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ABBREVIATIONS
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1. INTRODUCTION

The neonatal immune system was regarded immature compared to its adult counterpart over
decades. Indeed, neonates are the most susceptible age group to infection, and infection and
sepsis are significant contributors to neonatal morbidity and mortality worldwide [1-3]. As a
clinician, | experience the devastating effects of neonatal infections on a daily basis, making
me aware that it is one of the greatest healthcare burdens in the field of neonatology. There is
a clearly unmet medical need to better understand the development and the function of the
neonatal immune system in order to improve clinical outcomes of infection and other immune-
mediated complications in preterm and term neonates. These include some of the most common
diseases of prematurity, such as necrotizing enterocolitis or bronchopulmonary dysplasia, as
well as perinatal asphyxia, which more often affects term or post-term neonates. These
pathologies are all driven by inflammatory reactions and can severely reduce quality of life or,
in the worst case, can even be life limiting conditions.

Due to the restricted availability and quantity of human samples, most of our knowledge on the
early development and function of the immune system arise from animal studies. However,
these studies have several limitations in their direct applicability in human immunology.
Thanks to research efforts in the field over the recent years, the long held view of the neonatal
immune system being immature has finally started to change. Studies in humans demonstrated
that neonatal immune cells can function at levels seen in adults under in vitro conditions, and
therefore, the neonatal immune system should be considered as differently regulated rather than
immature [4-6]. This is in line with the recognition that the neonatal immune response
developmentally needs to meet different requirements compared to its adult counterpart.
However, details of this different regulation and how it increases susceptibility to infection are

yet to be described.
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Following my PhD studies in the field of immunology, mostly investigating adult autoimmune
diseases, I started my clinical training as a paediatrician and neonatologist. In my simultaneous
postdoctoral research, | decided to combine my clinical interest with my research interest in
immunology, and contribute to the efforts of better understanding the architecture and function
of the neonatal immune system, as well as the maternal immune regulation during healthy
pregnancy and preeclampsia. For this, I collected human samples and employed my expertise
in flow cytometry, often creating new methodological protocols, in order to extract as much
information as possible from small amounts of blood.

In this thesis, | would like to highlight key aspects of my research activity after the completion
of my PhD studies, related to the neonatal immune system and immune regulation during
pregnancy. First, | describe how physiological costimulatory function during antigen
presentation, an important regulatory mechanism in T cell activation, differs in healthy term
neonates compared to adults, as well as in healthy pregnancy versus preeclampsia. Second, |
provide an overview of the differences in regulatory T cell subsets between healthy pregnancy
and preeclampsia. Third, | discuss how nutrition in the neonatal period, in particular
breastfeeding, contributes to the development of immunity, with a specific focus on the
regulatory T cell compartment. These findings received broad international media attention and
were discussed as news items in several countries. In the fourth part, I present how commonly
used medications in neonatology with well-known immunological effects (caffeine, milrinone
and sildenafil) influence the neonatal immune function in healthy neonates. Finally, I describe
how the inflammatory immune response contributes to disease progression in two pathologies

mostly affecting term neonates, perinatal asphyxia and neonatal arterial ischaemic stroke.
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2. BACKGROUND

2.1. The neonatal immune response

Exposure and adaptation to extra-uterine life represents a substantial homeostatic challenge for
the cardiovascular and respiratory as well as the immune systems of neonates. Paramount
amongst these are modifications within immune function which must facilitate acquisition of
a symbiotic microbiome whilst protecting against pathogen challenge. Our current
understanding of the functional capacity of the neonatal immune system in the first few weeks
of life remains limited. Substantial differences are observed between neonatal and adult
immune function [4,5]. For example, Interleukin-8 (IL-8) is the major effector chemokine of
neonatal T cells whilst production of interferon gamma (IFN-vy) is markedly suppressed and a
reduction in natural killer (NK) cell numbers is observed [4,6].

Elegant multi-dimensional analyses have recently revealed a significant increase or decrease
in various immune cell subsets as well as plasma protein levels within the first week of life,
initiating a stereotypic immune differentiation pathway. This profile is seen in both preterm
and term infants and as such appears to represent a response to multiple environmental cues,
predominantly microbial, that are received after birth [7]. Dynamic alterations in the interferon
and complement pathways, as well as neutrophil-associated signalling, are also particularly

prominent [8].

2.2. B7 costimulatory molecules
Antigen presentation and costimulation are the initial steps in adequate T cell function and play
an important role in the coordination of downstream events of the immune response.

Alterations in the expression of costimulatory molecules and receptors may influence

11
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differences observed between immunological reactivity of T lymphocytes derived from
umbilical cord blood (UCB) and adult peripheral blood (APB).

B7 costimulatory molecules are expressed on antigen presenting cells (APCs) and are
important regulators of T cell activation (Table 1). Upon the engagement of the T cell receptor
(TCR), the costimulatory signal from B7-1 (CD80) or B7-2 (CD86) via CD28 induces the
production of IL-2 in T cells, thus protecting them from apoptosis and anergy. Both the TCR
and CD28 are constitutively expressed by naive T cells, enabling them to respond to the antigen
being presented [9]. Without costimulation, the signal from the TCR induces the tolerance of

T cells to their cognate antigen instead of being activated [10].

APC T cell Effecton T cell

B7-1 (CD80) CD28 stimulation

CTLA-4 (CD152) | inhibition

B7-2 (CD86) CD28 stimulation

CTLA-4 (CD152) | inhibition

B7-H1(CD274) | PD-1(CD279) inhibition

B7-H2 (CD275) ICOS (CD278) stimulation

Table 1. The investigated B7 family proteins on antigen presenting cells (APCs) and their

receptors on T cells.

Nevertheless, B7 family members mediate not only stimulatory, but also inhibitory effects on
T cells, and therefore may contribute to the altered reactivity of UCB T lymphocytes compared
to APB [9]. Upon the stimulation of TCR, cytotoxic T lymphocyte antigen 4 (CTLA-4, CD152)

becomes phosphorylated, resulting in its stabilisation on the cell surface. This way CTLA-4

12
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can compete with CD28 for B7 binding, thus blocking the costimulatory signal and preventing
IL-2 production. The affinity of the inhibitory receptor, CTLA-4 is higher than that of CD28
for B7-1 and B7-2. Besides its competitive role, CTLA-4 further emits inhibitory signals, thus
contributing to the prevention of T cell activation [11].

Another B7 family member, B7-H1 (CD274) possesses mostly, but not exclusively inhibitory
properties on T cells. Its inhibitory function occurs by signalling through the programmed death
1 receptor (PD-1, CD279), inducing apoptosis or anergy of self-reactive T cells [12]. Genetic
deletion of PD-1 results in severe autoimmunity due to the loss of peripheral tolerance of self-
reactive T cells [13].

B7-H2 (CD275) serves as the ligand for inducible costimulator of T cells (ICOS, CD278), and
promotes T cell activation, differentiation, and effector responses [14]. In contrast to the
costimulatory effect of CD28, ICOS most effectively induces IL-10, but does not influence IL-
2 production [15]. ICOS also stabilizes IL-10R expression on T cells, increasing their
sensitivity to 1L-10 [16]. Thus, the B7-H2/ICOS pathway preferentially regulates the effector

function of T cells [17].

2.3. The kynurenine pathway

Besides initiating signal transduction in T lymphocytes, B7-1 and B7-2 may back-signal into
the APC and influence the local immune environment through induced expression of
immunosuppressive factors independently of their effects on T cells [9]. For instance, reverse
signalling through B7-1 and B7-2 after ligation by a soluble form of CTLA-4 was shown to
upregulate the tryptophan (TRP) catabolic enzyme, indoleamine 2,3-dioxygenase (IDO) [18].
The potent immunosuppressive activity of IDO was first identified in pregnancy, when it was

demonstrated that inhibition of IDO activity abolished allogenic gestation in mice [19].

13



dc_1896_ 21

In the first steps of the kynurenine (KYN) pathway, the rate-limiting step in KYN formation
from TRP is mediated by IDO. KYN is then further metabolized by different enzymes. One of
them is kynurenine aminotransferase, leading to the production of kynurenic acid (KYNA), a
broad-spectrum endogenous antagonist of excitatory amino acid receptors [20,21] with
emerging recent implications in immunomodulation [22,23]. The rate of TRP degradation,
represented by the K/T (KYN to TRP) ratio, allows a good estimate of IDO activity.

The induction of IDO and the kynurenine system results in the inhibition of T cell functions,
the activation of regulatory T cells and the inhibition of NK cells. Furthermore, the local
depletion of TRP and the production of pro-apoptotic TRP metabolites of the kynurenine
pathway such as 3-hydroxyanthranilic acid and quinolinic acid are among the mechanisms
potentially responsible for the immunosuppressive effects related to IDO, as reviewed by
Mandi and Vécsei [22]. Since the TRP metabolic pathway is activated by pro-inflammatory
stimuli, the anti-inflammatory effect of KYN metabolites provides a feedback mechanism in
modulating the immune response.

The interplay between the kynurenine system and cytokines is a regulator of both innate and
adaptive immune responses, and it plays an important role in the interactions between the
central nervous and the immune systems [24,25]. While some TRP metabolites, such as 3-
hydroxykynurenine and quinolinic acid, may have neurotoxic potential, KYNA appears to be
a potent neuroprotective agent as it ameliorates N-methyl-D-aspartate (NMDA) receptor-
mediated excitotoxicity [26] and acts as a potent free radical scavenger and endogenous
antioxidant [27]. The alterations of the kynurenine system appear to play a role in the
pathophysiology of a broad spectrum of neurological disorders, including ischemic brain injury

[23].

14
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2.4. Regulatory T cell subtypes in preeclampsia

Preeclampsia (PE) is an immune-mediated syndrome usually developing in the third trimester
of pregnancy characterized by an excessive maternal systemic inflammatory response with
activation of both the innate and adaptive arms of the immune system [28,29]. The maternal
immune tolerance towards the developing semi-allogeneic fetus present in healthy pregnancy
(HP) is compromised in PE. Activated neutrophils, monocytes, and natural killer cells initiate
inflammation, which induces endothelial dysfunction, and activated T cells may support
inadequate maternal tolerance mechanisms. An important feature of systemic inflammation in
PE is the absence of Th2 skewness characteristic for HP, and thus the predominance of a Th1-
type immunity [30].

Regulatory T cells (Tregs) are mediators of the maternal immune tolerance towards the
developing fetus. The FoxP3 transcription factor has been widely used as an intracellular
marker to identify this subset. Tregs modulate the functions of other T cells (both CD4+ and
CD8+), primarily through secretion of cytokines, including IL-10 and TGF-f [31,32]. Evidence
for the role of Treg cells in establishing fetal tolerance during pregnancy comes from animal
studies, demonstrating a significantly increased rate of fetal resorption in allogeneic gestations
of Treg-deficient mice [33,34]. Lower than normal Treg frequency may contribute to the
exaggerated systemic inflammation also in humans in PE. Indeed, a number of groups
including ours demonstrated that the prevalence of peripheral Tregs is lower in PE compared
to healthy pregnancy [35-38]. While these studies mainly investigated peripheral blood, the
distribution of Tregs in the decidua might differ. Earlier investigations provided evidence for
the selective migration of fetus-specific Tregs from peripheral blood to the decidua, further
emphasizing the importance of studying Tregs at the fetomaternal interface [39,40]. Another

study, evaluating both peripheral blood and decidual Treg cells in mostly severe PE patients

15
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confirmed that the proportion of Tregs was decreased in both locations compared to normal
term controls [41].

Based on different intra- and extracellular markers, recent investigations identified that Tregs
are not a homogenous cell subset, but can divided into further subgroups. Tregs have been
grouped according whether they originate from the thymus (naturally occurring or nTregs) or
induced in the periphery (iTregs). The Helios transcription factor, belonging to the Ikaros
family, has been identified as a marker of thymic-derived Treg cells [42]. Its function is not yet
fully understood. Binding to the promoter region of FoxP3, it may have a role in regulating the
expression of FoxP3 [43]. It does not seem to have a direct effect on Treg prevalence or
function [44]. Both nTregs and iTregs have a high expression of CD25 and CTLA-4, and low
expression of CD127. These two subsets are different in the cytokines they produce and their
potential to suppress other cells: iTregs produce I1L-10 and IL-17 and have a higher regulatory
potential.

Miyara et al. categorized Tregs based on their expression of CD45RA and FoxP3. CD4+
FoxP3+ CD45RA+ cells were described as naive or resting Tregs, while CD4+ FoxP3hi
CD45RA- cells were regarded as fully functional effector Tregs. CD4+ FoxP3+ CD45RA-
cells are cytokine-secreting, non-suppressive T cells [45]. CD45RA was also used by other
groups as a marker of distinction [46,47]. While naive Tregs have the potential to proliferate,
effector Tregs are not capable of proliferation or further differentiation [48].

An “exhausted” and dysfunctional phenotype of Tregs has been reported in conditions of
chronic disease and infection [49]. Exhausted Tregs express CD279 or programmed death
receptor 1 (PD-1), a negative regulatory molecule. Lines of evidence indicate that CD279
expression on T cells is associated with limited proliferative capacity and reduced immune
suppression in vivo [50-54]. Interestingly, one of the ligands for CD279, CD274 (PD-L1), has

been shown to negatively regulate Tregs by inhibiting STAT-5 phosphorylation at sites of
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chronic inflammation. Thus PD-1 and its ligand appears to be a major inhibitory receptor

pathway involved in T cell exhaustion [51].

2.5. Infant nutrition and regulatory T cells

An important consideration in relation to neonatal immune function is the threshold of immune
response versus tolerance in the early postnatal period. A range of factors act to limit
alloreactive immune responses during pregnancy and avoid immunological rejection of the
fetus. This includes an increase in both maternal and fetal-derived regulatory T cells (Tregs)
[5,55] together with preferential differentiation of fetal CD4+ cells towards Treg phenotype
[56] mediated through increased ‘tolerogenic’ dendritic cell activity [57]. It is likely that this
balance towards relative immune suppression continues into neonatal life but the profile of this,
and its relative dependence on the postnatal environment, as well as the presence of non-
inherited maternal antigens (NIMA) remain unclear.

The perinatal establishment of the gut microbiome is likely to be a dominant regulator of
neonatal immune development. Indeed, colonization with specific commensal bacteria can
enhance the development of Treg responses [58], whilst dysbiosis disturbs stereotypic immune
development and promotes T cell activation [7]. Vertical transmission of maternal microbiota
is the initial, and potentially most important, determinant of the neonatal microbiome. In this
regard it is notable that the mode of delivery is a critical factor and its influence on childhood
microbiome extends for at least 7 years [59]. The influence of microbiome composition on long
term health outcomes is an area of considerable interest and atypical colonization has been
associated with a range of conditions including impaired immune function and increased risk
of allergy [60].

The importance of nutrition as a determinant of the profile of neonatal immunity has been

poorly investigated [61,62]. The natural nutrition for neonates is from breastmilk which
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contains a range of complex nutrients as well as antimicrobial proteins. Breastmilk also
contains bacteria and maternal cells, and as such it is not surprising that exposure to either
breastmilk or formula milk significantly influences the composition of the gut microbiome
[63]. Differential microbiome composition is likely to act as an indirect influence on how
nutrition can modify the neonatal immune profile but there may also be a direct effect from

exposure to maternal cells and antigenic proteins within milk.

2.6. The effects of phosphodiesterase inhibitors on T cells

Phosphodiesterase (PDE) inhibitors, such as caffeine, milrinone and sildenafil are widely used
in the clinical management of preterm and term neonates. However, little is known about how
these compounds interact with the neonatal adaptive immune system.

Caffeine is a non-selective PDE inhibitor and a non-specific adenosine receptor (AR)
antagonist. Its main indication in neonatology is the treatment of apneas in preterm infants
below 34 weeks of gestation [64]. The therapeutic plasma level of caffeine in the neonate is
25-125 uM (5-25 mg/L). In this concentration range, caffeine blocks Al and A2A ARs,
stimulating the central respiratory effort in the brainstem [65]. Furthermore, caffeine has also
been linked to a decrease in the incidence of bronchopulmonary dysplasia and improved
neurodevelopmental outcome in extremely premature infants [66], although the mechanisms
explaining these findings are still to be clarified. The inhibition of ARs reduces cCAMP levels
and is therefore of a contrary effect to PDE inhibition (Figure 1).

Caffeine is also known to influence intracellular calcium homeostasis in two different ways
[67]. On the one hand, it inhibits inositol trisphosphate (IP3), thus decreasing calcium release
from the endoplasmic reticulum (ER). However, on the other hand, it activates ryanodine

receptors (RyR), and contributes to calcium release from the ER and in turn to store-operated
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calcium entry (SOCE) from the extracellular space (Figure 1). This is a key event in T cell

activation and cytokine production.

PDES -m
cGMP PDE3
N

PDE RyR
inhibition activation

anti- + +
inflammatory / \ / \
e
release
pro- _ \ / \ / -
AR

inflammatory
IP3

inhibition inhibition

Figure 1. The effects of caffeine, milrinone and sildenafil on intracellular calcium, cAMP and
cGMP homeostasis. Caffeine both increases and decreases cytosolic calcium levels by
ryanodine receptor activation and the inhibition of inositol trisphosphate, respectively. It also
has a dual effect on CAMP levels. Selective PDE inhibitors increase CAMP and cGMP levels.
AR — adenosine receptor, ER — endoplasmic reticulum, IP3 — inositol trisphosphate, PDE —

phosphodiesterase, RyR — ryanodine receptor.

In trials performed on adult populations, caffeine has been demonstrated to cause alterations in
the immune system when applied in doses equivalent to regular coffee consumption. It is
important to note that these concentrations are variable depending on the cohort studied but are

generally lower than the target therapeutic plasma levels of caffeine in neonates. De Leon et
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al. reported that the median plasma concentration of caffeine was 13 uM in individuals who
consumed 1-2 cups of coffee throughout the day, and rose to 17 uM in individuals who drank
5-6 cups of coffee in a day [68]. Lelo et al. estimated a peak plasma caffeine concentration of
50 uM in habitual coffee consumers, with a mean 24 hr plasma level of 25 uM. These
volunteers consumed 179-849 mg of caffeine over 24 h in the form of 1-5 cups of coffee or tea
[69].

Caffeine reduces T cell proliferation and the production of tumor necrosis factor alpha (TNF-
a), IFN-y, IL-2, IL-4, IL-5 and IL-10 cytokines in human blood, as well as antibody production.
A part of these immunomodulatory actions of caffeine are mediated via the inhibition of the
hydrolysis of CAMP, and thus an increase in intracellular cAMP concentrations, promoting a
largely anti-inflammatory and immunosuppressive effect [70].

On the other hand, caffeine also exerts immunomodulatory effects via the antagonism of ARs.
Adenosine is known to have mainly suppressive effects on immune cells. For instance,
adenosine increases the production of IL-10 [71]. The increase in TNF-o release by adult
peripheral blood monocytes in response to lipopolysaccharide exposure can be abolished by
pre-treatment with A2A receptor agonists [72].

Milrinone is a specific PDE3 inhibitor and is often used in cardiac failure as it improves the
contractility of the myocardium. At the same time, it often causes peripheral vasodilation and
hypotension. Sildenafil is a specific inhibitor of PDES5 is and used for the treatment of
pulmonary hypertension as it reduces the increased pulmonary vascular resistance. Through
increasing CAMP and cGMP levels, milrinone and sildenafil were also noted to exert
immunosuppressive effects [73].

In spite of some evidence for immunomodulatory effects on adult T cells, little is known about
how these compounds interact with the neonatal adaptive immune system. Taking into

consideration their wide clinical application, this lack of knowledge needed to be addressed.
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2.7. Perinatal asphyxia

Perinatal asphyxia evokes the injury of the central nervous system (CNS) due to the severe lack
of oxygen and perfusion during labour and delivery, resulting in moderate to severe
neurological dysfunction. Asphyxia primarily affects term and post-term neonates. It occurs in
2-4 of every 1000 live-born term neonates and is responsible for approximately 23% of
neonatal deaths worldwide [74]. While some surviving children show favourable neurological
outcome, others sustain severe neurodevelopmental problems such as learning difficulties,
sensory impairment, cerebral palsy and seizures [75]. Identifying the factors responsible for
such extent of individual variability regarding outcome would be critical, however, to date no
definitive predictive factors have been validated.

The majority of hypoxic-ischaemic injuries happens during or in close proximity to delivery
[76]. Term neonates generally present with symptoms of perinatal asphyxia directly after birth.
The state-of-the-art treatment for asphyxia and its specific manifestation in the CNS, hypoxic-
ischaemic encephalopathy (HIE) is therapeutic hypothermia. Eligibility for cooling therapy is
established based on the presence of criteria A and B. Criteria A include: Apgar score of <5 at
10 minutes after birth, or continued need for resuscitation, including endotracheal or mask
ventilation, at 10 minutes after birth, or acidosis within 60 minutes of birth (defined as any
occurrence of umbilical cord or arterial or capillary pH < 7.00) or base deficit > 16 mmol/L in
umbilical cord or any blood sample (arterial, venous or capillary) within 60 minutes of birth.
Criteria B include: seizures, or moderate to severe encephalopathy, consisting of altered state
of consciousness (lethargy, stupor or coma), and abnormal tone (focal or general hypotonia or
flaccidity), and abnormal primitive reflexes (weak or absent suck or Moro response) [77].
Symptoms usually evolve during the first days of life and their severity and persistence is in
correlation with the severity and duration of the hypoxic-ischaemic insult. Based on the clinical

presentation, HIE can be classified as mild, moderate or severe [78]. Mild hypoxic-ischaemic
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insult might manifest in subtle neurological abnormalities (such as transient drowsiness)
without multi-organ damage, whereas a severe insult usually leads to moderate-severe HIE and
variable degree of multi-organ failure [78,79].

During the first 12-24 hours, neonates with mild HIE generally show some neurological
alterations, such as restlessness or moderate hypertonia, often associated with periodic
breathing and feeding difficulty. The most common systemic symptom is decreased urinary
output. After 24 hours, neonates with mild-moderate HIE can improve in their overall clinical
and neurological status. They often reach normal level of consciousness and begin to tolerate
feeds during the first week of life. Laboratory parameters usually show a similar tendency [78].
Neonates with moderate-severe HIE on the other hand often show more profound neurological
alterations during the first days, such as depressed state of consciousness, abnormal pupillary
size, hypotonia, periodic breathing with apnea, bradycardia, and signs of seizure activity [80].
In the most severe cases, neonates are often lethargic, and stupor and early onset, overt seizure
activity is also common. In term infants, seizures are usually multifocal and clonic, and can
manifest in apneic spells. Systemic symptoms almost always include kidney damage and
respiratory insufficiency with prolonged apnea, which often makes mechanic ventilation
necessary. Hypoxic-ischaemic injury can cause cardiomyopathy, with the need for inotropic
support, the severity of which is in close relations with the severity of the insult [81]. As HIE
progresses, after 24 hours either a gradual stabilisation or deterioration can be observed. In the
latter case, seizures often become refractory [80]. The patient’s level of consciousness
progressively deteriorates, as brain stem functions begin to be affected. In the most severe
cases, neonates die within the first week of life. Autopsy-based studies revealed cytotoxic brain

oedema and extensive neuronal damage after lethal perinatal asphyxia [82].
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2.8. The neuroinflammatory response in hypoxic-ischaemic encephalopathy

Inflammation of the CNS, or neuroinflammation is now recognised to be a feature of all
neurological disorders, including that related to neonatal asphyxia. Microglia and astrocytes
become activated and release pro-inflammatory cytokines and chemokines. Disruption of the
blood-brain barrier allows infiltration of peripheral monocytes into the brain that further
enhances the inflammatory response, leading to neuronal injury and apoptosis. However, the
inflammatory reaction following asphyxia is not limited to the CNS, but can also be detected
in the periphery. Systemic immune activation is characterized by increased synthesis of pro-
inflammatory cytokines [83]. A key player in the mediation of the inflammatory response both
in the brain and peripheral blood during asphyxia is the subset of T lymphocytes. T
lymphocytes have a pivotal role in the evolution of hypoxic injury. The mechanisms by which
T cells are neurotoxic include the production of perforin and granzyme B, the release of free
radicals, the triggering of apoptotic pathways within neurons, and most importantly, the

production of pro- and anti-inflammatory cytokines [84,85].

2.9. The neuroregenerative response following hypoxic-ischaemic encephalopathy

An extensive dataset describes neuroinflammation to have detrimental consequences, but
results have indicated over the past decade that some aspects of the inflammatory response are
beneficial for CNS outcomes [86,87]. Benefits of neuroinflammation include neuroprotection,
the mobilisation of neural precursors for repair, remyelination, and axonal regeneration. In vitro
studies demonstrated that pro-inflammatory cytokines, such as TNF-a and IFN-y are toxic for
oligodendrocytes [88-90]. Although inflammatory cytokines contribute to injury progression,
they also play a vital role in the fast elimination of cellular debris, and in the processes of
growth and repair, contributing to functional recovery [91,92]. The results of Saliba et al.

support the positive role of certain cytokines in neuronal regeneration [93]. In addition to its
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toxic effect, TNF-a also plays a role in neuronal progenitor cell proliferation, lineage
commitment and cellular differentiation. IL-1 also has neurotrophic properties which might be
mediated by the stimulation of nerve growth factor production. Direct intracerebral injection
of IL-1 or TNF-a have been shown to stimulate astrogliosis and angiogenesis in the developing
rodent brain [94]. The transforming growth factor beta (TGF-f) family consists of pleiotropic
proteins with potent immune regulatory properties, which might also play key roles in the

development, repair and survival of neurons [93].

2.10. The effects of therapeutic hypothermia on inflammation

Previous investigations in asphyxia demonstrated that pro-inflammatory IL-1p, TNF-o and
IFN-y play an outstanding role in the pathophysiology. IL-6, IL-8, and IL-17 also have an
important contribution [93,95-97]. On the other hand, anti-inflammatory TGF-p and IL-10
have a protective role, and are important for regenerative processes [98]. Prolonged moderate
hypothermia improves neurological outcome, and has become standard care for term infants
with HIE over the recent years [77]. One mechanism by which hypothermia exerts a
neuroprotective effect may be by reducing systemic inflammation [99]. In an earlier study, we
measured cytokine levels at the 6th, 12th and 24th postnatal hours in neonates with perinatal
asphyxia treated with hypothermia or standard intensive care on normothermia [100]. Our
results indicated that I1L-6 levels (at 6 hours of age) and IL-4 levels (at all time points) were
significantly lower in neonates treated with hypothermia compared to normothermic neonates.
The duration of hypothermia initiated before 6 hours of age correlated with lower levels of IL-
6, TNF-o and IFN-y measured at 6 hours of age. These data suggest that therapeutic
hypothermia may rapidly suppress and modify the immediate cytokine response in perinatal

asphyxia.
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2.11. The regulation of the neuroinflammatory response

The permeability of the blood brain barrier (BBB) is higher in neonates compared to adults and
is further disrupted by the hypoxic injury itself. The release of IL-1B, TNF-a and IFN-y also
increase the permeability of the BBB [101,102]. CD49d is part of the very late antigen-4 (VLA-
4) which mediates the migration of activated leukocytes to the site of tissue inflammation via
binding to vascular cell adhesion molecule-1 (VCAM-1), expressed by endothelial cells [103].
VLA-4 is thus crucial for the migration of activated T lymphocytes through the BBB to the site
of inflammation in the brain [104,105], making it a primary therapeutic target in multiple
sclerosis [106] and in primary neuroinflammatory brain disease in murine ischemic stroke
models [107]. Although VCAM-1 is not exclusively expressed in the CNS, the level of CD49d
expression can be correlated with the capacity of T lymphocytes to enter the site of
inflammation, more specifically the brain tissue in case of neuroinflammation [108].

The challenge in neonatal asphyxia is to harness the beneficial aspects of neuroinflammation
following the insult to allow neuroprotection and regeneration within the CNS, while at the
same time minimising its harmful effects. Significant barriers remain in understanding the
benefits of inflammation in contrast to its detriments following perinatal asphyxia.
Identification of factors that differentiate between infants with an extensive and potentially
damaging neuroinflammatory response and infants with moderate inflammation would present

new options for a more individualised therapeutic approach in perinatal asphyxia.

2.12. Neonatal arterial ischaemic stroke

The perinatal period carries the highest risk for stroke in the entire childhood, with almost
similar incidence to that in the elderly population. “Perinatal stroke” is a broad term defining a
group of heterogeneous conditions characterised by the focal disruption of cerebral blood flow,

of which neonatal arterial ischaemic stroke (NAIS) is one of the most common subtypes, with
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an incidence of 1 per 8000 live births. NAIS by definition is an arterial ischaemic stroke, with
clinical symptoms occurring in the neonatal period (within the first 28 days of life) which are
supported by radiological evidence [109,110]. NAIS generally occurs in term neonates and
presents a major risk for life-long motor, cognitive, and/or behavioural disabilities ranging
from fine motor impairment to unilateral cerebral palsy, which develops in around 20-30% of
affected neonates. Thus, NAIS is a leading cause of cerebral palsy [111].

Interestingly, in almost all cases of NAIS the intra-cranial arteries developing from the carotid
arterial tree are affected, i.e. the proximal parts of the anterior cerebral artery, the middle
cerebral artery (MCA) and the posterior cerebral artery — while the basilar artery and the extra-
cranial arteries are unaffected [112-114]. The area of the left MCA is the most common
localisation of the ischaemic lesion, resulting in a higher incidence of right sided congenital
hemiplegia [109]. The clinical presentation of NAIS is often subtle and non-specific, the most
frequent symptoms being seizures, general hypotonia, lethargy and poor feeding, making the
timely diagnosis of NAIS difficult [115]. The diagnosis of NAIS is often delayed, due to the
prenatal onset or absence of specific signs, therefore the primary therapeutic focus is on
prevention and post-insult anti-inflammatory mechanisms [111]. Another challenge regarding
the diagnosis of NAIS is the fact that the risk factors and clinical signs of global HIE due to
perinatal asphyxia show a significant overlap with NAIS and the two often co-occur [115-117].
Differentiating between the two pathologies is a complex question, some studies list perinatal
asphyxia as an independent risk factor for NAIS [118], while neuroinflammation following

ischaemia appears to be a common feature of the both.

2.13. Pathophysiology of neonatal arterial ischaemic stroke
According to the classic pathophysiological hypothesis, most ischaemic lesions are a result of

thromboembolic events, where the presumable source of the thrombi are the placenta or the
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umbilical vessels [119]. While in some instances this could be the case, this hypothesis does
not give a plausible explanation to why NAIS is almost exclusively affecting the intracranial
arterial territories developing from the carotid arterial tree, while the incidence of basilary
arterial or extracerebral infarcts is negligible [119]. In addition, there is angiographic evidence
indicating a possibility of local arterial wall defects and in situ thrombus generation [117, 120].
Based on these findings, Giraud et al. proposed a different pathomechanism, where feto-
maternal inflammation induces focal arteritis specific to the intracranial arteries developing
from the carotid arterial tree, which are susceptible to NAIS [111]. Using a preclinical rat model
of chorioamnionitis, they were able to demonstrate that classic prothrombotic stress applied
alone to the MCA was not enough to induce NAIS. However, when combined with in-utero
exposure to lipopolysaccharide (LPS), the same stress lead to the classical symptoms of NAIS
and motor impairment. They also examined the walls of arteries susceptible to NAIS and found
that the constitutive expression of certain pro-inflammatory cytokines, such as TNF-a and IL-
1B was higher in the susceptible intra-cerebral arteries compared to extra-cerebral arteries.
Furthermore, pups born from LPS-exposed dams developed a specific cerebral arteritis with
increased presence of macrophages and elevated levels of pro-inflammatory cytokines IL-1,
TNF-a, and monocyte chemoattractant protein-1 (MCP-1) with increased IL-1/IL-1 receptor

antagonist (IL-1ra) ratio in NAIS susceptible arteries, but not elsewhere [113].

2.14. The neuroinflammatory response in neonatal arterial ischaemic stroke

The primary aim of current research efforts in the field of perinatal stroke is to gain a better
understanding of the pathomechanism of the disease with specific regard to the activation of
the inflammatory pathway, that could present a possibility for more specific diagnosis,
intervention and even prevention [111]. Human experimental data on inflammatory markers is

scarce. Only one case-control study is available, where the authors aimed to describe the levels
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of different cytokines in the plasma of paediatric stroke patients. Elevated levels of TNF-a, IL-
2, IL-6, and IL-8 were observed 6 months following stroke compared to healthy controls.
However, no differences were observed in soluble endothelial protein C receptor, IL-11, and
FVIII median levels [121]. The limitation of this study is that they included both neonatal and
paediatric stroke cases (from birth until 18 years of age), which are now viewed as clinically
distinct syndromes. These results indicate that an ongoing inflammation could be observed up
to 6 months following stroke, however, they do not provide information regarding the acute
phase of NAIS.

The pivotal role of inflammatory pathways in ischaemic brain injury is supported by recent
investigations. T lymphocytes appear to play a central role in ischaemic infarct development,
they appear in the brain tissue within hours of the hypoxic insult and can be detected for up to
a month after the injury. T cell deficiency has been shown to result in smaller infarct size and
improved neurological outcome in murine models [122,123]. Several cytokines have been
connected to acute ischemic stroke in adults. Pro-inflammatory cytokines IL-1p, IL-8, MCP-
1, TNF-a and IFN-y appear to exacerbate cerebral injury in adults, whereas anti-inflammatory
cytokines such as TGF-B and IL-10 appear to be neuroprotective [124-126]. Although the
immune system of neonates shows many differences compared to adults, the inflammatory
network appears to play a similarly critical role in ischaemic brain injury. Therefore, it is
reasonable to hypothesise that the same cytokines might also influence the course of

neuroinflammation in the neonatal brain.
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3. AIMS

3.1. B7 costimulation in the neonate
1. To determine the frequency of activated monocytes expressing B7-1, B7-2, B7-H1 and
B-7H2 costimulatory molecules, as well as that of T cells and T helper cells expressing
CD28, CTLA-4, PD-1 and ICOS in UCB compared to APB.
2. To examine the intracellular expression of IDO in activated monocytes and T cells,

along with plasma levels of TRP, KYN and KYNA in UCB compared to APB.

3.2. B7 costimulation in healthy pregnancy and preeclampsia
3. To determine the frequency of activated monocytes expressing B7-1, B7-2, B7-H1 and
B-7H2 costimulatory molecules, as well as that of T cells and T helper cells expressing
CD28, CTLA-4, PD-1 and ICOS in non-pregnant, HP and PE women.

4. To examine the intracellular expression of IDO in activated monocytes and T cells in

non-pregnant, HP and PE women.

3.3. Regulatory T cell subtypes in preeclampsia

5. To compare the peripheral prevalence of Treg subtypes, such as naive and effector,

thymic and extrathymic, as well as exhausted Tregs in HP and PE.

3.4. Breastfeeding and immune development

6. To analyse how immune phenotype of T cells evolve between birth and three weeks of

age in breastfed and formula fed healthy neonates with a specific focus on regulatory T

cells.
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7. To study the interaction of the maternal and neonatal immune systems in the first three
weeks of life following delivery using mixed lymphocyte reactions in breastfed and
formula fed healthy neonates.

8. To study prospective changes in the neonatal gut microbiome in the first three weeks

of life in relation to the source of nutrition and the immune phenotype of T cells.

3.5. The impact of phosphodiesterase inhibitors on T cells

9. To describe the effects of caffeine, milrinone and sildenafil on the activation of T cells
from UCB compared to APB.

10. To describe the effects of caffeine, milrinone and sildenafil on cytokine production of
T cells from UCB compared to APB.

11. To examine the expression of CD203c, an ectoenzyme responsible for the extracellular
hydrolysis of cCAMP in UCB compared to APB.

12. To examine the expression nuclear factor of activated T cells (NFAT), a key

transcription factor in T cell cytokine production in UCB compared to APB.

3.6. Perinatal asphyxia and neonatal arterial ischaemic stroke
13. To assess the prevalence and cytokine production of T lymphocyte subsets in moderate
and severe perinatal asphyxia up to one month of age following the hypoxic event in
order to identify components of the inflammatory response that may influence patient
outcome.
14. To describe the alterations of plasma cytokine levels in moderate and severe perinatal

asphyxia up to one month of age following the hypoxic event.
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15. To describe the alterations of plasma TRP, KYN and KYNA levels as well as IDO
activity in moderate and severe perinatal asphyxia up to one month of age following
the hypoxic event.

16. To assess the prevalence and cytokine production of T lymphocyte subsets in NAIS in
comparison to perinatal asphyxia up to one month of age after birth.

17. To assess the alterations of plasma cytokine levels in NAIS in comparison to perinatal

asphyxia up to one month of age after birth.
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4. METHODS

4.1. B7 costimulation in the neonate, in healthy pregnancy and preeclampsia

4.1.1. Neonatal sample collection

Peripheral blood samples were taken from 20 healthy adults (8 women and 12 men; age: 26.5
(24-28) years, median (interquartile range)) and cord blood samples from the umbilical vein of
17 healthy, term neonates (7 girls and 10 boys; gestational age: 39 (38-40) weeks, median
(interquartile range); birth weight: 3300 (3150-3650) grams, median (interquartile range)).
Informed consent was obtained from all subjects or, in the case of neonates, parents of subjects,
and our study was reviewed and approved by an independent ethical committee of Semmelweis
University (TUKEB). The study was adhered to the tenets of the most recent revision of the

Declaration of Helsinki.

4.1.2. Sample collection in healthy pregnancy and preeclampsia

For comparisons between non-pregnant (NP) and HP women, peripheral blood samples were
taken from 20 HP women in the third trimester (34-37 weeks) and 14 age-matched, healthy NP
women. The latter group was synchronized in terms of menstrual cycle for the luteal phase.
Informed consent was obtained from all subjects, and our study was reviewed and approved by
an independent ethical committee of Semmelweis University (TUKEB). The study was
adhered to the tenets of the most recent revision of the Declaration of Helsinki.

For comparisons between PE and HP, we took peripheral blood samples from an additional 20
PE women in the third trimester of pregnancy (30-38 weeks). PE was defined by increased
blood pressure (> 140 mmHg systolic and/or > 90 mmHg diastolic on > 2 occasions at least 6

hours apart) that occurred after 20 weeks of gestation in a woman with previously normal blood
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pressure, accompanied by proteinuria (> 0.3 g/24h or > 1 + on dipstick in the absence of urinary
tract infection). Exclusion criteria were multifetal gestation, chronic hypertension, diabetes
mellitus, autoimmune disease, angiopathy, renal disorder, maternal or fetal infection and fetal
congenital anomaly. Informed consent was obtained from all subjects, and our study was
reviewed and approved by an independent ethical committee of Semmelweis University
(TUKEB). The study was adhered to the tenets of the most recent revision of the Declaration

of Helsinki.

4.1.3. Peripheral blood mononuclear cell isolation

Peripheral blood mononuclear cells (PBMCs) were separated by a standard density gradient
centrifugation (Ficoll Paque, Amersham Biosciences AB, Uppsala, Sweden, 25 minutes, 400
g, 22 °C) from freshly drawn blood collected in lithium heparin-treated tubes (BD Vacutainer,
BD Biosciences, San Jose, CA, USA). Cells were kept at -80 °C in Fetal Bovine Serum (FBS)
containing 10% dimethyl sulfoxide (DMSO) until analysis. After thawing, cells were washed
twice in phosphate-buffered saline and their viability was assessed by trypan blue exclusion

(consistently > 90%).

4.1.4. Flow cytometry

PBMCs were stained for 30 min at room temperature in the dark with PerCP-conjugated CD3,
PE Cy7-conjugated CD4, PE-conjugated CD28, APC-conjugated CD152 (CTLA-4), FITC-
conjugated CD278 (ICOS) and APC-Cy7-conjugated CD279 (PD-1) monoclonal antibodies
(mAbs), or PerCP-conjugated CD3, PE Cy7-conjugated CD11b, APC-conjugated CD80 (B7-
1) and PE-conjugated CD275 (B7-H2) mAbs, or PerCP-conjugated CD3, PE Cy7-conjugated
CD11b, APC-conjugated CD86 (B7-2) and PE-conjugated CD274 (B7-H1) mAbs in separate

tubes, respectively (BioLegend, San Diego, CA, USA). After washing, cells were fixed with
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Fixation/Permeabilization solution and treated with Permeabilization Buffer according to the
manufacturer’s instructions (eBioscience, San Diego, CA, USA). They were then stained with
a mouse anti-human IDO monoclonal antibody (Millipore, USA) for 30 min at 4 °C in the dark.
After washing, cells were stained with FITC-labelled goat anti-mouse antibody (Millipore,
USA) for 15 min at 4 °C in the dark. After washing, cells were analysed on a BD FACSAria
flow cytometer (BD Biosciences) equipped with 488 nm and 633 nm excitation lasers. Data
were processed using the FACSDiVa software. 100,000 cells were recorded. The populations
of lymphocytes and monocytes were gated from PBMCs according to Forward Scatter
Characteristics and Side Scatter Characteristics. As control of FITC-labelled goat anti-mouse
specificity staining, PBMCs were incubated with surface antibodies and FITC-labelled goat
anti-mouse antibody in the absence of mouse anti-human IDO monoclonal antibody. Gating

strategy is represented in Figure 2.
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Figure 2. Gating strategy applied for discrimination of the investigated cell subsets in flow
cytometry measurements in the B7 costimulation experiments. FSC — forward scatter

characteristics, SSC — side scatter characteristics.

4.1.5. High-performance liquid chromatography

The investigated reference compounds (L-TRP, L-KYN sulphate salt, KYNA) and zinc acetate
dihydrate were purchased from Sigma-Aldrich (Saint Louis, MO, USA), acetonitrile and
perchloric acid were purchased from Scharlau (Barcelona, Spain) and acetic acid was
purchased from VWR International (Radnar, PA, USA).

Plasma samples were stored at -80 °C until analysis. Before analysis, the samples were thawed
and after brief vortexing 300 pl of plasma sample was “shot” onto 700 pl precipitation solvent
(containing 3.57 w/w% perchloric acid and 2.857 UM 3-nitro-L-tyrosine as internal standard).
Following that the samples were centrifuged at 13000 g for 10 min at 4 °C, and the supernatant
was collected.

The KYN, KYNA and TRP concentrations of the samples were quantified based on the slightly
modified method of Herve et al. [127], with an Agilent 1100 high-performance liquid
chromatography (HPLC) system (Agilent Technologies, Santa Clara, CA, USA). The system
was equipped with a fluorescent and a UV detector, the former was applied for the
determination of KYNA and TRP, and the latter for the determination of KYN and the internal
standard. Chromatographic separations were performed on an Onyx Monolithic C18 column,
100 mm x 4.6 mm 1.D. (Phenomenex Inc., Torrance, CA, USA) after passage through a
Hypersil ODS pre-column, 20 x 2.1 mm I.D., 5 um particle size (Agilent Technologies, Santa
Clara, CA, USA) with a mobile phase composition of 0.2 M zinc acetate/ ACN = 95/5 (v/v%)
with a pH adjusted to 6.2 with glacial acetic acid, applying isocratic elution. The flow rate and

the injection volume were 1.5 ml/min and 20 pl, respectively. The fluorescent detector was set
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at excitation and emission wavelengths of 344 nm and 398 nm, and after 3.5 min of each run
the wavelengths were changed to 254 nm and 398 nm. The UV detector was set at a wavelength

of 365 nm.

4.1.6. Statistical analysis

Data are expressed as median and interquartile range. Comparisons between sample
populations were made with Mann-Whitney test. Correlation analyses were performed using
Spearman tests. p-values less than 0.05 were considered significant. Statistics were calculated

using the STATISTICA software (version 8.0; StatSoft, Inc., Tulsa, Oklahoma, USA).

4.2. Regulatory T cell subtypes in preeclampsia

4.2.1. Sample collection

Peripheral blood samples were collected from 19 women with PE at on average the 34th
gestational week of pregnancy. PE was diagnosed according to standard internationally
accepted criteria. These include hypertension (defined as systolic blood pressure and/or
diastolic blood pressure > 140 mmHg and > 90 mmHg, respectively) occurring after 20 weeks
of gestation, and proteinuria (defined as presence of > 0.3 g protein in a 24 hour urine
specimen). As controls, 21 healthy, age-matched pregnant women at on average the 36th
gestational week were enrolled. Exclusion criteria were multifetal gestation, chronic
hypertension, diabetes mellitus, autoimmune disease, angiopathy, renal disorder, maternal or
fetal infection and fetal congenital anomaly. Informed consent was obtained from all subjects,
and our study was reviewed and approved by an independent ethical committee of Semmelweis
University (TUKEB). The study was adhered to the tenets of the most recent revision of the

Declaration of Helsinki.
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4.2.2. Flow cytometry

PBMCs were separated by a standard density gradient centrifugation (Ficoll Pagque, Amersham
Biosciences AB, Uppsala, Sweden, 25 minutes, 400 g, 22 °C) from freshly drawn blood
collected in lithium heparin-treated tubes (BD Vacutainer, BD Biosciences, San Jose, CA,
USA). Cells were kept at -80 °C in Fetal Bovine Serum containing 10% DMSO until analysis.
After thawing, cells were washed twice in phosphate buffered saline.

PBMCs were stained for 30 min at room temperature in the dark with PE Cy7-conjugated CD4,
APC-conjugated CD25, APC-Cy7-conjugated CD279 and FITC-conjugated CD45RA
(BioLegend, San Diego, CA, USA). After washing, cells were fixed with
Fixation/Permeabilization solution and treated with Permeabilization Buffer according to the
manufacturer’s instructions (eBioscience, San Diego, CA, USA). They were then stained with
PE-conjugated FoxP3 PE, and PerCP-conjugated Helios for 30 min at 4 °C in the dark. Mouse
IgG1 antibodies were used as isotype control.

After washing, cells were analyzed on a BD FACSAria flow cytometer (BD Biosciences). Data

were processed using the FACSDiVa software. 200,000 cells per sample were recorded.

4.2.3. Statistical analysis

Data are expressed as median and interquartile range (IQR). Comparisons between two sample
populations were made with the Mann-Whitney U test, as a test of normality (according to
Kolmogorov-Smirnoff) indicated non-normal distribution of data; p-values less than 0.05 were
considered significant. Statistics were calculated using the GraphPad software (Prism version

5.00 for Windows, GraphPad Software, San Diego, CA, USA).
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4.3. Breastfeeding and immune development

4.3.1. Sample collection

A total of 38 healthy pregnant women who were planned to deliver electively at gestational
term by caesarean section were sampled in our study at Birmingham Women’s Hospital, UK.
Peripheral blood samples were collected prior to the caesarean section and all women were not
in labour and had intact membranes. Sixteen out of 38 babies (42%) were exclusively breastfed
for the duration of the study, while 9 babies received mixed feeding and 13 babies were
exclusively formula-fed. Further characteristics of the neonatal population are: male/female:
17/21, gestational age: 39 (39-39) weeks, birth weight: 3530 (3298-3733) g (median
(interquartile range)).

Cord blood samples were taken immediately after delivery. A peripheral blood sample (up to
2 ml) was taken from the neonate at 3 weeks of age. In addition to the blood samples, a neonatal
stool sample was collected at birth and at 3 weeks of age from 29 of the recruited neonates.
Exclusion criteria included multiple pregnancy, sepsis risk factors (especially maternal fever
or chorioamnionitis), Group B Streptococcus positivity in the current pregnancy, genetic
conditions of the fetus or the mother, maternal HIV, maternal tuberculosis, maternal new-onset
viral infection, maternal hypertensive disorder, maternal endocrine condition or diabetes,
maternal asthma and maternal autoimmune conditions, as well as maternal medication other
than pregnancy supplements. Peripheral blood samples were also collected from 13 healthy,
non-pregnant adults (male/female: 6/7) who were age-matched to the pregnant women.
Informed written consent was obtained from all pregnant women and healthy volunteers. The
study was reviewed and approved by the East Midlands — Nottingham 2 NHS Research Ethics

Committee.
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4.3.2. Peripheral blood mononuclear cell isolation

Blood samples were collected into EDTA anticoagulated tubes. PBMCs were isolated by
density centrifugation using Lymphoprep (Stemcell Technologies, Seattle, WA, USA).
PBMCs were washed with RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) and
used either directly or cryopreserved in FBS containing 10% DMSO (Sigma-Aldrich). After
thawing, cells were washed with RPMI and re-suspended in enriched media (RPMI-1640 +
FBS 10% + 2mM glutamine). Viability of thawed cells was consistently >90% as assessed by
methylene blue exclusion. For immunophenotyping, a small portion of cells was frozen from
all blood samples and samples were processed in batches after thawing. For mixed lymphocyte
reactions, cord blood and neonatal blood samples at 3 weeks of age were used directly.
Pregnant and non-pregnant adult samples were split at the time of sampling and one part of the
samples was used directly with cord blood, while the other part was frozen and retained to be

used 3 weeks later with the neonatal blood.

4.3.3. Immunophenotyping

Mononuclear cells were prepared as described above for two immunophenotyping panels.
Panel 1 was designed to study intracellular cytokine production following stimulation, using
unstimulated cells as controls. Cells were stained with FITC-conjugated CD107a (Biolegend,
San Diego, CA, USA) at the time of stimulation, as this marker is only detectable on the cell
surface upon degranulation in conjunction with stimulation [128]. Stimulation was performed
with phorbol myristate acetate (PMA, 50 ng/mL, Sigma-Aldrich) and ionomycin (1 ug/mL,
Sigma-Aldrich) for a total of 3.5 hours at 37 °C. After 30 minutes, 1.25 ug/mL of monensin
(Sigma-Aldrich) was added to stimulated cells for the remaining 3 hours. Cells were then
washed with phosphate-buffered saline (PBS, Sigma-Aldrich) and re-suspended in MACS

buffer. Cell surface staining was performed for 30 minutes on ice in the dark as follows:
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BV510-conjugated CD4, PerCP-Cy5.5-conjugated CD8, ECD-conjugated CD14/CD19/CD56,
APC-Cy7-conjugated CD3 (all from Biolegend) and Live/Dead (red, 488nm, Invitrogen,
Carlsbad, CA, USA). After washing, cells were fixed with fixation/permeabilization solution
(eBioscience, San Diego, CA, USA) for 30 minutes at room temperature in the dark. Cells were
washed with permeabilization buffer (eBioscience). Following centrifugation and re-
suspension in MACS buffer, the following intracellular dyes were added for 30 minutes at
room temperature in the dark: PE-Cy7-conjugated 1L-6, AF700-conjugated IFN-y, AF647-
conjugated IL-4, BV421-conjugated IL-17A and PE-conjugated IL-8 (all from Biolegend).
Cells were then washed and run on an LSRII flow cytometer equipped with blue, red and violet
lasers (BD Biosciences, San Jose, CA, USA). The staining procedure was identical for
unstimulated cells. At least 50,000 cells were recorded per sample. Unstained and single-
stained samples were used as compensation controls in flow cytometry experiments. All
antibodies and dyes were used in concentrations recommended by the relevant manufacturer.

Panel 2 assessed the immunophenotype of cells without mitogenic stimulation. Cells were
surface stained in MACS buffer with PE-Cy7-conjugated HLA-DR, BV510-conjugated CD4,
PerCP-conjugated CD69, ECD-conjugated CD14/CD19/CD56, AF700-conjugated CD45RA,
APC-Cy7-conjugated CD3, BV421-conjugated CD25, BV605-conjugated CD31 (all from
Biolegend) and Live/Dead (red, 488nm, Invitrogen). After washing, cells were fixed with
fixation/permeabilization solution (eBioscience) for 30 minutes at room temperature in the
dark. Cells were washed with permeabilization buffer (eBioscience). Following centrifugation
and re-suspension in MACS buffer, AF647-conjugated FoxP3 (Biolegend) antibodies were
added for 30 minutes in the dark. Cells were then washed and run on an LSRII flow cytometer
equipped with blue, red and violet lasers (BD Biosciences). At least 50,000 cells were recorded

per sample. Unstained and single-stained samples were used as compensation controls in flow
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cytometry experiments. All antibodies and dyes were used in concentrations recommended by
the relevant manufacturer.

In both panels during the gating process, doublets were first excluded based on FSC-A and
FSC-H characteristics. Lymphocytes were then identified based on FSC-A and SSC-A
characteristics. Dead, as well as CD14+, CD19+ and CD56+ cells were excluded based on
positivity in the ECD channel. Further gating was performed within CD3+ cells (Figure 3).

Flow cytometry data was analysed using the FlowJo software package.
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Figure 3. Gating strategy applied for discrimination of the investigated cell subsets in flow
cytometry measurements in the breastfeeding experiments. Doublets were first excluded based
on FSC-A and FSC-H characteristics. Lymphocytes were then identified based on FSC-A and
SSC-A characteristics. Dead, as well as CD14+, CD19+ and CD56+ cells were excluded based

on positivity in the ECD channel. Further gating was performed within CD3+ cells.

4.3.4. Mixed lymphocyte reaction assay

Mononuclear cells were prepared as described above. Stimulator cells were extracted and re-
suspended in enriched media for irradiation. Cells were irradiated at 3000 rad. For responder
cells, T cell enrichment was performed using the Easy Sep T cell enrichment antibody mix (1
uL per 10° cells), magnetic beads and Easy Sep Purple Magnet separation (Stemcell
Technologies) as described earlier [129]. Mixed lymphocyte reactions (MLRs) were applied in
the following combinations: maternal T cell responders vs irradiated cord blood cells, cord
blood T cell responders vs irradiated maternal cells, maternal T cell responders vs irradiated
neonatal cells and neonatal T cell responders vs irradiated maternal cells. For the setup of
neonatal MLRs, all corresponding maternal cells had undergone prior cryopreservation and
were thawed as described above. In selected maternal, cord blood and neonatal samples (n =6
each), the T cell enriched suspensions were split between non-CD25-depleted and CD25-
depleted samples. Suspensions that were retained for CD25-depletion were depleted using
CD25 MicroBeads with magnetic MACS microcolumn separation (Miltenyi Biotec, Bergisch
Gladbach, Germany).

To trace proliferation of responder T cells in the assay, 1 uL of CellTrace Violet dye
(Invitrogen) was added per 10° cells and incubated at 37 °C for 20 minutes. 2 x 10° irradiated
stimulator mononuclear cells were added at a 2:1 ratio to each responder sample of 1 x 10° in

a 96-well round-bottom plate in enriched media. Each sample was run in duplicate. Positive
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control samples were established with the addition of 5 uL of CD3/CD28 activator Dynabeads
(Thermo Fisher Scientific, Waltham, MA, USA) instead of stimulator cells. Negative controls
were established in enriched media only. To each sample and positive control, 10 U of IL-2
cytokine was added. Samples were incubated for 5 days. At day 3, 150 uL of media per well
was replaced with fresh media. Each sample was harvested and washed with PBS (Sigma
Aldrich). Surface staining was performed in MACS buffer using APC-Cy7-conjugated CD3,
BV510-conjugated CD4 and PerCP-Cy5.5-conjugated CD8 (all from Biolegend). Samples
were washed and then re-suspended. 1 uL of propidium iodide (Biolegend) was added for
live/dead discrimination to each sample immediately before flow cytometry was performed on
an LSRII flow cytometer equipped with blue, red and violet lasers (BD Biosciences). At least
20,000 cells were recorded per sample. Unstained and single-stained samples were used as
compensation controls in flow cytometry experiments. All antibodies and dyes were used in
concentrations recommended by the relevant manufacturer.

During the gating process, doublets were first excluded based on FSC-A and FSC-H
characteristics. Lymphocytes were then identified based on FSC-A and SSC-A characteristics.
Dead cells were excluded based on positivity in the ECD channel. Further gating was
performed within CD3+ cells (Figure 3). Flow cytometry data was analysed using the FlowJo

software package.

4.3.5. Cytokine production

MLRs were applied in the combinations as described above. On day 5, supernatants from each
well (100 uL) of selected samples (n = 13) were collected and frozen. The concentration of
cytokines in each supernatant sample was analysed in batches after thawing using a custom
designed Luminex plate as per the manufacturer’s instructions (Bio-Techne, Minneapolis, Ml,

USA). The concentration of IFN-y, IL-4, IL-6, IL-8, IL-10, IL-17 and TNF-a were analysed
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using a Bio-Plex 200 plate reader and the Bio-Plex Manager 6.1 software (Bio-Rad, Hercules,

CA, USA).

4.3.6. Stool DNA extraction, amplification and sequencing

4.3.6.1. Neonatal stool collection

Whole nappies were removed by the parents and placed into a transport bag. Samples were
then taken from the nappies by a gloved study personnel using a sterile scoop and then placed
into sterile glass containers. Stool samples were frozen immediately and stored at -20 °C until

DNA extraction.

4.3.6.2. DNA extraction

DNA was extracted from thawed stool samples using the QIAamp Fast DNA Stool Mini Kit
(Qiagen, Hilden, Germany). For all extractions 290-310 mg of stool was transferred into Lysing
Matrix E 2mL tubes (MP Biomedicals, Illkirch-Graffenstaden, France). Tubes without stool
were used as negative controls for each batch of samples. Samples underwent 4 cycles of bead
beating for 30 seconds using the FastPrep-24 5G Instrument (MP Biomedicals). The
suspensions were heated to 95 °C for 5 minutes and then centrifuged (2 minutes, 12000 rpm).
The remaining extraction steps were performed according to the manufacturer’s instructions.
DNA was eluted using 100 uL of elution buffer and samples were centrifuged for 2 minutes to
elute the DNA. DNA yield was assessed using the Qubit dsDNA HS Assay kit with a Qubit

2.0 fluorometer (Invitrogen). Extracted DNA was stored at -80 °C until amplified.
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4.3.6.3. Amplification of bacterial DNA

16S rRNA genes were amplified with primers targeting the V4 region using the standardized
Earth Microbiome 16S Illumina Amplicon protocol [130]. Samples were processed in batches
with appropriate negative controls to ensure there were no contaminants arising from the DNA
extraction Kits as described earlier [131]. Following clean up, the amplicon fragment lengths
were assessed for quality using Tapestation (Agilent, Santa Clara, CA, USA). DNA was
quantified for each amplicon using the Qubit dSDNA HS Assay kit with a Qubit 4.0 fluorometer
(Invitrogen). Each DNA library was normalized to a DNA concentration of 4 nM and then
pooled to contain 5 uL DNA from each sample. The quality of the pooled DNA sample was
assessed on Tapestation and demonstrated an average base pair length of 401 bp. Using the

Qubit method described above, the pooled DNA was quantified to an average 1.61 ng/uL.

4.3.6.4. Sequencing and identification of bacterial DNA

The pool of stool DNA was sequenced in one sequencing run. Sequences were obtained using
an Illumina MiSeq paired-end 250-bp protocol for 500 cycles. The PCR was performed in one
batch with appropriate negative controls following which paired-end sequencing (2x250bp)
was performed on the Illumina MiSeq platform (Illumina, San Diego, CA, US) and processed
using the Quantitative Insights Into Microbial Ecology 2 (QIIME2) pipeline [132]. Samples
were rarefied prior to alpha and beta diversity analysis. Taxonomy assignment was done
against the Silva-132-99% OTUs database and differences in relative abundance of taxa
between cohorts were analysed using linear discriminant analysis (LDA) effect size (LEfSe).

Taxa with LDA > 2 at a p value < 0.05 were considered significant.
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4.3.7. Univariate statistical modelling

4.3.7.1. Statistical analysis

Comparisons were made using the Kruskal-Wallis test or the Mann-Whitney U test as the
distribution of data appeared to be non-normal according to the Shapiro-Wilk test. p values <
0.05 were considered significant. Data are presented as median (interquartile range). Statistics

were calculated using the GraphPad Prism 5 and 8 software.

4.3.7.2. Random Forest machine learning method

We used Random Forest (RF) for data integration and individual data set analysis. RF is a
machine learning ensemble method in conjunction with multiple learning algorithms to obtain
better predictive performance [133]. RF can be used for both classification and regression. In
our analysis we used RF for classification using the feeding method (exclusively breastfed vs
exclusively formula-fed) as outcome variable and treating each of the data sets separately. We
used ntree = 500 and mtry = square root of variables in our models. We used two packages for

RF analysis (randomForest and varSelRF) in R (v3.6.1).

4.3.7.3. The Backward elimination method

To select features automatically we iteratively fitted random forests, at each iteration building
a new forest after discarding 20% of the features with the smallest variable importance. The
selected set of features was used as a predictor to fit the model to check the “out of bag” (OOB)
error rate. We examined the OOB error rates from all fitted random forests. We chose the
solution with the smallest number of variables whose error rate was within one standard error.

This procedure was performed iteratively using the varSelRF package in R (v3.6.1).
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4.3.7.4. Network analysis

We used the qgraph package in R (v3.6.1) to perform network analysis. A network is a set of
nodes and a set of edges, where each node represents either an immune parameter or an
operational taxonomic unit (OTU) from microbiome analysis whereas the edges represent
associations amongst them. Pearson correlation coefficients were used to quantify the strength

of associations between combinations of immune parameters or OTUs.

4.4. The impact of phosphodiesterase inhibitors on T cells

4.4.1. Sample collection

Peripheral blood samples were taken from 10 healthy adults (5 women and 5 men; age: 26.5
(25.25-29.5) years, median (interquartile range)) and cord blood samples from 6 healthy, term
neonates (3 girls and 3 boys; gestational age: 39.5 (38.25-40) weeks, median (interquartile
range); birth weight: 3675 (3310-3890) grams, median (interquartile range)). Healthy adults
and women in labour abstained from the consumption of PDE inhibitors for a minimum of 72
h before sampling. Informed consent was obtained from all subjects or, in the case of neonates,
parents of subjects, and our study was reviewed and approved by an independent ethical
committee of Semmelweis University (TUKEB). The study was adhered to the tenets of the

most recent revision of the Declaration of Helsinki.

4.4.2. Peripheral blood mononuclear cell isolation
PBMCs and cord blood mononuclear cells (CBMCs) were separated by a standard density
gradient centrifugation (Ficoll Paque, Amersham Biosciences AB, Uppsala, Sweden, 25 min,

400 g, 22 °C) from freshly drawn blood collected in lithium heparin-treated tubes (BD
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Vacutainer, BD Biosciences, San Jose, CA, USA). Cells were distributed for the following

experiments.

4.4.3. Kinetic measurements

Cells were incubated for 24 h at 37 °C in 5% CO: in a modified RPMI-1640 medium, ie. the
calcium concentration of this medium was set to 2 mM by the addition of crystalline CaClo.
Clinically relevant concentrations of caffeine (50 uM) milrinone (30 uM) or sildenafil (30 uM)
were applied for 24 h prior to fluorescent staining, respectively, or 100 uM of a synthetic CAMP
analogue, docAMP was applied for 60 min or 10 uM of ZM241385, a specific inhibitor of the
A2A AR was applied for 75 min prior to fluorescent staining, respectively. Untreated cells
were used as controls. Mononuclear cells were then incubated with anti-CD4 PE-Cy7 mAbs
(BioLegend, San Diego, CA, USA) according to the manufacturer’s instructions. Cytoplasmic
free calcium and reactive oxygen species (ROS) levels were detected by loading the cells with
Fluo-4 AM and dihydroethidium (DHE) dyes, respectively for 20 min at 30 °C (both
Invitrogen, Carlsbad, CA, USA). Cells were washed once before measurement.

At the beginning of the Kinetic measurements, a one min baseline of calcium and ROS levels
was recorded. T cell activation was initiated by the addition of phytohemagglutinin (PHA, 15
ug/mL final concentration) to the samples. Fluorescence emission of sequentially measured
cells was monitored for 10 min. Average cell acquisition rate was 1000 cells/s. At the end of
the kinetic measurements, 5 ug of ionomycin was used as positive control (Sigma-Aldrich, St.
Louis, MO, USA). Cells were analysed on a BD FACSAria flow cytometer (BD Biosciences)

equipped with 488 nm and 633 nm excitation lasers.
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4.4.4. Kinetic data analysis

The population of lymphocytes was gated according to forward and side scatter characteristics.
CD4 cells were gated based on mAb positivity. Data acquired from the measurements were
evaluated with specific software developed at our laboratory as described earlier (FacsKin,
available at: www.facskin.bitbucket.org) [134,135]. The core of this software is an algorithm
[136] based on the calculation of logistic functions for each recording. The software also
calculates parameter values describing each function, including the End value, representing the
maximal cytoplasmic calcium or ROS concentration and the area under the curve (AUC) value,
corresponding to the sum cytoplasmic calcium or ROS increase over the measurement period.
These two parameters were used for further statistical analysis to describe calcium influx and

ROS production of lymphocytes. Gating strategy is demonstrated in Figure 4.
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Figure 4. Gating strategy of kinetic flow cytometry measurements demonstrated on a

representative sample using the FacsKin software. Following the gating of lymphocytes, the
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population of CD4 cells were identified. Logistic functions were fitted to study the kinetics of
cytosolic calcium influx (Fluo-4) and reactive oxygen species production (DHE) over a period
of 10 minutes. DHE — dihidroethydium, FSC — forward scatter characteristics, SSC — side

scatter characteristics

4.4.5. Intracellular cytokines

Cells were incubated for 24 h at 37 °C in 5% COz in a modified RPMI-1640 medium. The
calcium concentration of this medium was set to 2 mM by the addition of crystalline CaCl2.
50 uM of caffeine, 30 uM of milrinone or 30 uM of sildenafil was applied for 24 h prior to
fluorescent staining, respectively. Untreated cells were used as controls. PMA (50 ng/mL),
ionomycin (1 ug/mL) and Brefeldin A (BFA, 10 ug/mL) were added for stimulation 6 h prior
to measurement to allow intracellular accumulation of cytokines (all Sigma-Aldrich). For
surface marker staining, samples were then incubated with anti-CD4 APC-Cy7 mAb (clone
SK3, BioLegend) according to the manufacturer’s instructions. Cells were permeabilized using
FACS Permeabilizing (2) solution (BD Biosciences). Cells were washed and resuspended in
phosphate buffer saline (PBS) and stained according to the manufacturer’s instructions for
intracellular cytokines using the following conjugated anti-human monoclonal antibodies:
IFN-y PE-Cy7, IL-2 APC, IL-4 PE, IL-6 FITC, IL-17 PerCP, respectively (all from
BioLegend). Following labelling, cells were washed and resuspended in PBS for flow
cytometry analysis. Samples were analysed immediately on a FACSAria flow cytometer (BD
Biosciences) equipped with 488 and 633 nm excitation lasers. 100,000 cells were recorded.
The population of lymphocytes was gated from mononuclear cells according to forward and
side scatter characteristics. CD4 cells were gated based on mAb positivity. Data acquired from
the measurements were evaluated with FlowJo software (version X, Tree Star, Ashland, OR,

USA).
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4.4.6. CD203c and Nuclear Factor of Activated T cells expression

Cells were incubated for 24 h at 37 °C in 5% COz in a modified RPMI-1640 medium. The
calcium concentration of this medium was set to 2 mM by the addition of crystalline CaCl2.
For surface marker staining, samples were incubated with the following conjugated anti-human
monoclonal antibodies: anti-CD4 PE-Cy7 (clone SK3), anti-CD8 APC-Cy7 (clone SK1), anti-
CXCR3 APC, anti-CCR4 PE and anti-CD203c PerCP (all from BioLegend) according to the
manufacturer’s instructions. Cells were permeabilized using FACS Permeabilizing (2) solution
(BD Biosciences). Cells were then washed and resuspended in PBS and stained according to
the manufacturer’s instructions with anti-NFATcl Alexa Fluor 488 mAb (BiolLegend).
Following labelling, cells were washed and resuspended in PBS for flow cytometry analysis.
Samples were analysed immediately on a FACSAria flow cytometer (BD Biosciences)
equipped with 488 and 633 nm excitation lasers. 100,000 cells were recorded. The population
of lymphocytes was gated from mononuclear cells according to forward and side scatter
characteristics. Thl cells were regarded as CD4+ CXCR3+ CCR4-, while Th2 cells were
regarded as CD4+ CXCR3- CCR4+. Data acquired from the measurements were evaluated

with FlowJo software (version X, Tree Star).

4.4.7. Statistical analysis

Data are expressed as median (interquartile range). Comparisons of the calculated parameters
were made with Mann-Whitney, Wilcoxon and Friedman tests as Kolmogorov-Smirnoff
analysis indicated non-normal distribution of data. Statistics were calculated at 5% significance

level (p = 0.05) using the GraphPad Prism 5 software (La Jolla, CA, USA).
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4.5. Perinatal asphyxia and neonatal arterial ischaemic stroke

4.5.1. Sample collection

We enrolled 33 term neonates admitted to the regional neonatal intensive care unit at the First
Department of Pediatrics at Semmelweis University, Budapest, Hungary with the initial
diagnosis of perinatal asphyxia requiring therapeutic hypothermia. The diagnosis of moderate-
to-severe hypoxic-ischemic encephalopathy and the eligibility for cooling were assessed
according to the TOBY criteria [77,137]. Infants fulfilled both criteria A (Apgar score < 5 at
10 minutes after birth OR continued need for resuscitation, including endotracheal or mask
ventilation, at 10 minutes after birth OR umbilical cord, arterial or capillary pH < 7.00 within
60 minutes of birth OR base deficit > 16 mmol/L in umbilical cord or any blood sample
(arterial, venous or capillary) within 60 minutes of birth) AND criteria B (clinical seizures OR
altered state of consciousness (reduced response to stimulation or absent response to
stimulation) AND abnormal tone (focal or general hypotonia, or flaccid) AND abnormal
primitive reflexes (weak or absent suck or Moro response)). All enrolled neonates were outborn
and hypothermia was initiated between 1-5 h of life (mostly within 2 h of life as hypothermia
was started before and maintained during transport). Rectal temperature was maintained
between 33-34 °C and was recorded every hour during the 72 h intervention period. 2 ml
venous blood samples were collected between 3-6 h of life (at admission), as well as at 24 h,
72 h and 1 week of life during intensive care treatment, adjusted to blood sampling related to
clinical care. A further venous blood sample was obtained at 1 mo of age during a routine
outpatient follow-up appointment.

Neonates with congenital abnormalities or CNS malformations, maternal chorioamnionitis or
perinatal infections were excluded from the study. Blood cultures and ear swabs were obtained

at admission from all infants and bacterial infection was excluded. Clinical or culture-proven
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sepsis was not detected in any of the participating infants. All infants received regular
preventive intravenous antibiotics, i.e. ampicillin and gentamicin during the hypothermic
treatment. One infant was excluded due to suspected metabolic disease (peroxisomal fatty acid
C26/C22 ratio above the normal range) as well as the presence of multiple minor anomalies
and mutation of the ROBO1 gene.

The data of four infants were analysed and published separately as their MRI scan results
showed signs of neonatal stroke rather than hypoxic-ischemic insult. Therefore, in our
publication on neonatal asphyxia, data from a total of 28 neonates were analysed. These
neonates were divided into two groups based on the severity of hypoxic-ischemic insult,
determined by initial and recovery time of amplitude-integrated EEG (aEEG) monitoring [138]
as well as MRI results performed up to 12 days of life. MRI data were interpreted by
radiologists who were blinded to the clinical status of the neonates, based on criteria defined
by Rutherford et al. [139]. The reporting template was developed in the ISORT (intelligent
structured online reporting tool) software framework created by Bioscreen Ltd., Debrecen,
Hungary. In cases where MRI was not performed due to the critical condition of the patient or
MRI data were missing, grouping was done solely based on the aEEG results. The severe group
(n = 11) consisted of newborns with moderate-to-severe HIE signs on MRI scans AND burst-
suppression or continuous extremely low voltage or flat tracing background activity on aEEG
OR normalization of aEEG after 48th hour of life or never, OR early death (< 28 days).
Neonates that met none of the above listed criteria constituted the moderate group (n = 17)
(normal MRI scans or mild HIE signs on MRI scans AND continuous or discontinuous normal
voltage background activity on aEEG OR normalization of aEEG activity before 48th hour of
life).

In the severe group, 3 infants deceased before one month of age due to severity of the insult.

Available data from these neonates were included at the relevant time points within the severe
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group. Therefore, 72 h, 1 week and 1 month data were missing in case of 2 infants and 1 month

data were missing from 1 infant.

Our study was reviewed and approved by the Hungarian Medical Research Council and written

informed consent was obtained from parents of all participants. The study was adhered to the

tenets of the most recent revision of the Declaration of Helsinki. Clinical characteristics and

laboratory parameters of participants are summarized in Table 2.

Moderate HIE Severe HIE NAIS
(n=17) (n=11) (n=4)
Male gender (%) 10 (59%) 7 (64%) 2 (50%)

Birthweight (g)

3330 (2860-3605)

3000 (2490-3300)

3115 (2540-3885)

Gestational age (week) | 39 (37-40) 38 (37-40) 39.5 (38.25-40)
No. of C-sections (%) | 10 (59%) 8 (73%) 3 (75%)

Apgar at 1 min 3 (0.5-4.5) 1(0-3) 4° (3-5)

Apgar at 5 min 6 (5-7) 22 (0-4) 5.5° (5-6)
Apgar at 10 min 7 (5-8) 4? (1.75-5.25) 7° (6-7)

Worst pH

7.03 (6.87-7.12)

6.86 (6.62-7.06)

6.94 (6.88-7.00)

Worst BD (mmol/L)

18.05 (16.65-21.28)

20.4 (19.38-23.5)

14° (14-17)

S100 (ug/L)

7.5 (2.33-28.85)

21.8 (3.8-30.0)

3.6° (1.88-18.35)

LDH (U/L)

2072 (1371-5274)

3335 (1879-5792)

1874 (1676-3187)

Table 2. Clinical characteristics of neonates in the moderate and severe HIE and NAIS groups

upon admission (within 12 h of age). Data are presented as median and interquartile range; a =

moderate vs severe HIE, p< 0.05; b = severe HIE vs NAIS, p< 0.05.
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4.5.2. Flow cytometry

Plasma was separated from peripheral blood samples by centrifugation. Plasma samples were
aliquotted and immediately frozen and stored at -80 °C for later determination of cytokine
concentrations and HPLC measurements.

Flow cytometry experiments and analysis were performed in line with European Federation of
Immunological Societies guidelines [140]. Remaining cells were resuspended in RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO, USA). Cells were incubated with PMA (50 ng/ml),
ionomycin (1 ug/ml) and BFA (10 ug/ml) for 6 h at 37 °C to allow intracellular accumulation
of cytokines. For surface marker staining, samples were then incubated with the following
fluorochrome-conjugated anti-human mAbs: CD4 PE-Cy7 and CD8 APC-Cy7 (panel 1), or
CD4 APC-Cy7 and CD49d PerCP (panel 2), respectively, according to the manufacturer’s
instructions (all from BioLegend, San Diego, CA, USA). Red blood cells were lysed and
PBMCs were permeabilized using FACS Lysing and FACS Permeabilizing solutions (BD
Biosciences, San Jose, CA, USA). Cells were washed and resuspended in PBS and divided into
two equal aliquots and stained according to the manufacturers’ instructions for intracellular
cytokines using the following conjugated anti-human monoclonal antibodies or the appropriate
isotype controls: IL-6 PE, IL-17A PerCP, IL-10 APC, IFN-y FITC (for panel 1), or TNF-o PE-
Cy7, FoxP3 PE, TGF-B APC, IL-1B FITC (for panel 2), respectively (all from BioLegend).
Following labelling, cells were washed and resuspended in PBS for flow cytometry analysis.
Samples were analysed immediately on a FACSAria flow cytometer (BD Biosciences)
equipped with 488 and 633 nm excitation lasers. Data were processed using the FACSDiVa
software (BD Biosciences). 100,000 cells were recorded. Evaluators of flow cytometry data

were blinded to the clinical status of the neonates.

57



dc_1896_ 21

4.5.3. Immunoassays

Plasma samples were stored at -80 °C until analysis. The plasma levels of the following
cytokines, chemokines and growth factors were determined using Bio-Plex Pro Assays (Bio-
Rad Laboratories, Hercules, CA, USA): IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12,
IL-13, IL-17, IFN-y, TNF-a, TGF-B, granulocyte colony stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF), MCP-1, macrophage
inflammatory protein 1b (MIP-1b) and VCAM-1. Bio-Plex Pro Assays are immunoassays
formatted on magnetic beads that utilize principles similar to those of a sandwich ELISA.
Capture antibodies against the biomarker of interest are covalently coupled to the beads. A
biotinylated detection antibody creates the sandwich complex and the final detection complex
is formed by the addition of a streptavidin-phycoerythrin conjugate, where PE serves as the

fluorescent reporter. Reactions are read using a Luminex-based reader.

4.5.4. High-performance liquid chromatography
Plasma samples were stored at -80 °C until analysis. Samples were processed and measured as

described in Section 4.1.5. of this thesis.

4.5.5. Statistical analysis

Data are expressed as median and interquartile range. Comparisons between sample
populations were performed with Mann-Whitney tests, as a test of normality (performed
according to Kolmogorov-Smirnoff) indicated non-normal distribution of data. Comparisons
between the paired values (samples collected at different time points) in the same population
were made with Friedman tests. p values less than 0.05 were considered significant. Outliers
were identified using Grubbs’ tests and were excluded from analyses. Statistics were calculated

using the GraphPad Prism 5 software (La Jolla, CA, USA).
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5. RESULTS

5.1. B7 costimulation in the neonate

5.1.1. The expression of B7 costimulatory molecules and their receptors

A statistically significant, but biologically modest decrease in the frequency of CD4+ CD28+
lymphocytes was observed in UCB in comparison with APB. At the same time, a more
considerable increase was noticed in the expression of the regulatory receptor CD152 (CTLA-
4) on these cells. The frequency of CD11b+ CD86+ monocytes was higher in UCB than in
APB.

The prevalence of CD3+ CD278+ lymphocytes was also higher in UCB than in APB, however,
this difference was not significant in the CD4+ subset. The frequency of the corresponding
costimulatory molecule, CD275 on CD11b+ monocytes was comparable in the two groups. In
contrast, that of CD11b+ CD274+ monocytes, providing inhibitory signal via CD279, was

lower in UCB compared to APB.

5.1.2. Intracellular indoleamine dioxygenase expression and plasma indoleamine dioxygenase
activity

A tendency was observed for an increased prevalence of IDO-expressing cells among CD3+
lymphocytes in UCB compared to ABP (p = 0.069), while their frequency in the CD11b+
subset was comparable. The mean fluorescence intensity (MFI) values for IDO were lower in
UCB than in APB both in case of CD3+ lymphocytes and CD11b+ monocytes.

Plasma KYN and TRP levels were higher in UCB than in APB, with a more pronounced
increase in KYN, resulting in a more than two-fold higher K/T ratio in UCB compared to APB.

KYNA levels were also considerably, almost ten-fold higher in UCB (Table 3).
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In order to explore the presence of reverse signalling via CD80 and CD86, correlation analyses
were performed. A negative correlation between the frequency of CD11b+ CD86+ monocytes
and IDO-expressing CD11b+ monocytes was found in UCB (Spearman’s Rho = -0.59), while
no correlation was present in APB. Furthermore, a positive correlation was detected between

MFI of IDO in CD3+ cells and the prevalence of CD11lb+ CD80+ monocytes in APB

(Spearman’s Rho = 0.48).

APB (n=20)

UCB (n=17)

CD3+ CD28+ cells/
CD3+ lymphocytes

77.2 (65.8-82.5) %

80.7 (71.2-88.4) %

CD3+ CD28+ CD152+ cells/
CD3+ CD28+ lymphocytes

8.74 (6.46-11.7) %

12.0 (6.09-15.8) %

CD3+ CD278+ cells/
CD3+ lymphocytes

56.4 (50.4-74.9) %

73.6% (67.9-77.7) %

CD3+ CD279+ cells/
CD3+ lymphocytes

51.2 (45.3-61.2) %

52.7 (28.0-61.6) %

CD4+ CD28+ cells/
CD4+ lymphocytes

97.9 (96.8-99.1) %

95.4* (93.1-98.3) %

CD4+ CD28+ CD152+ cells/
CD4+ CD28+ lymphocytes

6.15 (4.55-8.57) %

9.21* (6.53-13.1) %

CD4+ CD278+ cells/
CD4+ lymphocytes

59.2 (54.8-74.0) %

69.4 (59.3-79.2) %

CD4+ CD279+ cells/
CD4+ lymphocytes

54.2 (49.1-63.3) %

54.5 (42.5-57.3) %

CD11b+ cells/

monocytes

80.4 (75.0-87.3) %

81.0 (73.2-86.1) %

CD11b+ CD80+ cells/
CD11b+ monocytes

54.2 (19.6-68.8) %

34.0 (19.7-56.7) %

CD11b+ CD86+ cells/
CD11b+ monocytes

27.6 (19.6-29.8) %

43.1* (30.0-51.9) %

Continued on next page
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APB (n=20)

UCB (n=17)

CD11b+ CD274+ cells/
CD11b+ monocytes

74.1 (68.2-84.9) %

57.2*% (51.5-72.7) %

CD11b+ CD275+ cells/
CD11b+ monocytes

61.2 (34.5-70.0) %

46.6 (39.1-57.9) %

CD3+ IDO+ cells/
CD3+ lymphocytes

3.33 (2.12-5.95) %

4.57 (3.00-10.8) %

IDO MFI in CD3+ IDO+ cells
(arbitrary unit)

9888 (7461-11175)

7627* (6551-9768)

CD11b+ IDO+ cells/
CD11b+ monocytes

2.45 (1.92-2.99) %

2.90 (1.65-4.52) %

IDO MFI in CD11b+ IDO+ cells
(arbitrary unit)

21400 (19075-24175)

15200* (13300-18700)

KYN (uM) 1.80 (1.63-2.26) 4.77* (3.73-5.45)
KYNA (nM) 29.8 (22.9-42.8) 294.7* (253.8-360.6)
TRP (UM) 53.4 (46.3-59.6) 62.4* (56.6-70.4)
K/T ratio 0.036 (0.032-0.041) 0.075* (0.063-0.086)

Table 3. Frequency of the investigated cell surface and intracellular markers and plasma levels
of kynurenine (KYN), kynurenic acid (KYNA) and tryptophan (TRP) in adult peripheral blood
(APB) versus umbilical cord blood (UCB). * p < 0.05 versus APB. Data are presented as
median (interquartile range). IDO — indoleamine 2,3-dioxygenase, MFI — mean fluorescence

intensity.

5.2. B7 costimulation in healthy pregnancy and preeclampsia

5.2.1. The expression of B7 costimulatory molecules and their receptors
A significant increase in the prevalence of CD28+ T cells was observed in HP compared to NP

women. At the same time a decrease was shown in the expression of CD152 on these cells.
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Non-pregnant women
(n=14)

Healthy pregnant
women (n=20)

CD3+ CD28+ cells/CD3+
lymphocytes

76.0 (64.7-82.9) %

88.4* (81.8-90.6) %

CD3+ CD28+ CD152+
cells/CD3+ CD28+ lymphocytes

8.90 (7.57-11.4) %

6.64* (5.07-9.89) %

CD3+ CD278+ cells/CD3+

55.7 (49.5-56.7) %

89.9* (75.7-91.6) %

lymphocytes

CD3+ CD279+ cells/CD3+ 46.3(39.3-51.2) % | 51.9* (47.9-67.7) %
lymphocytes

CD4+ CD28+ cells/CD4+ 97.8 (96.7-98.8) % 97.3 (93.0-99.2) %
lymphocytes

CD4+ CD28+ CD152+ 6.92 (4.93-8.63) % 5.61 (3.65-9.09) %

cells/CD4+ CD28+ lymphocytes

CD4+ CD278+ cells/CD4+

56.7 (52.8-59.5) %

87.7% (76.3-92.2) %

lymphocytes

CD4+ CD279+ cells/CD4+ 49.4 (42.1-54.5) % | 44.2 (37.5-65.2) %
lymphocytes

CD11b+ CD80+ cells/CD11b+ 55.5 (17.3-69.8) % 17.6* (13.6-25.4) %
monocytes

CD11b+ CD86+ cells/CD11b+ 23.8 (17.3-29.5) % 20.7 (14.9-31.9) %
monocytes

CD11b+ CD274+ cells/CD11b+ 78.4 (70.3-85.9) % 80.7 (77.2-87.8) %
monocytes

CD11b+ CD275+ cells/CD11b+ 63.8 (59.0-72.1) % 17.3* (14.1-27.0) %
monocytes

CD3+ IDO+ cells/CD3+ 5.90 (2.65-16.9) % 24.1* (13.3-56.4) %
lymphocytes

IDO mean fluorescence intensity | 9888 (7482-11475) 62500* (19800-

in CD3+ IDO+ cells (arbitrary 84475)

unit)

CD11b+ IDO+ cells/CD11b+ 2.59 (1.99-11.7) % | 22.5* (13.6-50.5) %
monocytes

IDO mean fluorescence intensity
in CD11b+ IDO+ cells (arbitrary
unit)

21400 (19075-23875)

70450* (38775-
114000)

Table 4. Frequency of the investigated cell surface and intracellular markers in non-pregnant
versus healthy pregnant women. * p < 0.05 versus non-pregnant women. Data are presented as
median (interquartile range). IDO — indoleamine-2,3-dioxygenase, MFI — mean fluorescence

intensity
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The prevalence of both CD278+ and CD279+ T cells was higher in HP than in NP women.
Within the CD4 subset, the ratio of CD28+, CD28+ CD152+ and CD279+ cells was
comparable in HP and NP women, while that of CD278+ cells was higher in HP than in NP
individuals. The frequency of both CD80+ and CD275+ monocytes was lower in HP women,
however, no difference was observed regarding CD86+ and CD274+ monocytes (Table 4).

The frequency of CD11b expressing (activated) monocytes was higher in PE samples than in
HP. The frequency of CD80 and CD86 expressing activated monocytes was lower in PE than
in HP. No difference was observed in the expression of the other investigated cell surface

markers between the two groups (Table 5).

5.2.2. Intracellular indoleamine dioxygenase expression

The prevalence of IDO-expressing T cells and monocytes was higher in HP compared to NP
women. At the same time, the mean fluorescence intensity (MFI) values for IDO were also
significantly higher in both cell subsets in HP (Table 4).

In order to explore whether reverse signalling via CD80 and CD86 is present in monocytes,
correlation analyses were performed. However, we could not detect a correlation between the
frequency of CD80+ or CD86+ monocytes and the frequency of IDO-expressing T cells or
monocytes or the MFI of IDO in the investigated study groups.

The frequency of IDO expressing T lymphocytes was lower in PE than in HP. The mean
fluorescence intensity (MFI) of IDO was also lower in T cells of PE patients compared to HP

(Table 5).

63



dc_1896_ 21

Healthy pregnant
women (n=20)

Preeclamptic patients
(n=20)

CD3+ CD28+ cells/CD3+
lymphocytes

88.4 (81.8-90.6) %

90.3 (84.8-91.1) %

CD3+ CD28+ CD152+
cells/CD3+ CD28+ lymphocytes

6.64 (5.07-9.89) %

5.15 (4.07-9.25) %

CD3+ CD278+ cells/CD3+

89.9 (75.7-91.6) %

91.3 (86.5-92.9) %

cells/CD4+ CD28+ lymphocytes

lymphocytes
CD3+ CD279+ cells/CD3+ 51.9 (47.9-67.7)% | 55.1 (48.6-77.2) %
lymphocytes
CD4+ CD28+ cells/CD4+ 97.3 (93.0-99.2) % 97.9 (93.0-99.0) %
lymphocytes
CD4+ CD28+ CD152+ 5.61 (3.65-9.09) % 5.45 (3.17-13.6) %

CD4+ CD278+ cells/CD4+
lymphocytes

87.7 (76.3-92.2) %

90.9 (77.3-92.4) %

CD4+ CD279+ cells/CD4+
lymphocytes

44.2 (37.5-65.2) %

49.7 (45.3-75.6) %

CD11b+ cells/monocytes

77.4 (73.3-81.6) %

84.1* (77.6-88.9) %

CD11b+ CD80+ cells/CD11b+
monocytes

17.6 (13.6-25.4) %

12.1* (8.82-16.3) %

CD11b+ CD86+ cells/CD11b+
monocytes

20.7 (14.9-31.9) %

15.7* (12.1-20.5) %

CD11b+ CD274+ cells/CD11b+
monocytes

80.7 (77.2-87.8) %

82.3 (78.0-87.3) %

CD11b+ CD275+ cells/CD11b+
monocytes

17.3 (14.1-27.0) %

13.4 (10.2-30.3) %

CD3+ IDO+ cells/CD3+
lymphocytes

24.1 (13.3-56.4) %

12.9* (6.63-28.1) %

IDO mean fluorescence intensity

62500 (19800-84475)

33150* (21000-

in CD3+ IDO+ cells (arbitrary 44500)

unit)

CD11b+ IDO+ cells/CD11b+ 22.5 (13.6-50.5) % 23.7 (12.3-45.7) %
monocytes

IDO mean fluorescence intensity
in CD11b+ IDO+ cells (arbitrary
unit)

70450 (38775-
114000)

54850 (36050-86875)

Table 5. Frequency of the investigated cell surface and intracellular markers. * p < 0.05 versus

normal pregnant women. Data are presented as median (interquartile range). IDO —

indoleamine-2,3-dioxygenase
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Correlation analysis revealed a positive correlation between the expression of CD86 on the cell
surface and that of IDO intracellularly within activated monocytes in the investigated groups
(p =0.021, r = 0.36) (Figure 5). Intracellular IDO expression was not in correlation with any

other investigated cell surface markers in activated monocytes or T cells.
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Figure 5. Correlation between the expression of cell surface CD86 and intracellular
indoleamine dioxygenase (IDO) in CD11b+ monocytes in peripheral blood of healthy

pregnant (HP) and preeclamptic (PE) women

5.3. Regulatory T cell subsets in preeclampsia

Within CD4+ T cells, the prevalence of CD4+ CD25hi FoxP3+ regulatory T cells was lower
in women with PE than in HP women (4.63 (4.22-5.56) % vs. 3.69 (3.32-4.09) %, p = 0.0003).
In PE, the prevalence of CD45RA- effector regulatory T cells among CD4+ cells was also
decreased (2.44 (1.02-6.78) % vs. 0.87 (0.45-1.22) %, p = 0.0098), while that of CD45RA+

naive regulatory T cells did not differ between the two groups. However, when investigating
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the prevalence of naive Tregs within the Treg subset, an increase in PE was detected (57.3
(30.9-77.8) % vs. 75.2 (46.0-87.9) %, p = 0.0014).

The percentage of activated CD4+ T cells was higher in women with PE than in the control
group (2.56 (0.55-7.02) % vs. 4.30 (1.78-7.85) %, p = 0.0456).

Within the regulatory T cells, the prevalence of CD279+ exhausted Tregs was higher in women
with PE than in HP women (8.08 (4.16-13.5) % vs. 18.2 (9.27-36.3) %, p = 0.0223).

The prevalence of other regulatory T cell subtypes (Helios+ effector Tregs, Helios+ naive

Tregs, thymic Tregs, extrathymic Tregs) did not differ between the two groups (Figure 6).
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Figure 6. Box-plots representing the frequency of the investigated regulatory T cell subsets in
healthy pregnancy (HP) and preeclampsia (PE). Horizontal line: median; Box: interquartile

range (25-75 percentile); Whisker: range. * p < 0.05 versus HP
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5.4. Breastfeeding and immune development

5.4.1. Neonates develop both protective and tolerogenic adaptive immune responses in the first
three weeks of life

The proportion of CD3+ cells was lower in cord blood compared to maternal blood, while that
of CD4+ cells was nearly two-fold higher. CD8+ cell percentages both at birth and at 3 weeks
of age were nearly half of those seen in maternal and non-pregnant adult samples (Figure 7A).
The proportion of CD4+ FoxP3+ CD25hi Tregs increased from 6.4% in cord blood to 8.0%
within the first 3 weeks of life, comparable to the level in non-pregnant adults but remained

lower than third trimester maternal samples (Figure 7B).
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Figure 7. Alterations of T cell subsets and the regulatory T cell (Treg) phenotype in neonates
between birth and 3 weeks of age. A, The frequency of CD3+, CD4+ and CD8+ cells in
neonatal blood samples (n = 17) at birth and at 3 weeks of age, as well as in maternal blood (n
=17) and healthy controls (n = 8). B, The frequency of CD4+ FoxP3+ CD25hi cells in neonatal
blood samples (n = 19) at birth and at 3 weeks of age, as well as in maternal blood (n = 19) and
healthy controls (n = 13). C, The frequency of CD4+ FoxP3+ CD25hi cells in neonatal blood
samples at 3 weeks of age grouped according to the feeding method: exclusively breastfed (n
= 9), mixed feeding (n = 5) and formula-fed (n = 5) neonates. D, Representative dot-plots of
CD4+ FoxP3+ CD25hi cells in a breastfed and a formula fed neonate at 3 weeks of age, gated
within CD4+ cells. E, The expression of selected cell surface markers on Tregs in neonatal
blood samples at birth and at 3 weeks of age (n = 19). Horizontal lines represent medians and

interquartile ranges. * p < 0.05, ** p < 0.01, *** p < 0.001

Interestingly, within the different feeding groups at 3 weeks of age, the frequency of Tregs was
nearly two-fold higher (9.3% vs 4.9%) in exclusively breastfed compared to exclusively
formula-fed neonates (Figure 7C&D). We also examined the expression of selected cell
surface markers on Treg cells at birth and at 3 weeks of age. HLA-DR expression increased
during the first 3 weeks of life, potentially reflecting recent activation, however, no difference
was detected in the expression of CD45RA, CD31 or CD69 between the two time points
(Figure 7E). Of note, no difference was observed in the expression of these markers between
the different feeding groups.

We then went on to determine the functional activity of T cells through analysis of intracellular
cytokine and surface CD107a expression, a marker of degranulation in response to mitogenic
stimulation. The proportion of IL-8+ CD4+ cells was lower, whereas that of IFN-y+ CD4+

cells was higher in maternal compared to neonatal samples (Figure 8). No differences were
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observed in the profile of IFN-y, IL-4, IL-6 or IL-8 expression by CD4+ and CD8+ cells

between birth and 3 weeks of age.
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Figure 8. Representative dot-plots of intracellular cytokine markers following mitogenic
stimulation in a neonatal blood sample at birth and at 3 weeks of age as well as in a maternal

blood sample. Intracellular cytokines were gated within CD4+ cells.

However, the number of IL-17+ CD8+ cells, as well as the mean fluorescence intensity of IL-
17 in CD4+ and CD8+ cells, increased during the first three weeks (Figure 9). Interestingly,
at 3 weeks of age the mean fluorescence intensity of IFN-y in CD4+ and CD8+ cells was nearly
three times higher in exclusively formula-fed neonates compared to those receiving breastmilk

(Figure 10A). No further differences were observed between feeding groups.
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Figure 9. The intracellular frequency and mean fluorescence intensity (MFI) of selected pro-
inflammatory cytokines in CD4+ and CD8+ cells in neonatal blood samples at birth and at 3

weeks of age (n = 17). Horizontal lines represent medians and interquartile ranges. * p < 0.05

A higher proportion of CD8+ cells expressed CD107a, a marker of cytotoxic degranulation, in
non-pregnant adult samples compared to neonatal samples at birth and 3 weeks of age. The
mean fluorescence intensity of CD107a expression on CD8+ cells was higher in adult

compared to neonatal samples (Figure 10B&C). No differences were observed between

feeding groups.
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Figure 10. Alterations of the pro-inflammatory and cytotoxic immunophenotype in neonates
between birth and 3 weeks of age. A, The intracellular frequency and MFI of interferon gamma
(IFN-y) in CD4+ cells in neonatal blood samples at 3 weeks of age grouped according to the
feeding method: exclusively breastfed (n = 8), mixed feeding (n = 5) and formula-fed (n = 4)
neonates. B, The frequency of CD8+ and CD8+ CD107a+ cells and MFI of CD107a in CD8+
cells in neonatal blood samples (n = 17) at birth and at 3 weeks of age, as well as in maternal
blood samples (n = 17) and healthy controls (n = 8). Horizontal lines represent medians and
interquartile ranges. * p < 0.05, ** p < 0.01, *** p < 0.001. C, Representative dot-plots of
intracellular cytokine and cell surface cytotoxic markers following mitogenic stimulation in a
neonatal blood sample at birth and at 3 weeks of age as well as in a maternal blood sample.
Cell surface expression of CD107a, a marker of cytotoxic degranulation and the intracellular

expression of IFN-y are shown within CD8+ cells.

5.4.2. T cells of exclusively breastfed neonates show reduced proliferation in response to
stimulation by maternal cells

We performed MLRs on blood samples of 37 mother-and-baby dyads. Initially, maternal cells
were stimulated with irradiated cord or neonatal cells and here we observed increased
proliferation of CD3+ and CD4+ cells in response to neonatal PBMCs at 3 weeks of age
compared to birth (Figure 11A). A similar increase (CD3+: 5.4 vs 15.5% median proliferating
cells, CD4+: 5.3 vs 18% median proliferating cells) was observed when responder T cells of a
non-pregnant healthy adult were used in combination with neonatal stimulator cells (Figure

11B).
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Figure 11. Maternal T cell response upon neonatal antigen stimulation from birth and 3 weeks
of age. A, Percentage of maternal proliferating T cells (n = 37) in the CD3+, CD4+ and CD8+
cell subsets in response to neonatal irradiated cells. B, Percentage of proliferating T cells of a
third-party, non-pregnant control individual (n = 6) in the CD3+, CD4+ and CD8+ cell subsets
in response to neonatal irradiated cells. Horizontal lines represent medians and interquartile

ranges. * p <0.05

We next utilized cord and neonatal T cells in MLRs against irradiated maternal PBMCs
(Figure 12A). The rate of proliferation on Figure 3a is represented by the proportion of cells
with a lower concentration of the CellTrace Violet dye, signifying the dilution of the dye in

proliferating cells. Interestingly, here we observed decreased proliferation in neonatal CD3+
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and CD8+, but not CD4+ cells in response to maternal stimulator cells at 3 weeks of age

compared to birth (Figure 12B).
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Figure 12. Neonatal T cell response upon maternal antigen stimulation. A, Representative
sample of a mixed lymphocyte reaction (MLR) at birth and at 3 weeks of age with negative
and positive controls. Positive controls were established with the addition of CD3/CD28
activator beads instead of stimulator cells. Negative controls were established in enriched
media only. Samples were incubated for 5 days. B, Percentage of neonatal proliferating T cells
(n = 37) at birth and at 3 weeks of age in response to maternal irradiated cells in the CD3+,
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CD4+ and CD8+ cell subsets. C, Percentage of neonatal proliferating CD3+ cells at birth and
at 3 weeks of age in response to maternal irradiated cells grouped according to the feeding
method: exclusively breastfed (n = 16), mixed feeding (n = 8) and formula-fed (n = 13)

neonates. Horizontal lines represent medians and interquartile ranges. * p < 0.05, ** p < 0.01

We further examined the influence of neonatal nutrition on these proliferative responses at 3
weeks of age. Sixteen neonates had been exclusively breastfed whereas 13 had received only
formula and 8 had undergone a mixed milk intake. The decrease in the proliferation rate of
CD3+ cells was still evident in exclusively breastfed neonates (60.7 vs 28.9% median
proliferating cells) but was not present in the mixed feeding and exclusively formula-fed groups
(Figure 12C). The same pattern was observed in CD4+ and CD8+ cells. Interestingly, the
proliferation rate of CD3+, CD4+ and CD8+ cells of exclusively breastfed neonates was
comparable at birth and at 3 weeks of age when PBMCs of a non-pregnant healthy adult were
used as stimulators (n = 6), reflecting that the neonatal tolerance is specific to maternal

antigens.

5.4.3. Neonatal immune tolerance promoted by breastfeeding is mediated by regulatory T cells
and is associated with a reduction in release of inflammatory cytokines

Having observed that breastfeeding promotes the expansion of Tregs and suppresses
proliferative responses against maternal antigen, we next investigated if this immune tolerance
was dependent on the presence of Tregs. To this end, we repeated the MLRs on a set of 6
mother-and-baby dyads where babies were exclusively breastfed following the depletion of
CD25+ cells (Figure 13A). Pregnancy is associated with peripheral accumulation of Tregs and
the proliferation of maternal CD3+ cells in response to neonatal antigens increased both at birth

(20.4 vs 59.7% median proliferating cells) and at 3 weeks of age (34.1 vs 57.1% median
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proliferating cells) following depletion of CD25+ cells (Figure 13B). The same pattern was
observed for CD4+ but not in CD8+ cells. Of note, the proliferation of neonatal CD3+ cells in
response to maternal antigens increased after depletion of CD25+ cells in samples taken at 3
weeks of age (71.4 vs 85.1% median proliferating cells) but this was not seen with the use of
cord blood cells (Figure 13C). The same pattern was observed for CD4+ but not in CD8+ cells.
We also measured the concentration of cytokines in MLR supernatants (n = 11) produced by
neonatal T cells of exclusively breastfed neonates in response to maternal antigens. The
concentration of IFN-y and TNF-a was found to be lower at 3 weeks of age compared to birth,
whereas no difference was observed in case of the other cytokines tested (IL-4, IL-6, IL-8, IL-
10, IL-17). The maximal IFN-y and TNF-a producing capacity of neonatal T cells, tested by
culturing with CD3/CD28 activator beads, was higher both at birth and at 3 weeks of age
compared to the level seen in response to maternal antigens at 3 weeks (Figure 13D). As such,
breastfeeding is seen to suppress the inflammatory Thl cytokine response of neonatal T cells

in response to maternal antigen stimulation.
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Figure 13. Maternal and neonatal T cell response in mixed lymphocyte reactions (MLR)
following the depletion of CD25+ cells and pro-inflammatory cytokine production by neonatal
T cells in exclusively breastfed neonates in MLR upon maternal antigen stimulation at birth
and at 3 weeks of age. A, Representative dot-plots with and without the depletion of CD25+
cells in a neonatal sample at 3 weeks of age, gated within CD3+ cells. CD25+ cells were
depleted using magnetic microbead separation. B, Percentage of maternal proliferating T cells
(n=6) in response to neonatal stimulator cells of exclusively breastfed neonates from birth and
3 weeks of age in the CD3+ subset. C, Percentage of neonatal proliferating T cells (n = 6) in
response to maternal stimulator cells at birth and at 3 weeks of age in the CD3+ subset of
exclusively breastfed neonates. D, The concentration of IFN-y and TNF-a was found to be
lower at 3 weeks of age compared to birth (n = 11). The maximal IFN-y and TNF-a producing
capacity of neonatal T cells was also assessed at birth and at 3 weeks of age by culturing them
with CD3/CD28 activator beads. The production of IFN-y and TNF-a was higher both at birth
and at 3 weeks of age compared to the level seen in response to maternal antigens at 3 weeks.
Horizontal lines represent medians and interquartile ranges. * p < 0.05, ** p < 0.01, *** p <

0.001

5.4.4. Breastfeeding has modest impact on the gut microbiome in neonates born by caesarean
section within the first 3 weeks of life

To evaluate the impact of breastfeeding on the neonatal gut microbiome, we analysed stool
samples from exclusively breastfed and exclusively formula-fed neonates collected at 3 weeks
of age. Meconium samples had also been collected at birth but the amount of DNA extracted
from these samples was consistently < 0.15 ng/uL. PCR amplification using 16S primers on
these DNA samples yielded undetectable product for further analysis, reflecting minimal or no

microbial colonization immediately after birth.
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Figure 14. Microbiome analysis of neonatal stool samples at 3 weeks of age in exclusively
breastfed (n = 9) and exclusively formula-fed (n = 12) neonates. A, Relative frequency of
bacterial phyla in the two cohorts. B, Principal component analysis (PCA) of gut microbiota
composition of exclusively breastfed (red) and exclusively formula-fed (blue) neonates at 3
weeks of age determined by bacterial 16S rRNA amplification. Numbers represent the
individual study number of each participant. Pooled variables of milk received are represented
by the large red circle for breastmilk and the large blue triangle for formula, respectively. C,
Association of specific microbial taxa with the feeding method by linear discriminant analysis
(LDA) effect size (LEfSe). Red indicates taxa enriched in exclusively breastfed neonates. D,
Ranking of gut microbial strains using the Random Forest (RF) method in exclusively breastfed

(BM) and exclusively formula-fed neonates at 3 weeks of age.

In the stool samples at 3 weeks of age, following microbial 16S rRNA gene amplification, a
median frequency of 18,354 amplicon sequence variants (ASV) per sample were retained after
trimming and filtering. The composition of gut microbiota from exclusively breastfed and
exclusively formula-fed neonates was broadly similar and no differences in any alpha or beta
diversity metrics were seen (Figure 14A). Principal component analysis (PCA) of gut
microbiota composition of exclusively breastfed and exclusively formula-fed neonates
demonstrated that individuals in these groups cluster closely together, and breastfeeding is
associated with the presence of Gemella (Figure 14B). Linear discriminant analysis (LDA)
effect size (LEfSe) revealed enrichment of the Veillonella and Gemella taxa in exclusively
breastfed neonates (Figure 14C). Random Forest (RF) analysis identified the presence of
Staphylococcus, followed by that of Gemella to be the most significant parameters
distinguishing the two groups of exclusively breastfed and exclusively formula-fed neonates

(Figure 14D).
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5.4.5. Network modelling links Veillonella to regulatory T cell expansion whilst skin-associated

bacteria enhance T cell proliferation in breastfed neonates

Finally, we undertook an integrative analysis of the combined data from flow cytometry, MLR

and microbiome sequencing of neonates at 3 weeks of age.

(A)

Breastfeeding
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Figure 15. Integrated analysis of mixed lymphocyte reaction (MLR), flow cytometry and
microbiome data of A, exclusively breastfed (n = 9) and B, exclusively formula-fed (n = 5)
neonates at 3 weeks of age. Various positive and negative correlations between the studied
parameters were revealed. Green represents a positive correlation, whereas red represents a
negative correlation. Thicker lines represent stronger correlations. Nodes in blue represent
MLR data, nodes in black represent microbiome data, and nodes in purple and orange represent

flow cytometry data from the panels with and without mitogenic stimulation, respectively.

Network modelling revealed a range of positive and negative correlations between these
parameters. In breastfed neonates CD4+ and CD8+ proliferative responses against maternal
antigen were strongly correlated with Gemella and skin-associated taxa (Figure 15A). The
presence of Veillonella within the microbiome correlated with the prevalence of Tregs at 3
weeks and this effect was independent of nutrition history (Figure 15B). In breastfed neonates
Veillonella was also associated with HLA-DR expression on CD4+ cells and IFN-y production
in CD8+ cells. These findings suggest that Veillonella may act to enhance regulatory responses
in the early period of life whereas skin-associated bacteria, potentially acquired through

breastfeeding, may act to promote proliferative responses.

5.5. The impact of phosphodiesterase inhibitors on T cells

5.5.1. Kinetic measurements

In order to assess short-term activation of T lymphocytes following activation with PHA, we
measured calcium influx using Fluo-4 AM dye and ROS production using DHE in APB and
UCB CD4 cells. AUC and End values of Fluo-4 were higher in ZM241385 treated samples

compared to untreated, caffeine treated and sildenafil treated samples in APB. AUC values of
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Fluo-4 were elevated in caffeine (1.41-fold), dbcAMP (1.3-fold), milrinone (1.22-fold),
sildenafil (1.23-fold) and ZM241385 (1.23-fold) treated samples compared to untreated
samples in UCB (Figure 16A). End value of Fluo-4 was also raised in caffeine (1.61-fold) and
dbcAMP (1.34-fold) treated samples, but comparable in milrinone, sildenafil and ZM241385
treated samples compared to untreated samples in UCB (Figure 16B). AUC value of Fluo-4
was higher in untreated APB compared to untreated UCB samples (630 (601-744) au vs. 534
(411-645) au, p = 0.045).

AUC and End values of DHE were influenced by treatment of samples with caffeine, dbcAMP,

milrinone, sildenafil or ZM241385 neither in APB nor in UCB samples.
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Figure 16. A, Area under the curve (AUC) and B, End values of kinetic measurements in adult
peripheral blood (APB) and umbilical cord blood (UCB) samples. AUC values of Fluo-4 were
elevated in caffeine (1.41-fold), dbcAMP (1.3-fold), milrinone (1.22-fold), sildenafil (1.23-
fold) and ZM241385 (1.23-fold) treated samples compared to untreated samples in UCB. End
value of Fluo-4 was also raised in caffeine (1.61-fold) and dbcAMP (1.34-fold) treated
samples, but comparable in milrinone, sildenafil and ZM241385 treated samples compared to
untreated samples in UCB. The studied compounds did not influence AUC or End values of

DHE. Horizontal line — median, box — interquartile range, whiskers — range. p < 0.05 a vs.

End of Fluo-4 (au)

End of DHE (au)

ucBe

Control, b vs. Caffeine, ¢ vs. docAMP, d vs. Milrinone, e vs. Sildenafil. au — arbitrary unit
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5.5.2. Intracellular cytokine production

We performed intracellular cytokine staining of CD4 cells to demonstrate their cytokine
producing capacity. Mean fluorescence intensity (MFI) of IFN-y in CD4 cells was lower in
UCB compared to APB (3940 (1945-8901) au vs. 1568 (145-2635) au, p = 0.036). The
prevalence of CD4+ IFN-y+ cells did not differ between the two groups. MFI and prevalence
values of all other cytokines were comparable between APB and UCB samples.

PDE inhibitors did not alter CD4+ IL-2+ cell prevalence in APB. In contrast, the prevalence of
CD4+ IL-2+ cells increased following treatment with sildenafil in UCB (Figure 17). MFI of
IL-2 was unaffected. MFI and prevalence values of all other cytokines studied were not

influenced by treatment with PDE inhibitors.
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Figure 17. Prevalence of IL-2-producing CD4+ lymphocytes in adult peripheral blood (APB)
and umbilical cord blood (UCB) samples. Sildenafil increased the prevalence of IL-2-
producing CD4 cells in UCB. Horizontal line — median, box — interquartile range, whiskers —

range. p < 0.05 a vs. Control, b vs. Caffeine, ¢ vs. Milrinone
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5.5.3. CD203c and Nuclear Factor of Activated T cells expression

We performed cell surface staining in order to demonstrate the expression of CD203c, an
ectoenzyme responsible for the extracellular hydrolysis of cAMP. The density of CD203c
(represented by MFI values) was lower in Th1l and CD8 cells in UCB than APB (Table 6). The
density of CD203c on the cell surface was higher in Th2 compared to Th1l cells in both APB
and UCB (Figure 18).

In order to study NFAT expression, intracellular staining was applied. The amount of
intracellular nuclear factor of activated T cells (NFAT, represented by MFI values) was lower
in Thl and CD8 cells in UCB than in APB (Table 6). The amount of intracellular NFAT was

higher in Th2 compared to Th1l and CD8 cells in both APB and UCB (Figure 18).

APB (n = 10) UCB (n=6)
MFI of NFAT in CD4+ (au) 2019 (907-3780) | 1088 (31-2836)
MFI of NFAT in CD4+ CXCR3+ CCR4- (au) | 1166 (792-1835) | 346* (27-1099)
MFI of NFAT in CD4+ CXCR3- CCR4+ (au) | 2817 (1043-5902) | 1765 (107-6665)
MFI of NFAT in CD8+ (au) 1622 (687-2519) | 664* (22-1197)

MFI of CD203c in CD4+ (au) 672 (373-2014) 449 (34-1313)
MFI of CD203c in CD4+ CXCR3+ CCRA4- (au) | 565 (418-1032) 195* (10-386)
MFI of CD203c in CD4+ CXCR3- CCR4+ (au) | 937 (240-3352) 1135 (399-9037)
MFI of CD203c in CD8+ (au) 1041 (475-1871) | 547* (6-1029)

Table 6. Mean fluorescence intensity (MFI) values of nuclear factor of activated T cells
(NFAT) and CD203c in adult peripheral blood (APB) and umbilical cord blood (UCB)
samples. Data are presented as median (interquartile range). * p < 0.05 vs. APB. au — arbitrary

unit
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Figure 18. Mean fluorescence intensity (MFI) values of nuclear factor of activated T cells
(NFAT) and CD203c in adult peripheral blood (APB) and umbilical cord blood (UCB)
samples. NFAT and CD203c expression is elevated in Th2 compared to Th1l cells in both APB
and UCB samples. Horizontal line — median, box — interquartile range, whiskers — range. p <

0.05avs. Thl, b vs. Th2. au — arbitrary unit

5.6. Perinatal asphyxia and neonatal arterial ischaemic stroke

5.6.1. Pro-inflammatory cytokines in perinatal asphyxia
Our results suggest that CD4+ IL-1p+ cells are early mediators of the inflammatory response,
as their prevalence is higher at 6 h after birth in severe compared to moderate asphyxia. The

extravasation of these cells is also increased at this time point in severe asphyxia as evidenced
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by the lower prevalence of CD49d-expressing CD4+ IL-1B+ cells in peripheral blood.
Therefore, although plasma levels of IL-1B are not different in moderate and severe asphyxia,
IL-1B may play an important role in initiating tissue damage in the brain following the hypoxic
insult. Intracellular (MFI) levels of IL-1B in both groups and plasma levels in the moderate
group are highest at 6 h and comparably lower at the following time points, suggesting that its

main role is the initiation of the inflammatory response (Figures 19&20 and Table 7).

CD4+ IL-6+ moderate CD4+ TNF-a+ moderate CD4+ IL-1b+ moderate
20000 8000
a
= = = a
E € 15000 a S 6000 a
2 2 a 2 a
@ < o
£ £ 10000 £ 4000
= e e
kA k3 a 5 3
i T 5000 T 2000
0 01— T t T
&g o R & o ,}bv PO R &
CD4+ TNF-a+ severe CD4+ |L-1b+ severe
15000 8000
£ £ a T aomo
3 =] =1
= £, 10000 5
© o I a
£ & a = 4000
8 k- 2
g & 5000 A a a a
o rd T 2000
: : = CEOSas
& q?‘v /\,bv R &t R & o Whv ,\'1,‘\ \a‘ R
CD8+ IL-6+ severe CD4+ TGF-b+ moderate CD8+ IL-17+ moderate
10000 16000 20000 ab

8000-

a
15000
10000 a
6000- a a
é @ 10000:
o T T T T
o < o 3 o
® ‘\é“ AV '\‘* \‘°

4000

MFI {arbitrary unit)
MFI (arbitrary unit)
MFI (arbitrary unit)

a 5000 C
a
” == o 2L
0- 0-
* < N R o > < ° & o
o o AV K & o o A N K

Figure 19. Intracellular cytokine level alterations in time represented by mean fluorescence
intensity (MFI) values in moderate and severe asphyxia. Horizontal line: median, box:

interquartile range, whisker: range. p<0.05avs6 h,bvs 24 h,cvs 72 h,d vs 1 wk.
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Figure 20. Plasma cytokine level alterations in time in moderate and severe asphyxia.
Horizontal line: median, box: interquartile range, whisker: range. p < 0.05avs 6 h, b vs 24 h,

cvs72h,dvs1wk.

Plasma IL-6 levels were higher at 1 wk in the severe compared with the moderate group.
Plasma IL-6 levels decreased by 1 mo following the insult in the moderate group. MFI of CD4+
IL-6+ cells peaked at 24 h in both patient groups and declined later, indicating that it may play
a role in the initial inflammatory response. MFI of CD8+ IL-6+ cells in the severe group also
decreased by 1 wk (Figures 19&20 and Table 7).

The prevalence of CD8+ IL-17+ cells was higher in the moderate group than in the severe
group at 6 h. In contrast, the prevalence of CD4+ IL-17+ cells was lower in the moderate than
in the severe group at 1 wk. The prevalence of CD4+ IL-17+ was lower at 6 h than at other
time points in the severe group and remained high until 1 mo. MFI of CD8+ IL-17+ cells at 24

h and that of CD4+ IL-17+ cells at 72 h were also higher in the severe group. The MFI of CD8+
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IL-17+ cells peaked at 72 h in the moderate group. No difference was observed in plasma levels

of IL-17 (Figures 19&20 and Table 7).

Time

Moderate

Severe

Intracellular cytokines — cell prevalence data (% of parent population)

CD4+ IL-1b+/CD4+ 6h |352(213-5.16)% | 6.77 (3.18-10.26) %
CD4+ IL-1b+ CD49d+/ CD4+ IL-1b+ 6h 6.98 (4.61-9.32) % 4.08 (2.86-5.46) %
CD4+ TNF-a+ CD49d+/ CD4+ TNF-a+ | 6 h 6.63 (4.47-13.45) % | 3.52 (2.12-7.23) %
CD8+ IL-17+/CD8+ 6h |5.26(3.89-14.40) % | 2.63 (1.75-5.18) %
CD4+ FoxP3+/CD4+ 24h | 2.35(1.96-3.13) % | 3.02 (2.60-4.13) %
CD4+ TNF-a+ CD49d+/ CD4+ TNF-a+ | 72 h | 4.77 (3.43-7.70) % | 9.75 (6.31-10.80) %
CD4+ IL-17+/CD4+ 1wk | 3.08 (1.80-4.59) % |5.13 (3.40-13.76) %

Intracellular cytokines — mean fluorescence in

tensity (MFI) data (arbitrary unit)

CD8+ IL-17+/CD8+ 24h | 1069 (639-3265) 4187 (1274-6133)
CD4+ IFN-g+/CD4+ 72 h | 455 (150-770) 887 (496-1427)
CDA4+ IL-17+/CD4+ 72h | 939 (566-1674) 1760 (1614-3508)
CD4+ TNF-a+/CD4+ 1 mo | 3281 (1752-4326) | 4729 (3959-6714)
Plasma cytokines (pg/mL)

G-CSF 24 h | 19.85(10.87-30.70) | 42.74 (22.27-131.3)
IL-5 72h | 1.37 (0.00-4.69) 0.20 (0.00-0.46)
IL-13 72h |2.35(2.01-3.67) 1.70 (1.40-2.56)
IL-6 1wk | 21.06 (11.89-43.24) | 70.25 (33.73-134.1)
G-CSF 1wk | 13.33 (5.52-17.72) 32.90 (16.65-94.76)
HPLC results (uM)

KYN 1 mo | 3.62 (2.72-4.47) 2.28 (1.45-3.14)

Table 7. Significant differences in intracellular cytokine, plasma cytokine and high-
performance liquid chromatography (HPLC) data between the moderate and severe group. p <

0.05 for all comparisons.
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Figure 21. Cell prevalence data alterations in time in moderate and severe asphyxia. Horizontal
line: median, box: interquartile range, whisker: range. p < 0.05avs6h,bvs24 h,cvs72h,d

vs 1 wk.

On the contrary, MFI of TNF-a in CD4 cells was increased at all time points compared to 6 h
in both groups. At 1 mo, MFI of TNF-a was higher in the severe group, suggesting that it might
play a role in the development of long term consequences of asphyxia. The prevalence of
CD49d-expressing CD4+ TNF-a+ cells is lower in severe asphyxia at 6 h compared to later
time points, indicating that in a severe insult it might also contribute to early tissue destruction
through increased extravasation. This is further supported by the fact that the prevalence of
CDA49d-expressing CD4+ TNF-a+ cells is lower at 6 h and higher at 72 h in severe asphyxia
compared to a moderate insult. No difference was observed in plasma levels of TNF-a (Figures
19&21 and Table 7).

MFI of CD4+ IFN-y+ cells was higher in the severe than in the moderate group at 72 h. Plasma
MCP-1 levels were higher at 24 and 72 h as well as 1 wk than at 6 h in the moderate group.
Plasma G-CSF levels were higher at 24 h and 1 wk in the severe compared with the moderate
group. G-CSF levels decreased by 1 wk and remained low at 1 mo following the initial insult

in the moderate group (Figure 20 and Table 7).
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5.6.2. Anti-inflammatory factors in perinatal asphyxia

The prevalence of CD49d-expressing CD4+ TGF-B+ cells was increased at 1 wk and 1 mo
compared to 72 h in the moderate group potentially indicating that TGF-p plays an anti-
inflammatory role in tissue regeneration in the early stage of the insult. MFI of CD4+ TGF-B+
cells was increased from 24 h onwards in the moderate but not in the severe group, which is
probably also part of a compensatory phenomenon (Figures 19&21).

Plasma IL-10 levels were lower at 1 mo than at 6 and 24 h in the moderate group. Plasma IL-
13 and IL-5 levels were higher in the moderate than in the severe group at 72 h. Plasma IL-13
levels were higher at 6 and 24 h than the following time points in the severe group (Figure 20
and Table 7).

The prevalence of Tregs is somewhat higher in severe asphyxia at 24 h, which might be part
of a compensatory mechanism, however, the biological significance of this increase is

questionable (Table 7).
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Figure 22. Alterations in the components of the kynurenine pathway in time in moderate and

severe asphyxia. Horizontal line: median, box: interquartile range, whisker: range. KYN —
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kynurenine, KYNA — kynurenic acid, TRP — tryptophan, K/T — kynurenine/tryptophan ratio. p

<0.05avs6h,bvs24h,cvs72h,dvs1wk.

Plasma KYN levels were higher at 1 mo in the moderate group compared to the severe group.
KYN levels showed a decline in both groups by 1 wk and 1 mo following the insult. Similar
results were observed for KYNA, while TRP levels increased significantly by 1 mo in both
groups. In line with the above, the K/T ratio, corresponding to the enzymatic activity of IDO,

plummeted by 1 mo in both groups (Figure 22 and Table 7).

5.6.3. Receiver operating characteristic analysis in perinatal asphyxia

We performed ROC analyses to assess which parameters have the potential to discriminate
between a moderate and a severe insult at an early stage. The only significant results of the
ROC analyses were related to intracellular IL-1p. The prevalence of CD4+ IL-1B+ cells at 6 h
(p=0.018, ROC AUC = 0.784) and that of CD4+ IL-1B+ CD49d+ cells at 6 h (p = 0.027, ROC

AUC = 0.767) was able to differentiate severity with a reasonable sensitivity and specificity

(Figure 23).
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Figure 23. Receiver operating characteristic (ROC) analysis of the prevalence of CD4+ IL-
1B+ and CD4+ IL-1p+ CD49d+ cell subsets in moderate and severe neonatal asphyxia. AUC

— area under the curve.

5.6.4. Intracellular cytokine data in neonatal arterial ischaemic stroke

At 6 h and 72 h of age the prevalence of CD8+ IL-10+ lymphocytes remained lower in NAIS
than in the severe HIE group. Although the prevalence of CD8+ IL-10+ lymphocytes remained
consistently lower in NAIS, the difference did not reach significant level at the 24 h time point.
On the contrary, the prevalence of CD4+ IL-10+ was higher at 24 h in NAIS compared to
moderate HIE. The prevalence of CD4+ IFN-y+ cells showed an elevated tendency from 24 h
in NAIS, however this value did not reach significance, which could be due to the small
population. At 1 wk the prevalence of TGF-B+ lymphocytes prone to enter the CNS (CD4+
TGF-B+ CD49d+ lymphocytes) was elevated in NAIS compared to both HIE groups, and also
compared to all other time points within the NAIS group (Figure 24). On the other hand, at 1
mo of age, the prevalence of CD4+ TGF-B+ lymphocytes decreased in NAIS compared to HIE.
Data are summarized in Table 8.
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Figure 24. Alterations of the prevalence of CD4+ TGF-B+ CD49d+ cells within the CD4+

population in the first month of life in moderate (n = 17) and severe (n = 11) hypoxic-ischemic
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encephalopathy (HIE) and in NAIS (n = 4). Horizontal line: median, box: interquartile range,

whisker: range. p<0.05avs6h,bvs24h,cvs72h.

% of parent population

Moderate HIE
(n=17)

Severe HIE
(n=11)

NAIS
(n=4)

IL-10+ CD8+/CD8+ |6h |2.75(1.19-412) |4.19(1.94-6.91) | 1.10(0.40-1.36)"
IL-10+ CD4+/ CD4+ | 24h | 2.88 (1.56-7.03) | 452 (3.02-6.59) | 9.47 (5.10-20.68)°
IL-10+ CD8+/CD8+ | 72h | 351(1.85-5.12) | 5.30 (2.41-6.08) | 1.39 (0.52-2.99)
TGF-p+ CD49¢+ CDA+/CDA+ | 1y | 10.54 (4.77-14.28) | 10.0 (5.46-15.20) | 38.00 (14.93-46.78)%
TGF-B+ CD4+/CD4+ | 1 mo | 3.51 (1.46-4.47) | 3.54 (2.47-6.27) | 1.30 (0.54-2.49)°
IL-17+ CD8+/CD8+ | 6h |3.89 (5.26-14.40) | 2.30 (1.73-4.49)° | 5.04 (4.62-7.68)"
IFN-y+ CD4+/CD4+ | 72h | 6.40 (3.70-11.80) | 6.17 (4.75 -13.01) | 17.50 (2.74-30.20)
IL-6+ CD8+/CD8+ |72h |4.37(3.26-6.29) | 5.63(2.68-8.80) | 8.87 (4.75-10.52)
IL-6+ CD8+/CD8+ | 1mo | 4.02 (2.40-10.74) | 3.70 (2.31-6.16) | 4.47 (2.88-8.33)

Table 8. Intracellular cytokines — cell prevalence data in NAIS. The prevalence of T cells

expressing various cytokines are shown as the percentage of the parent population. Data are

expressed as median and interquartile range. p < 0.05 a vs moderate HIE, b vs severe HIE.

At 6 h the prevalence of CD8+ IL-17+ lymphocytes was higher in NAIS than in severe HIE

and CD8 cells expressed higher levels of IL-17 in NAIS than moderate HIE. The level of IL-

1B in CD4+ cells was highest at 6 h and decreased significantly by 72 h within the NAIS group.

MFI of IFN-y in CD4+ lymphocytes in NAIS was the highest at 24 h and decreased

significantly by 72 h, by when it reached a lower level in NAIS than in either of the HIE groups.

The MFI of IL-6 in CD8+ cells was higher at 72 h in severe HIE than in NAIS. Interestingly,
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by 1 mo the MFI of IL-6 in CD8+ decreased in both HIE groups and rose in NAIS. Data are
shown in Table 9.

We found no differences between NAIS and HIE in the intracellular production of IL-1B and
TNF-a in CD4 or CDS cells, however these cytokines appear to be important in differentiating

between the mild and severe form of HIE, as presented above.

arbitrary unit Moderate HIE Severe HIE NAIS
(n=17) (n=11) (n=4)

MFIIL-17/CD8 | 6h | 1427 (661.5-2402) | 1591 (1157-7047) | 4855 (2618-8706)°

MFITFN-y/CD4 | 72h | 455 (149.5-770) | 887 (495.5-1427) | 42.25 (28.13-438.5)®

MFI IL-6 /CD8 72h | 701 (364.8-1441) 1073 (795-2017) | 646.5 (188.7-736.3)°

MFITL-6/CD8 | 1mo | 429 (101.7-617.0) | 347 (83-491) 918.5 (638.3-1347)%®

MFIIL-10/CD8 |6h | 1883 (512.5-5817) | 1874 (1157-3415) | 705 (280-3313)

MFIIL-10/CD4 | 24h | 6745 (177.8-2608) | 1084 (203-1892) | 666 (242.5-1063)

MFI IL-10/CD8 | 72h | 2167 (1462-5964) | 1505 (1055-3819) | 443.5 (371-5977)

MFI TGF-B/CD4 | 1wk | 4620 (2654-6647) | 3129 (1238-5621) | 3260 (1452-3680)

MFI TGF-/CD4 | Imo | 811.5 (253-1740) 634 (259-1789) | 330.5 (123-2283)

Table 9. Intracellular cytokines — mean fluorescence intensity (MFI) data in NAIS. The
intracellular level of certain cytokines in T cells is shown by the MFI of each cytokine. Data

are expressed as median and interquartile range. p < 0.05 a vs moderate HIE, b vs severe HIE.

5.6.5. Plasma cytokine data in neonatal arterial ischaemic stroke
At 72 h we found a marked inflammatory response in NAIS, characterised by elevated plasma
levels of IL-5, IL-17 and MCP-1 compared to HIE. Plasma MCP-1 level was the highest at 72

h in NAIS. By 1 mo however, inflammatory response appears to be decreased in NAIS
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compared with HIE, indicated by decreased plasma levels of IL-4, IL-12 and IL-17 (Figure
25). The level of IL-4 was lower at 1 mo than 72 h in NAIS.

We found no alterations in NAIS in the plasma level of IL-1p, IL-2, IL-6, IL-7, IL8, IL-10, IL-
13, IFN-y, TNF-a, TGF-B, G-CSF, GM-CSF, MIP-1b and VCAM when compared with HIE.

Data are shown in Table 10.
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Figure 25. Alterations of plasma cytokine levels in the first month of life in neonatal arterial

ischemic stroke (n = 4). Horizontal line: median. p<0.05avs 6 h,bvs24 h,cvs72h.
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pg/mL Moderate HIE Severe HIE NAIS

(n=17) (n=11) (n=4)
IL-5 72h | 1.37 (0.00-4.69) 0.20 (0.00-0.46) 3.42 (1.42-6.35)°
IL-17 | 72h | 30.44 (26.65-51.62) 33.91 (29.16-48.02) | 62.52 (51.62-645.7)®
MCP-1 | 72h 251.9 (87.12-595.6) 678 (214-2311) 1090 (547.2-1254)2
IL-4 1mo | 1.68(0.84-2.54) 1.52 (0.84-2.44) 0.55 (0.22-0.89)
IL-12 1mo | 18.11(13.34-39.53) 21.52 (15.96-36.46) | 11.74 (10.90-12.06)®
IL-17 |[1mo |32.58(22.02-51.92) | 31.11 (19.50-74.08) | 14.75 (10.49-15.85)®

Table 10. Plasma cytokine data in NAIS. Data are expressed as median and interquartile range.

p < 0.05 a vs moderate HIE, b vs severe HIE.
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6. DISCUSSION

6.1. B7 costimulation in the neonate

Lower reactivity of UCB T cells in comparison to APB T lymphocytes was a widely recognised
phenomenon [141]. However, details behind this difference are not fully understood.
Therefore, we aimed to characterise the prevalence of B7 costimulatory molecules on
monocytes and their corresponding receptors on T lymphocytes in UCB compared to APB, as
well as the intracellular expression of IDO and plasma levels of TRP, KYN and KYNA,
important molecules with immunoregulatory properties, in order to describe their potential
contribution to altered immunological reactivity of UCB T cells.

The higher prevalence of CTLA-4 expressing cells within this subset indicates that the
possibility of costimulation via CD28 may be decreased in UCB compared to APB. While
CD28 is constitutively expressed on T cells, CTLA-4 is directed at the cell surface upon the
stimulation of CD28 in order to provide negative regulation for CD28 signalling. CTLA-4
shows a high sequence homology with CD28, and competes with CD28 for B7 molecules on
the APC. Upon binding, it provides a negative signal to T lymphocytes, which terminates the
proliferative phase. B7-1 and B7-2 have a higher affinity for the inhibitory receptor CTLA-4
in comparison with CD28 [11]. Since the level of CTLA-4 expression on CD4 cells is higher
in UCB, and at the same time that of B7-2 is also elevated, this inhibitory relation may function
to a higher extent in UCB in comparison with APB. Further functional analyses are needed to
confirm or refute this hypothesis. On the other hand, the higher expression of CTLA-4 on UCB
T cells might be the consequence of the higher level of antigen presentation which is a
characteristic feature of immune response at this early stage of life. In a study by Han et al.,
UCB monocytes were characterized by low baseline expression of the costimulatory molecules

B7-2 and CD40 compared to adults. Expression of these molecules was not up-regulated by
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potent activators, such as the combination of IFN-y and CD40 ligand (CD40L) [142]. The
difference between this finding and ours might be due to the fact that we investigated CD11b+
activated monocytes, exhibiting elevated B7-2 levels. This notion is reinforced by our analysis
of B7-2 expression on CD11b- monocytes, indicating a decrease in UCB compared to APB in
line with the results of Han et al. (53.1 (34.3-65.3) % vs. 31.3 (26.6-44.7) %, p = 0.004). CD11b
is an integrin-type transmembrane glycoprotein. Following a non-covalent association with
CD18, it plays a crucial role in the adhesion, transendothelial migration, and thus the activation
of monocytes [143]. In other investigations, UCB dendritic cells (DCs) also appeared to be
immature as they exhibited low or no basal expression of CD40, B7-1 or B7-2 [144,145].
With regard to CD28 and CTLA-4, the findings of Elliott et al. are contradicting ours. In their
study, a higher percentage of resting T cells expressed CD28 in UCB and young children
compared to adults. CD28 expression was similar on APB and UCB T cells activated with
PMA and ionomycin. Interestingly, surface CTLA-4 expression was lower on UCB than on
APB T cells stimulated with PMA and ionomycin. In contrast, intracellular CTLA-4 expression
was equivalent, suggesting that trafficking of CTLA-4 to the cell surface may be differentially
regulated in UCB T cells [146].

In our study, the prevalence of CD3+ CD278+ lymphocytes was higher in UCB than in APB.
The frequency of the corresponding costimulatory molecule, B7-H2 on CD11b+ monocytes
was comparable in the two groups. In contrast, that of B7-H1 expressing CD11b+ monocytes,
providing inhibitory signal via CD279, was lower in UCB compared to APB. These findings
indicate that there is a shift towards the stimulatory from the inhibitory direction in UCB at the
level of B7-H1 and B7-H2 proteins, the significance of which necessitates further
investigations. Darmochwal-Kolarz et al. determined the expression of B7-H1, B7-H4, CD200,
and CD200R on myeloid BDCA-1+ and lymphoid BDCA-2+ DCs as well as on monocytes

and B lymphocytes in UCB compared to APB [147]. They revealed that the expression of these
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molecules was significantly lower on UCB DCs compared to adults. The lower expression of
B7-H1 on UCB APCs is in line with our findings.

IDO is a key enzyme in the catabolism of tryptophan and initiates the production of
kynurenines. These metabolites have several immunological and non-immunological
regulatory functions. By locally depleting TRP and increasing the levels of KYN and its
metabolites, IDO provides a suppression of T cell mediated immune response via inhibiting
the proliferation and inducing the apoptosis of activated T cells, as well as promoting the
development of regulatory T cells and tolerogenic DCs [148]. In our study, we found that the
plasma K/T ratio, a formula generally used as an estimated representation of the enzymatic
activity of IDO, is two-fold higher in UCB compared to APB. Unlike cellular components,
both KYN and TRP may readily cross the placenta, similarly to other biological barriers, such
as the blood brain barrier [149] and enter the fetal circulation from the maternal circulation.
Therefore, the observed increase in K/T ratio in UCB may well reflect the previously reported
increased placental IDO activity, contributing to the feto-maternal immunological tolerance
[9,150]. This elevation in K/T ratio might be an important regulatory factor that contributes to
lower reactivity of UCB T lymphocytes. These results suggested that the neonatal immune
system, similarly to the maternal immune system during pregnancy, may be under active
suppression rather than in a state of inherently reduced functionality. This hypothesis was an
important consideration in the design of our subsequent set of experiments studying immune
tolerance of neonatal T lymphocytes in response to maternal antigens and vice versa in mixed
lymphocyte reactions.

Furthermore, we found that the transformation of KYN to KYNA is also elevated in UCB
compared to APB, resulting in a 10-fold elevation of the plasma level of the anti-inflammatory

KYNA [22], which may indicate the presence and high activity of organic acid transporters in
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the placental barrier; however, the increased activity of kynurenine aminotransferase enzyme
in the competent cells cannot be fully excluded either.

The engagement of B7-1 and B7-2 by CTLA-4 induces back signalling into the monocyte and
promotes the production of IFN-gamma, which acts in an autocrine or paracrine manner to
induce IDO expression, thereby initiating the degradation of TRP and resulting in an
immunosuppressive effect as described above. Thus, the interaction between CTLA-4 and B7
proteins plays two different roles: first, at the level of T cells where CTLA-4 as a negative
receptor regulates TCR signal transduction; second, at the level of APCs where CTLA-4 as a
ligand signals to the APC to induce IDO expression [17]. Based on the higher frequency of
CTLA-4 expressing CD4+ CD28+ lymphocytes in UCB, we hypothesized that reverse
signalling may be increased in UCB. However, detailed analyses did not support this notion.
Indeed, the frequency of IDO-expressing CD11b+ monocytes was comparable in UCB and
APB. Furthermore, MFI values for IDO were lower in UCB than in APB in CD11b+
monocytes. This might indicate a lower capacity of UCB cells to produce IDO and that reverse
signalling in CD11b+ cells may not be mature in UCB. This finding strengthens our hypothesis
that the elevated K/T ratio observed in UCB may reflect placental (or maternal) IDO activation
rather than the effect of IDO-competent APCs in UCB. The presence of a negative correlation
between IDO and B7-2 expression in activated monocytes in UCB might also reflect that
reverse signalling via B7-2 is immature in UCB.

In our investigations, we identified three factors that may contribute to the previously observed
reduced reactivity of UCB compared to APB lymphocytes. First, the level of CTLA-4
expression on CD4 cells was higher in UCB compared to APB, indicating that the possibility
of CD28-mediated costimulation may be decreased. At the same time, we found that the level
of the corresponding costimulatory molecule, B7-2 is also elevated. Therefore, this inhibitory

relation may function to a higher extent in UCB in comparison with APB. Second, plasma K/T
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ratio is two-fold higher in UCB compared to APB, which corresponds to earlier findings of
increased placental IDO activity in favour of an immunosuppressive milieu providing feto-
maternal tolerance, and may contribute to the decreased reactivity of T cells in UCB.
Interestingly, the level of anti-inflammatory KYNA is also considerably, almost ten-fold higher
in UCB, which may indicate the presence and high activity of organic acid transporters in the
placental barrier. Finally, to our knowledge, this is the first report describing a lower capacity
of UCB compared to APB monocytes to produce IDO, and that reverse signalling in UCB
monocytes may not be mature, which findings suggest that the observed increase in K/T ratio
may be due to placental rather than fetal overexpression of IDO in competent cells. Our study
also detected a shift towards the stimulatory from the inhibitory direction in UCB at the level
of B7-H1 and B7-H2 proteins, the biological significance of which is yet to be established.
Further investigations aimed at the above target molecules and mechanisms are needed to

provide more details on the functional importance and clinical relevance of our findings.

6.2. B7 costimulation in healthy pregnancy and preeclampsia

We aimed to characterize the prevalence of B7 costimulatory molecules on monocytes and
their corresponding receptors on T lymphocytes in HP compared to NP women, as well as the
intracellular expression of IDO. Pregnancy is an immunosuppressive state, with well-known
alterations in the prevalence and function of T lymphocytes. We assumed that alterations in
costimulation mechanisms via B7 proteins might contribute to the lower level of T lymphocyte
activation compared to NP women.

However, surprisingly, the expression of CD28 was increased, while that of CTLA-4 was
decreased on T lymphocytes isolated from HP women. This finding indicates that costimulation
via CD28 is of great importance also during pregnancy in T cells, and it may not contribute to

the immunosuppressive environment characteristic for gestation. At the same time, the
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expression of B7-1 was decreased on HP monocytes, while that of B7-2 was unaltered, which
might reduce the intensity of costimulation via CD28.

In cases of miscarriage, the expression of B7-2 was found to be highly upregulated at the
fetomaternal interface and this was associated with high levels of Th1 cytokines (IL-2 and IFN-
gamma) and low levels of Th2 cytokines (IL-4 and IL-10) [150]. Furthermore, it was reported
that in vivo blockade of B7-2 costimulation shifted the cytokine balance from a Thl to a Th2
predominance at the fetomaternal interface, and expanded peripheral CD4+ CD25+ regulatory
T cells. Thus, reduction in the level or function of B7-2 appears to be advantageous to HP in
the first half of pregnancy. We could not, however, demonstrate this reduction in third trimester
peripheral blood HP samples.

The expression of ICOS, a stimulator of T cell activation was strongly elevated in HP, while
that of its corresponding costimulatory molecule, B7-H2 was strongly decreased on HP
monocytes. Since ICOS most effectively induces IL-10 instead of IL-2 production [15], its
higher level may contribute to the Th2 shift observed in the third trimester of HP. The
frequency of PD-1 expressing T lymphocytes was also elevated in HP. The inhibitory effect of
this receptor may play a role in inhibiting the activation of T cells during gestation.
Interestingly, Taglauer et al. demonstrated that the expression of PD-1 expression on CD3 cells
was low in non-pregnant endometrium but increased in first-trimester decidua and remained
elevated in term decidua. Additionally, higher relative proportions of term decidual CD8bright,
CD4, and Treg cells expressed PD-1 in comparison to autologous peripheral blood, further
strengthening the role of this molecule in the development of maternal immune tolerance [151].
The prevalence of IDO-producing T cells and monocytes was elevated in HP compared to NP
samples. The well-known immunosuppressive activity of this enzyme may play an important
role in the development of pregnancy-specific immune tolerance towards the developing fetus.

IDO is a key enzyme in the catabolism of tryptophan and initiates the production of
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kynurenines. These metabolites have several immunological and non-immunological
regulatory functions. By locally depleting TRP and increasing the levels of KYN and its
metabolites, IDO provides a suppression of T cell-mediated immune response via inhibiting
the proliferation and inducing the apoptosis of activated T cells, as well as promoting the
development of regulatory T cells and tolerogenic DCs [148]. Furthermore, we found that not
only the prevalence of IDO-producing cells, but also the intracellular amount of IDO is elevated
in HP (represented by the higher MFI values compared to NP women).

The engagement of B7-1 and B7-2 by CTLA-4 induces back signalling into the monocyte and
promotes the production of IFN-gamma, which acts in an autocrine or paracrine manner to
upregulate IDO expression, thereby initiating the degradation of TRP and resulting in an
immunosuppressive effect as described above. Thus, the interaction between CTLA-4 and B7
proteins plays two different roles: first, at the level of T cells where CTLA-4 as a negative
receptor regulates TCR signal transduction; second, at the level of APCs where CTLA-4 as a
ligand signals to the APC to induce IDO expression [17]. We hypothesized that reverse
signalling may play a role in the higher IDO activity and expression observed in HP. However,
correlation analyses with B7-1 and B7-2 expression did not support this notion.

No difference was observed in the frequency of CD28 expressing T lymphocytes between HP
and PE women. Therefore, PE may not be related to increased costimulation of T cells via
CD28, at least in this stage of pregnancy. While CD28 is constitutively expressed on T cells,
CTLA-4 is directed at the cell surface upon the stimulation of CD28 in order to provide
negative regulation for CD28 signalling. CTLA-4 shows a high sequence homology with
CD28, and competes with CD28 for B7 molecules on the APC. Upon binding, it provides a
negative signal to T lymphocytes, which terminates the proliferative phase [11]. Therefore, we

investigated the frequency of CTLA-4 expressing CD28+ T cells in both groups, but found no
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difference. These results indicate that this negative regulatory receptor does not contribute to
the increased level of peripheral lymphocyte activation in PE.

In contrast to non-Treg T cells, CTLA-4 is constitutively expressed on CD4+ CD25+ Tregs.
Paeschke et al. previously reported comparable number of CD4+CD25+CTLA-4+ cells in HP
and PE, suggesting that Tregs during pregnancy are already stimulated upon TCR, probably by
fetal antigens, in both groups [152]. On the contrary, in an investigation by Miko et al., the
percentage of CTLA-4 expressing cells among CD4+CD25bright T cells of PE patients was
significantly higher than that in HP or in non-pregnant women. Based on these findings, the
authors argue that CD4+CD25bright T cells are more activated in PE patients than in healthy
individuals [153]. In another study, Sasaki et al. reported that both the number of Tregs and the
level of CTLA-4 on Tregs are lower in the decidua in cases of spontaneous abortion [154]. This
finding supports the protective role of CTLA-4 in early pregnancy.

As described earlier, B7-1 and B7-2 have a higher affinity for the inhibitory receptor CTLA-4
in comparison with CD28 [11]. Since the level of CTLA-4 expression is not altered in PE, but
at the same time B7-1 and B7-2 levels are decreased, this inhibitory relation may function to a
lower extent in PE in comparison with HP. Further functional analyses are needed to confirm
or refute this hypothesis.

Based on our results, costimulation via PD-1 and 1COS does not seem to be affected in PE,
since no alteration was found in the frequency of these receptors and their corresponding
ligands (B7-H1 and B7-H2, respectively) in comparison to HP. As in CD3+ T cells, we found
no difference in the frequency of the investigated markers in CD4+ T helper cells. This result
indicates that signal transduction via B7 costimulatory molecules might not be related to the
alterations of T helper cell functions in pregnancy.

Similarly to the activation of T lymphocytes [35], the activation level of monocytes is also

higher in PE compared to HP, as indicated by increased expression of CD11b [155]. In line
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with these earlier results, we also found a higher frequency of CD11b+ monocytes in PE
samples. The engagement of B7-1 and B7-2 by the soluble form of CTLA-4 induces back
signalling into the monocyte and promotes the production of IFN-gamma, which acts in an
autocrine or paracrine manner to induce IDO expression in monocytes, thereby initiating the
degradation of tryptophan. This results in an immunosuppressive effect via the reduction of T
cell function. This mechanism could be of special importance in Tregs through which these
cells, at least in part, may mediate their immunosuppressive effect [18]. Thus, the interaction
between CTLA-4 and B7 proteins plays two different roles: first, at the level of T cells where
CTLA-4 as a negative receptor regulates TCR signal transduction; second, at the level of APCs
where CTLA-4 as a ligand signals to the APC to induce IDO expression [17]. IDO production
following reverse signaling may also occur in placental macrophages [156]. Our results of
lower B7-1 and B7-2 levels on PE monocytes indicates that this back signalling phenomenon
may be decreased in PE, which might result in decreased immunosuppression exerted by IDO.
Therefore, we measured intracellular IDO expression of monocytes and T cells in PE and HP.
Although the immunosuppressive effect of IDO was first identified in pregnancy, intracellular
IDO expression has not been investigated in PE before. IDO is a key enzyme in the catabolism
of tryptophan and initiates the production of kynurenines. These metabolites have several
immunological and non-immunological regulatory functions. By locally depleting tryptophan
and increasing kynurenine levels, IDO both inhibits T cell proliferation and induces the
apoptosis of T cells, respectively [148]. In our study, the frequency of IDO expressing T cells
was lower in PE than in HP. Furthermore, these cells produced a lower amount of IDO based
on MFI values of the antibody directed against IDO. Lower IDO levels in T cells may
contribute to increased T cell reactivity in PE and may also affect decreased Treg function in
PE, based on the relation between IDO and Treg cells described by Liu et al. This group

demonstrated that reduced placental IDO levels may influence maternal immune tolerance by
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directly reducing Tregs in PE [157]. However, lower IDO levels in T cells are probably not
related to B7 costimulation signals in PE, since the expression of B7 receptors in not altered,
as described earlier. In contrast to T cells, the frequency of monocytes expressing IDO and
intracellular IDO levels are comparable in PE and HP.

A previous study demonstrated that higher B7-2 expression on decidual monocytes correlates
with IDO production in the deciduas.29 Levels of both IDO and B7-2 in that investigation
correlated with pregnancy success, since both were found to be decreased in cases of
spontaneous abortion. The positive correlation between B7-2 and IDO was reinforced by our
findings in peripheral blood of the investigated groups. This correlation might be related to the
above described back-signalling mechanism by CTLA-4 via B7-1 and B7-2 into the
monocytes. Of note, no correlation was detected between gestational age and the investigated
markers, suggesting that the progression of pregnancy does not influence their expression in
the third trimester. The decrease of B7-1 and B7-2 expression in PE might be a secondary

regulatory mechanism in response to the ongoing systemic maternal inflammation in PE.

6.3. Regulatory T cell subtypes in preeclampsia

In this study, we analyzed the prevalence of recently described regulatory T cell subsets in PE
compared to HP. As many studies have noted before [35-37], the percentage of Tregs,
identified as CD4+ CD25hi FoxP3+ cells, was lower in PE than in HP, contributing to the
compromised maternal immune tolerance towards the semiallogenic fetus characteristic for PE,
and to the loss of control over activated T cells. Indeed, the proportion of CD4+ CD25+ FoxP3+
CD45RA- activated T cells was higher among CD4+ T cells in PE compared to HP. This might
in turn contribute to the increased Th1l type response and imbalance of Th1/Th2 ratio [30].
Nevertheless, our results indicate that the decrease in the prevalence of Treg cells is specific

for certain Treg subtypes, while other subsets of these regulatory cells remain unaffected in
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PE. Interestingly, of all investigated subsets, the prevalence of the functionally most active
effector Tregs (CD4+ FoxP3++ CD45RA-) is decreased to the highest extent, while naive Treg
cells appear to be unaffected. A further factor that may contribute to the decreased functionality
of Tregs in PE is that the prevalence of exhausted, functionally less active Tregs (CD4+
CD25hi FoxP3+ CD279+) is higher compared to HP. In line with these findings in pregnancy,
an exhausted and dysfunctional phenotype of Tregs has been reported before in chronic disease
and infection [49].

The combination of lower effector Treg and higher exhausted Treg prevalence may account
not only for the lower Treg proportion, but also for the observed decrease in the functionality
of Tregs in PE [158].

The Helios transcription factor belongs to the Ikaros family and is expressed by thymic-derived
Treg cells [42]. Interestingly, the origin of Tregs in the periphery does not seem to play an
important role in their activity in PE, since no alteration was detected in the proportion of
thymic and extrathymic Tregs (CD4+ CD25hi FoxP3+ Helios+ and CD4+ CD25hi FoxP3+
Helios-, respectively) between the two study groups. Furthermore, Helios+ effector and naive
Tregs are also of comparable prevalence in HP and PE. These findings are not fully in line with
recent results of Hsu et al, who demonstrated that the expansion of CD4+ Helios- Foxp3+ iTreg
cells, rather than CD4+ Helios+ Foxp3+ nTreg cells, accounts for Treg expansion in HP. This
expansion was found to be even more pronounced in the decidua, where an overrepresentation
of iTreg cells was found. In PE, however, impaired systemic iTreg cell expansion was
described, associated with a lack of iTreg cell overrepresentation in the decidua [159].

Earlier studies demonstrated that the prevalence of Tregs is decreased not only on the systemic
level in peripheral blood of PE patients, but also locally, within the decidual tissue [39-41]. A
limitation of our study is that our findings represent circumstances in peripheral blood only.

Therefore, further studies on the expression of the investigated Treg cell subtypes in the
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decidua are required to identify their role played in mediating tolerance at the fetomaternal

interface.

6.4. Breastfeeding and immune development

The influence of early life nutrition on the development of the immune response has not
previously been studied in the first few weeks of life. This is an important question as
epidemiological data suggest that breastfeeding is associated with long-term health benefits,
such as a lower incidence of childhood infections, asthma, obesity and autoimmune disorders
[160-162], although it may not reduce the risk of food allergy [163]. This mechanism may be
imprinted early after birth when the immune system faces the dual challenge of establishing
inflammatory capacity against pathogens whilst developing tolerance towards harmless
antigens.

A striking finding was that Tregs expand substantially in the first 3 weeks of life and this
expansion was more profound in breastfed babies in contrast to those receiving formula feed.
Tregs of breastfed neonates also display an activated phenotype with increased expression of
HLA-DR, a marker of increased suppressive activity [164]. A recent mouse study on the role
of maternal milk in setting the frequency of Tregs in the offspring reported the importance of
a double-negative feedback loop, vertically transmitted via the entero-mammary axis that
governs a setpoint for Tregs in the gut [165]. On the other hand, changes in the profile of pro-
inflammatory cytokine production were also observed at this early stage of life. IL-8
production, a major phenotypic attribute within cord blood, was largely maintained but a
striking feature was the increase in intensity of IL-17 production by both CD4+ and CD8+ cells
by 3 weeks of age. This is likely to reflect recognition of bacterial antigen during establishment
of the microbiome and may be balanced by the coordinated Treg expansion during this period.

An increase in serum IL-17 has been shown at 4 weeks and is likely explained by these
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observations [7]. Most of these features were independent of nutrition although IFN-y
production by T cells was lower in exclusively breastfed neonates. However, in the whole study
population, we did not observe any difference in the proportion of Thl and Th2 cells between
birth and 3 weeks of age. Earlier studies indicated that Th1l development may be guided by
environmental exposure via epigenetic changes, and would therefore be expected to occur at
later stages (first months to years) of development. Low microbial exposure during early life
was reported to increase the risk of allergic disease by reducing demethylation induced
activation of the IFN-y gene of naive T cells [166]. Our observation that CD8+ cells are less
abundant and have reduced cytotoxic capacity in neonates compared to adults confirms
previous results [167,168].

One of the most interesting findings was that T cells from breastfed neonates display reduced
proliferative responses and produce substantially lower levels of Thl cytokines when
challenged with maternal cells. This was specific to maternal antigens and was not present
against unrelated PBMC and did not result from an intrinsic reduction of cytokine producing
capacity. As such this reflects the development of immunological tolerance towards NIMA in
exclusively breastfed neonates. Importantly, we were also able to show that NIMA-specific
tolerance was mediated by Tregs, and is therefore linked to the expansion of this population in
breastfed neonates.

An additional observation was that neonatal PBMC at 3 weeks of age triggered stronger
immune responses from maternal PBMC compared to cord blood cells. This may reflect
maturation of antigen presentation function by 3 weeks of age, although this was not assessed
in this study. This also indicates that the fetal immune system may contribute to suppression
of maternal immune recognition during pregnancy by maintaining a tolerogenic phenotype

prior to parturition.
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It is interesting to speculate on potential mechanisms by which breastfeeding can promote
NIMA-specific tolerance in neonates. Our observations likely reflect immune tolerance to
gastrointestinal presentation of maternal cells within breastmilk [169]. Transplacental passage
of cells during pregnancy leads to reciprocal microchimerism that can persist for many years.
Furthermore, this “microchiome” of maternal cells supports fertility in female offspring by
promoting immune tolerance to NIMA during next-generation pregnancies [170]. Beneficial
effects are also seen when NIMA are shared between donors and recipients of allogeneic renal
or hemopoietic stem cell transplantation. Importantly, the establishment of NIMA-specific
tolerance has been shown to be dependent on breastfeeding and nutritional history is also a
determinant of NIMA-associated transplant outcome [171,172]. Our findings show that
breastfeeding promotes the development of Tregs that suppress recognition of NIMA, thus
potentially supporting maternal microchimerism and conferring lifelong benefits in relation to
fertility and immune protection against infectious agents and cancer [170,173].

Additionally, recent studies highlighted the possible immune modulating effects of
microplastics released from feeding bottles, which may be of relevance in the context of our
study [174,175]. However, the possible contribution of the above mechanism to the differences
observed between our study groups was not assessed.

A further recent observation is that breastfeeding, through the transfer of human milk
oligosaccharides, exerts important prebiotic and immunomodulatory effects including the
development of tolerogenic dendritic cells which prime Tregs [176,177].

We were also interested to assess how nutrition could impact on the formation of the early
microbiome and how this might correlate with immune function. Microbial composition was
broadly comparable in breastfed and formula-fed neonates and this is likely to reflect the fact
that all babies in our cohort were delivered by caesarean section. Dysbiosis of the microbiota

has been found to occur following delivery by caesarean section and in infants who are not
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breastfed [178,179]. Nevertheless, although it may take several months for nutrition to
markedly influence microbiome composition [180] subtle differences in microbial diversity
were already apparent at 3 weeks of life. In line with previously published results [181], we
observed that the gut microbiome of breastfed neonates is more abundant in short chain fatty
acid (SCFA) producing bacterial genera, such as Gemella and Veillonella. SCFAs, in particular
propionate and butyrate, play an important role in promoting Treg differentiation and
proliferation via the inhibition of histone deacetylases [58]. This notion is supported by a link
between the presence of Veillonella and the proportion of Tregs at 3 weeks of age in our
network modelling analysis. Furthermore, a recent study demonstrated paucity of Veillonella
and other anaerobic taxa in the microbiome of extremely preterm infants with postnatal growth
failure compared to appropriate postnatal growth, indicating its role in early metabolic
programming [182]. The relative abundance of Veillonella further increases by 2 months of
age [183].

We selected elective caesarean deliveries for our study as labour is known to promote pro-
inflammatory changes [184,185], which could have introduced unwanted variation in the study
immune parameters in our population depending on the length and characteristics of labour and
parturition. Further studies will therefore be needed to establish the relative contribution of
mode of delivery and nutritional history on the development of NIMA-specific tolerance in the
neonate. The applied method of collecting stool samples from nappies is limited by possible
contamination with environmental and skin bacteria, which was taken into account during the
analysis of microbiome data. A further limitation of this work is the relatively low number of
neonates in the examined feeding groups. Nevertheless, we established a unique and
homogenous cohort of healthy neonates who were sampled at 3 weeks of age exclusively for

the purposes of this study.
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In summary, we demonstrate that the neonatal immune system undergoes substantial
maturation in the first 3 weeks of life with an increase in IL-17 production in T cells and a
simultaneous increase in the Treg population. Moreover, breastfed neonates show a specific
and Treg dependent reduction in proliferative T cell responses to NIMA, associated with a
reduction in inflammatory cytokine production. These findings add to our understanding of

mechanisms by which early life nutrition can determine long term health outcomes [186].

6.5. The impact of phosphodiesterase inhibitors on T cells

In this study, we investigated the effects of caffeine, milrinone and sildenafil on activation
kinetics and intracellular cytokine production of adult and cord blood T cells.

Baseline calcium influx upon PHA stimulation was known to be lower in UCB than in APB
samples from our earlier results [135]. In the current study, a significant difference was
observed in the sensitivity of calcium influx of APB and UCB CD4 cells for the tested PDE
inhibitors.

The inhibition of A2A receptors increased calcium influx in APB. This is in line with earlier
findings of Linnemann et al. In their study, adenosine prevented rapid tyrosine phosphorylation
of ZAP-70 as well as Akt and ERK1/2 in naive CD3/CD28-stimulated adult CD8 cells.
Consequently, CD3/CD28-induced calcium influx into CD8 cells was reduced by exposure to
adenosine. These results demonstrated that extracellular adenosine influences membrane-
proximal T cell receptor signalling of naive CD8 T cells [187].

In contrast with ABP, all applied compounds (caffeine, docAMP, milrinone, sildenafil,
ZM241385) increased calcium influx in UCB samples. However, the increase evoked by
caffeine and dbcAMP was larger than that evoked by milrinone, sildenafil and ZM241385.
Therefore, this effect of caffeine on calcium influx appears to be more related to an increase in

CAMP levels rather than the inhibition of A2A receptors. The activation of ER RyRs by
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caffeine might also be a contributing factor. This is in line with the findings of Thakur et al.
who demonstrated that caffeine evoked calcium release from the ER in activated T cells but
not in resting T cells, indicating that RyRs are functionally upregulated in activated T cells
compared with resting T cells [188].

As for the differences noted between caffeine and the selective PDE inhibitors, their selectivity
of cGMP over cAMP may be a responsible factor. While caffeine, as a non-selective PDE
inhibitor, may have a higher affinity to prevent the hydrolysis of cAMP over cGMP by blocking
various subtypes of PDE, PDE3 is known to hydrolize cAMP and cGMP to a similar extent,
while PDE5 specifically hydrolizes cGMP only [189]. Furthermore, cGMP is known to
diminish cytoplasmic calcium and to inhibit IP3 [190], potentially contributing to a lower
increase of calcium influx upon stimulation in milrinone and sildenafil treated samples.

It is interesting to note that the density of CD203c, an ectoenzyme responsible for the
extracellular hydrolysis of cAMP (among other substrates) [191] is decreased on UCB Th1l and
CD8 cells compared to their APB counterparts. This decrease may also contribute to the higher
sensitivity of calcium influx to cAMP in UCB T lymphocytes due to reduced hydrolysis of
cAMP, and in turn its increased concentration in the microenvironment of T lymphocytes.
The baseline concentration of intracellular IFN-y in CD4 cells was lower in UCB compared to
APB. The lower capability of UCB T cells to mount a Th1 response compared to APB is well
known from literature [192] and is in line with our current findings.

Intracellular levels of the NFAT transcription factor, which is a key player in cytokine
production, were also lower in UCB Thl and CD8 cells compared to their APB counterparts.
NFAT levels were relatively higher in Th2 cells compared to Thl cells in both UCB and APB
samples which is in line with earlier findings [193] and may contribute to the notion that UCB

T cells are characterized by a Th2 bias compared to their adult counterparts.
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Caffeine, milrinone and sildenafil seemed to have no effect on intracellular cytokine production
of APB CD4 cells in our study. This is contradictory to the results of Yoshimura et al. who
studied the cytokine production of PHA-stimulated adult PBMCs in the presence of PDE
inhibitors or docAMP. Non-selective and selective PDE inhibitors for PDE3 and PDE4 were
effective at inhibiting the production of IFN-y and IL-2 in a dose-dependent manner. Their
results indicate that PDE inhibitors or dbcAMP modulate Th1 cytokines more effectively than
Th2 cytokine production [194]. A potential explanation of the differences between these
findings and our current results might be that we studied intracellular cytokine levels by flow
cytometry rather than cytokine concentrations measured by ELISA in culture supernatants.
Nonetheless, intracellular production of IL-2 was increased by sildenafil in our study in UCB
samples. This effect was confirmed earlier in mice. Kniotek et al. showed that sildenafil
diminished serum levels of IL-6 in mice and demonstrated a tendency to increase 1L-2 [195].
The clinical significance of this finding remains elusive.

A limitation of this study is the small sample size. Although the populations of neonates and
adult controls were homogenous and a large number of cells was analysed in each experiment,
the distribution of some of the studied variables was wide which is most probably attributed to
this limitation.

Our results demonstrate that caffeine increases short-term activation in neonatal lymphocytes
to a larger extent than milrinone or sildenafil. This effect appears to be mediated primarily via
increased CAMP levels rather than A2A receptor inhibition and is not present in adult T cells.
However, cytokine production of neonatal CD4 cells remains relatively unaffected. Sildenafil
may contribute to an increase in the number of IL-2-producing neonatal CD4 cells. Overall,
the application of caffeine, sildenafil or milrinone does not appear to have immunosuppressive

effects on neonatal T cells based on our findings.
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6.6. Perinatal asphyxia and neonatal arterial ischaemic stroke

6.6.1. Perinatal asphyxia

Several studies have described the importance of cytokines in normal neuronal differentiation
and survival [196-198]. The perinatal brain might be particularly susceptible to alterations in
cytokine concentrations and experimental data suggest that cytokines play a pivotal role in the
regulatory network orchestrating neuroinflammation [199]. Cytokines have been in the
limelight of research focusing on asphyxia. The inflammatory response following hypoxic
brain injury has been shown to have dual effects. A certain level of inflammation appears to be
necessary for the adequate regeneration of the brain tissue [86], while extensive
neuroinflammation might contribute to further CNS injury and be an important factor in worse
functional outcome. Therefore, we aimed to determine factors that might differentiate between
infants who have an adequate level of inflammatory response which is necessary for
neuroregeneration from infants in whom the uncompensated inflammatory response
contributes to brain injury. Previous studies have focused on determining the level of cytokines
from plasma. However, plasma cytokine levels have been shown to have a great variability
compared with intracellular cytokine levels, which closely reflect cytokine production at a
cellular level and show more stable kinetics in time, and thus open new possibilities for more
precise characterisation of the cytokine network in immune disorders. The relationship between
cellular cytokine production and serum cytokine levels is undefined, cytokines in the serum
originate from various different sources and show less stable kinetics. The advantage of
intracellular cytokine analysis by flow cytometry is that with this method the cytokine
production of each cell type can be accurately described. This method opens up the opportunity
for precise characterisation of the function of each cell type in a physiological setting (ie.

maintaining autocrine and cell-cell interactions), which could be of great value in identifying
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key cellular players of various inflammatory conditions [200,201]. We therefore primarily
aimed to describe intracellular cytokine values, however we also measured cytokine levels
from plasma to gain a more comprehensive picture of the immunologic alterations following
the hypoxic insult. Furthermore, contrary to previous studies, we expanded sampling of infants
to one month of age to obtain data on longer term changes in inflammatory parameters evoked
by asphyxia.

IL-1p is an important mediator of pro-inflammatory responses [202] and has been reported to
have neurotoxic properties leading to BBB breakdown and apoptotic neuronal death [203,204].
Aly et al. found that the cerebrospinal fluid (CSF) level of IL-1B in term neonates had the
highest predictive value of poor neurologic outcome in asphyxia after 6 and 12 months, and
suggested the central role of IL-1p in the ongoing neuronal injury that occurs in the latent phase
following the original hypoxic insult [96]. They also found a high CSF to plasma ratio of IL-
1B, indicating elevated local production of the cytokine in the CNS. Several animal models
also suggest that IL-1p contributes to the brain injury [205,206]. The exacerbation of ischemic
brain injury has also been observed following exogenous administration of IL-1p. Other studies
demonstrated that the deficiency of IL-1pB converting enzyme or treatment with IL-1 receptor
antagonists (IL-1ra) resulted in the moderation of hypoxic brain injury [207,208], decreased
post-ischemic oedema [204], and improved neurological outcome [209].

The primary sources of IL-1B are APCs and monocytes [210,211], although microglia and
endothelial cells are also capable of producing IL-1p [212,213]. The fact that T lymphocytes
are able to produce physiologically relevant amounts of IL-1p and that it plays an important
role in their functionality has only recently been revealed [214]. In this study we observed
significant IL-1p production in T lymphocytes in neonatal asphyxia, which was more
pronounced in a severe insult. In line with previous findings [96], our current results suggest

that CD4+ IL-1pB+ cells might play an important role in initiating tissue damage in the brain
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following the hypoxic insult. However, intracellular concentrations of IL-1B gradually
decreased in both patient groups, suggesting that a certain level of initial increase may be
necessary for the regenerative processes as well. Based on our ROC analysis, the prevalence
of IL-1B-producing CD4+ T cells may be useful in the differentiation of the severity of the
insult at an early stage, up to 6 h after birth (Figure 23). The notable amount of data showing
the therapeutic benefits of peripheral administration of IL-1ra following ischemic brain injury
[215] and the fact that IL-1 receptor antagonistic agents are already available in clinical use in
autoimmune disorders prompts further research to explore whether IL-1p levels above a certain
threshold may be a potential future therapeutic target in neonatal asphyxia.

Several previous studies have associated elevated IL-6 CSF levels with poor neurological
outcome, cerebral palsy and death in asphyxia [199,216]. However, Aly et al. suggested that
IL-6 might have neurotrophic as well as neuroprotective, anti-inflammatory effects via
inhibiting the synthesis of TNF-a and IL-1p [96,217]. They found highly elevated IL-6 CSF to
plasma ratios and Martin-Ancel et al. also concluded that IL-6 appears to be primarily produced
intrathecally following the ischaemic brain injury while diffusion from the plasma is secondary
[199]. In this study, we found that plasma IL-6 levels were elevated in severe compared to
moderate asphyxia at one week, and decreased in moderate, but not in severe asphyxia by one
month. Intracellular levels of IL-6 in CD4+ cells peaked at 24 hours in both patient groups and
declined later. However, we found no alterations in intracellular cytokine levels or cellular
prevalence data between the two study groups, suggesting that CSF levels of IL-6 might be of
more importance with regards to its deleterious effects.

IL-17 is a pro-inflammatory cytokine produced primarily by Th17 cells upon IL-23 stimulation
[218]. IL-17 has been shown to play a pivotal role in the delayed progression of brain infarction
following hypoxic injury in a mouse brain ischemia model. This is further supported by the

fact that IL-17 KO mice show significant reduction in the infarcted area and apoptotic neuronal
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death from the 4th post-stroke day onwards [219]. Yang et al. reported significant influx of
Th17 cells into the brain tissue in hypoxic ischaemic encephalopathy following LPS
sensitization both in neonates and in newborn rats [220]. In line with previous findings in
mouse models, we observed a delayed increase in the prevalence and cytokine production of
IL-17 producing T cells, which remained elevated in the severe group during the whole
observation period. The prevalence of Th17 lymphocytes was higher in the severe group than
in the moderate group at one week. IL-17 could play an important role in maintaining the
chronic neuroinflammation leading to detrimental consequences.

TNF-a is a pro-inflammatory cytokine which stimulates the production of IL-1B and among
other cytokines regulates the apoptosis of CNS cells, promotes leukocyte differentiation,
proliferation and subsequent CNS infiltration [221,222]. There is an extensive amount of data
supporting the role of TNF-a in ischemic brain damage [207,223-226]. The level of TNF-a in
the CNS has been shown to peak 6-12 hours following the hypoxic ischemic injury in newborn
rats [216]. Increased TNF-a and IL-1f plasma and CSF levels in term infants with asphyxia
have been associated with neuroradiological alterations, poor neurological status at 12 months
of age and cerebral palsy [227,228]. Blocking TNF-a, for example by the administration of
pentoxiphylline, a competitive inhibitor of TNF-a, improved neurological outcome by
attenuating ICAM-1 expression, reducing the disruption of the BBB and protecting neurons
from delayed cell death in animal models of head trauma [229].

In line with previous findings, we found that the MFI of TNF-a in CD4 cells was increased in
both groups at all time points compared to 6 h, suggesting a delayed increase in production of
TNF-a by T cells following the insult. In severe asphyxia, we observed higher MFI of TNF-a
at 1 mo than in moderate asphyxia, which might indicate that TNF-a plays a role in maintaining
a chronic inflammatory response in severe asphyxia, thus contributing to long term

consequences. We found increased extravasation of TNF-a producing cells at the 6 h (indicated
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by decreased prevalence of CD49d-expressing CD4+ TNF-o+ cells), which may indicate the
role of TNF-a in determining the extent of the initial tissue injury as well. At later time points
we found that the expression of CD49d increased on TNF-a-producing CD4 cells in severe
asphyxia, which might further indicate the increased potential of these cells to enter the CNS.
Rothhammer et al. were able to demonstrate that under Thl differentiation promoting
circumstances, naive T cells (CD4+ CD44- FoxP3-) differentiate into encephalitogenic T cells
in approximately 3 days, expressing high amounts of CD49d in mice [230]. It is therefore
possible that an initial decrease in the prevalence of CD49d+ lymphocytes due to extravasation
is followed by differentiation of CD4+ CD49d+ lymphocytes from the naive T lymphocyte
pool, leading to an increased prevalence of circulating CD49d+ cells as part of an ongoing
inflammatory response.

In order to comprehensively assess the immunosuppressive components of the adaptive
immune system in neonatal asphyxia, we examined TGF-f levels, along with the prevalence
of Treg cells and the involvement of the KYN pathway. TGF-B plays a critical role in
immunosuppression both by inhibiting inflammatory cells and promoting the function of Treg
cells via inducing their FoxP3 expression [231-237]. Activated Tregs then produce large
amounts of TGF-, which acts as an important autocrine signal in their activation [238]. TGF-
B specifically limits Th1 differentiation and expansion [239,240] without affecting Th2 effector
function and suppresses the production of pro-inflammatory cytokines, while promoting the
production of anti-inflammatory I1L-10 [241]. Besides direct inhibition, Tregs also inhibit T
cell function by affecting the APC — T cell interactions, for example via the CTLA-4
engagement-induced TRP catabolism by IDO [242,243].

TGF-B is associated with the reparation of the infarcted tissue and thus is expressed later than
pro-inflammatory cytokines [93]. Interestingly, we observed an elevation after 24 h in the

intracellular level of TGF-3 in moderate asphyxia that was not present following a severe insult,
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where the level of TGF-B remained comparable to the 6 h level throughout the whole
observation period. We found increased CD49d-expression, which indicates a higher potential
of TGF-B producing cells to enter the CNS at one week and one month compared to 72 h in the
moderate group. These findings suggest that TGF-f plays an important role in attenuating the
inflammatory response and in tissue regeneration following the hypoxic insult in moderate
asphyxia. The lack of this effect may contribute to a more severe outcome. We found a
moderately elevated prevalence of Tregs in severe compared to moderate asphyxia at 24 h,
which might be part of a compensatory mechanism, however, the biological significance of
this increase is unremarkable.

Plasma KYN levels were higher at 1 mo in the moderate than in the severe group, which might
contribute to an immunosuppressive effect. KYN levels showed a decline in both groups by 1
wk following the insult (Figure 22). Similar results were observed for KYNA, while TRP
levels increased significantly by one month in both groups. In line with the above, the K/T
ratio, indicating IDO enzymatic activity plummeted by one month in both groups. This
increased activation of IDO and TRP catabolism in the postnatal period (up to one week)
appears to be part of a regulatory mechanism that might play an important role in attenuating
the inflammatory response following the hypoxic insult. This effect was comparable in
moderate and severe asphyxia, which could mean that this early activation of the KYN pathway
is part of the physiological process that accompanies the neuroinflammatory response.
However, it appears, that the importance of this regulatory mechanism decreases by one month.
A limitation of our study is that we did not investigate cell prevalence or cytokine levels in
CSF samples. Although this would have provided further data on the local inflammatory
response in the CNS, collection of CSF samples was not possible due to ethical considerations
in the lack of clinical indication. A further limitation of this study is the fact that five neonates

in each study group received hydrocortisone during intensive care which might have influenced
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their cytokine balance. Further studies are needed to establish the immunologic effects of
hydrocortisone therapy in HIE infants undergoing intensive care. Finally, the relatively low
number of participants limits the direct clinical utility of the assessment of the prevalence of
CDA4+ IL-1B+ and CD4+ IL-1B+ CD49d+ cells at 6 h as a predictive marker for the severity of
the insult at an early stage in asphyxia.

In conclusion, the need for more specific prognostic markers, other than clinical assessment in
neonatal asphyxia is clear, since clinical signs often do not correlate with neurological outcome
and do not enable differentiation between moderate and severe hypoxic-ischemic
encephalopathy. The role of various cytokines in neuroinflammation following hypoxic-
ischemic injury is supported by a rapidly expanding body of evidence. IL-1p and IL-6 appear
to play a key role in the early events of the inflammatory response, while TNF-a. seems to be
responsible for triggering a prolonged inflammation, potentially contributing to a worse
outcome. On the other hand, TGF-B has a compensatory role in decreasing the level of
inflammation from an early stage following the insult (Table 11). Based on ROC analysis, the
assessment of the prevalence of CD4+ IL-1B+ and CD4+ IL-1p+ CD49d+ cells at 6 h appears
to be able to predict severity at an early stage in asphyxia. Our current results open a potentially
fruitful area of research as well as diagnostic and therapeutic development in neonatal

asphyxia.

122



dc_1896_ 21

Pro-inflammatory Anti-inflammatory

Contribution to IL-1p: rapid decrease, higher TGF-f: increased production and

better outcome initial prevalence and extravasation in moderate insult
extravasation in severe insult IDO: early compensation up to 1
G-CSF: rapid decrease in wk

moderate insult, higher plasma

levels in severe insult

Contribution to TNF-a: elevated intracellular Treg: unremarkable difference at
worse outcome levels up to 1 mo 24 h, not upregulated

IL-17: high prevalence in severe
insult up to 1 mo

IL-6: higher plasma levels in
severe insult at 1 wk, decrease in

moderate insult by 1 mo

Table 11. Summary of the proposed effects of distinct cytokines on the severity of perinatal

asphyxia

6.6.2. Neonatal arterial ischaemic stroke

The contribution of T lymphocytes to ischemic brain injury now appears to be clear, with CD8+
and CD4+ T cells appearing in the CNS already a few hours after an ischemic insult. The
accumulation of T cells peaks around 3-4 days following injury and the inhibition of T cell
trafficking to the CNS decreases the deleterious consequences of neuroinflammation
[107,244]. Data from murine stroke models showed persisting presence of T cells up to 7 weeks
after the ischemic attack [245]. In our NAIS patients, CD8 lymphocytes appear to show a
different cytokine production pattern than HIE with a more prominent pro-inflammatory
response in NAIS. At 6 h CD8 cells from NAIS patients produce higher levels of pro-
inflammatory IL-17 than those from neonates with moderate HIE and CD8+ IL17+ cells are
more prevalent in NAIS than in severe HIE. At 72 h CD8 cells of neonates with severe HIE
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produce higher level of pro-inflammatory I1L-6 than CD8 cells of NAIS patients. IL-6 is known
to be an important factor in the early phase of HIE and this difference could reflect an
aggravated neuroinflammation in severe HIE. On the other hand, IL-6 has also been described
to have neurotrophic, neuroregenerative, and anti-inflammatory properties within the brain
[225,246-248]. The alteration in intracellular levels of 1L-6 in CD8 cells becomes reversed by
1 mo, when it remains elevated in NAIS, whereas it decreases in both HIE groups, indicating
that a sustained level of IL-6 might be present for a longer time in NAIS, which is in line with
literary data [121]. Therefore, IL-6 may exert its neuroprotective effects over a longer period
of time in NAIS.

Plasma cytokine levels also indicate a difference between NAIS and HIE, with a higher level
of pro-inflammatory response at 72 h in NAIS than in HIE. We found elevated IL-5, IL-17 and
MCP-1 levels at 72 in NAIS. MCP-1 was found to be elevated following ischemic insult after
in-utero LPS exposure in a chorioamnionitis associated perinatal stroke murine model [86]. We
found an elevation in the level of MCP-1 at 72 h compared to 6 h value in NAIS and to moderate
HIE, which supports previous data emphasizing the role of in-utero inflammation. Both the
plasma levels of IL-17 and the prevalence of pro-inflammatory Th17 and vyé T cells is known
to increase one week after adult acute ischemic stroke [249] and decrease by one month. In line
with these findings, we found a higher level of IL-17 in the second phase (at 72 h) of
neuroinflammation in NAIS compared with HIE. By one month however, the level of IL-17
decreased in NAIS, while it remained elevated in HIE. We observed the same phenomenon
with other cytokines such as IL-4 and IL-12. Overall, the plasma levels of several cytokines
appear to decrease by one month of age in NAIS and appears to remain at a higher level in
HIE.

We also found alterations in the anti-inflammatory pathways. 1L-10 was thought to be primarily

produced by CD4+ lymphocytes, however Trandem et al. demonstrated in a murine model of
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virus encephalitis, that the most highly activated and cytotoxic CD8+ T cells are also an
important source of IL-10 at the peak of the inflammatory response. Their data suggests that
CDB8+ cells autoregulate their activation by IL-10 production when the inflammatory response
reaches a certain level and that CD8 derived IL-10 has a primarily local effect to prevent tissue
damage. IL-10 expression by CD8 cells rapidly decreased after 7 days, while CD4+ cells
continued to express IL-10 for at least 42 days [250]. Our data showed a significantly higher
prevalence of IL-10+ CD8+ lymphocytes in severe HIE than NAIS in the first 72 hours of life.
IL10 producing CD8 cells were also more prevalent in mild HIE than in NAIS, however the
difference was not significant. A lower prevalence of IL-10 producing CD8 cells, which at the
same time produce more of pro-inflammatory cytokines such as IL-17 could lead to a more
prominent pro-inflammatory and cytolytic response with decreased auto-regulatory IL-10
production in CD8 cells in NAIS in the first 72 hours. Another interpretation could be that the
decreased level of IL-10 production by CD8+ cells reflects an in-utero inflammatory response
that decreases by the time of birth. Supporting this hypothesis, in NAIS we found elevated
prevalence of CD4+ IL10+ lymphocytes, which are known to produce IL-10 for over a month
following the insult. Altogether, it appears that IL-10 production is different in T cell
subpopulations in NAIS and HIE and the manipulation of the IL-10 pathway could be
interesting to explore from a neuroprotective point of view.

The prevalence of TGF-B producing CD4+ cells, the majority of which are Treg cells was also
different in NAIS and HIE. TGF-f is one of the most important cytokines regulating CNS
repair. We found increased CD49d expression in this population in NAIS at one week
compared to 24 h and both HIE groups, reflecting a higher capacity of these cells to enter the
CNS. Meanwhile the prevalence of the entire population decreased by one month in NAIS
compared to HIE. This appears to be in line with plasma cytokine data, which showed an

increased inflammatory response in NAIS in the second phase of neuroinflammation which
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could be followed by an earlier reparative phase and a decreasing inflammatory response by
one month of age.

Therapeutic hypothermia is currently the standard of care for term neonates with HIE. There is
substantial evidence supporting the role of hypothermia in reducing mortality and improving
neurological outcome [251] in infants with hypoxic ischemic encephalopathy. There is notable
evidence in animal focal cerebral ischemia models supporting the role of hypothermia in the
reduction of infarct size [252] and data suggesting that hypothermia might reduce the risk of
seizures after perinatal stroke and thus improve outcome [253]. Therefore, there is intense
discussion in the scientific community about extending guidelines to include new categories
for therapeutic hypothermia such as preterm HIE and perinatal stroke, however many issues
remain to be addressed. Based on results from our previous study, one of the mechanism behind
the neuroprotective effect of hypothermia may be the reduction of systemic inflammatory
response, seen in the reduced level of cytokines such as IL-6 and IL-4 in HIE patients treated
with hypothermia compared to the normothermia group [100]. Therefore, it is likely that
hypothermia may similarly reduce cytokine levels following NAIS.

The main limitation of these data is the small number of cases, however, they could provide a
hypothesis for future, larger case-control studies. Another limitation is the lack of healthy
control population, however, due to ethical considerations and the large number of blood
sampling, enrolling healthy neonates was not possible. We also saw a notable variation in
certain plasma cytokine levels, which is likely a result of the relative instability of these
molecules in plasma. This formed the basis of primarily focusing on intracellular cytokine
production in our study. The value of the data from our observations in NAIS could lie in
providing incentive for further clinical research on factors enabling differentiation between

NAIS and HIE which often present with similar symptoms at birth. Gaining a better
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understanding of the underlying pathophysiological factors is a main aim at the current stage
of research in NAIS.

CD8 lymphocytes appear to show a shift in the pro-inflammatory direction in NAIS compared
with HIE, with elevated production of pro-inflammatory IL-17 at 6 h, decreased auto-
regulatory I1L-10 production in the first 3 days and elevated production of IL-6 at one month.
Altogether the inflammatory response appears to be higher at 72 h in NAIS than in HIE, but
appears to decrease faster, indicated by lower levels of inflammatory markers at one month in
NAIS than in HIE. Our data indicate similarities to observations in adult acute ischaemic stroke
and also support the hypothesis of an ongoing in-utero inflammation prior to NAIS. Further
clinical research in this area is pivotal and a better understanding of the pathophysiology could
lead to identifying specific factors to distinguish HIE from NAIS early and could open up new

pathways for prevention and individualized care.
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7. SUMMARY OF NOVEL SCIENTIFIC FINDINGS

7.1. B7 costimulation in the neonate
1. The level of CTLA-4 expression on CD4 cells is higher in umbilical cord blood
compared with adult samples, indicating that the possibility of CD28-mediated
costimulation may be decreased. The level of the corresponding costimulatory
molecule, B7-2, is also elevated. Therefore, this inhibitory relation may function to a

higher extent in neonates than in adults.

2. Plasma IDO activity is two-fold higher in umbilical cord blood compared with adult
samples. However, the capacity of umbilical cord blood monocytes and T lymphocytes
to produce IDO is lower in comparison with adults, and reverse signalling via B7-2 in
umbilical cord blood monocytes is immature, suggesting that the observed increase in
IDO activity may be due to placental, rather than fetal overexpression of IDO in

competent cells.

7.2. B7 costimulation in healthy pregnancy and preeclampsia
3. Asignificantincrease in the prevalence of CD28+ T cells was observed in HP compared
to NP women. At the same time a decrease was shown in the expression of CD152 on
these cells. The prevalence of both CD278+ and CD279+ T cells was higher in HP than
in NP women. The frequency of both CD80+ and CD275+ monocytes was lower in HP
women. The frequency of CD80 and CD86 expressing activated monocytes was lower

in PE than in HP.
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4. The prevalence of IDO-expressing T cells and monocytes was higher in HP compared
to NP or PE women. At the same time, MFI values for IDO were also significantly

higher in T cells in HP compared to NP or PE women.

7.3. Regulatory T cell subtypes in preeclampsia
5. The earlier described decrease in the prevalence of Tregs in PE is specific for certain
Treg subtypes. The prevalence of the functionally most active effector Tregs is
decreased to the highest extent, while naive Tregs appear to be unaffected. The
combination of lower effector Treg and higher exhausted Treg prevalence may account

for the decrease in the functionality of Tregs in PE.

7.4. Breastfeeding and immune development
6. The proportion of regulatory T cells increases in the first three weeks of life and is
nearly two-fold higher in exclusively breastfed neonates compared to those who
received formula milk only. The proportion of Th17 cells also increases in this period,

while that of Th1 cells does not change significantly.

7. Breastfed neonates show a specific and regulatory T cell dependent reduction in
proliferative T cell responses to non-inherited maternal antigens, associated with a
reduction in inflammatory cytokine production. These data indicate that exposure of
the neonate to maternal cells through breastfeeding acts to drive the maturation of

regulatory T cells and “tolerizes” the neonate towards non-inherited maternal antigens.

8. We observed the enrichment of short chain fatty acid producing taxa (Veillonella and

Gemella) in stool samples of exclusively breastfed neonates compared to those
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receiving formula milk only. Our network modelling analysis links Veillonella to
regulatory T cell expansion whilst skin-associated bacteria enhance T cell proliferation

in breastfed neonates.

7.5. The impact of phosphodiesterase inhibitors on T cells

9.

10.

11.

In adult T lymphocytes, only ZM241385, a specific A2A receptor antagonist causes a
1.14-fold increase in calcium influx, while caffeine, milrinone, sildenafil, ZM241385,
and dbcAMP, a synthetic CAMP analogue, all increase calcium influx in T cells derived
from umbilical cord blood. Caffeine increases calcium influx in neonatal T
lymphocytes to a larger extent than milrinone or sildenafil. This effect appears to be

mediated primarily via increased CAMP levels rather than A2A receptor inhibition.

Intracellular levels of IFN-y, IL-2, IL-4, IL-6, IL-17 are unaffected by caffeine,
milrinone, sildenafil, ZM241385 or dbcAMP treatment in both adult and umbilical cord
blood T cells. Overall, the application of caffeine, sildenafil or milrinone does not

appear to have immunosuppressive effects on neonatal T cells.

The density of CD203c, an ectoenzyme responsible for the extracellular hydrolysis of
CAMP, is decreased on umbilical Thl and CD8 cells compared to their adult
counterparts. This decrease may contribute to the higher sensitivity of calcium influx
mediated by cAMP in umbilical T lymphocytes due to an increased CAMP

concentration in the microenvironment of T lymphocytes.
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Intracellular levels of NFAT are lower in umbilical Thl and CD8 cells compared to
their adult counterparts and this may contribute to the notion that umbilical T cells are

characterized by a Th2 cytokine bias.

7.6. Perinatal asphyxia and neonatal arterial ischaemic stroke

13.

14.

15.

The prevalence and extravasation of CD4+ IL-1p+ cells are higher in severe than in
moderate HIE at 6 h. Based on ROC analysis, the assessment of the prevalence of CD4+
IL-1B+ and CD4+ IL-1B+ CD49d+ cells at 6 h appears to be able to predict the severity

of the insult at an early stage in HIE.

Plasma IL-6 levels were higher at one week in severe HIE and decreased by one month
in the moderate group. Intracellular levels of IL-6 peaked at 24 h in both groups.
Intracellular levels of TNF-a in CD4 cells were increased at all time points compared
to 6 h in both moderate and severe HIE. At one month, intracellular levels of TNF-a.
were higher in the severe group. Therefore, IL-1p and 1L-6 appear to play a key role in
the early events of the inflammatory response, while TNF-a seems to be responsible

for prolonged neuroinflammation, potentially contributing to a worse outcome.

KYN levels showed a decline in both HIE groups by one week following the insult but
were higher at one month in the moderate group. Similar results were observed for
KYNA, while TRP levels increased significantly by one month in both groups. The

increased activation of IDO and TRP catabolism in the immediate postnatal period

131



16.

17.

dc_1896_ 21

appears to be part of a regulatory mechanism that might play an important role in

attenuating the inflammatory response following the hypoxic insult.

At 6 and 72 h, the prevalence of CD8+ IL-10+ lymphocytes remained lower in NAIS
compared to severe HIE. At 6 h, CD8+ lymphocytes in NAIS produced more IL-17
compared to HIE. At 72 h, CD8+ cells produced more IL-6 in severe HIE than in NAIS,
but IL-6 production remained elevated in CD8 cells at one month in NAIS, while it
decreased in HIE. Overall, CD8 lymphocytes appear to shift towards the pro-

inflammatory direction in NAIS compared to HIE.

By one month of age, the prevalence of CD4+ TGF-B+ lymphocytes decreased in NAIS
compared to HIE. By one month, plasma levels of IL-4, IL-12, and IL-17 also decreased
in NAIS but remained elevated in HIE. As a consequence, the inflammatory response

appears to be more pronounced at 72 h in NAIS but decreases faster than in HIE.
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Toldi Gergely tudomanyos és oktatasi kézleményeinek &sszefoglalasa
MTA V. Orvostudomanyi Osztaly (2021.06.02)

. ] o Szama Hivatkozasok’
Tudomanyos es oktatasi kozlemények — — - -
Osszesen Részletezve Fluggetlen Osszes

I. Folyéirateikk? 91
szakcikk nemzetkozi folydiratban, idegen nyelvi — 72 889 1021
szakcikk, hazai idegen nyelvi -— 2 ] 6
szakcikk, magyar nyelvd - 7 0 0
szakcikk, sokszerzds, érdemi szerzéként - 5 359 569
osszefoglald kozlemény -— 2 5 6
rovid kdzlemeny — 3 12 15

Il. Kényv 1 - - -—
a) Szakkonyv, kézikonyv, tankonyv szerzokent 1 -— -— -—
idegen nyelvii -— 1 0 0
magyar nyelvi — 0 0 0
aa) FelsOokiatasi tankonyv -— 0 0 0
b) Szakkanyv, kézikdnyv, konferenciakétet, tankonyv 0 N . N
szerkesztékent
idegen nyelvi — 0 — —
magyar nyelvi -— 0 -—- -—
bb) Felsdoktatasi tankdnyv -— 0 -— -—

Ill. Kényrészlet 4 -— -— —
idegen nyelvi -— 4 0 0
magyar nyelvi - 0 0 0
cc) Felsdoktatasi tankdnyviejezet — 0 0 0

IV. Konferenciakézlemény* 0 - 0 0
Oktatasi kdzlemények 6sszesen (ll.aa,bb-1ll.cc) — 0 0 0
Tudomanyos kbézlemények dsszesen (I-1V.) -— 96 1270 1617
Tudomanyos és oktatasi kdzlemények dsszesen (I-1V.) 96 - 1270 1617

V. Tovabbi tudomanyos miivek 19 - -—- -—
Tovabbi tudomanyos mivek, ide értve a nem teljes
folyoiratcikkeket és a nem ismert lektoraltsagu folyoiratokban -— 18 0 0
megjelent teljes folydiratcikkeket is
Szerkesztdséqgi levelezés, hozzaszolasok, valaszok — 0 0 0
Qltalmak, szabadalmak - 1 0] 0

VI. Hivatkozott absztraktok? 2 - 1 2

Osszes hivatkozas' 1271 1619

Hirsch index® 19 — - -

g index® 39 - - -

Specialis tudomanymetriai adatok Szama Osszes hivatkozas

Elsé szerzés teljes folydiratcikkek szama? 23 581

Utolsé szerzés teljes folyéiratcikkek szamaZ 28 129

Atudo!'nényos fo!(_ozat_(PhD)elpyerése utani (2012) teljes 65 1016

tudomanyos folyéiratcikkek szama

Az utoI‘sé 10 év g?011 - 20_21 ) tudn:‘;m:'myos, teljes, lektoralt a2 1436

tudomayos folydiratcikkeinek szama

A I'egmagaﬁabb hiv._atkozott's‘agu' kéz]emény hivatkozasainak 276 17.05%

szama (az 6sszes hivatkozas szazalékaban) '

Hivatkozasok szama, amelyek nem szerepelnek a WoS/Scopus . a4

rendszerben

Jelentés, guideline 0 0

Csoportos (multicentrikus) kézleményben kollaboracios

kozremiikods? ! !

Megjegyzések:

1. a disszertacio és eqyéb tipusu hivatkozas nélkili, a WoS és/vagy Scopus rendszerben nyilvantartott adatok

2. lektoralt, tudomanyos folydiratban

3. a szerzd irasban nyilatkozik, hogy érdemi szerzdi hozzajarulasaval késziiltek szerzoként jegyzett kdzleményei, és az érdemi hozzajarulast
dokumentaini tudja

. konferenciakézlemény folydiratban, kényvben vagy egyéb konferenciakétetben

. nem-hivatkozott absztrakt itt nem kerill az dsszesitésbe

. a disszertacid és egyéb tipusi hivatkozas nélkili dsszes hivakozassal szamolva. A Hirsch és a g index definicidja

. kidzremiikodés esetén a csoporios szerzdsegi kozlemenyek hivatkozotisaga kilon ériékelendd, és nem szamithatd be az osszesitett
hivatkozasok koze

~ oo
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