following: the Benjamini-Hochberg corrected FDR, the Permutation-
based FDR and the SAM algorithm. At last, the theory behind the 1D annotation enrichment
analysis (1D-AEA) will be introduced.

Benjamini-Hochberg corrected FDR Here, an adjusted significance level is individually ap-
plied on each p-value of a test series. In a first step, all calculated p-values of the data set are
sorted and ranked in ascending order. The new significance threshold for any single p-value
derives from its position in this ranking (cf. Fig. 1.3). Generally, the Benjamini-Hochberg cor-
rection is a rather conservative approach tending to generate false-negatives. A normal distri-

bution of data is required.

. adj. signif. .
Rank ! p-value llt-zvtgl RejectH,? Figure 1.3: Benjamini-Hochberg
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adjusted significance level: p-value; < N 7 0.010 0.007 no Hochberg correction. Figure adapted
n 8 0.017 0.008 no from Cox (2018).
9 0.038 0.009 no
10 0.050 0.010 no

Permutation-based FDR In this concept, the FDR is estimated by performing randomized
tests with the two groups in question (cf. Fig. 1.4). The procedure is repeated up to thousands
of times. For each of these tests group 1 & 2 are evenly mixed up, creating new groups with
equal numbers of group 1 & 2 samples. Thus, the natural ”“stimulus-control experiment” is
intentionally altered to an artificial “control-control experiment”, which can be expected to
satisfy the Hy hypothesis. Yet occurring significances are to be regarded as false-positives
and their distribution is used for an estimation of the FDR. In contrast to the rather conser-
vative Benjamini-Hochberg correction, the permutation-based approach is an approximation
to the true FDR with less false-negatives. A further advantage is that it relies on the actual

distribution of the available data and does not require a normal distribution.
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SAM algorithm The permutation-based FDR can be combined with the so-called signifi-

cance analysis of microarrays (SAM, Tusher et al., 2001). It takes account of the plausible
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consideration that reproducibility and effect size of any finding should always be perceived
in context. The one might outweigh the other in a relevant manner. For example: A result with
high reproducibility (high p-value) but small effect size (low fold change) should of course be
seen as biologically less relevant than another result with equally high reproducibility and
big effect size. On the other hand, findings with very high reproducibility should not be too
easily rejected even when their effect size is relatively small. The SAM algorithm enables such
a dynamic discrimination of findings by considering their p-values not only in relation to the
FDR but also to their fold change.

Figure 1.5: SAM algorithm. The SAM algorithm is an adjustment
of the two-sample t-test by the so parameter, an artificial back-

i’] (Z) — j‘U (Z) ground variability (Tusher et al., 2001). Its effect is illustrated in

Fig. 1.6. d(7) is the difference of gene expression/protein abun-

d(@) . dance, z;(i¢) and Zy (i) are the average levels of gene expres-
S (’[,) —I— SO sion/protein abundance for gene/protein (i) in two different states

I'and U. s(3) represents the standard deviation of these measure-
ments. a = (1/n1 + 1/n2)/(n1 + n2 — 2) with ny and no as the
s(i) = \/a{ S [m (i) — 21 (D)2 + X, [2n (i) — E:U(i)]2} colunt of measurements of I and U. s can be any positive rational
value.

1D annotation enrichment analysis Besides the omnipresent problem of multiple hypo-
thesis testing, it is challenging not to lose track of the bigger picture and to identify systematic
trends in proteomic data. Naturally, findings of interest may not only occur on single protein
level but on a functional level as well. Single proteins which are significantly altered between
two conditions may indeed come into question as meaningful markers. However, no less
interesting are (even small) consistent changes across a whole functional group of proteins,

i.e. proteins with similar regulation, properties or function.
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Figure 1.6: Effect of SAM. In an exemplary volcano plot with no SAM-correction (so = 0, adjustment only by permutation-based
FDR) a high number of proteins (all above the horizontal threshold) is declared significant. The same volcano plot with SAM-
correction (sp = 0.2) dynamically assesses p-values in relation to the fold change and declares clearly less proteins significant
(all above the curved threshold). Theoretically, so = co would completely exclude the weight of p-values in this figure and induce
a vertical cut-off with respect to the fold change, only. Figure adapted from Cox (2018).
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An important tool for uncovering such trends in proteomic data sets are annotation terms.
Freely accessible online resources (such as geneontology.org or uniprot.org) provide whole li-
braries of such keywords (or “tags”) reflecting the up-to-date knowledge about most proteins
in a very condensed form. Hence, not only the mere quantity of a certain protein may be
subjected to statistical tests, but also the associated annotation terms.

Such a statistical concept is the 1D annotation enrichment
analysis (1D-AEA, Cox & Mann, 2012), which plays a role for

the results of this thesis, too. In its core, this test is based on

counts

the comparison of two distributions: the overall distribution of

all available annotation terms versus the distribution of one an-

notation term of interest. Technically, any numerical value as- R

numerical value

signed to each protein (or gene etc.) of the data set can serve Figure 1.7: 1D-AEA Basic principle of

as input for the z-axis (in proteomics most commonly a form m:tr:gj'tﬁigis the comparison of two
of protein abundance). The y-axis displays the mere counts of

annotation terms being present at the respective numerical value. Thereby, the overall dis-
tribution of terms can be opposed to the distribution of the examined term (cf. Fig. 1.7). The
more the centres of both distributions differ, the more one can assume a differential regulation
of those proteins annotated with the term in question. The 1D-AEA algorithm reflects this de-
viation by a ”score” between -1 and +1. Negative values indicate a deviation towards the
lower end of the overall distribution, positive ones indicate the opposite. Usually, a 1D-AEA
is not performed for selected annotation terms but rather in the form of multiple hypothesis

testing for all available annotation terms.


http://geneontology.org
https://beta.uniprot.org

2. OBJECTIVES

Neonatal infections are a major challenge in paediatrics. The prevention of life-threatening
disease progressions necessitates very early and accurate diagnostics as well as targeted ther-
apies. The status quo of diagnostic means, however, clearly leaves room for improvement.
The exploration of the blood proteome, an insightful mirror of cellular processes and human
physiology, may be helpful in the search for novel inflammation markers or other diagnostic
approaches with the required predictive accuracy.

The overall objective of this thesis is to deliver new insights into infection and inflamma-
tion in newborns at protein level and to contribute to improvements of the respective diag-
nostic resources in the long term. For that reason, the whole blood proteomes of newborns

with early-onset bacterial infection were compared to those of healthy newborns.

The following questions will be addressed in detail (cf. graphical abstract, p. 85):

1. Are there significant differences between the whole blood proteomes of neonates

(> 35+0) with and without early-onset infection?

2. Are there significant dynamics in the whole blood proteomes of neonates (> 35+0) with

prolonged early-onset infection in the early phase of their antibiotic treatment?

3. Are there significant features for a distinction between the whole blood proteomes of
neonates (> 35+0) with early-onset infection whose antibiotic treatment lasted at least

96 h or at most 72 h, respectively?







3. METHODS

This thesis deals with a subset of proteomic data originating from a cooperation between the
Dr. von Hauner Children’s Hospital Munich (LMU) and the Max Planck Institute of Biochem-
istry Martinsried (MPIB). From February 2017 to June 2019, in three study phases 501 term and
161 preterm infants were included in a prospective cohort study at the LMU perinatal centre of
Campus Innenstadt in downtown Munich. Descriptive data on this cohort were published as
Munich Preterm and Term Clinical study (MUNICH-PreTCl) by Pangratz-Fuehrer et al. (2021).
When the entire proteomic data set will be analysed and published, it will presumably be the
largest proteome study in paediatrics to date. Its overall objective is to enhance the general
understanding of the neonatal blood proteome and its diverse perinatal influencing factors.
The present proteomic data on neonatal infections, however, were obtained from a pilot
study within the MUNICH-PreTCl cohort comprising a subset of patients from study phase 2.
This thesis is centred on the whole blood proteome analyses of a group (n = 20) of late preterm
(> 35+0) and term infants affected by (non-culture-proven) early-onset bacterial infection

(onset < 36h pp.).

3.1 Ethics committee vote

The conduct of the cohort study and its proteome analyses is covered by an approval of the
Ethics Committee of the LMU (approved addendum to request 735-15). The principles of
the Helsinki Declaration in its revision of Somerset West (1996) were followed. The study
is registered in the German Clinical Trials Register (DRKS 00024189). Strictly confidential

handling of any individual-related data has been ensured.

3.2 Participation criteria

The following conditions were the applied inclusion criteria:
¢ Birth at LMU perinatal centre of Campus Innenstadt in study period
¢ Explanatory meeting with at least one parent and some hours of consideration time

¢ Written informed consent of at least one parent (cf. additional materials in appendix)
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The following conditions had been previously defined as exclusion criteria:
¢ Severe congenital anomalies of the newborn
¢ Hereditary immunodeficiency of the newborn

¢ Infectious viral diseases of the mother (HIV, Hep-B, Hep-C)

The parents could withdraw their consent verbally at any time. It was explicitly pointed

out that any blood specimens would only be taken in the course of clinical routine blood

sampling (with minimal extra amounts), that there would not be any form of experimental

intervention, and that neither a medical risk nor an individual advantage would result from

study participation.

3.3 Study phases

MUNICH-PreTCl was conducted in three stages (cf. Fig. 3.1):

* Stage 1: initial phase - eligible: preterm only — establishing of workflow, data collection

& adapted proteomic analysis methods — no questionnaires

¢ Stage 2: main phase — eligible: preterm & term — study questionnaires — pilot study

* Stage 3: closing phase - eligible: gestational age < 30+0, birth weight < 10" percentile,

newborn infection, maternal (gestational) diabetes — study questionnaires

Stage 2:
06/2018-12/2018,
N=1307

(126 preterm, 1181 term)

N=1173
(113 preterm, 1060 term)

Preterm + Term:

GA 23 to 41 weeks
Eligible patients: N=1173
(113 preterm, 1060 term)

Participants: N=549
Blood samples: N=691
Survey completed: N=520
(76 preterm, 473 term)

Figure 3.1: Flow chart MuNIcH-PreTClI study. This thesis is based on a reduced patient collective

from stage 2 (pilot study). Figure adapted from Pangratz-Fuehrer et al. (2021).
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3.4 Pilot study

After completion of stage 2 (June to December 2018), a pilot study with first MS runs was
conducted on a reduced patient collective (115 out of 549 stage 2 patients, cf. Fig. 3.1). It
comprises three groups with particular characteristics (cf. Tab. 3.1) and a control group of
term infants. All patients with neonatal infections were primarily included in the pilot study
(n = 26). However, six of them had to be excluded from this thesis (n = 20) for their too low
gestational age (< 35+0). Four late preterm infants (35+0 to 36+6) without neonatal infection
were added to the control group of this thesis (n = 30 + 4) as counterparts for the late preterm

infants in the infection group.

Table 3.1: Pilot study groups & thesis patients

Group Npiot / Ninesis  Samples  Description

Preterm 29/4 2-5 25 preterm infants < 35+0, 4 late preterm infants > 35+0

Infection 26/20 2 6 preterm infants < 35+0, 5 late preterm infants > 35+0, 15 term infants
Allergy 30/0 1 term infants, no intrapartum complications, parental allergic conditions
Control 30/30 1 term infants, no intrapartum complications, no major parental conditions

(allergies, diabetes, hereditary diseases or others)

Npilot/Nihesis = NuMber of pilot study patients included in the analyses of this thesis. Samples = number of
acquired specimens for each patient. Description = Parental conditions were assessed according to study
questionnaire.

3.5 Thesis concept

Within the superior study protocol of MUNICH-PreTCl the analyses of this thesis had been
designed as follows (cf. graphical abstract, p. 85):
¢ Eligible patients:
- gestational age > 35+0 (late preterm & term infants)
— onset of symptoms < 72 h pp. (early-onset infection/sepsis)
* Blood samples infection group:
— prior to 1% administration of antibiotics ("I1”)
- ca. 48 h after 15t administration of antibiotics (”12”)
¢ Blood samples control group:

— 36-72h pp. as part of standardized newborn screening (”C”)

Table 3.2: Patient collective

3 6 Patient Collective Group Total Term Late pr. Samples
Infection 20 15 5 2

Under the conditions above two study groups (as depicted Control 34 30 4 1

. . Three out of four preterm control patients were sam-
in Tab. 3.1 and Tab. 3.2) could be formed from the pilot pied more than once, resuiting in 38 control samples (cf.
Ch. 4.3.3, p.58)

study.
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Descriptively, for all cases in the infection group applies:
¢ Onset of symptoms and start of antibiotic therapy was < 36 h pp. (“early-onset”)

¢ Blood cultures remained sterile ("non-culture-proven” or “clinical” infection)

3.7 Clinical data

An extensive collection of clinical and anamnestic data had been performed for MUNICH-
PreTCl, also by using an optional study questionnaire distributed to the majority of partici-
pating parents (stage 2 & 3, ¢f. Ch. 3.3). From all available data only the following (mainly
numeric) data points were used for this thesis:
* Neonatal data: sex, gestational age, APGAR score, birth weight, body length, head cir-
cumference (cf. Tab. 4.1)
¢ Clinical data: time of blood sampling, duration and type of antibiotic treatment; CRP,
IL-6, WBC & PC at diagnosis of infection (cf. Tab. 4.1)
e Maternal data: age, BMI at 1°' gyn. examination of pregnancy; durations of rupture of

membranes, delivery and nicotine consumption prior to pregnancy (cf. Fig. 4.7)

3.8 Blood samples

Blood samples were only taken in the course of clinical routine by the responsible medical
personnel. No specimen was solely taken for study purposes. Whole blood was conserved on
Whatman® 903 Protein Saver Snap-apart Cards (Cytiva). One of four circles was filled with

one or two drops of blood (according to manufacturer ca. 80 ul).

Two varieties of whole blood were collected:
¢ Capillary blood
¢ Venous blood

Immediately after blood taking all filter cards were:

1. Pseudonymized

2. Dried at room temperature over 24 h Figure 3.2: Filter card. Since the 1960s, cotton
o fibre cards are established in screening for congen-
3. Conserved at -80°C ital metabolic diseases. Due to easy handling of

minimal blood volumes and sample stability with-
out refrigeration they are advantageous in scientific
settings as well. Photo from Sheler (2007).

3.9 Mass spectrometry

The underlying mass spectrometric workflow belongs to the domain of bottom-up proteomics
(proteolytic digestion prior to mass spectrometry, cf. “Basics of mass spectrometry” in the

appendix). It is largely based on the methods described by Geyer et al. (2016a). Our work-
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ing group’s detailed laboratory protocol is described in the “Additional materials” in the ap-
pendix.

In brief: 14 Gauge punches were taken from each dried blood spot. After dissolving the
contained whole blood, buffering, thermic denaturation, tryptic proteolysis and several steps
of peptide purification, samples were measured with a mass spectrometric setup (LC-MS/MS)
including the following key instruments:

1. Liquid chromatography — Evosep One (Evosep)

2. Electrospray ionizer — Nanospray ion source (Thermo Fisher Scientific)
3. Hybrid mass spectrometer — Q Exactive"" HF-X Hybrid Quadrupole-Orbitrap™ mass
spectrometry system (Thermo Fisher Scientific)
All mass spectra were acquired by data-independent acquisition (DIA) and quantified by
label-free quantification (LFQ).

3.10 Software

Spectronaut”  Version 12.0.20491.12.30484. For primary analyses of detected mass spectra

(peptide identification, protein inference, label-free quantification, cf. Ch. B.6).

Perseus Version 1.6.2.3. For secondary biostatistical analyses, especially in omics technolo-

gies. An in-house development of the cooperating MPIB (Tyanova et al., 2016).

Python™ For the only paired t-test of this thesis (Fig. 4.11, p. 54). Data afterwards transferred

into Perseus for further analyses and visualizations.

Microsoft Excel® For collection of clinical raw data and descriptive statistics of patient groups.

3.11 Biostatistics

Normal distribution Logarithmic normal distribution of protein abundances is assumed
(Zubarev, 2013).

Decadic logarithm The notation of decadic logarithms follows log,q z = lgx. All indicated
LFQs are meant as 1g(LFQ).

Valid values Only proteins detectable in > 70 % of patients in at least one of two groups

were included in comparative statistical tests.

Unpaired t-test  Mean LFQs of any included protein in two unrelated groups were compared
by using unpaired (two-sided) two-sample ¢-tests. The chosen form of visualization is the
volcano plot. It displays the difference of mean LFQs in both groups (“fold change”) on the

x-axis and the p-value of the respective t-test on the y-axis.


https://biognosys.com/software/spectronaut/
https://maxquant.net/perseus/
https://www.python.org
https://www.microsoft.com/de-de/microsoft-365/excel
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Paired ¢-test Mean LFQs of any included protein in two related groups were compared by
using paired (two-sided) two-sample ¢-tests. The kind of visualization is principally the same
as described for the unpaired ¢-test, however, displaying the mean of paired LFQ differences

between both groups on the z-axis and the p-value of the respective ¢-test on the y-axis.

Pearson correlation Between certain proteins of interest (identified in previous ¢-tests) and
selected clinical or anamnestic parameters (c¢f. Ch. 3.7) a Pearson correlation (r) was con-

ducted, visualized by scatter plots or a heatmap.

1D annotation enrichment analyses Proteomic data was standardly annotated with the fol-
lowing sets of terms:

* GOBP name (Gene Ontology Biological Processes, full term)

* GOMF name (Gene Ontology Molecular Functions, full term)

* GOCC name (Gene Ontology Cellular Compartments, full term)

* KEGG name (Kyoto Encyclopedia of Genes and Genomes, full term)

¢ UP keywords (UniProt keywords to structures, functions and pathways)
Enrichment analyses only refer to these five classes of annotations. The chosen form of visu-

alization for the 1D-AEA is the histogram.

Significance levels With respect to the problem of multiple hypothesis testing (cf. Ch. 1.2.6),
the following applies:

1. Volcano plots were generated with 250 permutations, FDR = 0.05 and sy = 0.1 (default
settings Perseus). Data points above the resulting significance curves are called ”signifi-
cant”. Data points below with a p-value <0.01 (—1gp > 2) are reported.

2. In the only volcano plot based on paired t-tests (Fig. 4.11, p.54) data points with a g-
value < 0.01 are called ”significant” (—1lgg > 2). Data points with a higher g-value but
with a p-value <0.01 (—1g p > 2) are reported.

3. In 1D-AEA only annotation terms with a Benjamini-Hochberg FDR < 0.02 are called
”“significant” and are reported (default settings Perseus).

4. Pearson correlations with a p-value < 0.05 are reported.
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4.1 Patient collective and groupings

The patient collective of this thesis (cf. Ch. 3.4 & 3.6) comprises 20 infants with a (non-culture-
proven) early-onset bacterial infection (onset of symptoms and of antibiotics in all cases <36 h
pp., no detection of causative pathogens by blood culture). 15 patients were term infants
(>37+0), 5 were late preterm infants (35+0 to 36+9). 18 patients were male, 2 were female. The
mean birthweight was 3335¢g (SD 558 g, cf. Tab. 4.2). The median APGAR scores of 8, 10 &
10 (for 1, 5 & 10 min pp.) suggest mainly uncomplicated births and primarily uncomplicated
adaptations.

16 out of 20 patients were treated with an identical scheme of antibiotic therapy, which was
ampicillin and cefotaxime in a dosage of 150 mg/kg/day each (i.v., intervals of 8 h). 2 patients
were temporarily treated with the double dosage of ampicillin. 2 patients were treated with
other antibiotics: in one case with meropenem in a dosage of 100 mg/kg/day (i.v., intervals
of 8h), in the other case with piperacillin/tazobactam in a dosage of 300 mg/kg/day (i.v.,
intervals of 8 h, cf. Fig. 4.2).

Furthermore, I divided the homogeneous main group of 16 patients according to the du-
ration of antibiotic therapy. 7 of them had been treated for max. 72h, 9 of them for min. 96 h.
This approach enabled separate analyses of the severely diseased subgroup (with prolonged
treatment) and a comparison of both subgroups.

The control group of this thesis (cf. Ch. 3.4 & 3.6) comprises 34 infants without infectious
disease, complications during birth or major parental conditions (such as allergies, diabetes,
hereditary diseases or others). 30 patients were term infants (> 37+0), 4 were late preterm
infants (35+0 to 3649). 16 patients were male, 18 were female. The mean birthweight was
3215¢g (SD 577 g, cf. Tab. 4.2). The median APGAR scores were 9, 10 & 10 (for 1, 5 & 10 min
pp.)-

Out of this major control group, I formed 3 minor control groups ("C-I1(all), C-I1(72) & C-
11(96)”) for the infection group and both of its subgroups (“I1(all), I1(72) & I1(96)”, cf. Tab. 4.1
& Tab. 4.2). The control groups were composed in such a way that equal numbers of patients

with a maximum of similarity in 3 selected key characteristics were matched to each other
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(matched pairs). These key characteristics were (in descending order of importance): cGA
at the time of blood sampling, birth weight and sex. With respect to cGA and birth weight,
appropriately comparable distributions between the matched groups could be ensured (cf.
Tab. 4.2) & the additional figures in the appendix). Due to the higher priority of the cGA,
however, the numbers of females and males in the paired groups are unequal. Generally,
there are significantly more male than female newborns in the infection groups while the
control groups are slightly more balanced, in this regard. As a result of clinical practice, the
blood samples of the infection groups are mainly of venous origin while those of the control
groups are mainly of capillary origin. Furthermore, the infection groups are characterized by
higher maternal ages, higher maternal BMIs, longer intervals between rupture of membranes
and birth, and longer durations of delivery. Comprehensibly, the initial levels of CRP and IL-6
were higher in I1(96) than in I1(72), while for the abundance of platelets the opposite was true
(cf. Tab. 4.2).

Only for one specific analysis (cf. Ch. 4.3.3), I formed 2 equally sized non-matched control
groups with 19 blood samples each ("Cnm-I1(96) & Cnm-12(96)”). This was possible since
3 out of 4 late preterm control patients were represented with more than one blood sample,
resulting in 38 control samples (cf. Tab. 3.2). In this specific case, the available 38 samples
were separated in two groups by their median time of blood taking to simulate a longitudinal
control proteome.

In general, for each patient in the infection group two blood samples (“I1 & 12”) had been
collected, one before and one ca. 48 h after the first administration of antibiotics (median in-
terval 45 h, range 37-85h). From each patient in the control group one blood sample had been
collected, normally at the respective newborn screening 3672 h pp. (median 44 h pp.).

Tab. 4.1 displays the used abbreviations for all groups, Tab. 4.2 offers a more detailed de-

scriptive statistics.
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Figure 4.1: Patient collective (1). Comparison of all included patients with early-onset bacterial infection 11(all) with all
control patients C(all) with respect to key characteristics. The p-values in the upper box plots refer to two-sided two-sample
t-tests between the given groups. For detailed insight into the subgroups please see the additional figures in the appendix.
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2
Npjot = 115 ampicillin- other
St antibiotics
(s72h) other 2
20 dosage
ampicillin-
434 cefotaxime
(=96h)
9

Nstage.2 = 549

Ninfection =20

Figure 4.2: Patient collective (2). 115 out of 549 patients from stage 2 of the MUNICH-PreTClI study (cf. Fig. 3.1) were
included in a pilot study. 20 of them received an antibiotic treatment for their (non-culture-proven) early-onset bacterial
infection and were included with a pair of blood samples (before & 36—72 h after the first administration of antibiotics).

Table 4.1: Groupings

Abbreviation Patients Explanation

11(all) 20 18t samples of all patients under any antibiotic treatment
11(72) 18t samples of patients under ampicillin-cefotaxime < 72 h
11(96) 9 18t samples of patients under ampicillin-cefotaxime > 96 h
12(96) 2" samples of patients under ampicillin-cefotaxime > 96 h
C-l1(all) 20 matched control for 1 (all)

C-11(72) 7 matched control for 11(72)

C-11(96) 9 matched control for 11(96)

Cnm-I1(96) 19 non-matched control for 11(96)

Cnm-12(96) 19 non-matched control for 12(96)

C(all) 34 entire control patient collective (only for descriptive statistics)
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4.2 Question 1 - "Differences”

Are there significant differences between the whole blood proteomes of neonates (> 35+0)

with and without early-onset infection? (cf. Ch. 2. Objectives)

I approached this question in four steps, as depicted in Fig. 4.3. Firstly, I compared all avail-
able patients with differently severe early-onset infections and different types of treatment to
a matched control group of healthy neonates. Secondly, I compared a smaller but more ho-
mogenous group of patients with severe early-onset infection and prolonged treatment (min.
96 h, ampicillin-cefotaxime only) to a matched control group. On the same group I performed
an enrichment analysis in a third step, aiming to identify significantly changed protein pat-
terns between both groups. Lastly, I correlated proteins of interest from the previous three

steps with a number of selected clinical parameters.

p-value [-Ig]

11(all) C-11(all)
n=20 n=20
unpa flrﬂgecrjci-te st
o
B e ®
g o/
1(96) . C-11(96)
n=9 T n=9
unpaired t-test
11(96) ¢ C-11(96)
n=9 n=9
enrich Fru;g;atlgur:alysis
Selected
proteins Clinical
11(96) parameters
n=9

Min. Max.
Pearson correlation

Figure 4.3: Graphical abstract (question 1)
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4.2.1 I1(all) vs. C-I1(all)

The first (i.e. “pre-antibiotic”) blood samples of all patients under antibiotic treatment of any
kind and of any duration (I1(all), n = 20) were compared with a matched control (C-I1(all),
n = 20). Mean time points of blood taking were 11h pp. for I1(all) and 40 h for C-I1(all). An
unpaired ¢-test for all included proteins (cf. Ch. 3.11) produces the results shown in Fig. 4.4.
Of these, 24 proteins are differentially abundant by an absolute p-value of < 0.01, but none of
them is significant after sy correction (“all below significance curves”). Tab. 4.3 reports these

24 proteins in detail.
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Figure 4.4: Volcano plot I1(all) vs. C-l1(all). z-axis = fold change (’difference of means”: mean (log,,) LFQ of protein a in 15t
group minus mean (log;,) LFQ of protein a in 2nd group; or as indicated: logarithmic ratio of mean absolute LFQs of protein a
in 1t & 2" group; i.e. pos. z-values reflect a higher abundance of protein a in 15t group and vice versa; absolute fold change
of protein a equals 10%(#)). y-axis = p-value (for respective unpaired t-test on the fold change of protein a). Blue = abs. p-value
< 0.01. For further details see Tab. 4.3.
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Table 4.3: Protein outliers volcano plot I1(all) vs. C-11(all) (Fig. 4.4)

©) -lgp Fold change Gene name UniProt ID Protein description

) 4.16 —0.08 (0.83) DMTN Q08495 Dematin

@ 3.73 0.16 (1.45) FN3K Q9H479 Fructosamine-3-kinase

) 3.58 0.24 (1.74) LCN2 P80188 Isoform 2 of Neutrophil gelatinase-assoc. lipocalin
) 2.66 0.18 (1.51) HBA2 G3ViIN2 Isoform of Hemoglobin subunit alpha

) 2.62 —-0.14 (0.72) DENR F8VVLA1 Density-regulated protein

@ 2.58 —0.07 (0.85) ADD2 P35612 Beta-adducin

<) 2.54 0.14 (1.38) IGHV3-23  A0A0B4J2B7 Ig heavy chain V-IIl region 23

() 2.51 0.21 (1.62) CAMP J3KNB4 Cathelicidin antimicrobial peptide

) 2.47 —0.32 (0.48) CANX P27824 Calnexin

) 2.30 —0.05 (0.89) CFLA1 E9PK25 Cofilin-1

@ 2.30 -0.13 (0.74) GLIPR2 Q9H4G4 Golgi-assoc. plant pathogenesis-related protein 1
() 2.30 —-0.57 (0.27) CEP290 JBKNF5 Centrosomal protein of 290 kDa

) 2.29 —0.07 (0.85) UBACHT Q9BSL1 Ubiquitin-assoc. domain-containing protein 1
€] 2.21 —0.05 (0.89) ANK1 P16157 Ankyrin-1

) 2.18 0.09 (1.23) VTN P04004 Vitronectin

@ 2.16 0.85 (7.08) S100P P25815 Protein S100-P

) 2.16 —0.05 (0.89) SPTA1 P02549 Spectrin alpha chain

(€] 2.15 -0.14 (0.72) H2AFJ P04908 Histone H2A (different types)

<) 2.15 —-0.13 (0.74) SRI C9J0OK6 Sorcin

@ 2.14 0.12 (1.31) CAPZB B1AK87 Capping protein muscle Z-line

@ 2.13 0.13 (1.35) CLU P10909 Clusterin

() 2.08 0.20 (1.58) VWF P04275 von Willebrand factor

€] 2.08 0.11 (1.29) IGLC2 AOA075B6K9 Ig lambda-2 chain C regions

@ 2.02 -0.15(0.71) APOB P04114 Apolipoprotein B-100

Proteins of Fig. 4.4 with an absolute p-value < 0.01. Fold change = log; value, in parentheses absolute value.
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4.2.2 T11(96) vs. C-11(96)

The first (i.e. "pre-antibiotic”) blood samples of patients who had been treated for min. 96 h
with ampicillin-cefotaxime (I1(96), n = 9) were compared with a matched control (C-11(96),
n =9). Mean time points of blood taking were 8 h pp. for I1(96) and 46 h for C-11(96). An un-
paired ¢-test for all included proteins (cf. Ch. 3.11) produces the results shown in Fig. 4.5. Of
these, 27 proteins are differentially abundant by an absolute p-value of < 0.01, three of which
are significant after s( correction (“above significance curves”). These are protein S100-P, hap-
toglobin (HP) and actin-related protein 3 (ACTR3). Tab. 4.4 reports these 27 proteins in detail.
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Figure 4.5: Volcano plot 11(96) vs. C-11(96). z-axis = fold change (’difference of means”: mean (log,,) LFQ of protein a in 15t
group minus mean (log,,) LFQ of protein a in 2@ group; or as indicated: logarithmic ratio of mean absolute LFQs of protein a
in 15t & 2 group; i.e. pos. z-values reflect a higher abundance of protein a in 15! group and vice versa; absolute fold change
of protein a equals 10%(@)). y-axis = p-value (for respective unpaired t-test on the fold change of protein a). Blue = abs. p-value
< 0.01. Red = abs. p-value < 0.01 and fold changes over so-corrected significance curves. For further details see Tab. 4.4.
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Table 4.4: Protein outliers volcano plot 11(96) vs. C-11(96) (Fig. 4.5)

©) -lgp Fold change Gene name UniProt ID Protein description

<) 4.71 —-0.15 (0.71) C1S P09871 Complement C1s subcomponent

) 4.68 —0.28 (0.52) APOB P04114 Apolipoprotein B-100

) 4.36 0.33 (2.14) HBA2 G3V1IN2 Isoform of Hemoglobin subunit alpha

) 3.10 —0.90 (0.13) HP P00738 Haptoglobin

) 3.06 0.26 (1.82) ELANE P08246 Neutrophil elastase

) 3.02 1.49 (30.9) S100P P25815 Protein S100-P

) 2.99 —0.26 (0.55) APOC3 BOYIW2 Apolipoprotein C-llI

@ 2.93 0.30 (2.00) LTF E7EQB2 Lactotransferrin

) 2.89 —0.08 (0.83) DMTN Q08495 Dematin

[©) 2.62 0.33 (2.14) MPO P05164 Myeloperoxidase

@ 2.58 0.25 (1.78) H2BFS 060814 Histone H2B (different types)

[ 2.53 —0.89 (0.13) ACTR3 P61158 Actin-related protein 3

@ 2.50 0.38 (2.40) VWF P04275 von Willebrand factor

) 2.39 0.09 (1.23) HNRNPK P61978 Heterogeneous nuclear ribonucleoprotein K
@ 2.35 0.17 (1.48) HK1 P19367 Hexokinase-1 (different isoforms)

@ 2.34 —-0.10 (0.79) ADD2 P35612 Beta-adducin

) 2.23 —0.20 (0.63) H2AFJ P04908 Histone H2A (different types)

) 2.22 0.24 (1.74) LCN2 P80188 Neutrophil gelatinase-assoc. lipocalin

€] 2.21 0.23 (1.70) LYz AOA0B4J259 Lysozyme C

(€] 2.16 —0.09 (0.81) c1QC P02747 Complement C1qg subcomponent subunit C
@ 2.16 0.17 (1.48) TF P02787 Serotransferrin

<) 2.15 —0.11 (0.78) EIF5A 13L397 Eukaryotic translation initiation factor 5A-1
o 2.12 0.41 (2.57) MMP9 P14780 Matrix metalloproteinase-9

) 2.09 0.16 (1.45) HISTIH1B  P16401 Histone H1.5

) 2.08 0.47 (2.95) TBCEL Q5QJ74 Tubulin-specific chaperone cofactor E-like protein
) 2.03 —0.05 (0.89) PA2G4 Q9UQ80 Proliferation-assoc. protein 2G4

<) 2.00 0.09 (1.23) PFN1 P07737 Profilin-1

Proteins of Fig. 4.5 with an absolute p-value < 0.01. Fold change = log; value, in parentheses absolute value.
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4.2.3 1D annotation enrichment analysis 11(96) vs. C-11(96)

As introduced in Ch. 1.2.6, a 1D-AEA can be performed on any numerical value of an an-
notated omics data set. Here, it was first conducted on the fold change between 11(96) and
C-11(96). This 1D-AEA delivered no significant results.

A second 1D-AEA on the mere LFQ (“protein intensity”) within 11(96) patients showed
the 27 enriched terms in Tab. 4.5. Obviously, two of them are directly linked to the immune

system, the terms “immunoglobulindomain” and ”antigen binding”.

Table 4.5: 1D annotation enrichment analysis 11(96)

-lgp FDR Size Score Mean Median Type Name

8.42 5.67 78 0.41 5.01 4.77 GOCC name Blood microparticle

6.35 3.32 10 0.93 6.99 7.41 GOMF name Oxygen binding

6.35 3.63 10 0.93 6.99 7.41 GOMF name Oxygen transporter activity
6.35 3.72 10 0.93 6.99 7.41 UP Keywords ~ Oxygentransport

5.86 3.41 12 0.81 6.63 6.49 GOCC name Hemoglobin complex

5.41 3.14 145 0.25 4.69 4.63 GOCC name Extracellular space

5.39 3.06 16 0.67 5.27 5.18 UP Keywords Immunoglobulindomain
5.29 3.14 18 0.63 5.37 5.03 UP Keywords  Hereditaryhemolyticanemia
5.23 3.20 454  0.21 4.57 4.44 UP Keywords  Directproteinsequencing
4.79 2.63 129 0.24 4.73 4.59 GOCC name Extracellular region

4.74 2.80 16 0.63 6.07 5.47 UP Keywords Heme

4.46 1.91 19 0.56 5.85 5.36 GOMF name Heme binding

4.46 2.03 19 0.56 5.85 5.36 GOMF name Tetrapyrrole binding

4.39 2.06 61 0.32 5.07 4.71 GOMF name Transition metal ion binding
4.20 1.95 14 0.62 5.06 4.85 GOMF name Antigen binding

4.15 2.09 36 0.39 5.08 4.85 GOCC name Cytopl. mb.-bound vesicle lumen
4.15 217 36 0.39 5.08 4.85 GOCC name Vesicle lumen

406 220 6 0.93 6.66 6.54 UP Keywords  Glycation

4.02 1.83 26 0.45 5.55 5.11 GOMF name Iron ion binding

3.86 1.95 29 -0.42 4.06 410 GOCC name Golgi apparatus part

385 206 7 0.84 5.41 5.51 UP Keywords  Oxidation

3.65 1.92 15 -0.56 3.91 3.97 UP Keywords  Endosome

3.46 1.78 12 -0.60 3.92 3.94 UP Keywords  Prenylation

3.33 1.70 14 -0.55 3.86 3.91 UP Keywords Golgiapparatus

Enriched annotation terms of proteins in 11(96). Red = terms with direct link to the immune system. —Ig p =
—lg p for performed 1D-AEA. FDR = — lg of Benjamini-Hochberg FDR for performed 1D-AEA. Size =
total number of proteins in 11(96) annotated with this term. Score = reflects distance between centres of
distributions. Mean = mean LFQ of proteins annotated with this term. Median = median LFQ of proteins
annotated with this term. Type = category of annotation term. Name = term identified as enriched. For
further methodical details of the 1D-AEA cf. Ch. 1.2.6 or Cox & Mann (2012).
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Fig. 4.6 illustrates to what extent the distributions of the annotation terms “immunoglob-
ulin” & ”antigen binding” deviate from the centre of the overall distribution of annotation
terms. In the subfigures (A1) & (B1), the bars in red colour represent the distribution of the
indicated annotation term, whereas the bars in grey colour represent the distribution of all
other annotation terms (of the respective annotation category “Type” in Tab. 4.5). The terms
“immunoglobulin” (score = 0.67) and “antigen binding” (score = 0.62) are clearly located in
the upper half of the overall distribution. In the corresponding extracts (A2) & (B2) from the
volcano plot I1(96) vs. C-11(96) (Fig. 4.5) those proteins annotated with the respective term are
highlighted in red colour as well.

The two histograms (A1) & (B1) show the comparatively high abundance of proteins with
the respective annotation term within the patient group I1(96). The two corresponding vol-
cano plots (A2) & (B2), however, show the relatively higher abundance of proteins with these

annotation terms in I1(96) compared to its matched control C-11(96).
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Figure 4.6: 1D annotation enrichment analysis 11(96). Histograms (A1) & (B1): z-axis = LFQ of proteins measured in 11(96)
patients. y-axis = counted annotation terms for all proteins with an LFQ within the range of one bin. Total of bins = 100. Volcano
plots (A2) & (B2) are extracts from Fig. 4.5 showing only the centre of the original plot and highlighting those proteins annotated
with the respective term. For methodical details of the 1D-AEA cf. Ch. 1.2.6 or Cox & Mann (2012).
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4.24 Correlations with clinical parameters 11(96)

All 27 proteins from the volcano plot 11(96) vs. C-I1(96) (Fig. 4.5) with an absolute p-value
< 0.01 were subjected to a correlation analysis. Fig. 4.7, a Euclidean distance heatmap in
which all inputs are hierarchically clustered by their Pearson correlation coefficient, illustrates
in which way these 27 proteins correlate with few selected clinical data points or anamnestic

values taken from the study questionnaire.
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Figure 4.7: Correlation heatmap 11(96). Euclidean distance heatmap, hierarchical clustering by Pearson’s correlation coeffi-
cient (r). Correlated were selected clinical and anamnestic data points with the LFQ of 27 proteins in 11(96) patients, namely
those of Fig. 4.5 with an abs. p-value < 0.01. ¢GA = corrected gestational age. ROM = "rupture of membranes”, interval between
amniorrhexis and delivery. Nicotine mother = duration of nicotine consumption before pregnancy. BMI mother = body mass

index at first gynaecological check-up of pregnancy. Antibiotics duration = total duration of therapy. Initial CRP = value of CRP
decisive for the start of antibiotic treatment.

For two of the selected clinical data points, the total duration of antibiotic therapy and the
decisive CRP value at the onset of antibiotic treatment, Pearson’s r was calculated and plotted
against its respective p-value (Fig. 4.8).

For heterogeneous nuclear ribonucleoprotein K (hnRNPK), this kind of illustration shows
that the observed negative correlation with the total duration of antibiotic therapy (r = -0.76
at p = 0.02) is not only pronounced but also relatively reliable. This relation is clearly more
marked than it is between hnRNPK and the initial CRP (cf. Fig. 4.7 or Fig. 4.8 B).
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S100-P and vWF, in contrast, strongly correlate with the initial CRP (S100-P: » = 0.73 at p =
0.03; vVWE: r = -0.67 at p = 0.05), but they do not with the total duration of antibiotic therapy.

For the respective regression analysis of all three proteins see Fig. 4.9.
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Figure 4.8: Correlation scatter plots 11(96). z-axis = Pearson’s r (correlation between indicated category and
protein abundance, i.e. LFQ). y-axis = — lgp (for Pearson’s r). Subject to this correlation are again all 27 proteins
from Fig. 4.5 with an abs. p-value < 0.01.
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Figure 4.9: Regression scatter plots 11(96). The scatter plots (A)-(C) show the regression analysis for those three proteins
that significantly correlate with the total duration of antibiotic therapy or the initial CRP, respectively (cf. Fig. 4.8). Subfigure (D)
additionally shows their location in the volcano plot 11(96) vs. C-11(96) (cf. Fig. 4.5).
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4.3 Question 2 - "Dynamics”

Are there significant dynamics in the whole blood proteomes of neonates (> 35+0) with pro-
longed early-onset infection in the early phase of their antibiotic treatment? (cf. Ch. 2. Objec-

tives)

I approached this question in three steps, as depicted in Fig. 4.10. The subject of all consider-
ations was the small but homogeneous group of neonates which had been severely affected
by an early-onset infection and treated for min. 96 h (exclusively with ampicillin-cefotaxime).
In a first step, their available blood samples (one before the first administration of antibiotics,
one ca. 48h after) underwent a paired t-test. Next, I performed a 1D-AEA on the mean of
differences between ¢; & t3. Third, I compared the differences between both time points in
the infection group to the differences between two unrelated groups of control patients which
had been matched to the infection group as accurately as possible in their time points of blood

taking.

p-value [-Ig]

11(96) 12(96)
n :9 difference n :9
paired t-test
11(96) 12(96)
n=9 n=9
enrichr:::;atlgur:alysis
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scatter plot
unpaired t-test unpaired t-test

Figure 4.10: Graphical abstract (question 2)
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4.3.1 11(96) vs. 12(96)

The paired t-test for all included proteins (cf. Ch. 3.11) of the pre-antibiotic samples I1(96) ver-
sus their follow-up measurement 12(96) in the course of antibiotic treatment is displayed in
Fig.4.11. Mean time points of blood taking were 8 h pp. for 11(96) and 55 h for 12(96). For prac-
tical reasons, in the present volcano plot significant outliers are primarily defined by their
Benjamini-Hochberg correction derived g-values. The three proteins that are increased in
12(96) with the highest significance are the apolipoproteins E & B-100 and Inter-alpha-trypsin
inhibitor heavy chain H3 (ITIH3). Among the proteins with a medium or low significant in-
crease in 12(96), there are two further apolipoproteins and several well-known acute-phase re-

actants. Among the decreased proteins in 12(96), protein S100-A8 & S100-A9 are to be pointed

out.
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Figure 4.11: Volcano plot 11(96) vs. 12(96). xz-axis = fold change ("mean of differences”, mean of all paired differences between
(logyo) LFQ of protein a at t1 minus (log,,) LFQ of protein a at t2 in same patient; or as indicated: mean of all logarithmic ratios
of absolute LFQs of protein a at ¢; and t2 in same patient; i.e. pos. values reflect a higher abundance of protein a at ¢; and vice
versa; absolute fold change equals 10%(#)). y-axis = — lg p (for respective paired t-test on the fold change of protein a). Blue
= p-value < 0.01. = p-value < 0.01 & g-value < 0.1. Red = p-value < 0.0001 & g-value < 0.01. Green = all proteins
whose z- and y-values in Fig. 4.13 differ by at least 0.301 (and do not have a p-value < 0.01). For further details see Tab. 4.6.
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Table 4.6: Protein outliers volcano plot 11(96) vs. 12(96)

o -gp -lgg Fold change Gene name UniProt ID Protein description

® 4.64 2.13 —0.28 (0.52) APOE P02649 Apolipoprotein E

o 4.52 2.13 —0.32 (0.48) ITIH3 Q06033 Inter-alpha-trypsin inhibitor heavy chain H3
) 4.49 2.13 —0.38 (0.42) APOB P04114 Apolipoprotein B-100

(@) 3.89 1.81 —0.18 (0.66) C18 P09871 Complement C1s subcomponent

() 3.85 1.81 0.08 (1.20) IGLC2 AO0A075B6K9  Ig lambda-2 chain C regions

@ 3.79 1.81 —0.74 (0.18) SERPINA3  P01011 Alpha-1-antichymotrypsin

(©) 3.76 1.81 0.35 (2.24) HBA2 G3ViIN2 Isoform of Hemoglobin subunit alpha
(©) 3.74 1.81 0.06 (1.15) CCT4 P50991 T-complex protein 1 subunit delta

() 3.56 1.69 0.13 (1.35) PFN1 P07737 Profilin-1

() 3.43 1.60 0.06 (1.15) IGLV8-61 AO0A075B610 Protein IGLV8-61 (Fragment)

(¢ 3.32 1.56 —0.38 (0.42) ORM!1 P02763 Alpha-1-acid glycoprotein 1

(@) 3.31 1.56 0.06 (1.15) MYH9 P35579 Myosin-9

@ 3.21 1.52 —0.20 (0.63) FGA P02671 Fibrinogen alpha chain

@ 3.19 1.52 —-0.15(0.70) FGG P02679 Fibrinogen gamma chain

() 3.15 1.52 0.38 (2.40) LTF E7EQB2 Lactotransferrin

(€] 3.15 1.52 —-0.10 (0.79) SERPINA1  P01009 Alpha-1-antitrypsin

(@) 3.04 1.43 0.13 (1.35) AFP P02771 Alpha-fetoprotein

(©) 2.88 1.31 —0.22 (0.60) - B4E1Z4 Uncharacterized protein

¢ 2.82 1.27 0.09 (1.23) PSMD14 000487 26S proteasome non-ATPase regulatory subunit 14
(©) 2.80 1.26 0.05 (1.12) HSP90AA1  P07900 Heat shock protein HSP 90-alpha

(@) 2.72 1.22 —0.34 (0.46) APOA4 P06727 Apolipoprotein A-IV

(©) 2.71 1.22 0.10 (1.26) HNRNPAB  AOA087WZV1 Heterogeneous nuclear ribonucleoprotein A/B
@ 2.52 1.06 0.07 (1.17) IGKV3-15 AOAOB4J1T9  Protein IGKV3-15 (Fragment)

() 2.50 1.06 0.32 (2.09) S100A8 P05109 Protein S100-A8

©) 2.50 1.06 0.29 (1.95) MPO P05164 Myeloperoxidase

o 2.38 0.97 0.20 (1.58) VIM P08670 Vimentin

) 2.33 0.93 0.07 (1.17) LTA4H P09960 Leukotriene A-4 hydrolase

) 2.31 0.93 0.23 (1.70) CTSG P08311 Cathepsin G

e 2.23 0.86 0.17 (1.48) CORO1A P31146 Coronin-1A

e 2.11 0.79 0.08 (1.20) LCP1 P13796 Plastin-2

) 2.09 0.79 0.24 (1.74) ATP5A1 P25705 ATP synthase subunit alpha

) 2.09 0.79 —-0.21 (0.62) SAA2-SAA4 AOA096LPE2  Protein SAA2-SAA4

@ 2.06 0.79 0.14 (1.38) IGKV3-11 AOA087WZW8 Protein IGKV3-11

) 2.06 0.79 0.28 (1.91) S100A9 P06702 Protein S100-A9

) 2.06 0.79 0.15 (1.41) GANAB E9PKU7 Neutral alpha-glucosidase AB

@ 2.05 0.79 0.09 (1.23) IGHV3-23 AOAOB4J2B7  Ig heavy chain V-llI region 23

@ 2.05 0.79 0.04 (1.10) IGHG2 AOA0G2JN06  Ig gamma-2 chain C region

) 2.03 0.79 —0.19 (0.65) APOC3 BOoYIw2 Apolipoprotein C-llI

Proteins of Fig. 4.11 with an absolute p-value < 0.01. Fold change = log; value, in parentheses absolute value.
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4.3.2 1D annotation enrichment analysis 11(96) vs. 12(96)

The present 1D-AEA on the fold change between 11(96) and 12(96) delivered 12 significantly
enriched annotation terms listed in Tab. 4.7. With one exception (“acetylation”) all of them are
enriched towards ¢, (i.e. the abundances of proteins with these annotations increased between

t1 & t2). Among them, the terms “complement and coagulation cascades”, “acute-phase re-

sponse” and ”“staphylococcus aureus infection” can be found (cf. Fig. 4.12).

Table 4.7: 1D annotation enrichment analysis 11(96) vs. 12(96)

-lgp FDR Size Score Mean Median Type Name

7.70 5.41 34 -0.57 -0.14  -0.10 KEGG name Complement and coag. cascades
6.56 3.93 117 -0.30 -0.09  -0.07 UP Keywords  Secreted

6.14 2.49 15 -0.75 -0.27  -0.16 GOBP name Acute-phase response

5.02 1.85 14 -0.69 -0.15  -0.16 GOBP name Negative regulation of coagulation
496  2.63 133 -0.25 -0.08 -0.06 UP Keywords  Signal

4.80 1.76 20 -0.57 -0.13  -0.13 GOBP name Regulation of wound healing

4.78 2.79 14 -0.67 -0.18  -0.11 KEGG name Staphylococcus aureus infection
4.55 2.40 10 -0.77 -0.29 -0.16 UP Keywords  Acutephase

4.16 2.13 386 0.18 -0.01 0.01 UP Keywords  Acetylation

3.97 2.04 141 -0.21 -0.07  -0.04 UP Keywords  Glycoprotein

3.91 2.05 18 -0.53 -0.11 -0.12 UP Keywords  Bloodcoagulation

3.91 212 18 -0.53 -0.11 -0.12 UP Keywords Hemostasis

Enriched annotation terms of proteins for the paired t-test 11(96) vs. 12(96). Red = terms with direct link to
the innate immune response. —Ig p = — 1g p for performed 1D-AEA. FDR = — lg of Benjamini-Hochberg FDR
for performed 1D-AEA. Size = total number of proteins in 11(96) annotated with this term. Score = reflects
distance between centres of distributions. Mean = mean LFQ of proteins annotated with this term. Median =
median LFQ of proteins annotated with this term. Type = category of annotation term. Name = term identified
as enriched. For further methodical details of the 1D-AEA cf. Ch. 1.2.6 or Cox & Mann (2012).

Fig. 412 illustrates to what extent the distributions of the indicated annotation terms de-
viate from the centre of the overall distribution. All three terms (scores = —0.57 to —0.75) are
clearly located in the lower half of the overall distribution showing the increase of proteins
associated with these very terms between t; & t». In the corresponding copies (A2), (B2) &
(C2) of the volcano plot 11(96) vs. 12(96) (Fig. 4.11) those proteins annotated with the respec-

tive term are highlighted in red colour.
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Figure 4.12: 1D annotation enrichment analysis 11(96) vs. 12(96). Histograms (A1), (B1) & (C1): z-axis = mean of differences
calculated for the paired t-test 11(96) vs. 12(96), i.e. mean change of LFQ in each patient. y-axis = counted annotation terms
for all proteins with an LFQ within the range of one bin. Total of bins = 100. Volcano plots (A2), (B2) & (C2) show the position
of those proteins annotated with the respective term in the volcano plot of the original paired ¢-test (Fig. 4.11). For methodical
details of the 1D-AEA cf. Ch. 1.2.6 or Cox & Mann (2012).
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4.3.3 11(96) to 12(96) vs. Cnm-I1(96) to Cnm-12(96)

Validation of the protein dynamics seen in the volcano plot 11(96) vs. 12(96) (cf. Fig. 4.11) is
only possible by comparing them to the physiological postnatal dynamics in healthy new-
borns. Here, the practical difficulty is that no neonate at best health requires two consecutive
blood takings. The formation of a suitable longitudinal control group is, thus, almost impossi-
ble. Due to the limited number of blood samples available in the pilot study (cf. Ch. 3.4) it was
neither possible to form two unrelated control groups which matched the infection group in
terms of both cGA and the mean time interval between the samples. A reasonable grouping
could only be conducted with respect to the mere time interval. To achieve at least suffi-
cient quantities, all 38 available control blood samples of healthy newborns were separated in
two groups (n = 19) by their median time of blood taking (44h pp.). The fold changes from
unpaired ¢-tests between both control and both infection groups, respectively, were plotted
against each other. Mean time points of blood taking were: 8 h pp. for I1(96), 55h for 12(96),
39 h for Cnm-I11(96) and 53 h for Cnm-12(96).
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Figure 4.13: Scatter plot 11(96) to 12(96) vs. Cnm-I1(96) to Cnm-12(96). z-axis & y-axis = fold change ("difference of means”:
mean (log;,) LFQ of protein a in 15t group minus mean (log;,) LFQ of protein a in 2" group; or as indicated: logarithmic ratio
of mean absolute LFQs of protein a in 15t & 2" group; i.e. pos. z- or y-values reflect a higher abundance of protein a in 15t
group and vice versa; absolute fold change of protein a equals 10%(®) or 10¥(#), respectively). 2- and y-axis both display the
fold changes from unpaired ¢-tests. The colour highlighting though refers to the paired ¢-test displayed in Fig. 4.11. Green = all
other proteins whose z- and y-values differ by at least 0.301, i.e. proteins that differ in their absolute intensity at least by factor
2. For a better visual interpretation, the following straight lines are drawn: y =  +0.301, y = x £ 0.176 and y = = (lg2 = 0.301
& 1g1.5 = 0.176).

The formation of data points in Fig. 4.11 resembles a diffuse cloud around the centre of

the plot. Since there is no obvious alignment of points at y = z, this method does not allow
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a direct identification of proteins whose dynamics between t¢; & ¢, could now be traced to
presumably physiological changes within the first days of life. At least based on this type of
control plot, none of the significant proteins from Tab. 4.6 need to be excluded from further
considerations.

On the other hand, four proteins with a significant fold change in the volcano plot 11(96)
vs. 12(96) (cf. Tab. 4.6) are among those proteins of Fig. 4.13 whose z- and y-values differ by
at least 0.301. As z- and y-axis are scaled in the decadic logarithm these four proteins — LTF,
ATP5A1, ORM1 & SERPINAS3 — differ in their absolute protein intensity at least by factor 2
(lg2 = 0.301). Their significant (Fig. 4.11) and at the same time specific change (Fig. 4.13)
underlines these proteins’ potentially important role in innate immune response.

This consideration can be extended to altogether eight significant proteins whose z- and
y-values differ by 0.176-0.301, reflecting an absolute difference by factor 1.5-2 (lg1.5 = 0.176).
Among these eight proteins are those three proteins with the highest significance in Fig. 4.11
— APOE, ITIH3 & APOB - and furthermore S100A8, S100A9, HBA2, MPO & CTSG.

4.4 Question 3 —”Distinction”

Are there significant features for a distinction between the whole blood proteomes of neo-
nates (> 35+0) with early-onset infection whose antibiotic treatment lasted at least 96 h or at

most 72 h, respectively? (cf. Ch. 2. Objectives)

I approached this question in two steps, as

alue [-Ig]

depicted in Fig. 4.14. First, I compared ¢;

1(96) ¢ (72

of the group of patients treated for min. 96 h n( =9 ) T n(=7 )
(exclusively with ampicillin-cefotaxime) to unpairedt-test
t1 of the group of patients which had been 11(96) . 1(72)
treated for max. 72h (with the same antibi- B ol . A
otics). In a second step, I contrasted the C-I,,1=(99 6) C-In1=(772)

. . . scatter plot
differences between both infection groups unpaired t-test unpaired t-test
and their matched control group with each Figure 4.14: Graphical abstract (question 3)

other.
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4.4.1 11(96) vs. I1(72)

Comparing the first (i.e. “pre-antibiotic”) blood samples of those two groups of patients who
were both treated with ampicillin-cefotaxime only, but for different periods of time, the un-
paired t-test for all included proteins (cf. Ch. 3.11) produces the results shown in Fig. 4.15.
Mean time points of blood taking were 8 h pp. for 11(96) and 15h for I1(72). Five proteins are
differentially abundant by an absolute p-value of < 0.01, among them ACTR3 (c¢f. Ch. 4.2.2,
p-46).
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Figure 4.15: Volcano plot 11(96) vs. 11(72). z-axis = fold change (*difference of means”: mean (log;,) LFQ of protein a in 15!
group minus mean (log;,) LFQ of protein a in 2" group; or as indicated: logarithmic ratio of mean absolute LFQs of protein a
in 15t & 2nd group; i.e. pos. z-values reflect a higher abundance of protein a in 15! group and vice versa; absolute fold change
of protein a equals 10%(2)). y-axis = p-value (for respective unpaired t-test on the fold change of protein a). Blue = abs. p-value
< 0.01. For further details see Tab. 4.8.

Table 4.8: Protein outliers volcano plot 11(96) vs. 11(72)

©) -lgp Fold change Gene name UniProt ID Protein description

) 3.39 0.08 (1.20) PSMD14 000487 26S proteasome non-ATPase regulatory subunit 14
) 2.46 0.14 (1.38) RPL4 P36578 60S ribosomal protein L4

(©) 2.45 0.08 (1.20) UBA1 P22314 Ubiquitin-like modifier-activating enzyme 1

@ 2.28 —-0.98 (0.10) ACTR3 P61158 Actin-related protein 3

) 2.23 0.04 (1.10) CCT8 P50990 T-complex protein 1 subunit theta

Proteins of Fig. 4.15 with an absolute p-value < 0.01. Fold change = log, value, in parentheses absolute value.
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Fig. 4.16 with its subfigures (A)-(C) puts the volcano plot I1(96) vs. I1(72) in a context with
findings from question 1 & 2 (Ch. 4.3 & 4.4)

In Subfigure (A), the five proteins of interest from question 1 are highlighted (significant
fold change in Fig. 4.5, p. 46, or remarkable correlation in Fig. 4.8, p. 51). Obviously, ACTR3 is
the only one of them which is also nearly significantly differential between I1(96) and I1(72).
Its decrease is in accordance with Fig. 4.5. Subfigure (B) illustrates the position of seven pro-
teins of interest from question 2, namely such with a significant fold change in Fig. 4.11, p. 54,
or with a remarkable position in Fig. 4.13, p.58. Subfigure (C) highlights those proteins an-
notated with the significantly enriched terms from question 2 “Complement and coagulation
cascades”, ”Acute-phase response” and “Staphylococcus aureus infection” (cf. Tab. 4.7, p. 56).
In subfigure (D), such proteins annotated with the Uniprot Keyword “antimicrobial” are high-
lighted red. Although the obvious shift to the right, i.e. higher abundances in I1(96), could not
be detected statistically in a 1D-AEA it shall be reported here as a visual finding.
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Figure 4.16: Volcano plot 11(96) vs. 11(72) with cross-references. All four subfigures are copies of Fig. 4.15 and highlight a
different interpretative aspect taken from question 1 & 2 (Ch. 4.2 & 4.3). Subfig. (A) refers to question 1: Red are those three
significant proteins of Fig. 4.5, p.46, blue are two of those proteins with a significant correlation with the duration of antibiotic
therapy or the initial CRP in Fig. 4.8, p.51. Subfig. (B) refers to question 2: Red are those three proteins of Fig. 4.11, p. 54,
with the highest significance, & blue are those significant proteins with remarkable positions in Fig. 4.13, p.58. Subfig.
(C) refers to question 2: Blue are all proteins associated with three relevant annotation terms from Fig. 4.12, p. 57 ("complement
and coagulation cascades”, "acute-phase response” and “staphylococcus aureus infection”). Subfig. (D): Red are all proteins
associated with the Uniprot keyword "antimicrobial”.
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4.4.2 I1(96) to C-I1(96) vs. I11(72) to C-11(72)

The previous consideration, a direct comparison of the infection groups, is extended to a com-
parison of both groups’ differences to their respective matched controls. The fold changes
are plotted against each other, and selected proteins of interest from question 1 & 2 are high-
lighted (Fig. 4.17 & 4.18). These are the seven proteins with significant dynamics from 11(96)
to 12(96) (cf. Fig. 4.11 & 4.13, couloured red, orange & blue) and those three proteins with
remarkable correlations to the initial CRP or the total duration of antibiotic therapy (cf. Fig.
4.8 & 4.9, coloured pink). Mean time points of blood taking were: 8 h pp. for 11(96), 46 h for
C-11(96), 15 h for 11(72) and 38 h for C-11(72).

In general, Fig. 4.17 does not reflect a significantly similar behaviour of fold changes in
I1(96) and I11(72). Rather than aligning with y = z, the data points form a symmetric and
centred point cloud. There is no accumulation of points in the I. or III. quadrant (z/y = +/+ or
—/-). However, a such is at least roughly implied for the coloured proteins in the scatter plot.
Among them, the most prominent ones are S100-P, ACTR3 and HP, whose (significant) fold
changes in 11(96) vs. C-11(96) (z-axis, cf. Fig. 4.5) are at least 2-fold higher than those in 11(72)
vs. C-11(72) (y-axis).
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Figure 4.17: Scatter plot 11(96) to C-11(96) vs. 11(72) to C-11(72) (overview). This figure shows all available proteins whereas
Fig. 4.18 focuses on the centre of the plot, cutting out some outliers as S100-P, ACTR3 or HP (cf. Fig. 4.5). For details of the
colour coding or the drawn straight lines see also Fig. 4.18.

Apo-E and ITIH3 are two of those proteins with the highest significance (¢ < 0.01) for an
increase from I1(96) to 12(96), as displayed in the paired t-test of Fig. 4.11, p. 54. While they

are decreased in I1(96), a respective difference is absent for I11(72) (almost aligned at y = 0).
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hnRNPK shows barely any difference between I1(72) and C-I1(72) either (almost aligned at
y = 0). It is that protein with a negative correlation to the total duration of antibiotic therapy
in I1(96) patients (cf. Fig. 4.8 & 4.9) and a decent fold change in 11(96) vs. C-I1(96).
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Figure 4.18: Scatter plot 11(96) to C-11(96) vs. 11(72) to C-11(72) (centre). z-axis & y-axis = fold change ("difference of means”:
mean (log;,) LFQ of protein a in 15t group minus mean (log,,) LFQ of protein a in 2" group; or as indicated: logarithmic ratio
of mean absolute LFQs of protein a in 15t & 2" group; i.e. pos. z- or y-values reflect a higher abundance of protein @ in 15t
group and vice versa; absolute fold change of protein a equals 10%(%) or 10¥(2), respectively). z- and y-axis both display the
fold changes from unpaired ¢-tests. For a better visual interpretation, the following straight lines are drawn: y = z + 0.301;
y=x+0.176; y = x (lg2 = 0.301 & lgl.5 = 0.176). Red = significant fold change at ¢ < 0.01 in Fig. 4.11, p.54. =
significant fold change at p < 0.01 & ¢ < 0.1 in Fig. 4.11 and a difference of min. factor 2 in Fig. 4.13, p. 58. Blue = significant
fold change at p < 0.01 in Fig. 4.11 and difference of min. factor 2 in Fig. 4.13. = negative correlation with total duration of
antibiotic therapy or initial CRP in 11(96), cf. Fig. 4.9, p.52.

In the case of vVWF, which shows a negative correlation to the initially measured CRP
in I1(96) patients (cf. Fig. 4.8 & 4.9), the position in the plot suggests a 1.5-fold higher fold
change in 11(96) than in I1(72). The same can be stated for Apo-B100 and SERPINA3, which
are proteins with significant dynamics from I1(96) to 12(96) (cf. Fig. 4.11, p. 54).

However, ORM1 and ATP5A1 (cf. Fig. 4.11 & 4.13) show a higher fold change for 11(72).
The fold change of LTF is relatively similar in both groups.






5. DISCUSSION

5.1 Question 1 - "Differences”

In question 1 (Ch. 4.2, p.43), I compared the blood samples of infected newborns with those
of healthy control patients.

Main findings in the severely affected neonates were a significant alteration of S100-P (31-
fold increased, p = 0.001), ACTR3 (8-fold decreased, p = 0.003) and HP (8-fold decreased, p =
0.0008). S100-P also correlated positively with the CRP before initiation of antibiotic therapy
(r =0.73, p = 0.03). Furthermore, hnRNPK showed a negative correlation with the total du-
ration of antibiotic treatment (r = —-0.76, p = 0.02). The haemostatic glycoprotein vWF had,
unlike S100-P, a negative correlation with the initial CRP (r = -0.67, p = 0.05).

Proteins with abundance differences in question 1 may theoretically serve as diagnostic
marker in an early phase of neonatal inflammation/infection. Thus, of all three questions the
results of question 1 have the most immediate relevance. A major limitation, however, arises
from the distribution of blood takings on the postnatal timeline (cf. Ch. 5.5). The mean time
points were 11h pp. for I1(all) and 40h for C-I1(all) (cf. Fig. 4.1, p.39). Despite a matched
pairing, this discrepancy of nearly 30 h may have lowered significance in a relevant manner
and reflects well the practical difficulties of clinical research in neonates (cf. Ch. 5.5).

Generally, it should be noted that in all of the presented analyses (questions 1-3) CRP is not
contained. Technically, this is due to the chosen minimum of valid values (70 % in at least one
of two compared groups, cf. Ch. 3.11). Among all samples of the entire infection group (at both
time points), CRP was measurable in only less than 70 % of samples. Partially, this may be
explained by CRP’s late increase in infection. However, even in 12(96) it was measurable in less
than the required number of samples. In view of the sufficiently late sampling and the severe
course of these patients CRP normally would have been expected to be detectable in 12(96).
That it was not suggests that, in the majority of cases, it may still have been under a certain
detection limit for the present whole blood analyses. Similarly, IL-6 and other interleukines do
generally escape a mass spectrometric detection because of their minimal plasma abundance
and the problem of dynamic range (cf. Ch. 1.2.2). Probably, the absence of PCT is also due to

reasons of timing and/or dynamic range.
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Volcano plots (p. 44 et seq.) In Fig. 4.4 all available patients with infection in an early stage
of disease are compared with their matched control group. For each protein, the fold change
between both groups is plotted against the p-value of its respective ¢-test. Presumably, for
the reason that I1(all) comprises patients of diverse conditions (short & long treatment, dif-
ferent antibiotics) and thereby represents an inhomogeneous group, it delivers not a single
significant protein.

Fig. 4.5, in contrast, is based only on the group of nine patients who received the same an-
tibiotics in the same dosage for at least 96 h and who were apparently seriously ill. Comparing
them with their matched control means comparing two conditions that differ more clearly.
Here, the protein S100-P traverses the sy significance curve as well as haptoglobin (HP) and
actin-related protein 3 (ACTR3). Mean time points of blood taking, however, were in this case
similarly unfavourable, namely 8 h pp. for I1(96) and 46 h for C-11(96).

Protein S100-P is a calcium binding protein from the S100 family which is involved in most
diverse cellular functions and, to date, foremost known as unspecific tumor marker expressed
in several tumor types (Téthové & Gibadulinovd, 2013). More recently, its role in implantation
and embryonic development has been reported (Prica et al., 2016). A clear involvement in
inflammatory processes has not been described yet. Its highly significant increase in 11(96)
compared to its matched control, however, suggests to further evaluate an eventual role as
pro-inflammatory agent. A related protein, S100-A12 has recently been proposed as novel
biomarker for the evaluation of neonatal sepsis (sensitivity 96.8 %, specificity 93.3 %; Tosson
et al., 2019).

ACTR3 is a regulator protein of the cytoskeleton and of cell motility. It is involved in cilio-
genesis (Kim et al., 2010) as well as in carcinogenesis and metastasis of several gastrointestinal
tumors (Yin et al., 2015; Hu et al., 2021). In brains of aborted foetuses with Down syndrome, a
lack of ACTR3 could be observed (Weitzdoerfer et al., 2002). A specific involvement in inflam-
matory processes, however, has not been reported yet. The measurement of this and many
other cellular proteins in our study setting is due to the fact that whole blood was subjected to
analysis, not plasma (cf. Ch. 3.8). After all, the significant reduction of ACTR3 in 11(96) com-
pared to its matched control is hard to explain. Possibly, it is a consequence of the unequal
distribution of venous and capillary blood samples between infection and control groups.
This circumstance can be seen in Tab. 4.2, p.41, and it will be further discussed in Ch. 5.5,
p- 80. Since venous blood samples have lower hematocrits than capillary ones and since the
former are overrepresented in the infection patients, it can not be ruled out that the reduction
of the cellular protein ACTR3 in I1(all) is merely a statistically significant example for a bias
towards higher abundances of cellular proteins in the control groups.

HP is an antioxidant plasma protein which is broadly known for binding free haemoglobin
from lytic erythrocytes and thus preventing it from unfolding its oxidative activity in a harm-

ful way. Furthermore, it is an acute-phase protein with increased levels in infection, inflam-
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mation and malignant diseases (Dobryszycka, 1997). Its anti-inflammatory potential even
includes a bacteriostatic function as part of innate immune response (Eaton et al., 1982). More
than 40 years ago, it was already hypothesized that elevated levels of HP could be used for
an early prediction of neonatal sepsis (Philip & Hewitt, 1980). Although it has never asserted
itself against the diagnostic performance of CRP, the interest in HP has not faded. Kalenka
et al. (2006) reported higher HP-up-regulation in adult sepsis survivors than in non-survivors.
And Buhimschi et al. (2011) found that intraamniotic infections lead to elevated levels of HP
in cord blood, which might be used as an EOS screening biomarker and could be helpful in
the selection of patients who are actually in need of early treatment.

The fact that HP is decreased in I1(96) compared to its matched control is opposed to
HP’s actual role as ”positive” acute-phase protein (i.e. increase in the acute phase). Most
probably, this seemingly contradictory picture is to be explained by a gradual increase of
HP over the first seven days of life, presumably in preparation for the required clearance of
foetal haemoglobin (Bennike et al., 2020). All control samples from healthy newborns were
standardly collected 3672 h pp. (mean for C-11(96) was 46 h). 11(96) patients, however, were
sampled for the first time within 13h pp. (mean 8h). Therefore, at least in the evaluation
of HP a ”physiological bias” and the weakness of the (necessary) groupings by ”corrected
gestational age” becomes manifest. Without close-meshed longitudinal HP reference values
from healthy neonates starting at the time of delivery, a use of HP as EOS biomarker will
presumably remain doubtful. A second (less probable) explanation for the relative absence
of HP in I1(96) could be that it reflects a consumption of HP as a result of its antioxidant and
bacteriostatic activity. This assumption is at least suggestively supported by the fact that HP
levels in I1(96) patients correlated slightly negatively with their initial CRP (r = -0.28, p =
0.55) and their total duration of antibiotic therapy (r = -0.41, p = 0.36; cf. Fig. 4.7). Thirdly, the
overall decrease of HP in 11(96) might hypothetically reflect a low-expression genotype of HP
that contributes to an increased infection susceptibility of the respective neonates. The latter
hypothesis has already been pursued in preterm neonates with inconclusive result (Kessel
et al., 2016).

Enrichment analysis (p. 48 et seq.) Since the primary 1D-AEA over the fold change of pro-
teins between infection and control group remained without significant term, a major differ-
ence in expression patterns between these two groups is apparently not detectable by this
analysis method.

A secondary 1D-AEA, however, which was performed for the protein intensities in 11(96)
alone, showed at least two significant and relevant terms, “immunoglobulindomain” and
“antigen binding”. Although such an effect was not detectable by the primary 1D-AEA,
Fig. 4.6 demonstrates: firstly, to what extent the respective proteins (annotated with these

two terms) are over-represented among all proteins within 11(96) (cf. Subfig. A1 & B1); and
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secondly, that these very proteins are also factually over-represented in I11(96) compared to
C-11(96), although only in a low-significance area (cf. Subfig. A2 & B2, only the central area of
the volcano plot with small fold changes and low p-values is depicted).

Nonetheless, the meaning of the terms “immunoglobulindomain” and ”antigen binding”
in this context remains questionable, since they are found in an otherwise very unspecific
list of enriched terms (Tab. 4.5). The vast majority of them is simply associated with intra-
erythrocytic functions (due to the analysis of whole blood, cf. Ch. 5.6, p. 82).

After all, the above findings are barely significant. Though, they may demonstrate a poten-
tial diagnostic concept. When proteome profiles are analysed — beyond focusing on solitary
biomarkers or multivariate biomarker panels — it is also possible to analyse the behaviour of
whole functional protein networks, i.e. groups of proteins sharing a function and (if known)
the respective annotation term. For instance: In several years, there might be hundreds of pro-
teins whose involvement in “innate immune response” will be proven. Then, diagnosing an
EOS hypothetically may not only be possible when established markers as CRP are elevated,
but also in situations when these “first-line” markers are (still) ambiguous and, instead, sev-
eral "background” proteins associated with “innate immune response” are shifted towards

inflammation.

Correlation analysis (p. 50 et seq.) Among the selected clinical and anamnestic parameters
for Fig. 4.7, the "total duration of antibiotic therapy” and the “value of CRP at the beginning of
antibiotic therapy” are certainly the most relevant in the context of question 1. This is why for
these two categories in Fig. 4.8 Pearson’s r of all 27 proteins was plotted against its respective
p-value.

S100-P’s strong positive correlation with the initial CRP (r = 0.73; p = 0.02) might underline
its potential function as an indicator of EOS. However, its positive correlation with birth
weight (r = 0.76; p = 0.02) and its negative correlation with the interval between amniorrhexis
and delivery (r =-0.98; p = < 0.001) may weaken this hypothesis. The former might indicate a
confounding effect, the latter is in some way contradictory to the correlation with CRP, since a
longer time span after the rupture of membranes is obviously associated with a higher risk of
bacterial colonization/infection of the neonate. Nonetheless, it should still be noted that in the
hierarchical clustering of Fig. 4.7 S100-P is adjacent to Apo-B100 and matrix metallopeptidase
9. MMP9 is presumably an anti-inflammatory agent (Zhang et al., 2019) and the role of Apo-
B100 in innate immune response will be discussed en detail with the findings of question 2.

hnRNPK (heterogeneous nuclear ribonucleoprotein K) is a cellular protein with numerous
regulatory functions. It is foremost a DNA/RNA-binding protein that influences transcrip-
tion, but also proliferation, DNA repair and apoptosis (Xu et al., 2019). hnRNPK has already
been associated with both oncogene and tumor-suppressive processes (Wang et al., 2020a). In a

mouse model, there was no embryonic survival under bi-allelic deletion of hnRNPK, whereas
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mono-allelic deletion led to developmental defects and short postnatal survival (Gallardo
et al., 2015). Since it is also involved in the formation of osteoclasts, mutations of hnRNPK
in humans are associated with skeletal dysorders and can be found in the Kabuki-like and
the Au-Kline syndrome (Au et al., 2018; Dentici et al., 2018). Feng et al. (2020) showed that
hnRNPK is up-regulated in the NLRP3 inflammasomes of LPS-stimulated macrophages. At
the same time, the formation of these inflammasomes (cytoplasmic receptor-like protein com-
plexes) with all its resulting effector molecules (such as Caspase-1, IL-13 & IL-18) is mitigated
when hnRNPK is knocked-out. These findings suggest that hnRNPK has, in addition to its
many fundamental cellular functions, a pro-inflammatory component.

The volcano plot I11(96) vs. C-11(96) (cf. Fig. 4.5) shows an hnRNPK fold change of 0.09 at
—lgp =2.39. In absolute values, this is a 1.2-fold increase in the diseased group at p = 0.004.
Simultaneously, there is a negative correlation of the hnRNPK level in the diseased group
with the total duration of antibiotic therapy (r = -0.76, p = 0.02). Interestingly, the hierarchical
clustering of Fig. 4.7 shows similar correlations for hnRNPK, HP, C1q and C1s. The latter are
two proteins at the beginning of the classical complement pathway. Taking into account the
available knowledge about hnRNPK, all of these findings could cautiously be interpreted as
follows: i) an increase of hnRNPK as a presumable representative of proinflammatory pro-
cesses can also be observed in neonates at an early stage of infection; ii) there is, however, an
indirect relationship between hnRNPK level and duration of antibiotic therapys; iii) a too small
increase of hnRNPK could therefore be interpreted as an expression of inadequate immune
response leading to prolonged disease. In praxi however, a “positive” biomarker (increasing
under the examined condition) with a “negative” correlation to presumed disease severity
(here: duration of therapy) would not be optimal.

Von Willebrand factor (vVWF) is a protein expressed in endothelial cells, subendothelial
connective tissue and megakaryocytes which is primarily known for its pivotal function in
haemostasis (Bryckaert et al., 2014). It is an adapter protein that can link platelets to each
other (cohesion) and to thrombogenic surfaces such as injured endothelium (adhesion), which
constitutes the initiation of primary coagulation. Additionally, vWF is a carrier protein for fac-
tor VIII, a component of the intrinsic coagulation pathway and thus secondary coagulation.
In the past few decades, the understanding of the linkage between coagulation and inflam-
mation has continuously increased. Among other adhesion proteins, vVWF’s role as an acute-
phase reactant and as potential inflammatory marker has been evaluated in numerous studies
with inconsistent conclusions (Reinhart et al., 2002; Paulus et al., 2011). Principally, under pro-
inflammatory circumstances vVIWF levels increase due to reduced cleavage of its multimeric
precursors through the plasmatic metalloprotease ADAMTSI13. In theory, this makes vWF a
valid indicator of systemic inflammation. A correlation with the severity of inflammation and

the extent of organ failure could indeed be shown by Claus et al. (2010). However, as vVWF
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generally would not allow a discrimination between septicaemia and specific tissue damage
its use as inflammatory marker is seen critically (Paulus et al., 2011; Kawecki et al., 2017).

The volcano plot I1(96) vs. C-I1(96) (cf. Fig. 4.5) showed a vVWF fold change of 0.38 at —1g p
= 2.50. In absolute values, this is a 2.4-fold increase in the diseased group at p = 0.003. This
clearly reflects vWF’s inflammation-induced accumulation (as described above). Addition-
ally, it clusters together with Cls & Clq in Fig. 4.7. Its negative correlation, however, with
the initially measured CRP (r = -0.67; p = 0.05) is hard to explain. Hypothetically, it could be
associated with the late increase of CRP and an earlier beginning of re-normalization of vVWF
levels. Overall, as in the case of hnRNPK the correlation behaves counter-intuitive, in some

sense.

5.2 Question 2 - "Dynamics”

In question 2 (Ch. 4.3, p. 53), I examined the blood samples of newborns with severe infection
longitudinally over the time points 11(96) & 12(96) (immediately before and ca. 48 h after the
first administration of antibiotics, also “t1” & "t3”).

Main findings were significant dynamics of apolipoproteins, complement and acute-phase
proteins towards t5. Apo-B100, Apo-E and also ITIH3 were all ca. 2-fold lower at ¢; than at ¢,
(g =0.008).

Likewise, the protein abundances of complement proteins and acute-phase proteins, such
as SERPIN-A3 & -Al, ORM1 and SAA2-4, were lower at ¢; than at ¢o. Among all of these
significantly altered proteins SERPIN-A3 and ORM1 reflected the dynamics towards ¢, most
accurately, since there was no detectable change of these two proteins between the examined
control groups either. S100-A8 and 5100-A9 were 2-fold higher at ¢; (p = 0.003 & 0.01).

A strength of the analyses of question 2 is the insight into the inner dynamics of the in-
fection group, (partially) without the need for more or less well-matched controls and the
inevitably associated inaccuracies (cf. Ch. 5.5, p. 80). These analyses have the potential to val-
idate findings from question 1. At the same time, they may also direct the focus on relevant
inflammatory proteins that remain non-significant in a single comparison with a healthy con-
trol.

A remaining limitation, on the other hand, is that due to the present study design it is
almost impossible to assess with certainty to what extent the observed protein dynamics are
specific consequences of the infection or of physiological postnatal adaptation. This would
only be possible by a control group with two longitudinally related blood samples each,
which would have to be matchable to the infection group in their cGA and their time in-
terval. Since such a control group of healthy newborns with an early and a late blood sample

each is, indeed, impossible to acquire (cf. Ch. 4.3.3, p.58), the distinction between infection-
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and adaptation-associated proteome alterations could only be approached in a suboptimal
manner in Ch. 4.3.3 (which will still be discussed en detail).
Mean time points of blood taking were 8 h pp. for I1(96) (¢1) and 55 h for 12(96) (¢2).

Volcano plot (p. 54 et seq.) Notably, two of three proteins which are relatively decreased at
t1 (or increased at t9, respectively) with the highest significance are apolipoproteins (Apo-E &
Apo-B100, ¢ < 0.01, marked red in Fig. 4.11). Two further apolipoproteins (Apo-A4 & Apo-
C3) are less abundant at ¢; than at ¢, with medium and low significance. Although the sub-
sequent 1D-AEA does not reveal a systematic shift of terms associated with lipid metabolism
(cf. Tab. 4.7, p. 56), this accumulation is notable.

In the last decades, the role of lipid metabolism in sepsis attracted increasing attention.
Lipid components of bacterial cell walls, such as lipopolysaccharide (LPS, from Gram-negative
bacteria) and lipoteichoic acid (LTA, from Gram-positive bacteria), are essential in the patho-
genesis of excessive inflammation and sepsis (van der Poll et al., 2017). These pathogen-
associated lipids (PAL) can be bound and cleared by lipoproteins in the course of their normal
function as lipid transporters (usually for triglycerides and cholesterols). Meanwhile, this
mechanism of detoxification is understood as part of innate immune defence (Trinder et al.,
2019). During inflammation and sepsis, however, for unclear reasons a decrease of many
lipoprotein species can be observed, whereas triglycerides are increased due to a diminished
lipoprotein lipase activity (Trinder et al., 2019). Buhimschi et al. (2011) reported significant
down-regulations of Apo-A4, Apo-E and Apo-H in the cord blood of neonates with culture-
confirmed EQOS, too. Ng et al. (2010) even proposed a diagnostic score for NEC and LOS in
preterm infants, that is based on (decreased) pro-apolipoprotein C2 and (increased) serum
amyloid A. On the other hand, an LPS- and TNF-a-dependent upregulation of Apo-B100
was shown for rodent hepatocytes (Bartolomé et al., 2007, 2008). Sigel et al. (2012) reported
Apo-B100 to be a potent inhibitor of cytokine release from murine and human immune cells
stimulated by staphylococcal LTA (S. aureus). In summary, these findings may suggest that
apolipoproteins and Apo-B100, in particular, have a protective function against PAL-induced
excessive inflammation and that this protection can, however, be compromised in the early
phase of sepsis (for unknown reasons).

In the present volcano plot, the increase of apolipoproteins from I1(96) to 12(96) presum-
ably reflects an overcoming of this very initial phase of infection and a beginning decline of
the inflammatory response under antibiotic therapy. In view of the evidence above and other
findings in this thesis, a physiological or nutrition-associated increase can rather be ruled out.
Namely, Apo-B100 and Apo-C3 are also clearly (p < 0.01) decreased in I1(96) compared to
its matched control group (cf. Fig. 4.5, p. 46). Hypothetically, Apo-B100 (2-fold decreased, p =
0.00002) would have crossed the significance threshold of Fig. 4.5 in bigger sample sizes. Even
in the generally insignificant comparison of I1(all) with its matched control (cf. Tab. 4.3, p. 45)
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Apo-B100 is 1.4-fold decreased at p = 0.01. In summary, these previous findings may support
the assumption that the volcano plot I1(96) vs. 12(96) depicts an increase of apolipoproteins
from initially (pathologically) reduced levels. In addition, Fig. 4.13 on p. 58 (a figure which
will still be discussed en detail) shows that the two most significantly increasing apolipopro-
teins (Apo-B100 and Apo-E) have a positive dynamics towards ¢, that is more than 1.5-fold
stronger than that of the respective controls, affirming the specifity of this apolipoprotein dy-
namics for the infection groups.

After all, the present data from neonatal patients strongly support the significant role of
(apo-)lipoproteins in inflammation and sepsis. A further examination of Apo-B100 (and its
upstream regulators) seems to be most worthwhile with respect to its diagnostic (or even
therapeutic) potential.

A second key finding of the volcano plot I11(96) vs. 12(96) is the increase of several acute-
phase proteins towards ¢, such as alpha-1-antichymotrypsin (SERPIN-A3), alpha-1-antitryp-
sin (SERPIN-A1), alpha-1-acid-glycoprotein or “orosomucoid” (ORM1), fibrinogen (FGA &
FGB) and haptoglobin (HP). Major acute-phase reactants which are also increased are the
serum amyloid A proteins (SAA2-4). Elevated levels of the latter are associated with acute and
chronic inflammation as well as with malignant conditions. Furthermore, they are agents of
the innate immune response through opsonization, toxin inactivation, bactericidal / fungicidal /
virustatic effects and leukocyte recruitment (Salama et al., 2021). Referring to alpha-1-anti-
(chymo)trypsin, Muk et al. (2019) showed a linear increase of serpins over 24 h in the blood
plasma of preterm piglets infected with S. epidermidis. This linearity may suggest serpins as
supportive markers in the early phase of an infection. As already discussed in Ch. 5.1, CRP is
not contained in Fig. 4.11 although it would have been expected to be sufficiently detectable
at least in 12(96) (cf. Ch. 3.11). The fact that it was not suggests that even in most cases of 12(96)
CRP may still have been under the detection limit of whole blood proteomics.

Among those three proteins which are increased towards ¢t with the highest significance
(¢ < 0.01, marked red in Fig. 4.11) is also ITIH3, the inter-alpha-trypsin inhibitor heavy chain
H3. It belongs to a family of five variants (ITIH1-5) which can be found in the extracellular
matrix and in blood plasma. ITIH3 is supposed to have a stabilising effect on the extracellular
matrix (Zhuo et al., 2004) and furthermore tumorsuppressive properties (Paris et al., 2002). It
was suggested to be an early biomarker for gastric cancer (Chong et al., 2010). Notably, Muk
et al. (2019) reported an increase of ITIH4 and a decrease of ITIH1 in the blood plasma of
preterm piglets infected with S. epidermidis after 24 h. ITIH4 has already been characterized
as an acute-phase reactant (Pifieiro et al., 1999). An increase of ITIH1 alongside SERPIN-A1
and SERPIN-A3 and other acute-phase proteins is documented for mice with focal segmental
glomerulosclerosis (Bukosza et al., 2020). A connection between ITIH3 and the acute-phase —

as visible in Fig. 4.11 — has been outstanding, so far.
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Finally, the 2-fold decrease of Protein S100-A8 and S100-A9 towards ¢, should be high-
lighted. These mostly phagocytic proteins can be counted to the damage-associated molec-
ular patterns (DAMPs or “alarmins”) and are strong promoters of inflammation (Vogl et al.,
2007). The 5100-A8/A9 dimer is also known as “calprotectin” and has long been used in fae-
cal samples as a diagnostic and monitoring biomarker for inflammatory bowel disease, both
in adults and in children (Ayling & Kok, 2018). In a proteomic examination of amniotic fluid
from women with intra-amniotic infection, the level of S100-A8 correlated with a subsequent
development of EOS (Buhimschi & Buhimschi, 2010). Moreover, Pirr et al. (2021) claimed
to have validated serum S100-A8/A9 at delivery as the first predictive biomarker for LOS
in preterm infants. Their findings suggested that high perinatal S100-A8/A9 (foremost due
to labour-associated stress) is protective against a later occurrence of neonatal sepsis. Thus,
measurements of calprotectin were said to support early decisions on a beginning of empir-
ical antibiotic therapy. The negative predictive value of postnatal S100-A8/A9 levels above
1000ng/ml was 0.95 and, in this concern, was supposed to be superior to IL-6 (individual
baselines) and CRP (late increase). In the present volcano plot, the decrease of S100-A8/A9
(medium and low significance) may be interpreted as an early indicator for an effective an-
tibiotic treatment and for a decline of the overall inflammation level (prior to a decrease of
the classical acute-phase reactants). In Fig. 4.13, p. 58, 5100-A8/A9 have a more than 1.5-fold
stronger dynamics in the infection group than in the respective controls, which makes it at
least unlikely that the decrease over time is a merely physiological postnatal decline. How-
ever, it should be remembered that — in contrast to the study setting of Pirr et al. — the patients
of I1/12(96) are both late preterm and term neonates with a clinical EOS (not LOS). Finally,
it must also be critically noted that there is no significant difference in calprotectin levels be-
tween I1(96) and its matched control (c¢f. Fig. 4.5, p. 46).

Enrichment analysis (p. 56 et seq.) Unlike in question 1, the 1D-AEA conducted over the
fold change between 11(96) and 12(96) (cf. Fig. 4.11, p. 54) delivered a remarkably specific pic-
ture. With one exception, all significant terms of Tab. 4.7 were enriched towards t,, indicating
generally higher abundances of the associated proteins at ¢ than at ¢;. Obviously, 11(96) and
12(96) display an interval which is — despite the beginning of antibiotic therapy — character-
ized by an increasing infection dynamics and the organism’s response to it. The majority of
the enriched terms are namely such that are associated with complement, acute phase and
haemostasis. Partly, related terms appear simultaneously in different annotation categories
(cf. "Type” column), which may underline the validity of the enrichment.

The appearance of the KEGG name ”“Staphylococcus aureus infection” shall be empha-
sized by name as it is the most direct connection to innate immune defence against a bacte-
rial pathogen. In the present patients, “Staphylococcus aureus infection” comprises foremost

elements of the different complement pathways (such as C1, MBL2 and C3; ¢f. Fig. 4.12, Sub-
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tig. C2). Therefore, there is a large intersection with the proteins of the KEGG name ”com-
plement and coagulation cascades” (cf. Fig. 4.12, Subfig. A2). Both enriched terms reveal the
systemic increase of complement proteins towards ¢, which is in some way “hidden” un-
der the significance thresholds of the respective volcano plot (Fig. 4.11, p.54). Tab. 4.6, p. 55,
barely contains complement proteins although the general trend of their increase is obvious in
the 1D-AEA. This may, again, underline the general methodical and possibly even diagnostic
value of 1D-AEA. Of course, the fact alone that complement levels (relatively) rise from ¢; to
to does not reveal this dynamic’s (absolute) relation to normal levels of complement protein
in neonates. However, the comparison of 11(96) and C-I1(96) in Fig. 4.5, p.46, has already
shown diminished levels of Cls and Clq in the infection group. Hence, the increase of com-
plement between 11(96) and 12(96) might also be interpreted as a normalization (or escalation)
of initially reduced levels (in the sense of an early complement consumption during innate
immune response and a consecutive recovery of complement levels).

The increase of several well-known acute-phase reactants towards ¢, has already been dis-
cussed above (cf. Fig. 4.11 and Fig. 4.12, Subfig. B2). Nonetheless, the enrichment of the GOBP

name ”Acute-phase response” is additional proof of their systemic increase.

Scatter plot (p. 58 et seq.) Fig. 4.13 primarily aims at a critical questioning of the significant
proteins from volcano plot I1(96) vs. 12(96) (Fig. 4.11, p.54). Theoretically, such proteins that
align in the present scatter plot at y = z are most likely to do so due to physiological dy-
namics. Thereby, they could be excluded from further considerations, in spite of seemingly
”significant” dynamics in the corresponding volcano plot. Inversely, an alignment of proteins
at y = 0 may underline their possible significance, especially when x > +0.301. The latter
would, namely, indicate a presumable absence of any physiological dynamics in the control
groups (y = 0) with an at least 2-fold (x > £0.301) presumably pathological dynamics in the
infection group for this specific protein.

However, there are several important limitations to this scatter plot. First, as described
in Ch. 4.3.3, p.58, the control are two unrelated groups of samples, taken as surrogate for
a control group of healthy newborns with two blood samples each (which is absolutely not
available, in reality). However, the inter-individual variability of protein abundances (as in-
troduced in Ch. 1.2.2) gives reason to question the validity of such a “pseudo-longitudinal”
control group (composed of two unrelated samples). Moreover, these control groups (Cnm =
”control non-matched”) could hardly be matched to the infection group: not at all in their cGA
at the time of blood taking, and merely sub-optimally with respect to the mean postnatal time
of blood taking. This was 8 h pp. for 11(96) and 55 h for 12(96). In contrast, it was 39 h pp. for
Cnm-I1(96) and 53 h for Cnm-12(96). Thus, infection and control group also cover different in-
tervals, which additionally restricts their comparability. Weak dynamics in the control group

might actually be more pronounced than depicted. Completely absent dynamics, however,
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can hypothetically be taken as such. In exchange for a suitable matching, at least relatively
big sample sizes for the two unrelated control groups could be ensured (n = 19). Finally, it has
also to be noted that the ¢-test for I1(96) vs. 12(96) is repeated as an unpaired (two-sided) two-
sample t-test to ensure comparability to the controls. It is not identical with the fold change
from Fig. 4.11, p. 54, which is based on a paired (two-sided) two-sample ¢-test. Despite all these
limitations, the present type of analysis is informative and its results are worth discussing.

Generally, numerous proteins of interest from Fig. 4.11 are part of the diffuse cloud in
the centre of the scatter plot. A clear alignment of these proteins at y = x is not observable.
The majority of proteins fulfilling y = = £ 0.301 are not significant in Fig. 4.11 (green in both
figures).

Alpha-1-antichymotrypsin (SERPIN-A3) and alpha-1-acid-glycoprotein (ORM1), however,
have a notable increase from ¢; to ¢ (4-fold & 2-fold, respectively) with almost no measurable
dynamics in the control groups. This sharp contrast may confirm their specific role as acute-
phase reactants with a possibly high relevance in neonatal infections. Since both of them
are, however, not included in the significant proteins of the volcano plot 11(96) vs. C-11(96)
(cf. Fig. 4.5, p.46), their potential for an early distinction between diseased and non-diseased
neonates seems to be restricted.

The increase of Apo-E, Apo-B100 and ITIH3 (the three most significantly altered proteins
from Fig. 4.11, red in both figures) is more than 1.5-fold stronger in the diseased group than in
the control groups. Although the relations are not as evident as for SERPIN-A3 and ORM1 and
a physiological postnatal dynamics for these proteins cannot be totally ruled out, the present
picture additionally underlines the relevance of Apo-E, Apo-B100 and ITIH3 and potentially
validates them as markers. Especially Apo-B100 is of interest, here, since it also shows a
nearly significant negative fold change in the volcano plot I1(96) vs. C-I1(96) (2-fold decrease,
p = 0.00002; cf. Fig. 4.5, p.46). A certain decrease of Apo-B100 is even visible in the more
unspecific volcano plot I1(all) vs. C-I1(all) (1.4-fold decreased, p = 0.01; ¢f. Fig. 4.4, p.44). The
reasons for a suppression of apolipoproteins in inflammation may still be elusive. However,
even if (hypothetically) all neonates showed increasing levels of Apo-B100 immediately after
birth (due to recovery from birth stress) all present data still suggest that particularly low
levels of Apo-B100 could be distinctive for an early-onset infection/sepsis, and that Apo-B100
most significantly increases in the examined patients in the course of their antibiotic therapy.

Lactotransferrin (LTF) is an iron-binding protein foremost in exocrine secretions such as
saliva or milk (especially in colostrum; Sanchez et al., 1992), but it is also to be found in gran-
ules from neutrophils. For its both bacteriostatic and bactericidal functions right at the scene
of inflammation it is often counted as an element of innate immune response (Legrand et al.,
2005) and as a non-hepatocytic acute-phase reactant (Schrodl et al., 2016). The depicted more
than 2-fold dynamics of LTF in the infection group can be harmonized well with the nearly
significant (p = 0.001) 2-fold positive change in the volcano plot I1(96) vs. C-11(96) (cf. Fig. 4.5).
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Overall decreasing levels of LTF between t; & t» could — besides recovery from birth stress
— also be attributed to the first feeding with LTF-rich colostrum right after delivery, and the
continuous transformation of colostrum to more mature forms of breast milk with decreasing
LTF-concentrations. In the infection group, higher postnatal levels of inflammation and their
effective treatment may cause the 2-fold stronger decrease displayed in the present scatter plot
(Fig. 4.13).

ATP synthase subunit alpha (ATP5A1) is a mitochondrial membrane bound protein that
is involved in ATP production and thus provision of cellular energy. Recently, it was also
reported to bind enterobactin (Ent), a bacterial siderophore (Qi & Han, 2018). Siderophores
are iron-binding compounds, secreted by either bacteria or fungi, that scavenge Fe* from
hosts to appropriate them for their own supply. ATP5A1, however, is supposed to coun-
teract this disadvantageous mechanism and to enhance cellular iron haemostasis by simply
taking up Ent-Fe>* complexes and utilizing them in the mitochondrial metabolism. Qi & Han
(2018) presented the theory of a constant “thug of war” for iron between host and commen-
sals/pathogens, in which ATP5A1 is an effective measure on the host side. Notably, Fig. 4.13
shows relatively specific dynamics for ATP5A1 in the infection group (1.7-fold increase in
I1(96), cf. Fig. 4.11, p.54). Whereas Qi & Han see the role of ATP5A1 foremost as a counter-
weight to gastrointestinal commensal bacteria, the present data at least raise the question if
there may be an immune response associated up-regulation as well. When considering the
importance of iron metabolism to the immune system, it should also be noted that lipocalin
(LCN2) is elevated in both comparisons of infection to control groups, too (cf. Tab. 4.3 & 4.4,
p- 45 et seq.). LCN2 is able to bind siderophores and thereby block the pathogenic uptake
(Xiao et al., 2017), which makes it a bacteriostatic agent of innate immune response. An eval-
uation of a potential co-regulation of ATP5A1 & LCN2 and their eventually joint involvement
in innate immune response may be worthwhile.

At last, it should be noted that calprotectin (5100-A8/A9), which was not significant in
the second volcano plot of question 1 (Fig. 4.5, p.46) but significant in the volcano plot of
question 2 (Fig. 4.11, p. 54), has more than 1.5-fold dynamics in Fig. 4.13 in the infection group
compared to the controls. Furthermore, S100-P, which was on the other hand significant in
question 1 but not in question 2, does show more than 2-fold dynamics in Fig. 4.13 as well.
In addition to all what has been said so far about these three members of the S100 family, the
present scatter plot again hints at their notable dynamics in adaptation and immune response,

and strengthens the hypothesis of their diagnostic potential in neonates.

5.3 Question 3 — ”"Distinction”

In question 3 (Ch. 4.4, p.59), I compared the pre-antibiotic blood samples of newborns who

were treated for more than four days, i.e. 11(96), to those of newborns who were treated for
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less than three days, i.e. I1(72). As laid out in the introduction, a major challenge in neonatol-
ogy is the early and correct identification of infected newborns. Ensuring the greatest possible
patient safety almost inevitably leads to a worldwide overuse of antibiotics in newborns. This
is due to the fact that today’s diagnostic resources often cannot provide sufficient safety for
an early decision against an antibiotic treatment. With respect, however, to the mid- and long-
term health implications which early exposure to antibiotics may have (cf. Ch. 1.1.7), searching
for reliable means of distinction between “seemingly” ill and “certainly” ill neonates is highly
relevant. Principally, one could object that such a diagnostic criterion would best be found by
comparing very distinct groups, such as “diseased” versus “non-diseased” patients (question
1, Ch. 4.2). Nonetheless, question 3 originated from the interest if high-resolution proteomes
gained by mass spectrometry might yet uncover a distinguishing feature for these rather sim-
ilar groups of ”“seemingly” and “certainly” ill neonates. Presumably, among the patients of
I1(72) there are such whose severe disease progression could be prevented effectively in its
very beginnings and whose short antibiotic therapy was totally adequate. Equally, there may
be such patients who were (retrospectively) treated as a precautionary measure and whose
treatment would not have been initiated in an utopian setting with flawless diagnostics. This
precondition, however, of a per se inhomogeneous group and the small sample sizes may be
the reasons for the relatively fruitless results of question 3. At least through their mean time
points of blood taking at 8 h pp. for 11(96) and 15h for 11(72) both groups are relatively well
comparable. The later blood taking in I1(72) may also reflect the lower clinical urgency and

the, ultimately, less severe course of disease.

Volcano plot (p. 60 et seq.) Reduced levels of ACTR3 in I1(96) compared to I1(72) are in line
with the picture of volcano plot I1(96) vs. C-11(96) (Fig. 4.5, p. 46), which shows a significant
reduction of ACTR3 in 11(96), too. Hypothetically, with bigger sample sizes ACTR3 would
also cross the sg-corrected significance threshold of Fig. 4.15. Moreover, Fig. 4.17 (the next
figure to discuss) does also support this observation of a relevant reduction of ACTR3 in
11(96), which is visible for I1(72), too, but clearly more pronounced in 11(96). Although one
can only speculate about ACTR3’s actual role in inflammatory processes (cf. Ch. 5.1) and if
it would stand up to a more targeted validation as infection marker, the statistical tests of
question 3 suggest, in any case, a gradual reduction of ACTR3 according to the severity of
disease (derived from the duration of treatment, 72 h or 96 h).

Fig. 4.16, p. 61, highlights several aspects that attract attention when the major findings
from question 1 & 2 are put into context.

Fig. 416 (A) shows that all five proteins of interest from question 1 (with a significant
fold change or a remarkable correlation) behave similarly as they did in Fig. 4.5, p.46, and
in Fig. 4.9, p.52, respectively. While these five proteins are principally in- or decreased in

the same way, the p-values for their fold changes are much lower. Comparing 11(96) with
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I1(72) thus delivers a similar but “dampened” picture of what I1(96) vs. C-I1(96) shows. The
distinctive features are less pronounced (especially in their significance) but they can still be
traced.

Fig. 4.16 (B) illustrates the position of seven proteins with significant fold changes from
question 2 (cf. Fig. 4.11, p. 54, and Fig. 4.13, p.58). Therefore, Apo-E, Apo-B100 and ITIH3 do
not only increase over time from I1(96) to 12(96) but they are also decreased in I11(96) compared
to I1(72). This might additionally support the hypothesis of their role as negative biomarkers
in the early phase of infection. Remember that Apo-B100 is nearly significantly reduced in
I1(96) vs. C-I11(96), too (cf. Fig. 4.5, p.46). Overall, similarly to subfigure (A), trends from
previous findings can be reconstructed in subfigure (B), but again in an area of statistical non-
significance.

Fig. 4.16 (C) contains an alike statement of what has been described for subfigure (B),
merely referring to those proteins that are associated with the significant annotation terms
from question 2 (“complement and coagulation cascades”, “acute-phase response” and ”sta-
phylococcus aureus infection”). Proteins with these terms (in majority complement proteins)
are decreased in I1(96) compared to 12(96) (cf. Fig. 4.12, p. 57), and so they are in 11(96) com-
pared to I1(72). Most probably, this is an expression for a more pronounced consumption of
complement proteins in the more severely affected group.

Fig. 4.16 (D), in contrast, shows a relative increase of such proteins in I1(96) that are anno-
tated with the UniProt keyword “antimicrobial”. Although visually notable, this finding can
not be proven by a 1ID-AEA. Nevertheless it may represent a beginning expression of innate

immune proteins that is slightly more pronounced in 11(96) than it is in I1(72).

Scatter plot (p. 62 et seq.) In Fig. 4.17 the fold changes of two unpaired ¢-tests are plotted
against each other, that of 11(96) vs. C-11(96) on the z-axis against that of 11(72) vs. C-I1(72) on
the y-axis. While Fig. 4.15, p. 60, examines the direct difference between the infection groups,
this scatter plot examines the difference between their differences to control. Mean time points
of blood taking were: 8h pp. for I1(96), 46 h for C-11(96), 15h for I11(72) and 38 h for C-I1(72).
The principal temporal discrepancy between infection and control groups remains (cf. Ch. 5.5).
It is, however, similarly pronounced in both cases, which may be favourable for comparability.

At first sight, Fig. 4.17 presents an unspecific picture due to its central point cloud. How-
ever, the roughly implied distribution of those 12 highlighted proteins, that have already
proven a prominent role in question 1 & 2, is notable in a certain way. They are foremost to
be found in the I. or III. quadrant (z/y = +/+ or —/-) and the majority of them is additionally
defined by |z| > |y|. This means nothing else than generally more pronounced fold changes
in the more severely affected group of patients, i.e. 11(96). In this sense, Fig. 4.17 supports the
above impression from Fig. 4.16 that major trends, which have been described so far for 11(96)

can be discerned for I1(72) as well, but in a weakened manner. Therefore, this scatter plot may
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be regarded as a further validation of the previous results, since the respective proteins seem
to be specific for both infection groups while they are rather more pronounced in the more
severely affected one.

Proteins such as S100-P, HP or ACTR3, whose fold changes are significant in 11(96) vs. C-
11(96) (cf. Fig. 4.5, p.46), are developed in the same direction in both infection groups, but to
a much lesser extent in I1(72). This comprehensible grading may additionally underline the
potential usefulness of S100-P, HP and ACTRS3 in the distinction between diseased and non-
diseased patients. The same can be said about Apo-B100 (nearly significant in Fig. 4.5, p.46)
and SERPIN-A3. Apo-E and ITIH3 are obviously more specific for 11(96) compared to 11(72)
since there is hardly any deviation on the y-axis of Fig. 4.18. Overall, this plot may emphasize

once more the importance of a further exploration of lipid metabolism in infection and sepsis.

5.4 Study design

As aresult of the ongoing technological advances in mass spectrometry, proteomic approaches
are more and more conceptualized ,hypothesis-free” (cf. Ch. 1.2.3). Unbiased questions (and
their answers) are supposed to emerge from the proteomic data rather than the other way
around. The MUNICH-PreTClI cohort study was also designed according to this paradigm. Its
broad and principally hypothesis-free approach may be an attractive aspect for a proteomics
project of its dimension. However, for a clearly hypothesis-driven subgroup analysis and
a "nested case-control study” as the present work, MUNICH-PreTCl’s extensive design had
some disadvantages. Time and resources were tied up by the collection of hundreds of in-
formed consents, filter cards, plasma samples, questionnaires and a plethora of clinical data.
In its practical realization, the specific study design of this thesis would yet have required
a more determined focus on its own challenges, such as including diseased patients in un-
expected and time-critical situations ("I1”) and ensuring their follow-up ("12”). A separate
and tailor-made workflow — without the parallel challenge of sampling hundreds of mainly
healthy newborns at their metabolic screening (36-72 h pp.) - would have led to more homoge-
neous intervals between I1 & 12 and to fewer missed patients with neonatal infection/sepsis.
Within the relevant study period (stage 2, ¢f. Ch. 3.4, p.33), 16 out of 48 term infants with
a bacterial sepsis (coded as P36.9 in ICD-10) could be included in the infection group. The
proportions for the respective late preterm infants (35+0 to 36+9) are assumed to be similar.
Furthermore, one might disagree with the formation of a hand-selected patient collective
for the pilot study (cf. Ch. 3.4). Strictly speaking, the objection of a selection bias may be jus-
tified for all groups apart from the infection group itself since all eligible patients from stage
2 (neonatal infection, gestational age > 35+0, two samples each) were indeed included. The

actual objection certainly is the above: that the “infection workflow” of the overall study pro-
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tocol was not sufficiently implemented into clinical routine to ensure a priori higher numbers
of eligible patients in the pilot study.

Hypothetically, a key element of the present study design, its longitudinal character, would
gain further analytical depth if cord blood and a maternal blood sample prior to delivery
could be included in the proteomic examination as well. The time axis would thereby be pro-
longed by two well-defined time points, and insights into maternal influences on the neonatal
blood proteome would be possible. At the same time, the still higher complexity of such a
study should probably be balanced by further restricting the eligible gestational ages or other

characteristics. In any case, many promising and more developed approaches are imaginable.

5.5 Patient collective

Generally, the recruited patient collective can be considered suitable for the analyses per-
formed. Tab. 4.2 on p. 41 and the additional figures on p. 93 reveal a primarily homogeneous
collective of affected patients and controls. All groupings could be performed with appropri-
ately comparable distributions of (corrected) gestational ages and birth weight. The princi-
pal exclusion of preterm infants < 35+0 was certainly crucial for assuring homogeneity and
comparability within the thesis collective, not least with respect to the developmental and im-
munologic differences between early and late gestational ages. For the whole infection group,
the intervals between the blood samplings I1 and 12 could effectively be narrowed to a consis-
tent corridor (median interval of 48 hours, cf. Fig. 4.1, p. 39). The APGAR scores of all patients
suggest consistently uncomplicated (immediate) postnatal adaptations. The infection group
is also consistent insofar as 16 out of 20 patients were treated with exactly the same scheme
of antibiotic therapy. The further separation of these patients in two groups according to the
duration of their antibiotic treatment (as surrogate parameter for severity of disease) may be
considered as reasonable since the initial levels of CRP, IL-6 and platelets differ clearly be-
tween these two groups. Comprehensibly, the intervals between rupture of membranes and
delivery and the duration of delivery itself are significantly longer in the infection groups than
in the control groups. Moreover, the maternal ages and BMIs are relatively higher, too.
Certainly, a central limitation of this thesis is sample size (n = 20, ¢f. Ch. 3.6, p.33). Some
findings at the borderline to significance might have been confirmed (or relativized) in a more
targeted setting with higher statistical power. Nonetheless, the present group sizes from 7 to
20 individuals (cf. Tab. 4.2, p. 41) are not unusual and can also be found in other studies at the
intersection of immunology and clinical proteomics, especially when neonates are involved
(Stewart et al., 2016; Chatziioannou et al., 2018; Suski et al., 2018a,b). Furthermore, it has to
be noted that female & male newborns and capillary & venous blood samples are unequally
distributed between infection & control groups. The majority of males in the infection groups

results from the higher priority of cGA for the process of group pairing and the well-known
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higher susceptibility of male newborns for infections (Simonsen et al., 2014). The majority of
venous blood samples in the infection groups was probably a result of intensified care for
ill-appearing newborns, and of the fact that in the metabolic screening healthy newborns are
rather sampled by heel pricks than by venipunctures. However, since venous blood samples
have lower hematocrits than capillary ones (Kayiran et al., 2003) a systemic bias with respect
to the abundance of cellular and plasma proteins in the infection and control groups cannot
be ruled out, and if so the size of this confounding effect remains elusive.

Although it reflects well the clinical routine with late preterm and term infants, it has to be
outlined, too, that none of the included patients’ blood cultures turned positive. Probably, in a
group with mainly culture-proven infections the associated higher bacterial loads would have
induced stronger inflammatory responses. Under such conditions, the observed proteomic
effects would possibly have been more significant. Furthermore, to simply speak of an EOS
without proof of bacteraemia would not be quite accurate, even though definitions are vague
(cf. Ch. 1.1.2) and in all included cases onset of symptoms and start of antibiotic therapy were
within the first 36 h pp. Therefore, mainly the description as “non-culture-proven” or simply
as “clinical” infection was used.

At last, a fundamental problem in terms of grouping, which could not be solved in a satis-
fying way;, is the problem of two time axes: the postconceptional and the postnatal one. From
a strictly physiological point of view, the blood samples of two newborns are best compara-
ble if both patients match in their gestational age and both samples match in their postnatal
time point. In reality, however, hardly any clinical experiment can perfectly respect both of
these aspects. In the present work, this issue was faced by pairing all specimens according to

i

the patients” “corrected” gestational ages (cGA) at the time of blood sampling. This achieves
at least a theoretical alignment of the postconceptional time axes. An alignment of the post-
natal time axes, however, was not possible at all when the early blood samples of diseased
neonates (ca. 12h pp.) were compared to healthy controls, since control samples were taken
as extra drops in the course of the standardized metabolic newborn screening (36-72h pp.).
Since there is no need (and no justification) for an earlier blood sampling on healthy neonates
after an uncomplicated delivery, there cannot be a perfect control group for infected neonates
in the presented study design, either. Technically, all group pairings could be performed with
appropriate accuracy, as far as corrected gestational age and birth weight are concerned (cf. ad-
ditional figures in appendix). The temporal gap, however, between I1 and C1 blood samples
on the postnatal timeline, and the yet poorly understood extent of early postnatal proteome

changes may have lowered the significance of several results.
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5.6 Methods

The usage of filter cards as conserving medium for all blood samples was an effective means
for a best possible implementation of the study workflow into clinical routine and for achiev-
ing the largest possible group sizes. Due to the daily metabolic screenings on neonatal wards,
nurses are experienced in the application of filter cards, which surely increased the consis-
tency of sample quality. On the other hand, whole blood (in contrast to plasma or serum) di-
minishes the analytical depth of MS measurements even under the most sophisticated sample
preparation. The proteomic insights are partly blurred by the abundance of cellular proteins.
Functional plasma proteins which should actually be measurable may be overlayed by the
sheer mass of erythrocytic proteins (as described for the general problem of “dynamic range”,
cf. Ch. 1.2.2). Nonetheless, using filter cards for proteomic workflows generally represents a
suitable compromise between pragmatism and quality.

The sample preparation techniques and the MS workflow were largely based on the meth-
ods described in Geyer et al. (2016a). They are characterized by a high degree of robustness,
automation and speed without loss of quality. Up to 1000 proteins are said to be measurable
in minimal amounts of plasma or prepared whole blood (5pl) in no time (“3h from blood
droplet to results”). For non-cell-culture-derived samples from clinical routine these numbers
are indeed remarkable. Allin all, at the time of analysing the pilot study samples in early 2019,
the applied methods — including Spectronaut'" and Perseus, whose capacities are described and
cited in dozens of biostatistical papers — were state-of-the-art.

On the level of biostatistics itself it has to be pointed out again that a large portion of
proteins, which are highlighted in the volcano plots of Ch. 4, are not declared "significant” by
Perseus itself. As defined in Ch. 3.11, p. 35, only those proteins in volcano plots which hold
up to all of Perseus’ correction mechanisms for multiple hypothesis testing would be called
genuinely “significant”, but ¢-test results with a p-value <0.01 (— Igp > 2, respectively) would
still be reported. In this sense, some of the discussed findings have to be seen as indicators

rather than significant results.

5.7 Proteomics in neonatology

Ultimately, the question arises if an implementation of proteomic methods into neonatological
routine may be imaginable in a near future, and if so, under which conditions.

Principally, the minimal sample amounts required for MS-based analyses fit well with the
important condition of sparing the vulnerable organism of a newborn. Concerning a concrete
application in the field of neonatal infection diagnostics, it is obvious, however, that any new
biomarker or technique has to compete with the firmly established and so far unchallenged

diagnostic triumvirate of CRP, IL-6, and PCT. The benefit of a novel technique would have
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to be overwhelming if these easily determinable, rapidly available and relatively inexpen-
sive markers were to be replaced, irrespective of their existing limitations. It should also be
remembered that interleukines generally escape a mass spectrometric detection due to their
minimal plasma abundance and the problem of dynamic range (cf. Ch. 1.2.2). Thus, IL-6 as an
established and very early infection marker is not available in MS-based diagnostics and re-
search. A rapidly progressing and life-threatening condition as sepsis also illustrates that even
the most sophisticated and most accurate biomarker panel will hardly be applicable in clinical
practice if its determination takes longer than 30 minutes. Considering this timely dimension,
MS-based proteomic methods still seem to have a long way until an application in acute di-
agnostics will be feasible. Nonetheless, a translation of MS-acquired proteomic evidence into
more easily available POCT techniques may be realistic at an earlier point. A reasonable ex-
ample would be an MS-based validation of a set of 10-20 predictive EOS biomarkers in cord
blood which could be measured in a classical immunoassay- or aptamer-based POCT device
right in the delivery room.

In the diagnostics of less acute diseases or for screening approaches, the situation could be
(and in parts already is) different. 12 out of 19 diseases covered by the Germany-wide stan-
dardized metabolic newborn screening (36-72h pp.) are obligatorily performed by means of
MS/MS (GBA, 2022). In contrast to their targeted detection, however, there are many hopes
that unbiased and complete “plasma proteome profiling” might soon be established in a far
more prominent role within clinical diagnostics, be it in the sense of an all-round screening
method or as complementary diagnostics for patients of all ages and situations (Geyer et al.,
2016a). Though, for any diagnostic approach which inherently generates a more comprehen-
sive output than necessary for a specific diagnosis (as in genomics & proteomics), numerous
bioethical, legal and practical questions should be answered before a widespread clinical use
is within reach. In proteomics, as a relatively young field of life sciences, the discussion about
ethical guidelines and e.g. the handling of sensitive incidental findings are still in its infancy
(Geyer et al., 2021; Porsdam Mann et al., 2021). The principles of proportionality, of proper pur-
pose and of economic efficiency raise at least the question whether complete and unblinded
proteome analyses — as presented in this thesis, too — will become standard clinical practice in
a foreseeable future (or ever). Their contributions to basic and clinical research, however, are
already today of great value and the further development of proteomic biomarker research
deserves to be watched closely in any case.

It also remains to be seen to what extent the diagnostic potential of proteomics may one
day ally itself with visionary therapeutic approaches. For instance, Schneider et al. (2018)
reported a significantly alleviated phenotype of ectodermal dysplasia in three affected infants
after intraamniotic injections of the crucial missing gene product, Ectodysplasin A (EDA). A
recombinant fusion protein out of the receptor-binding part of EDA and the constant region of

IgG; could enter the foetal organisms (presumably intestinally mediated) and unfold its EDA-
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like effect on dependent structures in a critical phase of their development. This case report
impressively illustrates both the central effector function of proteins and that a specific loss
can be replaced to a certain degree in therapeutic intention. Proteins can not only be measured,
they can also be applied, a perspective which might permeate proteomics one day in a more
consistent manner, and which may add a further fascinating facet to this rich and dynamic

field of science.



6. SUMMARY

Infection and sepsis are major causes of global morbidity and mortality in the neonatal period.
Their management is challenging since initial symptoms are unspecific and the diagnostic ac-
curacy of established blood tests is suboptimal. Proteomics, the systemic investigation of
proteins by mass spectrometry (MS), may provide new blood biomarkers — single proteins or
entire biological networks — facilitating early diagnosis and improving the outcome of neona-
tal infection and sepsis.

In 2017-2019, the Dr. von Hauner Children’s Hospital Munich (LMU) and the Max Planck
Institute of Biochemistry Martinsried (MPIB) conducted a large-scale proteomic observational
study in neonates (n = 662). By means of a cutting-edge MS-workflow, up to 700 proteins each
were measured in minimal amounts of whole blood collected on conventional filter cards.
Within the broader framework of this study, I dedicated the present thesis to a subgroup
of late preterm (> 35+0) and term infants affected by (non-culture-proven) early-onset bac-
terial infection (n = 20). From each of them, a pair of blood samples had been collected:
a first sample as part of initial diagnostics and before the beginning of antibiotic therapy
(around 10h after birth), a second sample ca. 48 h later. I evaluated the respective protein pro-
files from three points of view: (1), in comparison to control samples from healthy neonates;
(2), longitudinally over the two time points; (3), by comparing the severely diseased patients

with the less severely affected ones.
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Figure 6.1: Graphical abstract
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(1) S100-P was the most significantly altered protein (31-fold increased, p = 0.001). It also
correlated positively with CRP (C-reactive protein) at initiation of antibiotic therapy (r = 0.73,
p = 0.03). Moreover, the cytoskeletal regulator protein ACTR3 (actin-related protein 3) and
the acute-phase protein HP (haptoglobin) were both 8-fold decreased (p = 0.003 & 0.0008).
The DNA-binding protein hnRNPK (heterogeneous nuclear ribonucleoprotein K) showed a
negative correlation with the total duration of antibiotic treatment (r = -0.76, p = 0.02). The
haemostatic glycoprotein vVWF (von Willebrand factor) had, unlike S100-P, a negative correla-
tion with the initial CRP (r = -0.67, p = 0.05).

(2) The protein abundances of apolipoprotein B100 & E and of ITIH3 (inter-alpha-trypsin
inhibitor heavy chain H3) were most significantly lower at ¢; than at ¢, (all ca. 2-fold lower,
q = 0.008). Moreover, complement proteins and acute-phase proteins were significantly less
abundant at ¢; as well, such as SERPIN-A3 & -A1 (alpha-1-anti[chymo]trypsin), ORM1 (alpha-
1-acid-glycoprotein) and SAA2-4 (serum amyloid A 2-4). Among all of these, SERPIN-A3
and ORMI1 reflected the dynamics towards ¢, most accurately, since they did not show any
longitudinal change between the two examined control groups. S100-A8 and S100-A9 (also
known as calprotectin dimer) were 2-fold more abundant at ¢; than at ¢; (p = 0.003 & 0.01).

(3) I could not identify any further potential markers, but I could reproduce some of the

main findings from the two previous considerations in a low significance area.

Table 6.1: Main findings

Proteins Findings
Question 1 S100-P 1 in infection group, positive correlation with initial CRP (p. 46, 66, 52, 68)
diseased vs. healthy ACTR3 & HP } ininfection group (p. 46, 66)
hnRNPK negative correlation with duration of antibiotic treatment (p. 52, 68)
vWF negative correlation with initial CRP (p. 52, 69)
Question 2 APOB, APOE & ITIH3 | at early stage of infection (p. 54, 71)
diseased: early vs. late S100-A8/A9 1 at early stage of infection (p. 54, 72)

Complement proteins  systemically | at early stage (0. 56, 73)
Acute-phase proteins  systemically | at early stage (p. 56, 73)
SERPIN-A3 & ORM1 specific increase 1 over time (p. 58, 75)

Question 3 ACTR3 () in severely affected infection group (p. 60, 77)
diseased: severe vs. mild

Overall, despite small to medium sample sizes the present data grants deep insight into
the proteome profiles of neonatal patients affected by early-onset bacterial infection. The sig-
nificant role of (apo-)lipoproteins in inflammation and sepsis was confirmed (particularly
for Apo-B100). A further examination of their diagnostic (or even therapeutic) potential in
neonates seems to be very promising. Moreover, protein S100-P was shown to be significantly
increased in the early phase of infection. For the proteins S100-A8 & A9 (calprotectin), there
are at least indications that their usage in monitoring inflammation levels could be applicable
to neonatal sepsis as well.

This thesis is to contribute to a more comprehensive understanding of the neonatal blood
proteome. It is part of the ongoing search for the ideal set of biomarkers for neonatal infection
and sepsis. Thereby, it is dedicated to an issue with room for significant improvement, for the

greater good of many patients at an early point in their life.



7. ZUSAMMENFASSUNG

Infektion und Sepsis gehoren weltweit zu den bedeutendsten Ursachen von Morbiditdt und
Mortalitdt in der Neonatalperiode. Ihre Behandlung ist eine Herausforderung, da die Ini-
tialsymptome unspezifisch und die diagnostisch Genauigkeit etablierter Bluttests suboptimal
sind. Proteomics, die systemische Erforschung von Proteinen mittels Massenspektrometrie
(MS), kénnte neue Blut-Biomarker liefern — einzelne Proteine oder ganze biologische Netz-
werke — welche eine frithe Diagnose erleichtern und die Behandlungsergebnisse bei neona-
talen Infektionen und Sepsen verbessern wiirden.

Von 2017-2019 fithrten das Dr. von Haunersche Kinderspital (LMU) und das Max-Planck-
Institut fiir Biochemie Martinsried (MPIB) eine groflangelegte proteomische Beobachtungs-
studie an Neugeborenen durch (n = 662). Mit hochmodernen massenspektrometrischen Me-
thoden wurden bis zu 700 Proteine in minimalen Mengen Vollbluts detektiert, welches auf
konventionellem Filterpapier konserviert worden war. Im grofieren Rahmen dieser Studie
beschiftigte ich mich in der vorliegenden Promotionsarbeit mit einer Subgruppe von Friihge-
borenen (> 35+0) und Reifgeborenen, die von bakteriellen early-onset Infektionen (ohne mi-
krobiologischen Nachweis) betroffen waren (n = 20). Von jedem von Ihnen war ein Blut-
proben-Paar gewonnen worden: eine erste Probe als Teil der initialen Diagnostik und vor
dem Beginn einer antibiotischen Therapie (ca. 10 h nach Geburt), eine zweite Probe ca. 48h
spéter. Ich untersuchte die jeweiligen Proteinprofile unter drei Gesichtspunkten: (1), im Ver-
gleich zu Kontrollproben gesunder Neugeborener; (2), longitudinal iiber die zwei erhobenen
Zeitpunkte; (3), indem ich die schwer erkrankten Patienten mit den weniger schwer betroffe-
nen verglich.

(1) S100-P war dasjenige Protein mit der signifikantesten Differenz (31-fach erhoht, p =
0.001). Es korrelierte auflerdem positiv mit dem CRP (C-reaktives Protein) zu Beginn der
antibiotischen Therapie (r = 0.73, p = 0.03). Dariiberhinaus waren sowohl das cytoskelet-
tale Regulatorprotein ACTR3 (Aktin-dhnliches Protein 3) und das Akute-Phase-Protein HP
(Haptoglobin) beide 8-fach vermindert (p = 0.003 bzw. 0.0008). Das DNA-bindende Protein
hnRNPK (Heterogenes nukledres Ribonukleoprotein K) zeigte eine negative Korrelation mit

der Gesamtdauer der antibiotischen Therapie (r = —0.76, p = 0.02). Das hdmostatische Glyko-
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Figure 7.1: Graphical abstract

protein vWF (Von-Willebrand-Faktor) korrelierte anders als S100-P negativ mit dem initial
gemessenen CRP (r=-0.67, p = 0.05).

(2) Die Apolipoproteine B100 & E sowie ITIH3 (inter-alpha-trypsin inhibitor heavy chain
H3) waren bei t; in hoch-signifikanter Weise weniger stark vorhanden als bei ¢, (alle ca. 2-
fach niedriger, ¢ = 0.008). Dartiiberhinaus waren Komplement- und Akute-Phase-Proteine bei
t1 ebenfalls signifikant niedriger messbar, so z. B. SERPIN-A3 & -A1l (Alpha-1-anti[chymo]-
trypsin), ORM1 (Saures Alpha-1-Glykoprotein) und SAA2—4 (Serum-Amyloid A 2-4). Unter
all diesen gaben SERPIN-A3 und ORM1 die Dynamik zu ¢ am genausten wieder, da diese
keine longitudinale Verdnderung zwischen den beiden untersuchten Kontrollgruppen zeigten.
S100-A8 und S100-A9 (auch bekannt als Calprotectin-Dimer) waren bei ¢; 2-fach hoher mess-
bar als bei t2 (p = 0.003 & 0.01).

(3) Ich konnte keine weiteren potentiellen Marker identifizieren, aber ich konnte manche
der Hauptergebnisse aus den zwei vorigen Fragestellungen mit niedriger Signifikanz repro-
duzieren.

Alles in allem erlauben die vorliegenden Daten trotz kleiner bis mittlerer Stichprobengro-
3en tiefe Einblicke in die Proteinprofile von Neugeborenen mit bakteriellen early-onset Infek-
tionen. Die signifikante Rolle von (Apo-)Lipoproteinen in Inflammation und Sepsis wurde
bestétigt (insbesondere die von Apo-B100). Eine weitere Untersuchung ihres diagnostischen

(oder gar therapeutischen) Potentials bei Neugeborenen erscheint dufSerst vielversprechend.

Table 7.1: Hauptergebnisse.

Proteine Ergebnisse
Frage 1 S100-P 1 in Infektionsgruppe, positive Korrelation mit initialem CRP (p. 46, 66, 52, 68)
erkrankt vs. gesund ACTR3 & HP 1 in Infektionsgruppe (o. 46, 66)
hnRNPK negative Korrelation mit Dauer antibiotischer Behandlung (p. 52, 68)
vWF negative Korrelation mit initialem CRP (p. 52, 69)
Frage 2 APOB, APOE & ITIH3 | in Frilhphase der Infektion (p. 54, 71)
erkrankt: friih vs. spét S100-A8/A9 1 in Frihphase der Infektion (p. 54, 72)

Komplement-Proteine  systematisch | in Friihphase der Infektion (p. 56, 73)
Akute-Phase-Proteine  systematisch | in Friihphase der Infektion (o. 56, 73)
SERPIN-A3 & ORM1 spezifischer Anstieg 1 Uber die Zeit (p. 58, 75)

Frage 3 ACTRS (4) in schwer betroffener Infektionsgruppe (p. 60, 77)

erkrankt: schwer vs. mild
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Dariiberhinaus konnte gezeigt werden, dass S100-P in der Frithphase der Infektion stark sig-
nifikant erhoht ist. Fiir die Proteine S100-A8 & A9 (Calprotectin) ergaben sich zumindest
Hinweise darauf, dass deren Einsatz bei der Verlaufskontrolle von Inflammationslevels auch
auf die neonatale Sepsis iibertragbar sein konnte.

Diese Arbeit will einen Beitrag zu einem umfassenderen Verstdndnis des neonatalen Blut-
Proteoms leisten. Sie ist Teil der anhaltenden Suche nach den idealen Biomarkern fiir die
Infektion und Sepsis des Neugeborenen. So gesehen ist sie einem Thema gewidmet, welches
noch Raum fiir deutliche Verbesserungen birgt, zum Wohle vieler Patienten an einem frithen

Punkt ihres Lebens.
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ADDITIONAL FIGURES

Among the depicted characteristics the corrected gestational age at the time of blood sampling
had the highest priority for the formation of matched control groups. Moreover, the figures
show the appropriately comparable distributions of birth weights and the resulting distribu-
tion of females and males for each grouping (cf. Ch.4.1). The p-values in the box plots refer to

two-sided two-sample ¢-tests between the given groups.
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ADDITIONAL MATERIALS

Basics of mass spectrometry

As briefly laid out in Ch. 1.2.5, mass spectrometry can be characterized as “weighing” (deter-
mining the mass of) molecules by “charging” (ionizing) them and observing their response to
an artificial electric field. The following subchapters address these basics of MS in some more
detail. They originated from my personal engagement with this method and might be helpful
for other beginners in this complex field as well.

From here, the major steps of a prototypical LC-MS/MS workflow (similar to that of the
presented study, c¢f. Ch.3.9) and its basic operating principles shall be explained (cf. Fig. B.1).
The following pages theoretically trace the journey of an unknown analyte from sample prepa-
ration throughout the mass spectrometric key modules up to its computational identification

and quantification.

Solvents
(mobile phase)

Quadrupole
mass filter

Electrospray
HPLC column ionizer
(stationary phase)

Raw data analysis
(chromatograms & mass spectra)

LC MS/MS

Figure B.1: Schematic LC-MS/MS setup. LC-MS/MS is a combination of liquid chromatography (LC) and tandem mass
spectrometry (MS/MS). The structure of this chapter follows the illustrated order of major steps in a typical LC-MS/MS system
(as used in this thesis). Figure adapted from Norena-Caro (2017a).
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B.1 Sample preparation

In MS-based proteomics, the stage of sample preparation is already a conceptually decisive
step. Similarly to other scientific fields, there are two complementary major approaches in
proteomics called top-down and bottom-up (Aebersold & Mann, 2016).

In top-down proteomics, samples with intact proteins enter analysis, whereas in bottom-
up proteomics samples with cleaved proteins, i.e. peptides, are fed into the mass spectrometric
setup. To this end, after having dissolved, buffered and denatured the samples, they undergo
enzymatic proteolysis with a sequence-specific protease (e.g. trypsin). Since it cleaves the
amino acid chain only at stereotypic places a later inference to the original protein will still
be possible by means of bioinformatics. While complex posttranslational modifications and
protein isoforms can be determined better in top-down proteomics, a significant strength of

bottom-up proteomics is its higher resolution. Therefore, it is the more widespread approach

at present.
All following descriptions of MS working princi-
ples mainly relate to bottom-up proteomics, since it is _
) ) Mobile phase
the approach of this thesis (cf. Ch.3.9)
L. streams | o Analvte
B.2 Liquid chromatography through simocted | 0 Y
Chromatography is a procedure which separates mix- @ m A
A
tures into their single constituents. It is used in numer- o B4 i
O
ous analytical applications, not only as preparation for ®
o Statio- components
MS. A common characteristic of all types of chro- passing
. . . . nary in different
matography is the interaction of a so-called mobile phase | velocities
phase with a stationary phase (cf. Fig. B.2 and Ritgen, A l
2019). Usually, the analyte is dissolved in the mobile =
phase (a form of solvent or gas) and follows its cur- ©
rent through a structure (like a column, plane or sheet) l separated
analyte

which is firmly loaded by the stationary phase (a gel

or another material with a specific chemical property). | © _
o Detection

Each dissolved component has an individually pro- | 4

nounced affinity to both phases. A molecule either gg e B.2: chromatography. Basic principle of

chromatography is the interaction of a mobile phase

adheres to molecules of the mobile phase (and is car- - "6 ary phase.

ried farther) or it adheres to the stationary phase (and
stands still), but it never does both at the same time. According to its partition coefficient, it is
always a certain portion of one kind of molecules that is retained by the stationary phase. This

equilibrium determines the individual velocity of all types of constituents during the passage,
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their retention time (Newton, 1988). Thus, chemical interactions and resulting retention times
are the reason for which the different groups of analytes are separated.

Typically, in liquid chromatography (LC) the mobile phase is a fluid that streams under
pressure through a column containing the stationary phase. Current methods as in this thesis
are often called high performance liquid chromatography (HPLC). They use high pressures
(several hundred bar) to pump the mobile phase (an aqueous solvent) at constant flow rates
(a few hundred nl/min) through a thin column (inside diameter a few pm to mm, length
some dm). The stationary phases are mainly silica- or polymer-based micro-structures inside
the column. Due to their individual retention time all of the mixture’s components leave the

column in a certain order and can then be identified with another technique.

B.3 Electrospray ionizer

Mass spectrometry has already been characterized as determining the mass of molecules by
ionizing them and evaluating their response to a controlled electric field. Since this is only
possible for ions in gas phase, the eluted analytes still have to be converted from liquid to
gas phase. Therefore, an ion source as an electrospray ionizer (Fenn et al., 1989) may connect
the LC module with the actual mass spectrometer. An electrospray ionizer (ESI) nebulizes
and ionizes the analyte, leading to a fine, charged aerosol. MALDI (matrix-assisted laser
desorption/ionization), the other widespread form of sample ionization (Karas et al., 1985;
Tanaka et al., 1988), will be omitted here (cf. Ch.3.9).

Figure B.3: Electrospray ion-
izer (ESI). A schematic ESI
chamber with voltage (positive
mode) between metal capillary
and counter electrode. The Tay-
lor cone at the tip of the capil-
lary develops due to an equilib-
rium of forces between electric
field forces, surface tension, hy-
drostatic pressure, external gas
pressure and gravitation. The
shrinking ionized droplets tra-
verse the chamber driven by

%) the potential difference. Figure

Electrons

adapted from Dahlin (2015).
Electrons P in ( )

High voltage
power supply

In a typical MS setup, the LC module directly elutes into the ESI chamber. A voltage
(2-4kV) is applied between the very end of the HPLC column and a plate-shaped counter
electrode. Depending on the voltage permeating the solvent, ionized droplets of only one
kind (either positively or negatively charged ones) form a so-called Taylor cone at the tip

of the capillary (cf. Fig. B.3 and Taylor & McEwan, 1965). Due to the repulsion of identical
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charges within the cone the flow of liquid steadily disintegrates and single droplets come off.
They follow the electric field forces and travel towards the counter electrode. A neutral gas
in the ESI chamber (e.g. nitrogen) supports their evaporation, leading to gradually decreasing
volumes of the ionized droplets. While their volume decreases, their charge stays the same.
Any time the density of identical charges within a shrinking droplet exceeds the Rayleigh
limit (Rayleigh, 1882), the droplet separates itself into even smaller droplets — a phenomenon
known as Coulomb explosions (Kebarle & Verkerk, 2009). This repeats itself until only single

ions arrive at the counter electrode, pass its central orifice and enter the next MS module.

B.4 Hybrid mass spectrometer

Given the immense variety of available devices, describing universal operating principles of
mass spectrometers is difficult. Instead, this subchapter deals, by means of example, with the
basics of the Q Exactive” HF-X Hybrid Quadrupole-Orbitrap™ MS system (by Thermo Fisher
Scientific, cf. Kelstrup et al., 2018). It is the system which was used for the measurements of
this thesis. From here, the route of analytes through a device such as the Q Exactive HF-Xis

followed step by step.

Quadrupole

lon tra isi
(mass filter) P Collision cell

7 e

lon optic

/

Orbitrap
(mass analyzer)

e
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e

lon source

W
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Figure B.4: Q Exactive™ series MS system. Scheme of a hybrid MS system from the Q Exactive™ series by Thermo Fisher
Scientific (Kelstrup et al., 2018) with the major modules introduced in this subchapter.

The ultimate goal of a mass spectrometer is to separate the introduced ions according to
their mass-to-charge ratio (m/z), to quantify this ratio and to infer from it to the identity of
the underlying particle. “Hybrid” mass spectrometers are setups which contain at least two
different m/z separation components (as quadrupole and orbitrap in the Q Exactive HF-X,
cf. Fig. B.4). The modules’ largely linear arrangement defines the flight path for the entering
ions. Most of the apparatus is a vacuum environment. This is to ensure that as few ions as

possible get lost to analysis due to collisions with other gas particles. The latter would either
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lead to an ion’s neutralization (its complete loss) or at least to the distortion of its actual mass
spectrum. At the same time, the vacuum is one of two factors responsible for the necessary
propulsion of ions. By establishing a low-vacuum at the system’s entry and a high-vacuum
at its end, a flow throughout all compartments is generated. The second driving force for the
ion’s propulsion are electric potential gradients which will still be mentioned several times.

Typically, the first modules after the ESI have two goals: one, focusing the entering “ion
cloud” to a concentrated “ion beam”, and two, cleaning it from adducts and neutral molecules,
which resulted from gas dynamics or charge loss and which could enter the instrument.

The focusing is achieved by parts summarized as ion optics. Not quite different from
lenses that focus light, the disc-shaped electrodes of an ion optic (called “lenses” as well) are
able to focus ions. This is possible due to their funnel-like arrangement and their electric
configuration. The applied alternating current (AC), offset between neighboured electrodes,
confines the ions radially. The simultaneous application of direct current (DC) decreasing
towards the rear electrodes generates an electric potential gradient which propels the ions
axially. This axial motion of ions in the electric field can be compared to balls that can not help
but roll “"downhill” (Savaryn et al., 2016).

The cleaning can be taken on by modules sometimes referred to as ion beam guides. A
specific application of currents in several metal rods brings out the ion’s further axial propul-
sion through this channel-like arrangement. Although similar to the quadrupole (described
below), an obvious difference is the ion beam guide’s curved shape. Neutral particles, that
have come so far, will not be able to hold the required bent trajectory due to their inertia.

They collide with the rods and are thus prevented from entering the quadrupole.

(A) (B) 11 = (C)
lons entering Resonance ion Filtering selected m/z
from ESI \ I~
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| \ \ T [ ——
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Figure B.5: Quadrupole mass filter. (A) Schematic illustration of the charged rods’ crosswise pairing and the propulsion of
ions through the electric field. Depending on the settings of DC and RF resonance ions take on a stable helical trajectory while
non-resonance ions do not and collide with the rods. (B) The offset DC baselines (between the pairs of rods) are periodically
exceeded by their concomitant RF. (C) An ion’s trajectory is a direct consequence of the applied currents, its mass-to-charge ratio
(m/z) and inertia. Heavy molecules with light charge (high m/z) are hardly deflected (low amplitude), whereas light molecules
with high charge (low m/z) are easily deflected (large amplitude). The quadrupole ultimately achieves its mass filter function by
ensuring a stable trajectory for ions of the desired m/z (or range of m/z). Figure adapted from Gadoling (2020).

Although being very versatile, in the majority of all applications the quadrupole serves

as a mass filter. It can be set in a way that allows either all or only selected sorts of ions to
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pass. A quadrupole is a symmetrical arrangement of four charged metal rods. In terms of the
applied currents, they are “crosswise” paired (cf. Fig. B.5). A positive DC flows through two
opposite rods, a negative one through the other two. At the same time, both DC baselines
are combined with an AC reversing polarity at radio frequencies (RF current). An oscillating
electric field is created (similar to ion optic and ion beam guide) forcing the entering ions
onto a helical trajectory. However, depending on how exactly AC and RF are combined, not
necessarily all ions will have a stable trajectory and pass the whole length of the quadrupole
as so-called resonance ions. The user-defined scanning window may allow passage to all
ions, or only such of a certain m/z range or one defined m/z value. The non-resonance ions
will get onto unstable trajectories with increasing radius and will sooner or later collide with
the rods (which illustrates that MS is indeed “sample-consuming”).

In the Q Exactive™ HF-X system, the quadrupole is followed by an ion trap, which can
hold and then transmit incoming ions either to a collision cell or directly to the orbitrap,
the actual place of m/z detection (cf. Fig. B.4). The possibility to send ions in either direction
is a pivotal characteristic and a precondition for the concept of tandem mass spectrometry
(MS/MS), which will be introduced in the following subchapter (cf. Ch. B.5). In their operating
principles, ion traps, collision cells and orbitraps have a lot in common with the previous
modules and their interplay of voltages, leading to arbitrarily controllable electric fields.

Ion traps as those of the C-trap type (curved linear
trap for ion injection) can effectively accumulate, sta-
bilize and store ions without loss before sending them
in packets in one of the two possible directions (colli-
sion cell or orbitrap). Ions that take the detour and en-
ter the collision cell first, will undergo higher-energy
collisional dissociation (HCD). This means they are

accelerated and collide with the neutral molecules of

a gas (such as nitrogen or helium) filling out the HCD

. . . . . Amplifier
cell. Due to the associated conversion of kinetic to in- — signal

Detected

ternal energy, the incoming ions” amino acid chains

Figure B.6: Orbitrap mass analyzer. The C-trap
transmits ion packets to the Orbitrap mass analyzer
for final detection. The ions take on a helical trajec-
tory around the inner electrode. A Fourier trans-
formed record of the axial oscillation signal reveals
the underlying m/z. Figure adapted from Thermo
Fisher Scientific (2012).

break at specific low-energetic bonds, depending on
the energy applied. These stereotypical breakages are
a condition for the upcoming identification of the pep-
tide’s amino acid sequence. To this end, the resulting
fragment ions are sent back to the C-trap, and from there to the orbitrap.

The orbitrap (Zubarev & Makarov, 2013) is a mass spectrometric analyzer consisting of
a spindle-shaped inner electrode and two cup-shaped counter-electrodes, which form some
kind of case for the inner one. By applying voltage between outer and inner electrodes, an

electric field with an axial and a radial component is created. By that, entering ions are
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trapped in an orbital motion around the inner electrode. The ions oscillate radially to the
spindle (around it) while also moving axially back and forth (along it). The axial oscillation is
purely harmonic and independent from the frequency of rotation, but related to the m/z. By
recording an image of these stabilized, axial oscillation signals for a certain period (millisec-
ond range) and subjecting them to a Fourier transformation, it is ultimately possible to infer

to the underlying m/z of any injected ion.

B.5 Tandem mass spectrometry

In the previous subchapter an analyte’s journey through a mass spectrometer such as the
Q Exactive™ HF-X was followed. However, without some complementary remarks on the
temporal dimensions of this analytic process called tandem mass spectrometry (MS/MS), these
explanations would remain incomplete.

In proteomics, “tandem” MS refers to the examination of each peptide species in (at least)
two steps: once as intact peptide (MS?! level) and once (or more often) as its fragments (MS?
or MS" level). This can be achieved either by the spatial arrangement of two or more mass
analyzers in a row with an interposed collision cell (tandem in space) or by the targeted
re-examination of peptide species in the same and only analyzer (tandem in time), i.e. first
without and then with previous HCD (Gross, 2017). After all, the merged information from
these multiple analyses in MS/MS delivers more comprehensive information enabling a far

more accurate peptide and protein identification than by MS! spectra alone.

Collision induced

DRI A

T T T+ D T ' .
500 600 700 + 800 900 * 500 600 700

MS' spectrum MS? spectrum
Figure B.7: MS' & MS? spectra. MS' spectra refer to the measurement of precursor ions and MS? spectra display the

measurement of their fragment ions. Interpreting both in synopsis is a central feature of tandem mass spectrometry, leading to
greater analytical depth.

No matter if in tandem in space or tandem in time, in the first stage an unknown pep-
tide is analyzed as a whole (together with other peptides), which delivers the so-called MS!
spectrum. However, the contained m/z peaks of these precursor ions are more or less like
”silhouettes”, since they may give an idea of what is visible but might not be sufficient for an
undoubted peptide identification, yet. In the second stage of analysis, each detected m/z is
further explored in a targeted manner. Through filtering the ions of a certain m/z and by frag-

menting them prior to detection, a complementary MS? spectrum is yielded, which displays
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the respective fragment ions. Due to the stereotypical breakages introduced in the HCD cell
all of these differently long peptide fragments can be combined to uncover vast parts of the
precursor ion’s amino acid sequence. With some bioinformatic effort (e.g. comparing the ques-
tionable MS? spectrum with all known and all theoretically possible MS? spectra), the identity
of the underlying peptide can finally be inferred. Thus, together an MS! spectrum and its
sequence-specific MS? spectrum result in a “sharp” and “well-illuminated” picture instead of
a mere ,silhouette”.

Based on this principle, there are broadly two strategies in bottom-up proteomics how MS
devices can actually be set to acquire these tandem mass spectra: the data-dependent acqui-
sition (DDA) and the data-independent acquisition (DIA). Both scan modes will shortly be
illustrated here, again referring to an MS system as the Q Exactive’ HF-X.

DDA - data dependent acquisition
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In a typical DDA, first, a full-scan MS! spectrum is acquired for all available peptides of
one time point in the LC run. Concretely, this means that the quadrupole mass filter is first set
to let pass all incoming ions, and that these will be sent to the orbitrap mass analyzer without
previous fragmentation in the HCD cell. In the obtained MS! spectrum, a user-defined num-
ber n of the most intense precursor ions will be selected for further analysis on MS? level (top
n method). The mass spectrometer will then work off this selection and step by step acquire
the corresponding MS? spectra. The scheme is always the same: the quadrupole allows pas-
sage only to ions of the desired m/z; the C-trap will transmit these ions to the HCD cell; the
resulting fragment ions will be returned and detected by the orbitrap. By and by, these cycles
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generate a set of complementary MS? spectra to the original MS! spectrum. A considerable
drawback of this approach is that there can hardly ever be enough analysis time to run an
experiment without the arbitrary limitation to a certain number of top precursors. Ultimately,
not all present peptides will reach the MS? level, and — although comprehensive — the peptide
coverage in the DDA strategy is prone to be incomplete (Sinha & Mann, 2020).

In DIA, by contrast, a full-scan MS! spectrum as a starting point of analysis is not manda-
tory. DIA rather focuses on MS? spectra for whole groups of peptide species (not isolated
peptide species as in DDA). A priori, a relatively broad search window (2040 m/2) is defined.
This will be moved by the quadrupole step by step through the entire mass range. Concretely,
this means that in all MS cycles the quadrupole is open for all ions of the current search win-
dow; a heterogeneous group of peptides will reach C-trap and HCD cell; the returned mix
of fragment ions will enter the orbitrap for a simultaneous detection. This scheme results in
complex MS? spectra containing the data for several ions which still have to be unravelled.
However, an immense benefit of this approach is its unbiased nature since it represents an
attempt to gradually cover the whole mass range by MS? spectra. Despite the bioinformatic
effort required to decipher them, DIA is the method of choice in many large experimental
setups (as in the study underlying this thesis). That is because it offers high consistency, re-
producibility and a most comprehensive peptide detection at the same time (Ludwig et al.,
2018).

DIA - data independent acquisition
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Figure B.9: Data-independent acquisition (DIA). Scheme of the basic concept of DIA. A defined mass window is gradually
moved over the entire mass range. The mixed groups of peptides, which are comprised by this mass window at a certain moment
and pass the mass filter, are always led to fragmentation, measurement and identification together. Figure adapted from Ludwig
et al. (2018) and reprinted by courtesy of Dr. Stefanie Hauck (Helmholtz Munich).

B.6 Raw data analysis

Regardless of the strategy chosen for data acquisition, in the end any obtained mass spec-
trum still has to be traced back to its original analyte. In the case of bottom-up proteomics,
however, the challenge is twofold since the analyte changes its shape twice in the course of

analysis: As part of sample preparation all proteins are subjected to sequence-specific enzy-
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matic cleavage (cf. Ch.B.1), and to get insight into the MS? level these peptides are further
fragmented in the HCD cell (¢f. Ch. B.4). Therefore, not only an inference from mass spectra to
peptides is required, but also from peptides to original proteins, which is known as inference
problem. The computational processing of MS raw data in bottom-up proteomics can thus
be broken down to four major steps: mass spectra acquisition, peptide identification, protein
identification and protein quantification (Sinha & Mann, 2020).

The identification of peptides (after HCD) is largely based on the formation of b- and
y-ion series for each precursor ion’s fragments. Essentially, this means to sort all available
(randomly created) peptide fragments by length, to read out all mass differences within the
fragment series and, thereby, to virtually “sequence” the amino acid chain of the precursor
ion. The b-ion series comprises all fragments with the original N-terminus, the y-ion series
those with the C-terminus. By comparing the merged data on both series with pre-existing
proteome databases, the identity of the underlying precursor ion can be inferred.

The major principle behind the inference from identified peptides to their original proteins
has already been outlined in Ch. B.1. In bottom-up proteomics, the initial proteolytic digestion
of samples is typically conducted with a single enzyme, a highly sequence-specific protease
(e.g. trypsin or LysC) that cleaves the amino acid chains only at stereotypic places. By this con-
stant initial condition and some pre-existing bioinformatic resources, a correct re-assembling
of the original proteins becomes only a matter of computing capacity.

A further key feature of LC-MS/MS which is helpful for the interpretation of mass spectra
is their relation to the initially obtained chromatogram. The retention time from LC enriches
the mass spectra (ultimately an m/z vs. the intensity of measurement) by a third dimension.
This ”fanning-out” is especially helpful for comparisons between different runs of an exper-
iment, when analytes are supposed to be reproducibly identified, and also when it comes to

the problem of peptide quantification.

e

Intensity | Chromatogram Figure B.10: Mass spectra and re-
tention time. A major strength of

\ LC-MS/MS is the possibility to com-

Mass spectra of resolved peaks bine knowledge about the obtained

mass spectra (m/z) with knowledge
about the chromatogram (retention
time). LC is introducing a third di-
mension into the mass spectrometric
analysis, which decisively increases
the overall depth of analysis. From
Norena-Caro (2017b).
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Concerning this challenge of quantifying MS measurements, broadly two strategies can be
distinguished: label-based and label-free quantification.

The common characteristic of label-based approaches is the introduction of isotopic labels
into portions of all samples prior to LC-MS/MS. Thereby, a reference sample condition is
created. By the signal intensity ratios between the resulting pairs of peptides, the tagged
ones and their non-tagged (or differently tagged) counterparts, a relative quantification is
possible. Only to mention a few examples: In the ICAT approach (isotope-coded affinity
tags, Gygi et al., 1999), one portion of the sample is chemically labelled with a heavy isotope
and another portion with a light one. The iTRAQ approach (isobaric tags for relative and
absolute quantitation, Ross et al., 2004) works similarly but allows higher sample throughput.
In contrast to these in vitro strategies, in the in vivo SILAC approach (stable isotope labelling
by amino acids in cell culture, Ong et al., 2002) the desired cell line is grown in a special
medium in which an essential amino acid is totally replaced by an isotopically labelled form.
The modified amino acid will be incorporated and will by and by displace the normal form in
the entire cell metabolism. After cell harvest and proper sample preparation the experimental
specimens are mixed with the normally cultured control specimens. Both will be measured
together by LC-MS/MS and a relative quantification of each peptide species is possible as
described above.

On the contrary, label-free quantification (LFQ) does not require extended sample prepa-
ration. It is a purely computational inference from the detected mass spectra to the original
peptide proportions. This can be achieved either by evaluating the precursor ions” signal
intensities (height of peaks, area under the curve) or by just counting the spectra of any iden-
tified peptide. As most label-based approaches, this is a form of relative quantification. The
measurements are neither assigned any units nor are they compared to external standards.
The intensity or count of the measured will only be seen in relation to the own measurement
series. At the price of losing a direct comparability between different measurement series,
LFQ is advantageous in large-scale experiments since it saves time and resources (shortened
sample preparation, no labelling reagents needed, applicable to any kind of specimen, flexibil-
ity in study design). Thanks to the bioinformatic progress of recent years the accuracy of LFQ
is meanwhile more than satisfying (Bantscheff et al., 2012; Patel et al., 2009). All these aspects
make it one of the most commonly applied quantitative methods, especially in bottom-up
proteomics.

With the quantification completed, be it label-based or label-free, the proteomic raw data

set is finally made accessible to biostatistical downstream analyses.
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Laboratory protocol

Proteomics sample preparation: Protein extraction, digestion and in-StageTip purification
For sample preparation, samples of the DBS filter cards were randomized, punched out with a
14-Gauge syringe and aliquoted into 96 well plates (Eppendorf TwinTec, low bind), prepared
with 20 ul H>O per well.

We performed batch sample preparation according to the in-StageTip protocol (Kulak et al.,
2014). In brief, 20 pl 2x lysis buffer (80 mM Chloroacetmide, 20 mM TCEP, 200 mM Tris, 2 %
Glycocholic acid (w/v), pH8.0) was added to the wells, and samples were incubated for re-
duction of disulfide bridges, cysteine alkylation and protein denaturation at 95 °C for 10 min.
Samples digested with Trypsin and LysC (1:100 ratio, pg of enzyme to pug of sample protein) at
37 °C for 4 h. Protein amount per punch-out was pre-determined on test samples at ~200 ug.

Digestion was quenched with 100 pul Buffer A (1 % FA in H,O) and 500 ng peptide digests

were loaded on Evotips (Evosep, Odensee, Denmark) following the manufacturer’s protocol.

High-pressure liquid chromatography and mass spectrometry We analyzed the samples
applying LC-MS instrumentation consisting of an Evosep One chromatographic system (Evo-
sep, Odensee, Denmark), which was coupled to an Exploris HF-X mass spectrometer by a
nano-electrospray ion source (Thermo Fisher Scientific).

We used an in-house-packed 15cm HPLC-column (150 um ID, packed into a pulled tip
with ReproSil-Pur C18-AQ 1.9 um resin, Dr. Maisch GmbH) in combination with the 21 min
60 SPD gradient provided by the manufacturer. Column temperature was kept at 60 °C by
an in-house-developed oven containing a Peltier element, and parametres were monitored in
real time by the SprayQC software (Scheltema & Mann, 2012).

To acquire MS data, the data-independent acquisition (DIA) scan mode was used for
single-shot patient samples, whereas a pool of the samples was fractionated and acquired
with a top-12 data-dependent acquisition (DDA) scan mode. The mass spectrometer was op-
erated by the Xcalibur software (Thermo Fisher). DDA scan settings on full MS level included
an automatic gain control target value set at 3E6 in the 300-1650 m/z range with a maxi-
mum injection time of 50 ms and a resolution of 60000 at m/z 200. At the MS/MS level, the
automatic gain control target value was 5E4 with a maximum injection time of 25ms and a
resolution of 15000 at m/z 200. For MS/MS events only, precursor ions with 2-6 charges
which were not on the 15s dynamic exclusion list were isolated in a 1.4m/z window. Frag-
mentation was performed by higher-energy collisional dissociation (HCD) set at 27 eV. DIA
was performed with one full MS event followed by 10 MS/MS windows in one cycle. The full
MS settings included an automatic gain control target value set at 3E6 in the 300-1 650 m/z
range with a maximum injection time of 50 ms and a resolution of 120000 at m/z 200. DIA

precursor windows ranged from 350 m/z (lower boundary of the first window) to 1650 m/z
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(upper boundary of the 60" window). MS/MS settings included an automatic gain control
target set at 3E6 for the precursor windows with a maximum injection time of 54 ms and a
resolution of 30000 at m/z 200.

Raw data analysis The MS data of the fractionated pools were used to generate a DDA-
library with the MaxQuant software (version 1.6.1.13, Cox & Mann, 2008). The spectral library
was used to search the MS data of the single-shot patient samples in the Spectronaut soft-
ware, version 12.0.20491.12.30484 (Biognosys AG), for final protein identification and quanti-
tation. All searches were performed against the human UniProt reference proteome of canon-
ical and isoform sequences with 93786 entries downloaded in March 2018. Searches used
carbamidomethylation as fixed modification and acetylation of the protein N-terminus, oxi-
dation of methionines and deamidation of asparagine or glutamine as variable modifications.
Default settings were used for other parameters. In brief, a trypsin/P proteolytic cleavage rule
was used, permitting a maximum of two miscleavages and a peptide length of 7-52 amino

acids.
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Sehr geehrte Eltern,

wir bitten Sie um die Teilnahme Ihres Kindes an der Proteom-Studie. Die folgenden Seiten sollen Sie
uber unsere Studie informieren und dartiber, was eine Teilnahme fiir Sie und Ihr Kind bedeuten
wiirde. Nachdem Sie dieses Schreiben gelesen und mit Ihrem Partner besprochen haben, konnen Sie

sich frei entscheiden, ob Sie teilnehmen mdchten.

Warum interessieren wir uns fiir Proteine?
Proteine erfiillen im menschlichen Korper die vielfaltigsten Funktionen. Es wird immer deutlicher,
dass unser Korper auf bestimmte Zustande oder Krankheiten sogar mit ,,Schutz-Proteinen” reagie-

ren kann. Zum Proteom von Neugeborenen liegen aber noch kaum Daten vor.

Warum fragen wir Sie?

Ziel unserer Studie ist es, Zusammenhange zwischen Erkrankungen — seien sie nun metabolischen,
neurologischen, allergischen oder sonstigen Ursprungs — und der Zusammensetzung der Proteine im
Blut von Neugeborenen zu finden. Jedes Ergebnis soll mit der Blutzusammensetzung gesunder
Neugeborener bzw. Neugeborener ohne familidare Vorbelastung verglichen werden. Es werden da-
her sowohl gesunde wie weniger gesunde Kinder als Teilnehmer benétigt.

Die Teilnahme ist freiwillig!

Ihre Teilnahme und die Ihres Kindes ist freiwillig. Sie konnen jederzeit, auch ohne Angabe von
Griinden, die Teilnahme widerrufen, ohne dass Ihrem Kind oder Ihnen dadurch irgendwelche Nach-
teile fiir die weitere arztliche Versorgung entstehen wiirden. Einen Widerruf der Einwilligung bzw.
den Riicktritt von der Studie miissten Sie nicht begriinden. Im Falle eines Widerrufes werden die bis
zu diesem Zeitpunkt erhobenen Daten irreversibel anonymisiert, sodass keine Riickschliisse auf Ihr

Kind mehr méoglich sind.

Wie lauft die Studie ab?

Im Rahmen der Studie erfolgen keine zusatzlichen Blutentnahmen oder Interventionen. Es werden

lediglich im Rahmen von routinemaéfsigen Blutabnahmen 1-2 zusétzliche Blutstropfen entnommen.
Schon anhand dieser kleinen Menge Blut kann eine enorme Zahl an Proteinen im Blut Ihres Kindes

bestimmt werden. Dabei untersuchen wir:

1. Bei gesunden Neugeborenen: 1-2 Blutstropfen beim Neugeborenen-Screening

2. Bei Friihgeborenen: 1-2 Blutstropfen im Rahmen klinisch notwendiger Blutabnahmen am 1. Lebenstag, beim Neuge-
borenenscreening und vor Entlassung

3. Bei Kindern mit Asphyxie: 1-2 Blutstropfen im Rahmen klinisch notwendiger Blutabnahmen am 1. und 2. Lebenstag
4. Bei Kindern mit Infektionen: 1-2 Blutstropfen, abgenommen vor sowie 48h nach Behandlungsbeginn im Rahmen

klinisch notwendiger Blutabnahmen

Welche Daten werden erhoben?

Im Rahmen der Studie sollen auch Daten zum Gesundheitszustand Ihres Kindes erhoben werden.
Dies waren u.a. die Diagnose, Laborwerte, sowie eben die Zusammensetzung der Blut-Proteine. Zu-
satzlich bitten wir Sie als Eltern, einige Fragen zu Ihrem eigenen Gesundheitszustand und dem von
engen Familienangehorigen zu beantworten. Diese Daten werden mit einer fortlaufenden Nummer

pseudonymisiert und in einer Datenbank gesammelt.
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Gibt es irgendwelche Risiken?

Da es sich bei der Studie um eine reine Datenerfassung anhand der gesammelten Blutstropfen han-
delt, bestehen keine studienspezifischen Risiken. Zusatzliche Blutentnahmen nur zum Zwecke dieser
Studie wird es nicht geben, lediglich die Entnahme der je 1-2 zuséatzlichen Blutstropfen bei ohnehin

anstehenden Blutentnahmen.

Gibt es irgendwelche Vorteile?

Sie oder Ihr Kind werden keinen unmittelbaren persénlichen Nutzen aus dieser Studie ziehen. Die
Studie mochte dazu beitragen, im Allgemeinen mehr iiber mogliche Schutzfunktionen von Proteinen
und deren Zusammenhang mit Erkrankungen unterschiedlicher Art herauszufinden. Dies konnte
aber in Zukunft moglicherweise die Behandlung von Patienten mit vergleichbaren Erkrankungen

verbessern.

Wer kann die personlichen Daten Ihres Kindes einsehen?

Die zusammengetragenen Studienergebnisse werden streng vertraulich behandelt. Unsere Daten-
bank wird nur auf den geschiitzten Rechnern des Klinikums der Universitat Miinchen gespeichert.
Ausschlielich Studienbefugte, also Ihre behandelnden Arzte, die Studienleitung und die Doktoran-
den, haben Zugriff auf diese verschliisselten Daten.

Ihre personlichen Daten oder die Thres Kindes werden nie in irgendeiner Form veréffentlicht oder
weitergegeben werden. Diejenigen Daten, die keinen Riickschluss auf Thr Kind zulassen, werden
gemeinsam von der Studiengruppe ausgewertet. Im Falle eines Widerrufes Threr Einwilligungserkla-
rung wiirde eine irreversible Anonymisierung aller Daten erfolgen, sodass definitiv keine Riick-

schliisse mehr auf Ihr Kind moglich sind — nicht einmal mehr fiir die Mitglieder der Studiengruppe.

Wie lange werden die Daten Ihres Kindes aufgehoben?
Die Behandlungsakten Ihres Kindes werden entsprechend der gesetzlichen Bestimmungen verwabhrt,
unabhéngig von einer Teilnahme an der Studie. Die Unterlagen speziell zu dieser Studie werden

nach Abschluss der Kohortenstudie 10 Jahre verwahrt und dann irreversibel anonymisiert.

Gibt es ein Follow-Up?

Bei unserer Studie gibt es kein klassisches Follow-Up. D.h., dass es nach Threm Krankenhausaufent-
halt keine weiteren Termine, Untersuchungen, Blutentnahmen o.A. als Verlaufsbeobachtung geben
wird. Wir bitten Sie dennoch um Ihre Erlaubnis, Sie unter Umstianden kontaktieren zu diirfen, um

Sie in knapper Form zur Entwicklung Ihres Kindes zu befragen.

Gibt es einen speziellen Versicherungsschutz?
Fiir die Studie besteht keine Patientenversicherung, da im Rahmen der Studie keine Intervention
erfolgt.

Bei offen gebliebenen Fragen kénnen Sie sich gerne jederzeit an uns wenden!
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Datenschutz

Bei dieser Studie werden die Vorschriften {iber die arztliche Schweigepflicht und den Daten-
schutz eingehalten. Es werden personliche Daten erhoben, gespeichert und verschliisselt (pseu-
donymisiert) ausgewertet, d.h. weder der Name noch die Initialen oder das Geburtsdatum er-

scheinen im Verschliisselungscode.

Im Falle des Widerrufs Ihrer Einwilligung bzw. 10 Jahre nach Abschluss der Kohortenstudie
werden die gespeicherten Daten irreversibel anonymisiert und die Originalunterlagen vernich-
tet.

Eine Entschliisselung erfolgt lediglich in Féllen, in denen es die Sicherheit Ihres Kindes erfordert
(,medizinische Griinde”) oder falls es zu Anderungen in der wissenschaftlichen Fragestellung

kommt (,, wissenschaftliche Griinde”).

Sie haben jederzeit die Moglichkeit, Auskunft tiber die Thr Kind betreffenden personenbezoge-

nen Daten zu erhalten sowie ggf. deren Berichtigung oder Loschung zu verlangen.

Im Falle von Verdoffentlichungen der Studienergebnisse bleibt die Vertraulichkeit der personli-

chen Daten gewahrleistet.

Bei Beschwerden bzgl. des Datenschutzes haben Sie die Moglichkeit, sich an die Datenschutz-

aufsichtsbehdrde zu wenden.

Datenschutzverantwortliche:

Datenschutzbeauftragter zentral: Datenschutzaufsichtsbehdrde:

Gerhard Mayer, Behordlicher Prof. Dr. T. Petri, Bayerische Landesbeauftragte
Datenschutzbeauftragter, fiir den Datenschutz

Pettenkoferstrasse 8, 80336 Miinchen Postfach 22 12 19, 80502 Miinchen

Tel. 089/4400-58454, Fax —58452 Wagmiillerstrafse 18, 80538 Miinchen
datenschutz@med.uni-muenchen.de Tel. 089 212672-0, Fax 089 212672-50

poststelle@datenschutz-bayern.de
Datenschutzbeauftragter lokal:
Prof. Dr. Johannes Hiibner
Dr. von Haunersches Kinderspital

Johannes.hiibner@med.uni-muenchen.de
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Einwilligungserklarung
PROTEOM-Studie bei Neu- und Fruhgeborenen

Wir wurden gebeten, dass unser Kind an der Proteom-Studie zur Untersuchung einer moglichen Korre-
lation zwischen der Protein-Zusammensetzung im Blut unseres Kindes mit verschiedenen Erkrankungen
teilnimmt. Der Zweck der Teilnahme wurde uns erklart. Wir wurden uber mogliche Vorteile und Risiken
einer Teilnahme informiert. Wir hatten Gelegenheit, Fragen zu dem Projekt zu stellen und haben auf
diese ausreichend Antworten bekommen. Wir sind uns bewusst, dass unsere Teilnahme freiwillig ist und
wir jederzeit ohne besondere Begrindung unsere Zustimmung widerrufen konnen. Daraus entsteht uns
und insbesondere unserem Kind kein Nachteil. Die Ethikkommission des Fachbereiches Medizin der
Ludwig-Maximilians-Universitat hat der Durchfuhrung zugestimmt.

Bei dieser Studie werden die Vorschriften iiber die arztliche Schweigepflicht und den Datenschutz

eingehalten. Es werden personliche Daten und Befunde erhoben, gespeichert und in pseudo-
nymisierter Form nach MaBgabe der Patientenaufklarung ausgewertet.

Wir/Ich, (Name/n)

] sind/bin mit der Erhebung und Verwendung persénlicher Daten und Befunddaten nach
MaRgabe der Patienteninformation einverstanden und nehme/n an der Studie teil.

] lehne/n die Teilnahme ab.

Name des Kindes

Geburtsdatum: (T) | | ] | Ol |
Name der Mutter Unterschrift der Mutter

Datum (heute): (T)| | | |l
Name des Vaters Unterschrift des Vaters

Datum (heute): (T)| | ] | wl
Name der Person, die das Aufklarungsgesprach gefihrt hat Unterschrift der aufklarenden Person

Datum (heute): (T) | | ] | Wl
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Vorwort

Vielen Dank, dass Sie sich die Zeit nehmen, folgenden Fragebogen zu unserer Proteom-Studie bei Neu- und
Frihgeborenen auszufillen. Sie werden dafir lediglich etwa 5-15 Minuten bendtigen.

Zum Zwecke der Vollstandigkeit unserer Datenerhebung mochten wir Sie darum bitten, auch bei nicht-
zutreffenden Sachverhalten die freien Felder durchzustreichen bzw. ,Nein“ anzukreuzen. Dadurch kénnen wir
diejenigen Dinge, die nicht zutreffen, besser von jenen unterscheiden, zu denen Sie tatsachlich keine Angaben
machen konnten oder wollten.

In unsere finale Datenauswertung werden alle Ihre Angaben ausschlief3lich in streng pseudonymisierter Form
eingehen. Alles, was Sie uns im Rahmen der Studie mitteilen, unterliegt der arztlichen Schweigepflicht.

Bei Fragen stehen wir lhnen gerne zur Verfligung.

Angaben zur Person (Mutter)

NAmME, VOINAME ittt st e sea e sne s Geburtsdatum .o

Gesundheit von Mutter und Vater

1. Ist bei Ihnen, der Mutter des Babys bzw. dem (leiblichen) Vater, jemals eine der folgenden
Erkrankungen von einem Arzt diagnostiziert worden? Wenn ja welche?

Mutter Vater
- Herzkreislauf-Erkrankungen i e
- Diabetes mellitus Typ1O 20 NeinO 1020ONein O
-Schilddriisenerkrankungen e —————
-GerinnuNEssStOruNgen i e e
- Herpes simplex (z.B. Lippenherpes) Ja OO Nein O Ja O Nein O

- Autoimmunerkrankungen (z.B. Rheumatoide Arthritis) vt

- Magen-Darmerkrankungen (M. Crohn, ulzerative Colitis)  .ccooveviieieiiciecieis e

- Erbkrankheiten e
Falls eine Erbkrankheit vorliegt: Sind Sie mit dem Vater des Kindes verwandt?

Nein O Ja O Wie? (z.B. Cousin 3. Grades) .....cceeeeveeecresvenecineeeneiresensenns

- Sonstige Erkrankungen (z.B. Stoffwechsel-/neurolog. Erkr.) c.viciiciiee e

2.  Wurde jemals eine der folgenden Erkrankungen bei Ihnen oder dem Vater des Kindes von einem Arzt
diagnostiziert?

Mutter Vater
Allergisches Asthma Ja OO Nein O Ja OO Nein O
Ekzem/Neurodermitis Ja OO Nein O Ja OO Nein
Heuschnupfen Ja OO Nein O Ja O Nein O
Welches Allergen? .....veececees e
Sonstige bekannte Allergien / Ja OO Nein O Ja O Nein O

Unvertraglichkeiten WEIChE? ..ieeceviieiies e



Falls Sie, die Mutter, an einer allergischen Erkrankung leiden (Heuschnupfen, allergisches Asthma

bronchiale, Neurodermitis/atopische Dermatitis/endogenes Ekzem), waren die Symptome wiahrend

der Schwangerschaft verandert?

Nein, gleich [ Weniger/schwachere Symptome [

Keine Allergie (0.A.) O

Krankheiten in der Familie

1.

Mehr/stirkere Symptome [

Wurde bei einem lhrer Verwandten (Verwandte der Mutter) eine der folgenden Erkrankungen von

einem Arzt diagnostiziert? (Eltern, Geschwister)

Allergie / Ja
Unvertraglichkeit
Nein
Allergisches Asthma Ja
Nein
Neurodermitis Ja
Nein
Diabetes Ja
Nein
Erbkrankheiten Ja
Nein
Andere Ja
Nein

O

oOo OO oo 0O

o o o O

Welche?
Bei wem?

Bei wem?

Bei wem?

Typ 1
Typ 2

(= ,Altersdiabetes”)

Welche?
Bei wem?

Welche?
Bei wem?

O Beiwem? .evecveeieeveneee,
O Beiwem? .eeevveieeereen

Wurde bei einem Verwandten des Vaters des Kindes eine der folgenden Erkrankungen von einem Arzt

diagnostiziert? (Eltern, Geschwister)

Allergie / Ja
Unvertraglichkeit
Nein
Allergisches Asthma Ja
Nein
Neurodermitis Ja
Nein
Diabetes Ja
Nein
Erbkrankheiten Ja
Nein
Andere Ja
Nein

OO OO oo o O

O O O O

Welche?
Bei wem?

Bei wem?

Bei wem?

Typ 1
Typ 2

(= ,Altersdiabetes”)

Welche?
Bei wem?

Welche?
Bei wem?

O Beiwem? .
O Beiwem? .

[2]



Gynakologische Fragen

1. Wieviel haben Sie vor Beginn der Schwangerschaft gewogen? e kg
2. In welchem Alter hatten Sie das erste Mal lhre Menstruationsblutung? ... Jahre

3. Wie lange dauert Ihr durchschnittlicher Zyklus (vom 1. Tag Ihrer
Regelblutung bis zum 1. Tag der nachsten Regelblutung)? s Tage

4. Haben Sie die Pille eingenommen?

Ja O Fur wielange? Jahre
Einnahme wurde beendet vor: Jahr(en)
Nein O Name des zuletzt verwendeten Praparats: ......ccccveveceececeniennn.

5. Haben Sie andere hormonelle oder pharmakologische VerhitungsmaRnahmen angewendet?

Ja O Furwielange? s Jahre

Art der Verhitungsmethode
Nein O

6. Hatten Sie bereits relevante gynakologische Voroperationen?

Ja O Welche? e
Wieviele?
Nein O

Das Jahr VOR der Schwangerschaft

1. Wurden Sie im Jahr vor lhrer Schwangerschaft geimpft?

Ja O Welche Impfung(en)? et
Nein O

2. Haben Sie im Jahr vor Ihrer Schwangerschaft Medikamente eingenommen, darunter evtl. Schmerz-
oder Schlafmittel, Vitamine oder Mineralstoffe? Wenn ja, welche? (Name des Praparats, falls moglich)

Ja O Medikamente
Schmerzmittel
Schlafmittel
Vitaminprdaparate
Folsdure
Mineralstoffe

Nein 0O
3. Hatten Sie im Jahr vor lhrer Schwangerschaft Operationen jeglicher Art?

Ja O (V=11 1= TR
Nein O

4. Haben Sie im Jahr vor lhrer Schwangerschaft eine gréRere Reise ins Ausland unternommen?

Ja O WORINT e et e

Nein O Wann? Wie viele Monate etwa vor Beginn der Schw.? ..........

(3]



Schwangerschaftsverlauf

1. Wourden Sie wahrend lhrer Schwangerschaft geimpft?
Ja O Welche Impfung(en)? et
Nein O
2. Haben Sie wahrend Ihrer Schwangerschaft Medikamente eingenommen, darunter evtl. Schmerz- oder
Schlafmittel, Vitamine oder Mineralstoffe? Wenn ja, welche? (Name des Praparats, falls moglich)

Ja O Medikamente e e
Schmerzmittel = e
Schlafmittel s
Vitaminpraparate e
FOISAUIrE e e
Mineralstoffe e
Nein O

3. Hatten Sie wahrend lhrer Schwangerschaft (Uber die Gblichen Vorsorgeuntersuchungen hinaus)
irgendwelche medizinischen Eingriffe?

Ja O WEICNE? et
Nein O

4. Mussten Sie wahrend lhrer Schwangerschaft stationar in einem Krankenhaus aufgenommen werden?

Ja O UrSaChE? ettt sttt e
Nein O

5. Haben Sie wahrend der Schwangerschaft in stadtischem oder landlichem Umfeld gelebt?
stadtisch O landlich O gemischt OJ

Seit wie vielen Jahren leben Sie bereits in dieser Umgebung? ........... Jahre

6. Haben Sie wahrend Ihrer Schwangerschaft eine gréRere Reise ins Ausland unternommen?

la O 171 Ze) 211 TR
Nein O Wann? 1. Drittel O 2. Drittel O 3. Drittel 0  der Schw.

Uberblick Schwangerschaften

1. Waren unter allen Ihren bisherigen Schwangerschaften auch Zwillings- bzw. Drillings oder Vierlings-

Geburten?
Ja O Zwillingsgeburt  ........... Drillingsgeburt  ........... Vierlingsgeburt
Nein O

2. Wie viele Ihrer Kinder kamen zu friih auf die Welt (vor der 37. Schwangerschaftswoche,
einschlieflich Ihres gerade geborenen Kindes)?

........................... Frihgeburten Keine [O
3. Wie haben Sie lhre Kinder geboren (einschlieBlich lhres gerade geborenen Kindes)?

Anzahl Spontangeburten ............ Zangengeburten/Vakuumextraktionen .......... Kaiserschnitte ...........

(4]



4. Hatten Sie bereits einen Abort, eine stille Geburt oder eine Bauchhdhlenschwangerschaft?

Ja O Anzahl ... Abort ... Stille Geburt ... Bauchhdhlenschw.
Nein O
5. Falls es leibliche Geschwister gibt, wie viele? ... Madchen .......... Jungen

______________________

1 . .
6. Leidet eines bzw. mehrere dieser Geschwister an einer von einem Arzt diagnostizierten (Wenn keine Geschwister,

| iiberspringen Sie Frage 6)

Grunderkrankung> e T T
Allergie / Ja O Welche? e e
Unvertraglichkeit Bei Wem? e e
Nein O
Asthma Ja O BEI WEM? e
Nein O
Neurodermitis Ja O BEI WEM? e
Nein O
Diabetes Ja O Typ1l 0O BEI WEM? ..ovvierie ettt
Nein [ Typ2 0O
Erbkrankheiten Ja O WeIChE? e s
BEI WEM? e
Nein O
Andere Ja O WelChe? e
BEI WEM? e
Nein O

Reproduktionsmedizin

1. Haben Sie bei diesem Kind medizinische Hilfe in Anspruch genommen, um schwanger zu werden?

Nein O i (Wenn nein, kénnen Sie dieses Kapitel tiberspringen) |
1 1

Gesamtzahl Versuche/eingesetzte Embryonen

Ja O O AusschlieRlich Hormontherapie
O In-vitro- Fertilisation (IVF) e Y SOOI
O Intra-zytoplasmatische Spermieninjektion (ICSI) ......ccceven.ee.. Y SRR
O Testikulare Spermienextraktion mit ICSI (TESE)  ....ccoevveveenneen. Y SRR
O

Mikrochir. epididymale Spermatozoenaspiration mit ICSI (MESA) ......... Y
2. Falls eine Form der kiinstlichen Befruchtung stattgefunden hat, stammte der Samen von lhrem Mann?
Ja O Nein, von einem Spender O Keine kunstliche Befr. [

3. Haben Sie im Rahmen der MaRnahmen eine Hormontherapie erhalten?

Ja O Welche? / Name des Praparats .......cccecieeeneinecensiineeeseereeseees e snesessse s
Nein O

4. Hat der Vater des Kindes im Rahmen der MaBnahmen eine Hormontherapie erhalten?

Ja O Welche? / Name des Praparats .......coccveeieneinesiensneeee v seneseaenes
Nein O

[5]



Konsumverhalten

1. Sind Sie oder Ihr Mann Raucher? e memoo-_

Nicht-Raucher Mutter O Vater [ i (Sollten Sie beide schon immer
Ehemaliger Raucher Mutter O Vater [ | Nicht-Raucher gewesen sein,
Raucher Mutter O Vater O \ springen Sie zu Frage 6)

2. Haben Sie, die Mutter, (jemals) vor der Schwangerschaft geraucht?

Ja O Wie viele Zigaretten? .......cceuee. ProTag / wevvennns pro Woche
Wie viele Jahre haben Sie geraucht? ........cocoeeviiieeiiiicvennieene Jahre
Ggf.: Wann haben Sie mit dem Rauchen aufgehért? Vor ....... Jahren
Nein [

3. Haben Sie, die Mutter, wahrend der Schwangerschaft geraucht?

Ja O Wie viele Zigaretten pro Tag?  ........ proTag / ... pro Woche
Nein O

4. Wourde in Ihrer Wohnung / Ihrem Haus in den letzten 12 Monaten geraucht?
Zigaretten die auf dem Balkon / der Terasse geraucht wurden, sollen nicht mitgezahlt werden.

Ja O Anzahl der Zigaretten pro Tag

Davon Mutter
Davon Partner
Davon andere

Nein O

5.  Waurde zuvor in Ihrer Wohnung / lhrem Haus geraucht, in den letzten 12 Monaten jedoch nicht mehr?
Ja, bis vor 12 Monaten wurde im Haushalt geraucht O
Nein, es wurde auch in den letzten 12 Monaten geraucht O

Ich/wir habe/n nie in der Wohnung / im Haus geraucht O

6. Haben Sie vor Beginn der Schwangerschaft regelméaRig Alkohol konsumiert?
Ja O Anzahl der alkoholischen Getranke ... proTag / ... pro Woche
Nein [

7. Haben Sie wahrend der Schwangerschaft regelmaRig Alkohol konsumiert?
Ja O Anzahl der alkoholischen Getranke ... proTag / ... pro Woche
Nein O

Tierkontakte

Sind Sie zeitweise mit Haustieren / engem Tierkontakt aufgewachsen? Mutter [0 Vater O Nein OO
Gab es im Jahr vor der Schw. ein Haustier in Ihrem Haushalt? ...
Gab es wahrend der Schw. ein Haustier in Threm Haushalt? ... e

Haben Sie, die Mutter, beruflich oder in lhrer Freizeit mit Tieren zu tuN? .......coeovveveeeve e iveice e

LA I S

Hat der Vater beruflich oder in seiner Freizeit mit TIEren zU tUN? ...t e

Ggf.: Ihr Kommentar zum Thema TierkoNtaKLe: ...ttt st et aer s s e

(6]



Allgemeine Fragen

Die Fragen 1-4 beziehen sich v.a. auf Ihre ethnische Abstammung, weniger auf Ihre Staatsangehdérigkeit.
1
i (wenn immer gleich, gerne Abkiirzungen verwenden) |

1. In welchem Land wurden Sie geboren? MULEEE oottt

2. In welchem Land wurden lhre Eltern geboren? GroBmULLer ....ccovvevevereeree e
GroRVAter ....ovvevee e

3. Inwelchem Land wurde der Vater des Kindes geboren? Vater oo e

4. In welchem Land wurden die Eltern des Vaters geboren? GrolBMULLET .o

GrOBVALET o e

5. Was sind Sie von Beruf?

YU o <] PR RV | =] RPNt
6. Welchen Bildungsweg haben Sie genommen?

Mutter Vater

Kein Schulabschluss O |

Mittelschule O O

Mittlere Reife O O

(Fach-)Abitur O O

(Fach-)Hochschule, Universitat O O

Anderer Bildungsweg O O

Fragen zum Vater

1. GroRe des Vaters ....... PR m
2. GewichtdesVaters .....cooeenene kg
3. AlterdesVaters .....oeveerevnnennen Jahre

Abschlussfrage

Wenn Sie die hinter lhnen liegende Schwangerschaft auf einer Skala von 1 (,keine Belastung”) bis 10
(,unertragliche Belastung”) bewerten miissten, welche Punktzahl wiirden Sie vergeben?

Nachwort

Wir mochten uns herzlich fiir Ihre Geduld und Gewissenhaftigkeit bei der Beantwortung unseres Fragebogens
bedanken. Thnen und Ihrem neuen Familienmitglied wiinschen wir von Herzen alles Gute fir lhre gemeinsame
Zukunft!

Optional: Ihre E-mail-Adresse flr evtl. RUCKIIageN: ......oooiii it

Mdchten Sie in ca. 2 Jahren per E-Mail Gber Ergebnisse unserer Studie informiert werden? Ja [0 Nein O

(7]
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