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Περίληψη

Η νεογνική σήψη είναι μια από τις βασικές αιτίες θνητότητας και θνησιμότητας βρεφών
παγκοσμίως, τόσο στις αναπτυσσόμενες όσο και στις ανεπτυγμένες χώρες. Πλήθος μελετών
έχουν αναδείξει τα παθογόνα E. coli και Streptococcus agalactiae (GBS) ως τους κύριους
λοιμώδεις παράγοντες που προκαλούν σήψη σε αυτή την ευαίσθητη ηλικιακή ομάδα. Παρά
το γεγονός ότι και τα δύο αυτά παθογόνα είναι αβλαβή για τους υγιείς ενήλικες
οργανισμούς, οι λοιμώξεις αυτών των παθογόνων στα νεογνά έχουν σοβαρές επιπτώσεις
τόσο για τους ίδιους τους ξενιστές όσο και για τις οικογένειές τους. Μέχρι στιγμής, η μόνη
διαθέσιμη θεραπεία για τη διαχείριση της νεογνικής σήψης είναι η χορήγηση αντιβιοτικών.
Ένας βασικός παράγοντας που καθιστά τα νεογνά επιρρεπή στην ανάπτυξη λοιμώξεων είναι
η ανωριμότητα του νεογνικού ανοσοποιητικού συστήματος, τόσο της έμφυτης όσο και της
επίκτητης ανοσίας. Σε αυτή τη τρυφερή περίοδο της ζωής, η γραμμή της επίκτητης ανοσίας
δεν έχει αναπτυχθεί επαρκώς, ενώ οι έμφυτες ανοσολογικές αποκρίσεις παραμένουν
μερικώς εκπαιδευμένες και ανεπαρκείς, σε σχέση με αυτές των ενήλικων οργανισμών.
Καθώς οι μοριακοί και κυτταρικοί μηχανισμοί άμυνας της νεογνικής έμφυτης ανοσίας δεν
είναι επαρκώς χαρακτηρισμένοι, η σε βάθος κατανόηση τους είναι απαραίτητη για το
σχεδιασμό νέων στοχευμένων και αποτελεσματικών θεραπευτικών προσεγγίσεων έναντι
της νεογνικής σήψης.

Η πρωτεΐνη DEL-1 είναι ένα μόριο με χαρακτηριστικές ανοσοτροποποιητικές και
αντιφλεγμονώδεις ιδιότητες, που διαδραματίζει σημαντικό ρόλο στη παθολογία
φλεγμονωδών νόσων. Χρησιμοποιώντας αγρίου τύπου (WT) υγιή και σηπτικά, νεογνά και
ενήλικα ποντίκια παρατηρήσαμε ότι έκφραση αυτού του παράγοντα είναι συστημικά
αυξημένη στα νεογνά σε σχέση με τα ενήλικα ποντίκια, ενώ παρουσία σήψης αυξήθηκαν
ακόμη περισσότερο σε αντίθεση με τα επίπεδα των σηπτικών ενήλικων ποντικών.
Προκειμένου να διερευνήσουμε το ρόλο της πρωτεΐνης DEL-1 στο πλαίσιο της νεογνικής
σήψης, χρησιμοποιήσαμε νεογνά WT και DEL-1-/- γονοτύπου τα οποία υποβάλαμε σε
πολυμικροβιακή σήψη. Παρατηρήσαμε ότι τα DEL-1-/- νεογνά ποντίκια παρουσίασαν έντονη
ουδετεροπενία, οξυμένη βακτηριαιμία και σημαντικά μειωμένη επιβίωση στη σήψη,
συμπτώματα τα οποία αναστράφηκαν έπειτα από τη χορήγηση εξωγενούς DEL-1. Η βάση
αυτών των συμπτωμάτων βρίσκεται στο μειωμένο αριθμό των μυελικών αιμοποιητικών
βλαστοκυττάρων και των πρόγονων ουδετερόφιλων στο μυελό των οστών των σηπτικών
DEL-1-/- νεογνών, αναδεικνύοντας τη σημασία της πρωτεΐνης DEL-1 ως αναπόσπαστο
συστατικό του νεογνικού μυελού που διαμεσολαβεί τις προστατευτικές του ιδιότητες,
στηρίζοντας την επείγουσα μυελοποίηση.

Επιπλέον αναδεικνύουμε ότι η αυξημένη ιστική παραγωγή της DEL-1 στα σηπτικά νεογνά
αποδίδεται στην αυξημένη αναλογία IL-10/IL-17A κυτταροκινών. Συγκεκριμένα, δείχνουμε
ότι η κυτταροκίνη IL-10 ρυθμίζει θετικά την DEL-1, καθώς η παρεμπόδιση του
σηματοδοτικού μονοπατιού της IL-10 μείωσε τόσο την έκφραση όσο και τις ευεργετικές
δράσεις της DEL-1. Σε συμφωνία με τα δεδομένα μας από τα πειραματικά μας μοντέλα,
τόσο η DEL-1 όσο και ο αριθμός των κυκλοφορόντων ουδετερόφιλων είναι αυξημένα στους
σηπτικούς ασθενείς που χαρακτηρίζονται από υψηλή αναλογία IL-10/IL-17A. Επιπλέον, οι
σηπτικοί ασθενείς με υψηλότερα επίπεδα DEL-1 παρουσιάζουν καλύτερη επιβίωση σε
σχέση με τους ασθενείς με χαμηλά επίπεδα DEL-1.



PhD Thesis Ourania Kolliniati

14

Συμπερασματικά, σε αυτή τη μελέτη αναδεικνύουμε του σηματοδοτικού άξονα IL-10–DEL-1
στη διατήρηση των αποθεμάτων ουδετερόφιλων στο μυελό των οστών, τα οποία είναι
ανεπαρκή κατά τη νεογνική ηλικία, στηρίζοντας την επείγουσα μυελοποίηση και την
επιβίωση των σηπτικών νεογνών.

Έπειτα μελετήσαμε το ρόλο των ενήλικων και των νεογνικών μακροφάγων στην λοίμωξη με
το Στρεπτόκοκκο Βήτα Ομάδας (GBS). Ο GBS είναι ένα ευκαιριακό παθογόνο για τους υγιείς
ενήλικες οργανισμούς, όμως για τα νεογνά και να νεαρά βρέφη αποτελεί μία από τις κύριες
αιτίες σήψης και μηνιγγίτιδας παγκοσμίως. Για να διερευνήσουμε τους μοριακούς
μηχανισμούς άμυνας των μακροφάγων έναντι του GBS χρησιμοποιήσαμε περιτοναϊκά
μακροφάγα από νεογνά και ενήλικα ποντίκια τα οποία στη συνέχεια μολύναμε με GBS. Σε
αντίθεση με τα μακροφάγα των ενηλίκων, η λοίμωξη του GBS στα νεογνικά μακροφάγα
οδήγησε σε αύξηση του ενδοκυττάριου βακτηριακού φορτίου, μεγαλύτερη
κυτταροπλασματική διαφυγή των βακτηρίων και μειωμένη στόχευσή τους στα
λυσοσώματα για καταστροφή. Με τη χρήση συνεστιακής μικροσκοπίας και μίας σειράς
μορίων siRNA, αποδείξαμε ότι ο μηχανισμός της LC3 εξαρτώμενης φαγοκυττάρωσης (LAP)
είναι ο βασικός διαμεσολαβητής της βακτηριοκτόνου δράσης των ενήλικων μακροφάγων
κυττάρων έναντι του GBS. Ωστόσο, στα νεογνικά μακροφάγα ο μηχανισμός αυτός είναι μη
λειτουργικός όπως καταδεικνύεται από τον μειωμένο συν-εντοπισμό του GBS με την LC3.

Κατά τη μόλυνσή τους με GBS τα νεογνικά μακροφάγα αποκτούν ένα διακριτό μεταβολικό
και φλεγμονώδες προφίλ, το οποίο παρουσιάζει προφλεγμονώδη και αντιφλεγμονώδη
χαρακτηριστικά. Σύμφωνα με τα αποτελέσματα της RNA-seq ανάλυσης, έπειτα από τη
διέγερσή τους με τον GBS τα νεογνικά μακροφάγα παρουσιάζουν υπέρμετρη παραγωγή της
κυτταροκίνης IL-6, η οποία έχει ανασταλτική δράση στο μονοπάτι της LAP. Πράγματι, η
χορήγηση εξωγενούς IL-6 σε ενήλικα μακροφάγα κύτταρα, παρεμποδίζει τη βακτηριοκτόνο
δράση τους. Αντιθέτως η στόχευση της IL-6 ή πιο συγκεκριμένα του trans σηματοδοτικού
της μονοπατιού, ενισχύει την αντιβακτηριακή δραστηριότητα των νεογνικών μακροφάγων
έναντι του GBS μέσω του μηχανισμού της LAP. Ομοίως, η παρεμπόδιση των κάτωθεν
σηματοδοτικών μορίων της IL-6, JAK1/2 και STAT-3, μείωσε σημαντικά το ενδοκυττάριο
βακτηριακό φορτίο και τη κυτταροπλασματική διαφυγή του GBS στα νεογνικά μακροφάγα,
ενισχύοντας παράλληλα τον συν-εντοπισμό των ενδοκυττάριων βακτηρίων με την πρωτεΐνη
LC3.

Σε συμφωνία με τα μέχρι τώρα δεδομένα μας από το πειραματικό μοντέλο των ποντικών, η
χημική αναστολή του IL-6R με τον παράγοντα Tocilizumab στα μακροφάγα ομφάλιου λώρου,
βελτιώνει την ικανότητα τους να καταπολεμήσουν τον GBS. Τέλος, σε αυτή τη μελέτη
παραθέτουμε στοιχεία ότι η στόχευση του σηματοδοτικού άξονα της IL-6 έχει τη
δυνατότητα να παρατείνει την επιβίωση των μολυσμένων με GBS νεογνών ποντικών. Για το
λόγο αυτό, η χορήγηση ανοσοτροποποιητικών θεραπειών που θα στοχεύσουν
συγκεκριμένα τον άξονα IL-6/JAK1&2/STAT-3 θα μπορούσε να προστατεύσει τα νεογνά
ενάντια λοιμώξεων από τον GBS, ενισχύοντας τους ενδοκυττάριους μηχανισμούς άμυνας
των μακροφάγων έναντι των οπορτουνιστικών παθογόνων.

Τα ευρήματα της παρούσας μελέτης θα μπορούσαν μελλοντικά να οδηγήσουν στην
ανάπτυξη στοχευμένων θεραπευτικών προσεγγίσεων που θα συνεισφέρουν στη πρόγνωση
και θεραπεία της νεογνικής σήψης που παραμένει πενιχρή.
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Abstract

Neonatal sepsis is a major cause of morbidity and mortality among term and preterm infants
in both developed and developing countries worldwide. Several studies have identified E.
coli and Streptococcus agalactiae (GBS) as the leading causative agents of sepsis in this
vulnerable age group. Though these pathogens are commensals for healthy adults, in
neonates such infections have particularly devastating outcomes for both infant hosts and
their families. Despite antibiotic treatment there are no other available therapies for the
management of neonatal sepsis. A major contributor of neonatal susceptibility to infections
is the immature state of neonatal adaptive and innate immune responses. During this tender
period of life, adaptive immunity is still underdeveloped, whereas innate immune responses
are untrained and partly disarmed compared to those of adults. Since the molecular and
cellular mechanisms of neonatal innate immune defense against pathogens and sepsis have
not been clearly elucidated, their understanding is crucial to develop new targeted and
effective therapies for this detrimental condition.

DEL-1 is a molecule with profound immunomodulatory and anti-inflammatory properties
with fundamental role in inflammatory disease pathology. By utilizing wild type (WT) healthy
and septic mice of adult and neonatal age, we observed that DEL-1 expression was
systemically elevated in healthy neonates compared to adults and further increased under
septic conditions as opposed to septic adults. To investigate the role of DEL-1 in the context
of neonatal sepsis, we utilized WT and DEL-1-/- that we subjected to polymicrobial sepsis. We
found that DEL-1-/- mice displayed profound neutropenia, exaggerated bacteremia and
overall diminished survival in response to sepsis, defects that were rescued by the
exogenous administration of DEL-1. The basis of these defects relies on the diminished
numbers of myeloid-biased hematopoietic stem cells, granulocyte progenitors and
neutrophils in the bone marrow of septic DEL-1-/- mice, indicating the importance of DEL-1 as
an integral component of the neonatal bone marrow niche that exerts its protective effects
via supporting emergency granulopoiesis.

We also demonstrate that the sustained tissue production of DEL-1 in newborn sepsis was
attributed to the high IL-10/IL-17A ratio that neonates display. Specifically, we provide
evidence that as IL-10 upregulates DEL-1, as blockade of IL-10 signaling diminished both the
expression and the beneficial effects of DEL-1. Consistent with the mouse findings, DEL-1
and neutrophil numbers were higher in septic human adult and neonate patients with high
IL-10/IL-17A ratio. Furthermore, septic patients with high DEL-1 exhibited lower mortality
rates compared to patients with low DEL-1.

In conclusion, we highlight the role of a hitherto unappreciated IL-10–DEL-1 axis in the
maintenance of the bone marrow neutrophil pool, which is inadequate in infancy, by
supporting emergency granulopoiesis, thus preventing neutropenia and promoting sepsis
survival in early life.

Next, we studied the role of adult and neonatal macrophages in response to GBS infection.
GBS is a commensal for healthy adults but a leading cause of sepsis and meningitis among
neonates and young infants. To study the molecular mechanisms of macrophage immunity
against GBS we utilized thioglycolate elicited peritoneal macrophages from adult and
neonate mice that we stimulated with GBS. Unlike adult macrophages, GBS infection in
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neonatal macrophages was characterized by elevated intracellular bacterial load, enhanced
cytoplasmic escape and decreased targeting to lysosomes for degradation. Using confocal
microscopy analysis and a series of siRNA molecules we demonstrated that LC3 Associated
Phagocytosis (LAP) is the driver immune mechanism mediating GBS clearance in adult
macrophages. However, neonatal macrophages suffer from profound deficits in LAP
pathway as indicated by the diminished co-localization of GBS with LC3.
GBS infected neonatal macrophages acquired a unique metabolic and inflammatory profile,
baring both pro- and anti-inflammatory characteristics. RNA-seq analysis revealed that
neonatal macrophages produce exacerbated amounts of IL-6 in response to infections that
negatively impact LAP. In fact, the administration of IL-6 in murine adult macrophages
impeded their antibacterial activity. In contrast, the universal inhibition of IL-6 or the
selective inhibition of its trans signaling mode improved the bactericidal capacity of the GBS
infected macrophages in a LAP dependent manner. Similarly, the inhibition of the
downstream signaling mediators JAK1/2 and STAT-3 significantly decreased intracellular load
and cytoplasmic escape of GBS, while enhancing LC3 deposition on internalized bacteria.

In accordance with our findings on the murine model, the inhibition of IL-6R with
Tocilizumab, augments the capacity of human cord blood macrophages to eliminate GBS.
Finally, we demonstrate that the IL-6 targeting therapies can have potential in vivo and
prolong the survival of GBS infected murine pups. Hence, the administration of
immunomodulatory therapies targeting the IL-6/JAK1&2/STAT-3 axis may confer protection
from invasive GBS infection in newborns by effectively activating the intracellular defense
mechanisms of macrophages against invading pathogens.

The findings of the current study can potentially lead to the development of targeted
therapies that may improve neonatal sepsis prognosis and morbidity that remain too dismal.
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CHAPTER 1
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Introduction

Neonatal immunity

The very first breath of a neonate has been characterized as one of the most dangerous
moments in a human’s lifetime [1]. A major determinant for that is the transition from the
shielded and sterile environment of the womb to the hostile pathogen-laden outer world
that renders newborns vulnerable to several hazardous agents [2]. In order to protect these
sensitive organisms from the various environmental dangers, the neonatal immune system
is employed to mount a well-orchestrated inflammatory response against opportunistic
pathogens, while developing memory for future encounters [1, 3]. However, such responses
demand a fully developed immune system and during this tender period of life, immunity is
partially unarmed. Several factors including maternal immunity, gut microbiome, and
exogenous stimuli contribute to the shaping of infantile immunity, but the mechanisms
dictating this process remain poorly understood. Hence, a deeper understanding of the
molecular dynamics dictating the immune system in infancy is of paramount importance for
the development of preventative and therapeutic strategies against newborn diseases.

1. Adaptive immunity in early life

The adaptive immune system of adults and neonates is very distinct in terms the response,
the phenotype and the function of its components [3, 4]. Adaptive immunity in early post-
natal period is believed to be underdeveloped and therefore inadequate to fully protect
newborn hosts. In general, neonates are characterized by lymphopenia, diminished
production of pro-inflammatory cytokines and an overall tolerogenic response [5, 6].

1.1 T cell responses in infancy

Regarding CD4+ T-cells, the cytokine landscape in infancy favors their differentiation towards
T-helper 2 (Th2) cells, thus impairing their responses against pathogens and predisposing
neonates to infections [7-9]. In parallel to that, the low levels of IL-17a during the first
months of life impede the differentiation of CD4+ T cells into reactive Th17 cells [7, 10]. The
overall state of tolerance in infancy is also supported by the markedly enhanced subset of
regulatory T-cells (Treg) that further impairs neonatal immune responses to pathogens and
vaccines [3, 10, 11]. Despite the composition differences of neonatal CD4+ T cells, their
ability to acquire memory is also considered to be limited, thus not giving rise to effector
memory T cells (TEM) as adequately as adults [3]. However, recent evidence demonstrate
that neonates have in fact a small circulating pool of highly plastic TEM CD4+ T cells that
predominantly produce anti-inflammatory mediators [12].

Similarly to CD4+ T cells, neonatal CD8+ T cells mostly display innate immune characteristics
as their expression profile bares similarities with that of neutrophils [13]. These cells have
enhanced production of antimicrobial peptides and oxidative burst mediators and can
proliferate more rapidly than their adult counterparts. Nevertheless, they have significantly
reduced memory and clonal expansion and are less cytotoxic that adult CD8 T cells [3, 6, 13].
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1.2 B cell responses in infancy

Despite T cells, humoral immunity displays significant differences in early post-natal period
and later in life. B cells are the master regulators of antibody production against specific
external (non-self) antigens. The antibody production process involves 3 interconnected
steps: I) the capture and presentation of the antigen to B cells mediated by the Follicular
Dendritic cells (FDCs), II) the formation of germinal centers and III) the sustained
differentiation of bone marrow derived plasmablasts into mature plasma cells [14]. It is well-
documented that during the first weeks of post-natal life, mice suffer from insufficient
differentiation of FDC percussors to mature FDCs. This impairs the interaction of FDCs with B
cells, thus attenuating germinal center formation and concomitantly B and T cell interaction
[14, 15]. Furthermore, the differentiation of plasmablasts to plasma cells is also hindered
during this period since the neonatal bone marrow invests in the production of memory B
cells at the dispense of plasma cell generation [16].

Regarding the activity of B cells, age is a critical determinant of their immune profile and
activation status. Specifically, the transcriptome as well as the surface marker composition
of B cells in infancy and adulthood is very discrete [3]. Studies underline that human
neonatal B cells bare less co-stimulatory receptors on their cell surface, thus maintaining a
progenitor-like state [17, 18]. Additionally, the memory capacity of early-life B cells is limited
and so is the rate of somatic hypermutation in these cells [16]. The reduced somatic
hypermutation leads to the generation of less specific antibodies raised against antigens that
contribute to the hypo-responsive neonatal humoral immunity [3].

Moreover, the nature of and composition of neonatal antibodies differs from that of adults.
In infancy, the predominant immunoglobulin is IgM, whereas IgG and IgA production
remains relatively low during the first weeks of life [17]. This is because neonatal B cells
exhibit diminished class-switching, therefore dampening the production of other classes of
immunoglobulins. [16, 18]. In line, the average quantity and half-life of antibodies in the
neonatal hosts are significantly limited compared to that of adults [3].

2. Innate immune responses in early life

As adaptive immunity is still inexperienced in infancy, neonates employ innate immune cells
to encounter the potential dangers and mount a sufficient, protective immune response [2].
Nonetheless, many studies have established that neonatal innate immune system elicits
predominantly immunosuppressive and anti-inflammatory responses against pathogenic
stimuli that render infants susceptible to infections and the infection-related manifestations
[1]. The superficially hypo-responsive phenotype of neonatal innate immune cells is actually
protective against tissue damage and through the specific sensing of pathogen components
it is gradually shaped towards a more potent immunological response [19]. It is therefore
apparent that the adult and neonatal innate immunity have a plethora of differences, the
basis of which has not been fully explored yet.
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2.1 Natural killers (NK), Dendritic cells (DCs) and Innate Lymphoid cells (ILCs)
in early life

Dendritic cells (DCs) are professional antigen presenting immune cells (APCs) with
distinguished morphology that resembles that of dendrites. Their role is to trap potential
antigens, process them and present them to T cells, mediating the translation of immune
response from the innate to adaptive immune system, thus making it vigorous and more
specific [1]. This group of cells in further sub-divided into two distinct categories, the
conventional and plasmacytoid DCs that mediate T cell activation and antiviral interferon
(IFN) production respectively [1, 20].

Neonatal and adult DCs differ in terms of their abundance, their distribution, their
expression profile and their ability to elicit inflammatory responses and stimulate other
immune cells. While in both adults and neonates DCs originate from precursors in the bone
marrow that differentiate and populate peripheral lymphoid and non-lymphoid tissues, the
number of neonatal DCs is significantly lower, both in the bone marrow and the periphery [1,
20]. Much like the other immune cells, neonatal DCs are considered as immature and
immunosuppressed compared to adults [21]. Specifically, they have restricted expression of
immune-stimulatory receptors on their cell surface, such as major histocompatibility
complex class II (MHCII) and produce predominantly classical anti-inflammatory cytokines,
like IL-4, IL-10 and IL-13 [20, 22]. Their immaturity is interconnected with their hindered
ability for antigen presentation and subsequently proper T cell activation [22].

Natural Killer (NK) cells are an essential component of innate immune defense as they
continuously patrol our body and remove infected host cells, therefore inhibiting disease
dissemination and establishment. NK cells have the ability to eliminate their target cells, by
releasing cytotoxic molecules, without requiring prior sensitization [23]. In order to mediate
these functions, NK cells express a wide range of receptor molecules on their cell surface
that either promote (natural cytotoxicity receptors, NCRs) or inhibit (killer cell
immunoglobulin-like receptors, KIRs) their ability to sense potential target cells [1]. Though
the number of NK cells is enhanced in perinatal period and gradually decreases though
adolescence, the activity of neonatal NK cells is comparatively suppressed [23]. This is due to
the fact that the pool of inhibitory receptors is enriched in NK cells deriving from cord blood
compared to those from peripheral adult blood. This differential receptor repertoire
commits neonatal NK cells to cytokine release at the expense of cytotoxicity [1, 23].
Subsequently, neonatal NK cells are reported to exhibit less adherence on target cells,
reduced degranulation and diminished production of lytic factors, like granzyme and
perforins [23]. Despite the release of cytotoxic factors, neonatal NKs suffer from blunted
production of activating, pro-inflammatory cytokines such as IL-12 and IFN-γ [23].

Much like the aforementioned groups of cells Innate Lymphoid Cells (ILCs) also present
substantial differences during early and later stages of life. Since ILCs do not possess
specified receptors for antigens, they protect hosts against pathogens via their ability to
recognize highly conserved pathogen components [1, 2, 24]. ILCs are a diverse component of
innate immunity, consisting of 3 distinct groups of cells, ILC1, ILC2 and ILC3, which differ in
terms of cytokine and transcription factor expression [25]. In detail, ILC1s produce
predominantly IFN-γ and TNF-a thus having enhanced anti-bacterial activity for intracellular
pathogens [24]. ILC2s produce Th2 cytokines and support immunity against helminths as
well as tissue repair and regeneration. Finally, ILC3s resemble Th17 cells by producing
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cytokines like IL-17 and IL-22 and mediating mucosal immunity. In the neonatal period, ILC
population is markedly enriched and assists lymphoid tissue formation and establishment of
gut flora in the neonatal intestine [1, 2, 25]. Neonatal ILCs interact with other immune cells
to promote immunotolerance and immunosuppression against external stimuli [25]. The
neonatal ILC3s have been shown to inhibit lymphopenia-Induced Proliferation (LIP) and the
subsequent activation of T cells and tissue damage, hence supporting an overall
immunotolerant response [1, 24].

2.2 Neutrophil responses in infancy

Neutrophils are an essential first line of the innate immune response against invading
pathogens and protect hosts via numerous mechanisms, including pathogen internalization,
ROS production, degranulation and NETosis, a process of neutrophil extracellular traps (NET)
generation [1]. Under resting conditions, neutrophils reside in the bone marrow and
transmigrate though the bone marrow endothelium to gain access to circulation [26].
However, in cases of infection, the inflammatory mediators provoke neutrophil release and
translocation from the bone marrow to the circulation [27]. From there, neutrophils
extravasate into the sites of infection, following a multistep process that includes: I. capture
and rolling, II. adhesion and crawling and III. diapedesis of neutrophils through the tissue
endothelial layer towards the inner part of inflamed tissues [28].

In humans and other mammals, there are 3 distinct neutrophil pools described, the
proliferative, circulating, and marginal pool. In regards to the proliferative pool, it primarily
contains mitotic precursor cells which, under the right circumstances, multiply to replenish
the neutrophil compartment in a process known as granulopoiesis. However, the size of
neutrophil proliferative pool is distinguishingly restrained in both term and preterm infants
compared to adults [29, 30]. During the early stages of life, the limited number of neutrophil
progenitors together with the rapid recruitment of neutrophils in the periphery upon proper
activation, lead to neutropenia and subsequently increased morbidity and mortality rates
[26, 27, 29-31]. Notably, the increased demand for neutrophil release in early life infections,
prompts an intensified release of immature granulocytes in the circulation [29]. These
immature cells are less functional compared to mature neutrophils and therefore predispose
neonatal hosts to more severe disease development [29, 30]. Nevertheless, this tight
regulation of neutrophil kinetics is vital for the neonatal host defense.

Despite the quantitative differences, there are also quantitative differences between adult
and neonatal neutrophils. It has been reported that that the neutrophils of term but
especially preterm infants release similar quantities of azurophilic proteins like defensins
and myeloperoxidase (MPO), but significantly diminished quantities of lactoferrins, elastase
and Bactericidal-Permeability-Increasing Protein (BPI), compared to adult counterparts [29,
32]. Additionally, neonatal neutrophils produce decreased amounts of Galectin-3, that in
turn hinder phagocytosis, degranulation, ROS production and the overall survival ability
these neutrophils [29]. Another neutrophil function that is less profound in infancy is
NETosis [33]. According to previous studies, neutrophils from preterm and term infants
cannot generate NETs as sufficiently as adult cells, probably due to their elevated expression
of inhibitory molecules [33, 34]. In regards to their chemotaxis, neonatal neutrophils suffer
from reduced intracellular calcium influx that blocks cytoskeletal organization and F-actin
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polymerization [1]. Neonates also display limited expression and shedding of cell adhesion
mediators, on both their neutrophils (L-selectin, Complement Receptor 3 CR3. P-selectin)
and endothelial cells (ICAM-1, VCAM-1) [1, 29]. Lastly, neonatal neutrophils display reduced
bactericidal activities, including diminished opsonization and engulfment of pathogens and
decreased pro-inflammatory cytokine production, compared to adult cells [1, 29]. It is also
known that in the absence of stimuli, neonatal neutrophils produce more pro-inflammatory
cytokines, like TNF-a, IL-1b and IFN-γ compared to adult cells. However, in the presence of
pathogenic signals, they express significantly less pro-inflammatory factors and more anti-
inflammatory molecules than the adult neutrophils [27, 35, 36].

This overall altered profile of neonatal neutrophils is a critical determinant for increased
susceptibility of neonatal hosts to bacterial and fungal infections.

2.3 Macrophage responses in infancy

Along with neutrophils, macrophages are also professional phagocytic cells that play a
fundamental role in host protection from hazardous pathogens by determining the type and
magnitude of innate immune response. Macrophages have a vast repertoire of pattern
recognition receptors (PRRs) both internally and externally, facilitating the recognition of
pathogens and the transduction of signals to trigger sufficient immune responses [37, 38].
Their ability to specifically recognize, internalize and eradicate pathogens and in turn,
secrete cytokines and perform antigen presentation enables them to initiate, sustain and
finally resolve inflammatory responses. In mammals, macrophages derive either from the
yolk sack and fetal liver or the bone marrow monocyte progenitors, giving rise to tissue
resident and circulating macrophages respectively [39]. Tissue resident macrophages are the
first local line of defense against opportunistic pathogens, whereas monocyte derived
macrophages patrol the organism and infiltrate the inflamed tissues in an attempt to
eliminate dangers and restore balance [40].

Based on their activation status macrophages are subdivided into two main phenotypes: the
classically activated (M1) and the alternatively activated (M2) macrophages [37, 41, 42]. In
detail, M1 macrophages produce primarily pro-inflammatory cytokines, like TNF-a, IL-6, IL-1b
and IL-12, elevated amount of ROS and display overall enhanced bactericidal activities,
whereas M2 macrophages express predominantly anti-inflammatory markers like IL-10, TGF-
b, Arginase-1, Ym1 and Fizz1 and facilitate healing and resolution of inflammation [37, 41,
42]. A schematic of macrophage phenotype and the associated markers and activities is
presented below (Figure 1.1). Though the M1 and M2 phenotypes are the most well defined,
macrophage phenotype is not dual but rather exists on a spectrum, with various
intermediate states being generated from macrophage responses to different environmental
signals [41-43]. However, neonatal macrophages, much like all the aforementioned immune
cells, elicit distinct responses to internal and external signals compared to adult
macrophages.
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Regarding their response to Toll like receptor (TLR) stimulation, neonatal macrophages
produce a distinct pattern of cytokines compared to adult cells. It has been previously
reported that neonatal macrophages produce elevated amounts of IL-6, IL-23 and IL-1β, but
diminished quantities of IFN-γ and IL-12, thus investing to the eradication of extracellular
rather than intracellular pathogens [44, 45]. This immunosuppressive profile is also evident
in circulating human neonatal cells, as their stimulation with different TLR ligands, leads to
diminished IRF-3 dependent production of the pro-inflammatory cytokines IFN-b, IFN-γ and
IL-12 [45]. It is possible that the anti-inflammatory signature of neonatal macrophages that is
conserved among the species, is actually dictated by the enhanced STAT-3/STAT-1 ratio that
stimulated neonatal macrophages display. This imbalance towards STAT3 reduces the
abundance of TLRs, along with the IRF-3 and NF-kB dependent cytokine production in
neonatal macrophages, thus rendering neonatal cells less responsive and infants more
susceptible to endotoxemia [46, 47].

The immunosuppressive, M2-like status of neonatal macrophages is also affected by the
abundance of immunomodulatory molecules, like lactoferrin in infant organisms, that
further impedes the production of pro-inflammatory factors [48]. Similarly, the enhanced
levels of the immunosuppressive cytokine IL-27 in infancy, blunt both the inflammatory
response and the anti-bacterial capacity of macrophages, hence contributing to the
establishment of macrophage alternatively activation [49, 50]. This plethora of soluble
factors and intracellular event that contribute to the establishment of an M2-like state in
neonatal macrophages, shifts later on in life, leading to the development of M1-like
responses. The age dependent progression of macrophage phenotype towards M1 status is
also evident on an epigenetic level. Specifically, the activating marker H3K4me3 is strikingly
reduced in loci related to inflammatory response during infancy, but gradually increases
later on in life, conferring to the “maturity” of innate immune responses [51]. This transition
is accompanied by an extensive metabolic rewiring of macrophages from the infancy to the
adulthood. It is documented that in neonatal macrophages, a shift from oxidative
phosphorylation to glycolytic or lipid dependent metabolism is required in order for immune
cells to be upregulated. This metabolic switch is not activated in neonatal macrophages since

Figure 1.1: The distinctive characteristics of macrophage polarization towards M1 and M2 phenotype [42].
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oxidative phosphorylation rates are high, whereas chromatin accessibility of glycolytic and
lipid metabolism related genes is relatively low [51, 52]. However, other studies indicate that
both the circulating and tissue-resident neonatal macrophage responses are shaped towards
an M1-like status, hence expressing predominantly core pro-inflammatory mediators (iNOS,
CD68, CD86, TNFa) and less anti-inflammatory factors (Arg-1) than adult cells [53, 54].

Other age-dependent differences of adult and neonatal macrophages are their abilities for
transmigration and antigen presentation. In detail, neonatal monocytes exhibit diminished
capacity to transmigrate through the endothelium layer. This is due to their limited
expression of adherence molecules, like membrane attack complex-1 (Mac-1) and L-selectin,
that impairs their ability to adhere and infiltrate inside inflamed tissues [1]. This disability of
neonatal macrophages is locally compensated by their enhanced expression of chemotactic
factors that cause an overall elevated immune cell efflux in the inflamed areas [55].In
regards to their antigen-presenting capacity, neonatal macrophages are reported to express
significantly less HLA-DR, MHC-II, CD80 and CD86 molecules on their cell surface that in turn
compromise antigen presentation and the adequate stimulation of adaptive immune cells [1,
54]. Despite antigen presenting mediators, neonatal macrophages express significantly less
CD11b, CD14, and F4/80 than adult cells [54]. Additionally, the abundance of phagocytic
receptors, like CR3 and FcγR, and pathogen specific ones, is very limited, thus impeding
pathogen engulfment and uptake [56-58]. This restrained internalization of pathogens, is
followed by the dysfunctional acidification of phagosomes in these cells, which allows for
pathogen survival inside the immature phagosomal compartments [56].

Collectively, the aforementioned data corroborate that the neonatal macrophages display
unique characteristics compared to adult cells both prior to and after stimulation. These
unique characteristics are the results of the immature infant immunity and an each one
contributes to the overall increased susceptibility of neonatal hosts to infections. A synopsis
of the distinctive characteristics of adaptive and innate immune cells in early life is

Figure 1.2:The distinctive adaptive and innate immunity in early life [59]
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presented in Figure 1.2 [59].

Neonatal sepsis

Neonatal sepsis is a multifactorial, multi-organ, life-threatening condition caused from the
uncontrolled and dysregulated response of host organism to infectious agents. It is
characterized by high morbidity and mortality rates and is usually accompanied by
devastating health and socioeconomic outcomes for the patients and their families in both
developed and developing countries [60]. The exact characterization of neonatal sepsis in
terms of clinical manifestations, is still challenging, since it differs significantly from pediatric
and adult sepsis [61]. Despite the increasing use of antibiotic therapy and the continuous
research for the development of preventative and therapeutic strategies against it, the
incidence of neonatal sepsis has been reported to remain unchanged or even increase in
specific cases [62].

A great number of intrinsic and extrinsic factors confer to the global clinical picture of
neonatal sepsis. The prevalence of neonatal sepsis is majorly affected by the extensive use
of routinely used antibiotics that gives rise to ultra-pathogenic, resistant strains and by the
lack of proper hospital infrastructure [63, 64].However, the most important determinant of
neonatal sepsis is the disarmed state of immunity in early life that renders neonates
particularly susceptible to infections [1, 56, 63, 65]. More specifically, the lack of proper
immunoglobulin production inhibits the capacity of neonatal immune system to eliminate
harmful pathogens [66, 67]. Similarly, the inflammatory response in infancy that is reported
to be overactivated and sustained for a prolonged time, leads to the development of
pathologic conditions like necrotizing enterocolitis (NEC) and bronchopulmonary dysplasia
(BPD), conditions that further influence the long-term outcome of neonatal sepsis [68]. The
profound insufficiency of neonatal immune responses is partly compensated by the function
of maternal immunity mediators that adequately protect infants [67]. However, if breeched
by pathogens, these maternal mediators can cause a threatening, hyper-inflammatory
response with serious neurodevelopmental implications [29].

Among the neonatal population the worldwide prevalence of bacterial induced sepsis was
estimated at 1 to 10 per 1000 births the last decade and has increased even further during
the years [63]. According to the World Health Organization (WHO), the 50% of the total 7,6
million child mortalities due to infections are attributed to neonates [61, 63, 69]. Notably the
incidence of neonatal sepsis is even more pronounced among the preterm (≤37 weeks of
gestation) and very low birth weight infants [64]. Depending on the host age during the
occurrence of septic episodes, neonatal sepsis is classified as early (EOS) and late onset
sepsis (LOS) [70, 71]. More specifically, the symptoms of EOS usually appear during the first
3 days of life, but in cases of Group Beta Streptococcus infection, EO disease symptoms
manifest within the first 6 days of life [70-72]. In most cases of EOS, pathogens infect the
neonatal hosts during pregnancy or delivery and are usually vertically transmitted from
infected mothers to infants [70, 71]. On the other hand, LOS is caused by infections that
manifest beyond 3 to 7 days of age, and is predominantly caused by microorganisms
acquired from interaction with the hospital environment or the community [70, 71]. For GBS
infections, late onset often refers to diseases that occur from 1 week to 3 months of age,
whereas GBS infections that develop after 3 months of age designated as very-late-onset
infection [69, 73, 74].
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Several bacterial and fungal pathogens are causative agents of neonatal sepsis [75, 76].
Regarding the bacterial borne disease, studies from the American Network of neonatology,
have identified that Gram-positive microorganisms are the etiological agents in 62% of early
neonatal sepsis cases, and in 43% of the total, the identified microorganism is Group Beta
Streptococcus [75]. On the other hand, Gram-negative microorganisms comprise 37% of the
etiological agents of early neonatal sepsis, of which 29% are Escherichia coli [75].

1. Escherichia Coli (E. coli)

Escherichia coli is a well-defined Gram-negative microorganism that is a major constituent of
human gut flora. Though most strains of E. coli are practically harmless to the host, there are
many virulence factors that render specific E. coli isolates very pathogenic, causing intestinal
and extraintestinal infections extraintestinal infections, such as urinary tract infections,
septicemia and meningitis [77].

Among the group of neonates, E. coli is a driver microorganism for neonatal sepsis,
accounting for 7% of the total neonatal sepsis incidences. E. coli infections are particularly
common among preterm and low weight infants, thus being the etiological agent for 37% of
EOS cases [64, 75]. Although the association of E. coli with LOS remains relatively low,
different studies support that the burden of both early and late onset E. coli infections has
increased during the last decades [78-81]. Moreover, the extended use of antibiotic
treatments has led to a sharp rise of antibiotic resistant E. coli strains that cause significant
morbidity and mortality and severe neurodevelopmental consequences to infant survivors
[81].

2. Group Beta Streptococcus (GBS)

Nowadays it is well documented that Group B Streptococcus (GBS), also known as
Streptococcus agalactiae, is one of the leading causes of neonatal sepsis globally. This well-
known β-hemolytic, Gram-positive coccus, is a pathogen that asymptomatically colonizes the
adult human body, in the gastrointestinal and genitourinary tract [69, 82]. Though GBS is
considered as commensal for most healthy adult individuals, its infections during pregnancy
and infancy can lead to particularly dreadful outcomes [69, 72]. Today, there are 10 different
GBS serotypes (Ia-IX) described, which differ in terms of virulence, infectivity and
geographical distribution [69, 73, 82]. The variation of serotypes among different regions
and populations, results in a subsequent variation in GBS colonization prevalence and
disease incidence [69, 73, 82]. Notably, GBS serotype III isolates are the ones most
frequently associated with more severe manifestations of GBS borne diseases, followed by
serotypes Ia, V, and II isolates [73].

During pregnancy, GBS has the capacity to surpass placental membranes and spread through
the amniotic cavity, infecting the fetus and consequently causing its premature death [83].
In the majority of EOGBS cases, bacteria are vertically transmitted from vaginal epithelium to
the neonatal respiratory tract during delivery [76, 84]. Contrarily, in LOGBS cases GBS is
laterally transmitted to the infant from the environment [83]. Transmission depends heavily
on maternal bacterial load and results in increased neonatal load which in turn affects
disease progression and outcome [64, 76]. GBS infections are commonly characterized by
the development of pneumonia, bacteremia and in some cases meningitis [69, 73, 74].
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These conditions can often prove fatal or lead to hearing loss, seizures, and
neurodevelopmental abnormalities among infant survivors (Figure 1.3) [64].

For more than 5 decades, GBS has emerged as a leading cause of neonatal sepsis and
meningitis in both developing and westernized societies [64, 76]. Nowadays, the total
newborn incidence of invasive GBS disease (iGBS) is estimated as 0.49 per 1000 live births
globally [73]. In detail, out of the 319 000 infants with invasive GBS disease, a 64,3%
developed EOGBS, whereas a 35,7% developed LOGBS [74]. Though antibiotic treatment has
successfully limited the incidence of EOGBS, the LOGBS incidence has remained rather static

[69, 74, 83]. Unfortunately, despite the use of antibiotic prophylaxis, there are still no
available therapies developed against neonatal GBS disease.

The role of DEL-1 protein in the regulation of immune response

DEL-1 (Developmental Endothelial Locus 1) is a secreted glycoprotein component of the
extracellular matrix (ECM), with a molecular weight of 52 kDa [28]. Encoded by the Edil3
gene, this protein contains 3 regions of EGF-like repeats (located in the N-terminus) and 2
Discoidin I-like domains (located in the C-terminus) that mitigate its interaction with
integrins and glycosaminoglycans respectively [28, 85]. Though DEL-1 is established as an
endothelial derived protein, many studies indicate that it can be produced by a wide variety
of cells, including immune, neural and hemopoietic cells [85-88]. Regarding is function, DEL-
1 mainly interferes with the integrin molecules αLβ2 (also known as lymphocyte function-
associated antigen 1, LFA-1) and αMβ2 (also known as macrophage-1 antigen MAC-1)
through its RDG domain and inhibits the interaction of these molecules with ligands on the
surface of endothelial cells, like ICAM-1 and VCAM-1 [85, 89]. Subsequently, this DEL-1-

Figure 1.3: Overview of the outcomes of perinatal group B Streptococcus [72]



PhD Thesis Ourania Kolliniati

28

mediated blockage prevents leukocyte adhesion, crawling on endothelial cells and their
transmigration towards the inner sites of inflammation [29, 35].

1. The role of DEL-1 in inflammatory conditions

As a molecule that participates in inflammatory response, DEL-1 is considered to bare anti-
inflammatory properties. Specifically, it is known that in several inflammatory conditions,
DEL-1 levels are strikingly reduced. It has been demonstrated that DEL-1 prohibits CCL3 and
CXCL2 chemokine release by neutrophils [90, 91]. Additionally, DEL-1 expression is known to
be reversely correlated with IL-17a levels (Figure 1.4) [92]. Both molecules antagonize each
other and negatively impact the expression of one another [91]. The circulating IL-17a,
deriving predominantly from Th17 cells, signals through GSK-3b and inhibits CEBP-b binding
on DEL-1 promoter [93-95]. Likewise, the pro-inflammatory cytokine TNF-a also prohibits
CEBP-b binding on Edil3 promoter, hence negatively regulating DEL-1 expression [90, 96]. In
line, other studies demonstrate that DEL-1 is responsible for the anti-inflammatory
properties of antibiotics, like erythromycin. In detail, it is documented that erythromycin
counteracts the inhibitory effect of IL-17 and TNF-a cytokines on DEL-1 expression by
activating JAK2/PI3K/AKT signaling axis, while it concomitantly promotes the direct binding
of CEBP-b on DEL-1 promoter in a JAK2-MAPK-p38 dependent manner [93, 94]. Therefore, it
is now widely believed that the exogenous administration of Del-1 is considered as a
promising therapeutic approach against many diverse inflammatory pathologies, and
especially those related to IL-17.

The anti-inflammatory properties of DEL-1 have been well-established in the context of
obesity and obesity related pathologies as well. In a model of high fat diet induced obesity,
DEL-1 was shown to have a protective role against lipid-induced endoplasmatic reticulum
(ER) stress, thereby ameliorating inflammation and insulin resistance in skeletal muscle cells
[97]. Additionally, Kwon et al. demonstrated that even though DEL-1 does not prohibit lipid
accumulation in adipocytes, it prompted their anti-inflammatory reprogramming and insulin
sensitivity, by activating of the AMPK/HO-1 signaling axis [98]. In hypertensive mice, both
endogenous and exogenous DEL-1, restrained aortic aneurism, hypertrophy and fibrosis via
modulating the immune response towards Treg infiltration and anti-inflammatory cytokine

Figure 1.4: The reciprocal inhibitory relationship between DEL-1 and IL-17a [91]
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production [99, 100]. However, other studies indicate a positive correlation between DEL-1
with atherosclerosis, associating the elevated DEL-1 levels with inflammatory marker
expression, foam cell deposition, stenosis and atherosclerotic plaque formation [101, 102].
In line, in cases of Kawasaki disease related aneurisms in children, it was shown that the
probability of aneurism development was correlated with lower concentrations of auto-
antibodies against DEL-1 [103].

Recent works underline the protective role of DEL-1 in central nervous system (CNS)
physiology. Though DEL-1 does not possess any protective activities against prions disease
development as lactadherin MFGE-8 does [104], it successfully protects mice from Multiple
sclerosis (MS) development. In detail, in models of experimental allergic encephalomyelitis
(EAE), DEL-1 limits leukocyte infiltration and inflammation in the CNS, thus ameliorating
disease progression while maintaining blood–brain barrier (BBB) integrity [105]. Accordingly,
Cheng et al. showed that DEL-1 attenuates the nerve damage in Spinal Cord Injury (SCI) by
activating SIRT1 and SERCA2 expression and preventing the disease related ER stress,
inflammation and apoptosis [106]. Parallel to its anti-inflammatory activities, DEL-1
possesses angiogenic potential, thus assisting angiogenesis and neural tissue restoration in
cases of ischemic stroke [95, 107].

The main body of information regarding the anti-inflammatory and pro-healing properties of
DEL-1 protein, comes from studies conducted in cells and experimental animals in which
DEL-1 is genetically depleted. Specifically, it has been shown that DEL-1-/- mice are prone to
proinflammatory disease development. In the context of periodontitis, mice with DEL-1
deficiency suffer from inflammatory periodontal bone loss and heavy neutrophil infiltration,
however this phenotype is reversed in the absence of IL-17 [28, 90, 91]. Similarly in rats with
experimental periodontitis, DEL-1 protein prevents Porphyromonas gingivalis infection and
related inflammation by diminishing SH3BP2 levels [108]. Moreover, DEL-1 absence has
been associated with enhanced bone resorption and osteoclast differentiation in
periodontitis [109]. As DEL-1 heavily interacts with extracellular matrix components, DEL-1-/-

mice suffer from deteriorated inflammation and ECM deposition in postoperative peritoneal
adhesion (PPA) [110]. DEL-1 ablation also associates with exacerbated accumulation of
inflammatory cells in joints, tissue damage and rapid development of arthritis [111].
Accordingly, in lung disease pathologies, mice lacking DEL-1 expression, experience
enchanced neutrophilic inflammation, collagen deposition and formation of fibrotic tissue
[85, 95].

Interestingly, the relationship between DEL-1 and multifactorial diseases like cancer and
sepsis is complicated and uncharacterized to a great extent. DEL-1 is a valid prognostic
marker for cancers like hepatocellular carcinoma and breast cancer, facilitating cancer cell
adherence, angiogenesis and controlled entrance of inflammatory cells in tumor
microenvironment [95]. However, in specific cases of cancer, like lung adenocarcinoma, DEL-
1 is reversely correlated with cancer progression [95]. In regards to sepsis, DEL-1 possesses
protective activities against the infiltration of immune cells in the site if inflammation, pro-
inflammatory cytokine production, apoptosis and HPA axis function [112]. Though DEL-1
levels are topically reduced in sepsis to allow for cell efflux, the circulating DEL-1
concentration is actually elevated due to shedding of the endothelial glycocalyx. The
enhanced circulating levels of DEL-1 are directly correlated to sepsis severity, making DEL-1 a
valuable prognostic biomarker for sepsis progression [113].
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2. The role of DEL-1 in the bone marrow composition

Recent studies have highlighted the profound role of DEL-1 protein in bone marrow niche.
As it is known by now, in the presence of inflammatory signals, like infectious agents, a
reshaping and proliferation of the myeloid compartment is triggered [31, 114]. This
reshaping includes the differentiation of precursor cells towards mature cells that leave the
bone marrow and translocate to the periphery to assist the defense of host organism and
the restoration of homeostasis [29, 85, 114]. This form of communication between the
periphery and the bone marrow that dictates the latter’s response is defined as emergency
myelopoiesis and it is a critical phenomenon for initiating a “proper” inflammatory immune
response [85, 114]. The abundance of DEL-1 in the microenvironment of the bone marrow
renders it as an important determinant of emergency myelopoiesis.

The role of DEL-1 in supporting myelopoiesis in mouse models has been previously described
[88, 115]. Notably, DEL-1, produced by a variety of bone marrow cells, interacts with avβ3
integrin on the surface of hematopoietic stem cells (HSCs) and promotes their proliferation
and differentiation toward the myeloid lineage and ultimately effector cells, under both
steady state and inflammatory conditions [88]. DEL-1 also contributes to the maintenance of
stem cell niche and supports the need of the periphery. Of interest, DEL-1 depletion
restrained LT-HSCs proliferation and G-CSF-dependent hematopoiesis leading to the
reduction of the myeloid pool in the presence of inflammatory signaling. Oppositely, the
overexpression of DEL-1 in endothelial cells, is shown to expand the pool of LT-HSCs and
symmetrically increase the numbers of downstream populations in the bone marrow [116].
Despite HSCs, DEL-1 is known to regulate T cell differentiation in the bone marrow.
Specifically, DEL-1 mediates the anti-inflammatory and immunosuppressive effects of
glucocorticoid (GC)-induced leucine zipper (GILZ) [115]. Bone marrow mesenchymal stem
cells (MSCs) that express GILZ upregulate DEL-1 production that in turn tilt the balance of
bone marrow T cells towards the generation of regulatory T cells (Tregs) [115].

The aforementioned line of evidence suggests the importance of DEL-1 in the regulation of
inflammatory response not only in the periphery, but also in the center of myelopoiesis,
were DEL-1 finely orchestrates the proliferation and differentiation of myeloid cells.

3. The role of DEL-1 in macrophage response

The role of DEL-1 has been well-established in the context of neutrophil transmigration,
however less information is available on the impact of DEL-1 on macrophage function.
Typically, endothelial derived DEL-1 blocks the binding of leukocyte adhesion molecules,
including αLβ2 (LFA-1) and αMβ2 (Mac-1) integrins on endothelial cells, thus prohibiting
their binding and migration through the vasculature [85, 95]. The inhibitory effect of DEL-1
on Mac-1 further impedes the complement dependent phagocytosis and concomitant
bacterial clearance in macrophages [117]. By inhibiting the interaction of Mac-1 on
macrophages with the GPIb molecule on platelets, DEL-1 prohibits the formation of
aggregates that can be proven deleterious in many conditions [118]. DEL-1 has also a
regulatory role as the inhibitor of NF-kB dependent production of the pro-inflammatory
factor MIF in macrophages exposed to low grade inflammation [119]. It further promotes
the resolution of inflammation by inducing an M2-like phenotype in macrophages and
facilitating the efferocytosis of neutrophils in these cells, through its interaction with αvβ3
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integrin [87, 120]. This process is accompanied by a functional reprogramming of the cells as
DEL-1-/- macrophages display predominantly pro-inflammatory characteristics [86, 87].
Collectively, these data showcase the previously uncharacterized role of DEL-1, a
predominantly endothelial protein, on macrophage function and inflammatory response.
The multifactorial nature of DEL-1 in the regulation of different cell type functions is
presented in Figure 1.5.

Figure 1.5: Structure and biological activities of DEL-1. The role of DEL-1 in a) inhibition of neutrophil recruitment,
b) promotion of efferocytosis, c) T-reg activity regulation and d) myelopoiesis promotion [119]

Intracellular pathways of phagocyte defense

Innate immune phagocytes are crucial components of the innate immunity that protect host
organisms against invading opportunistic pathogens. This is accomplished via an array of
sophisticated and well-orchestrated molecular mechanisms that enable phagocytes to
mount robust responses against the potential danger signals. In brief, the initiation step of
phagocyte response is the binding and recognition of the pathogen through a variety of
receptors localized on the surface of the host cells. This event activates several signaling
cascades that translate the recognition of the pathogen to a specific immune response,
resulting in the production of pro- and anti-inflammatory cytokines. Concomitantly, the
secreted cytokines orchestrate and amplify the immune response in an autocrine-paracrine
manner and recruit other immune cells in the site of inflammation, thus restricting the
advancement of infection and restoring balance in the host.
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In parallel to their inflammatory response, phagocytes, as implied by their name, use their
extended repertoire of receptors not only to transduce signaling but also to specifically
recognize, engulf and endocytose pathogenic agents via a process known as phagocytosis. In
detail, pattern recognition receptors (PRRs) located intracellularly or on the surface of the
cells specifically recognize highly conserved motifs of intra- and extra-cellular pathogens.
This recognition is followed by the engulfment and restriction of pathogens inside vacuoles
that fuse with lysosomes in order to expose pathogens to the hostile lysosomal environment,
rich in reactive oxygen species (ROS) and antimicrobial peptides, and successfully eradicate
them [121].

This arsenal of molecular mechanisms equips phagocytes with the ability to effectively
detect, engulf, and neutralize potential dangers, thereby safeguarding the host and
promoting a robust immune response to control infection and restore homeostasis. Thus,
inhibition, dysregulation or impairment of such pathways, disarm immune responses and
render host susceptible to infections.

1. The pathway of xenophagy

The term autophagy comes from the Greek words, εαυτός meaning ‘self’ and φαγείν,
meaning ‘to eat’. It is used to describe an evolutionarily conserved and highly selective
degrative pathway that supplies eukaryotic cells and thereafter organisms with the
necessary energy and building blocks to carry out their processes, while maintaining their
homeostasis [122, 123]. Specifically, autophagy is the regulatory pathway that mediates the
recycling and clearance of protein aggregates, misfolded proteins, and unnecessary,
dysfunctional or damaged organelles [122, 124, 125]. This results in an increased availability
of macromolecules, including lipids, amino acids, nucleotides that can be immediately used
in biosynthetic processes [126]. In times of energy deficit and nutrient deprivation, the
AMPK kinase is activated and blocks the inhibitory to autophagy mTORC1 complex, thus

Figure 1.6: The antibacterial defense mechanisms of macrophages [120]
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activating this catabolic process [127]. Essentially, autophagy relies on the nucleation and
elongation of a double membrane structure, named phagophore that surrounds the cargo,
leading to the formation of a characteristic vacuole known as the autophagosome [124, 125].

The mature autophagosome then fuses with the acidic lysosomal compartment, where the
low pH along with the lysosomal enzymes facilitate cargo degradation [126]. As shown in
Figure 1.7 below, there are many different kinds of autophagy that differ in terms of the
initiation signal and the targeted cargo [126]. The autophagic flux is cell-autonomous as it is
dictated by single cell energy demands. Due to its foundational role of in cellular
homeostasis, both the overactivation and the inhibition of autophagic flux correlate with
pathological conditions, such as neurodegenerative and inflammatory disease development,
tumorigenesis and ageing [122, 126].

Xenophagy is a specialized form of autophagy that involves the selective targeting and
degradation of invading pathogens, such as bacteria, viruses, and parasites, within host cells,
in a ubiquitin dependent or independent manner [126, 128]. As mentioned previously,
pathogens are uptaken by host phagocytes and reside inside vacuolar structures [125, 126,
129, 130]. However, many pathogens derived toxins allow pathogens to destroy the integrity

Figure 1.7: The different mechanisms and targets of the autophagic machinery [121]
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of vacuolar membranes and escape to the nutrient rich cytoplasm of the host cells [125, 126,
130]. Consequently, pathogens are recognized by cellular receptors, become targets for
ubiquitination and the process of xenophagy is initiated [126]. Several functional complexes,
consisting of autophagy related gene (ATG) proteins are formed to assist in the progression
of this phenomenon. Briefly, autophagy is initiated by two complexes, the autophagy ULK
pre-initiation complex comprised of ULK1/ULK2, ATG13, FIP200 and ATG101 proteins and
the PI3K complex that includes ATG14L, BECLIN-1, VPS15, and VPS34 proteins [123, 131].
These two complexes translocate in proximity to the pathogen to and mediate phagophore
nucleation and the incorporation of PI3P on phagophore membranes respectively [125].
Following these events, two ubiquitin-like conjugation systems, the ATG12–ATG5-ATG16L1
and the Atg8 (microtubule-associated light chain 3 protein, LC3) system, potentiate the
elongation of autophagosome membranes [123, 124, 132]. First, the ATG12–ATG5-ATG16L1
system conjugates LC3 with phosphatidylethanolamine (PE) to lipidate it into its mature
form (LC3-II) and then it specifies the sites on autophagosome membranes, where LC3-II
should be deposited [123, 124, 131, 132]. At the end of this process, a mature pathogen
containing autophagosome is formed that rapidly fuses with the lysosome, where the
lysosomal enzymes along with the acidic environment destroy the internalized cargo (Figure
1.8) [125, 130].

Figure 1.8: Schematic of the distinct stages of xenophagy. 1) Initiation, 2) elongation, 3) pathogen targeting, and
4) autophagosome maturation, lysosomal fusion and eradication of the targeted pathogen [100]

Xenophagy is a critical innate immune response that protects hosts against opportunistic
intruders and maintains cellular balance. A plethora of pathogens is reported to be targeted
for eradication via xenophagy. Bacteria belonging to Mycobacteria species, like M.
tuberculosis, M. leprae and M. bovis are classically eliminated via xenophagy [133-135].
Many studies also highlight the protective role of autophagy against bacteria like L.
monocytogenes, Salmonella Typhimurium, Shigella flexneri, Brucella abortus, Helicobacter
pylori, Staphylococcus aureus, Streptococcus pneumonia and Streptococcus pyogenes (GAS)
[106, 126, 135-138]. Moreover, extensive research on viral and parasitic infections have
shown that several viruses and parasites are targeted by the autophagic machinery for
destruction [129, 139, 140].

However, the co-evolution of pathogens with their hosts, has allowed them to develop
elaborate strategies to hijack cellular defense mechanism in order to survive, prevail and
disseminate the disease state. From the initial step of recognition to the final step of
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lysosomal degradation, there are several strategies that pathogens have developed to skew
cellular responses. It has been previously reported that bacteria like Streptococcus pyogenes
have the ability to hide from recognition receptors and ubiquitination complexes by creating
biofilms [141]. Alternatively, many cytosolic pathogens, produce toxins that penetrate the
phagosomal membranes and allow them to gain access to the cytosol, where they
proliferate [125, 129, 142]. Other pathogens produce certain bacterial toxins that alter
vacuolar dynamics and prevent phagosome maturation or lysosomal acidification, thus
allowing for pathogen persistence [129, 133]. Another strategy for the disruption of
xenophagy is the employment of the autophagic machinery in other sites of the host cells.
Specifically, bacteria like Listeria monocytogenes, Helicobacter pylori, Shigella flexneri and M.
bovis promote mitochondrial fragmentation and consequently mitophagy initiation in the
infected cells, thus compromising the activation of protective xenophagy [126, 134]. Finally,
some pathogens cause a generalized, non-specific inhibition of xenophagy by
downregulating the expression of the ATG related genes [143].

Since xenophagy plays a fundamental role as a defense mechanism assisting pathogen
elimination, cell intrinsic dysregulations of xenophagy predispose hosts to infections and
intracellular pathogen persistence. More specifically, it has been shown that the depletion of
certain autophagic components, like FIP200, ATG9A, and ATG13 can cause lethality during
embryonic development [132]. On the other hand, the depletion of the autophagic
conjugating components, including ATG3, ATG5, ATG7, ATG12, and ATG16L1, renders mice
and cells more prone to infections [132]. It has been previously shown that autophagy
impairments render hosts susceptible to a plethora of enteric pathogens [144, 145]. In detail,
conditional knock out mice for ATG5 and/or ATG16L1 in intestinal epithelial cells were more
susceptible to infections by Salmonella Typhimurium, when compared to Wild Type
littermates [144]. Many studies also prove the importance of ATG factors, especially ATG5 in
controlling M. tuberculosis infection and inflammation as conditional ablation of Atg5 in
myeloid cells, exacerbates bacterial load, immune cell accumulation and inflammation at the
cites of infection [146]. Likewise, Parkin-1 and ATG5 ablation in BMDMs or their silencing in
cell lines, leads to enhanced numbers of M. tuberculosis inside infected cells, whereas their
overexpression rescues the phenotype and reduces bacterial load [147]. However, there are
also many studies indicating that the induction of xenophagy can be in fact beneficial for
pathogens survival and its perturbations are associated with diminished pathogen load [129,
135, 148].

2. The pathway of LC3 Associated phagocytosis (LAP)

Accept of xenophagy, there are several other intracellular pathways serving host cell
protection against opportunistic pathogens [124]. LC3 Associated Phagocytosis (LAP) is a
well-established defense pathway, conserved among eukaryotes, that is similar yet distinct
from xenophagy [149, 150]. LAP was first described almost two decades ago as an antifungal
mechanism, but through the years several studies emphasize its importance in the defense
against a broader spectrum of pathogens [149]. Additionally, LAP has a distinctive role in
regulating other critical immune processes of cells, including antigen presentation,
efferocytosis, debris clearance and anti-inflammatory cytokine production [150, 151]. The
multifaceted nature of LAP pathway makes it elemental for the maintenance of homeostasis,
whereas LAP dysfunctions are a common component of many inflammatory diseases.

The pathway of LAP partly utilizes components of the canonical autophagy machinery, thus
being classified as a non-canonical autophagic pathway. The process of LAP begins with the
recognition of the “cargo” by specific receptors on the cell surface of phagocytes. Such
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Figure 9: The distinct steps of the LC3 associated phagocytosis pathway [154]

receptors engaging in LAP pathway are the Toll like Receptors (TLRs), Fc receptor (FcR),
Complement receptors (CRs), Immunoglobulin (Ig) receptors, dendritic cell-associated lectins
(Dectins), T cell membrane protein 4 (TIM-4) and integrins like Mac-1 [151-153]. The
recognition of the exogenous cargo by this expanded repertoire or receptors, activates the
phagocytosis and internalization of the targeted material inside phagosomes. The newly
formed, single-membrane vesicles, hereafter termed as LAPosomes, become rapidly
decorated with LC3, via the autophagy machinery that is recruited on LAPosome membranes.
Specifically, the LAP initiation complex comprises of the following proteins: the autophagy
proteins VPS15, VPS34 and Beclin-1 (BECN-1) and the LAP exclusive components UVRAG (UV
Radiation Resistance Associated Gene) and RUBCN (RUN domain and cysteine-rich domain
containing, Beclin-1 interacting protein) [153-155]. This PI3K Class III complex (PI3KC3)
promotes the production of PI3P on phagosomal membranes, necessary for the recruitment
of NADPH-oxidase (NOX2) and
LAPosome decoration with LC3-II
[156]. The PI3P generation
triggers the translocation of Rac1,
p47phox, p67phox, and p40phox
subunits to the phagosome
membranes, where together
with the gp91phox and p22phox
they form a functional NADPH
oxidase 2 (NOX2) complex [155-
157]. Subsequently, NOX2
produces high concentrations of
ROS in phagosomal lumen,
hence lowering the phagosomal
pH and causing oxidative
damage in the cargo [153, 155,
157, 158]. Simultaneously, Atg4
converts the cytoplasmic LC3 to
LC3-I, which is further modified
by the Atg7/Atg3 and
Atg12/Atg5/Atg16 complexes
into its lipidated form, LC3-II,
that is deposited on LAPosome
membranes [124, 126, 159].
These events drive the
maturation of LAPosome and its
fusion with the lysosomal
compartment, where
various hydrolytic
enzymes efficiently digest and degrade the engulfed material. Following cargo destruction, a
line of immune responses is activated in order to terminate inflammation and restore
balance. A schematic representation of LAP is presented in Figure 9.

As mentioned above, LC3 Associated Phagocytosis and xenophagy share a great deal of
common proteins including Beclin-1, ATG3, ATG4, ATG5, ATG7, ATG8, ATG12 and ATG16
that interact with different complexes, thus preferentially eliciting each pathway [149, 151,
154, 155, 158]. Many reports pinpoint the independence of LAP from the autophagy
initiation complex mediators FIP200, ULK-1, ATG9 and ATG13 as well as its dependence on
unique mediators such as Rubicon and NOX2 [153-155]. Rubicon is a protein reported to
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suppress canonical autophagy via its interaction with Beclin-1 and UVRAG that inhibits the
formation and maturation of autophagosome respectively [160]. However, in the case of
LAP, Rubicon is a primordial regulator that facilitates phagosome decoration with LC3 and
optimizes ROS production, critical for LAP progression [160, 161]. Accordingly, NOX2
complex is a unique integral component of LAP, crucial for the production of ROS, like O2

-

and H2O2, inside the phagosome lumen. NOX2 is a multi-component enzyme, belonging to
the superfamily of NADPH oxidases, and it is indispensable for LAP in macrophages, though
in other cell types its role can be compensated by the other predominant forms of NOX
enzymes [153, 155, 157]. Despite their protein components, LAP and canonical autophagy
have significant differences in terms of their efficiency and specificity. Studies report that in
murine macrophages LAP is initiated as early as 15 minutes after the infection, however,
canonical autophagy requires significantly more time for both its initiation and its
completion [162]. Though the discrimination between the two pathways might be
challenging, the membrane architecture and protein decoration of the vacuoles involved
could be used as plausible indicators for the identification of the mechanism employed [124,
153, 154].

A myriad of studies highlights the protective role of LAP against several fungal, bacterial and
parasitic species. Fungi and fungal antigens are internalized via Dectins, designated LAP
receptors, and consequently are targeted for degradation via LAP. Aspergillus fumigatus has
been reported to be targeted for lysosomal degradation via the LAP pathway [155, 163, 164].
LAP is also triggered in response to Candida albicans and Cryptococcus neoformans infection
[165]. Despite fungal infections, LAP plays a fundamental role in regulating bacterial
pathogens. A study in planarian flatworms model identified LAP as a fundamental defense
mechanism against ingested bacteria of clinical relevance, including Mycobacterium
tuberculosis and other important human pathogens [149]. Listeria monocytogenes, a Gram+

bacterial pathogen, is endocytosed via ITGAM receptor, committing it to a LAP dependent
elimination. It was shown that the interaction between L. monocytogenes and ITGAM
activates acid sphingomyelinase that in turn changes the lipid composition of phagosomal
membranes, thus eliciting LAP. Accordingly, this study demonstrated that mice baring tissue
macrophages that are exclusively deficient for LAP, are more likely to succumb to Listeria
infections than their wild type littermates [166]. Furthermore, Using LAP deficient zebrafish
embryos, et al showed that LAP is a critical mediator of Salmonella Typhimurium infection
restriction [167]. Another recent study identified LAP as a crucial mechanism for the control
of S. pneumoniae infection both in vivo and in vitro. The age-related retardation of LAP is a
major underlying cause of S. pneumoniae infection prevalence in elder patients [168].
Accordingly, other works delineate the participation of LAP in host defense against
pathogens, including Legionella dumoffii, Burkholderia pseudomallei, Toxoplasma gondi,
Leishmania major and Helicobacter pylori, hence proving the importance of LAP as a host
defense mechanism [153, 169, 170].

Throughout the evolutionary process, many pathogens have developed strategies that
allowed them to adapt in the hostile environment of host organisms and utilize it in a way
that allows them to “fly under the radar”, persist, proliferate and finally disseminate. For
instance, the cell wall components of fungal pathogens serve in their protection against LAP.
Aspergillus fumigatus cell wall melanin has the ability to sequester Ca2+ intraphagosomally,
and hence block Ca2+ - Calmodulin axis [164]. This axis is critical for Rubicon activation and
Nox2 assembly and its abrogation blocks p22phox translocation to the phagosome, thus
impeding LAP [163]. Similarly, L. monocytogenes manages to hijack LAP via its pore-forming
toxin, listeriolysin O (LLO) that initiates Ca2+ influx and its uptake by mitochondria. This
uptake activates the production of acetyl-CoA by pyruvate dehydrogenase that acetylates
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and inactivates Rubicon, hence impairing LAP mediated Listeria clearance [171]. Other
pathogens, like Salmonella Typhimurium, Burkholderia pseudomallei and Mycobacterium
tuberculosis, interfere with the process of phagosome maturation as they express factors
that prohibit NOX2 recruitment, detoxify ROS and inhibit LAP progression [159, 167, 169]. It
is also reported that protozoan parasites like Leishmania utilize their surface
metalloprotease GP63 to actively impede phagosome maturation and phagolysosome
biogenesis in a VAMP8 dependent manner [170]. These examples of pathogen adaptation
strategies highlight why understanding the complex dynamics between pathogen and host
derived factors is important in order to discover novel therapeutic strategies that are
focused on augmenting host immunity.

3. The role of LC3 Associated Phagocytosis in innate immune inflammation

LC3 associated phagocytosis is a pathway predominantly induced in the presence of “danger
signals”, such as opportunist pathogens. Nevertheless, its defense activity is not restricted to
pathogen destruction, but also mediates a handful of immune responses, like
apoptotic/necrotic cell clearance and expendable or harmful debris degradation, hence
regulating immune environment towards a state of equilibrium. Due to its critical immune
related functions, dysregulations of LAP have been associated with immune disease
pathologies.

In the context of infections, LAP impairments in infected macrophages are often
accompanied by increased production of proinflammatory cytokines and inability to resolve
inflammation via production of anti-inflammatory cytokines [149, 155, 168]. Though the
proinflammatory state of cells serves the sufficient clearance of endogenous and exogenous
dangers, the prolonged inflammatory response can prove deleterious for the hosts [38, 41,
53]. LAP is also a fundamental mediator of efferocytosis, a typically immune-silenced, anti-
inflammatory immune response [153]. Even during the early developmental stages, LAP is
active and mediates the clearance of polar bodies and the alleviation of the related stress
[172]. By mediating efferocytosis, LAP protects from the development of pathologies like
chronic obstructive pulmonary disease (COPD) and systemic lupus erythematosus (SLE) [158,
173]. In a study conducted by Martinez et al. it was demonstrated that the inhibition of LAP
and not canonical autophagy drives the pro-inflammatory response of macrophages. By
stimulating Atg7-/- and Ulk-1-/- macrophages with dead cells, authors showed that Atg7 but
not ULK-1 deficiency results in enhanced production of IL-1β and IL-6 and diminished
secretion of the pro-healing factors IL-10 and TGF-b [151]. The immunosuppressive activity
of LAP is also evident in the cancer immune environment. Specifically, in a recent study by
Cunha et al. it was shown that tumor associated macrophages (TAMs) uptake apoptotic cells
via TIM-4 receptor and target them for degradation via LAP. This process promotes anti-
inflammatory cytokine production and the “hibernation” of adaptive anti-tumor immunity.
However, the genetic ablation of LAP components, like Rubicon, Atg5 and Atg7, reduces
tumor size, metastasis and enhances the anti-tumoral responses of innate and adaptive
immune cells. LAP deficient TAMs present an enhanced pro-inflammatory cytokine and
Type-I interferon signature that further licenses anti-cancer T-cell immunity [174]. However,
another study reports that LAP dependent clearance of apoptotic cells is actually
indispensable for the stimulation of STING-related Type-I interferon production and
concomitant restriction of acute myeloid leukemia (AML) [152].

The protective role of LAP is also apparent in the context of CNS related diseases and
pathologies. In a drosophila model of Traumatic Brain injury (TBI), LAP activity in glial cells
facilitates the elimination of axon debris, thus restraining neuroinflammation and
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neurodegeneration [150]. LAP also mediates the clearance of microglial debris from
astrocytes, thus dampening CNS dysfunctions [175]. In fact, in a mouse model of multiple
sclerosis (MS), ablation of LAP in microglial cells, resulted in enhanced accumulation of
inflammatory myelin and lipids inside microglia [176]. Other studies reveal that LAP pathway
is a vigilant against liver associated pathologies. Specifically, LAP activation is pronounced in
cirrhotic patients but diminishes when the disease progresses to acute-on-chronic liver
failure (ACLF). In that context, LAP deficiency enhances the infiltration of inflammatory cells
in the liver, the hepatic secretion of pro-inflammatory cytokines and fibrosis in response to
liver injury [177]. Finally, it is well documented that LAP plays a fundamental role in antigen
presentation and the perpetuation of immune response to several immune and non-
immune cells. Especially in regard to pathogen derived antigens, LAP can efficiently target
the engulfed pathogens to the lysosome for degradation. There, the fragments of pathogens
are taken up for further processing and presentation via the major histocompatibility
complex II (MHCII) [178]. However, in conditions, like chronic granulomatous disease (CGD),
where LAP is impaired, the antigen presenting ability of cells is impaired, thus further
contributing to the susceptibility in infections [179].

Collectively, these data underline the importance of LAP pathway outside of mediating the
clearance of fungal and bacterial pathogens. This multifaceted nature of LAP further
contributes to host protection, not only by enhancing antibacterial immunity, but also by
maintaining the state of “equilibrium”.

The IL-6 signaling pathway in immunity

IL-6 is a 26kDa soluble factor produced by a variety of cells in steady state conditions but
mainly in the presence of inflammatory stimuli [180]. IL-6 is a member of IL-6 cytokine family,
a family of pleiotropic factors with compensatory roles in health and disease states, hence
considered as potent biomarkers and therapeutic targets in a majority of pathologies [181].
Other distinctive members of the IL-6 cytokine family are IL-11, IL-27, IL-31, Oncostatin M
(OSM), Leukemia Inhibitory Factor (LIF), Cardiotrophin 1 (CT-1), Cardiotrophin-Like Cytokine
Factor 1 (CLCF1) and Ciliary Neurotrophic Factor (CNTF) [181]. All these factors use common
receptor molecules, like the membrane glycoprotein 130 (gp130), as well as common signal
transduction pathways, like the JAK-STAT pathway that facilitate their compensatory
activities [180-183]. Nevertheless, they also use alternative receptors that allow them to
exert more specific functions [181].

Through the years, IL-6 has been described with various names as it has been implicated in
the pathophysiology of different diseases, in which it exhibited different biological activities
[180, 183]. During the course of inflammation, IL-6 is one of the first upregulated cytokines
(also known as acute phase proteins) that prompts the expression of other immediate
inflammatory mediators, like C-reactive protein (CRP), serum amyloid A (SAA) and fibrinogen,
in an attempt to “alarm” both immune and non-immune cells for the presence of a potential
danger [183, 184]. Notably, IL-6 mediates the activation of endothelial cells and the
concomitant production of MCP-1, enabling the secondary recruitment of monocytes to the
site of inflammation [185]. In parallel to its pro-inflammatory activities, IL-6 is also a critical
mediator of inflammatory resolution. Specifically, IL-6 signaling is involved in the healing
process by promoting the differentiation of bone marrow-derived monocytes towards
macrophage lineage and the acquisitions of a pro-resolving, M2-like phenotype [182, 184,
186]. Its protective effects have been well defined in the context of liver and gut tissue
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physiology, maintenance and regeneration [184, 187]. Furthermore, IL-6 is a well-defined
driver of obesity-related low-grade inflammation, where it promotes an alternative, M2-like
macrophage state that protects hosts from endotoxemia [188, 189]. In the tumor
microenvironment, IL-6 has been shown to act as a growth factor, promoting the
vascularization, tumor growth and immunotolerance by synergizing with IL-4 to alternatively
activate tumor associated macrophages (TAMs) in response to interferons (IFNs) [181, 190].
In regard to adaptive immunity, IL-6 mediates B-cell activation and autoantibody production,
hence being a fundamental constituent of auto-immune disease pathology, like rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE) and experimental autoimmune
encephalomyelitis (EAE) [183, 184].

The vast repertoire of beneficial but also detrimental actions that IL-6 possesses, highlights
the importance of IL-6 regulation during the course of diseases that can be proven a valuable
tool for the prevention and treatment of pathologies and the overall maintenance of
immune homeostasis.

1. The distinct signaling pathways of IL-6

The multifactorial and multipurposed nature of IL-6 is elicited via its distinct signaling
pathways, used to mediate different immune responses. Today, there are three distinct
modes of IL-6 signaling described: I. classic IL-6 signaling, II. IL-6 trans-signaling and III. IL-6
cluster signaling [191].

Figure 10: IL-6 signal transduction and the different modes of the IL-6 receptor system signaling. The cis-IL-6,)
trans-IL-6, cluster and intracellular IL-6 signaling [190]

In the classical IL-6 signaling pathway, the four helical structured molecule of IL-6 is detected
and binds on the IL-6 receptor, localized on the plasma membrane of the cells (mIL-6R).
Since the cytoplasmic fragment of mIL6R cannot mitigate signal transduction, the low
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affinity interaction between IL-6 and IL-6R recruits the signal transducer glycoprotein 130
(gp130) to facilitate this function. Gp130 forms dimeric structures that are non-covalently
associated with members of the Janus kinase family JAK1, JAK2, and TYK2 [192]. These
tyrosine kinases become auto-phosphorylated and subsequently phosphorylate distinct
tyrosine residues within gp130 and downstream targets, like the signal transducer and
activator of transcription 1 and 3 (STAT1 and STAT3) [182, 186, 193]. Upon their activation,
these transcription factors enter the nucleus and bind on the promoters of downstream
target genes to regulate their transcription. Despite the JAK/STAT signaling axis, IL-6 is also
reported to activate ERK, MAPK and PI3K signaling cascades [193]. Specifically, IL-6 activates
ERK, which in turn may serve as a direct kinase for serine-727 at STAT3 (in conjunction with
canonical signaling via Y705) to enhance its transcriptional activity [190]. IL-6 is among the
target genes that are upregulated by these signaling cascades, thus creating a positive feed-
back loop that further reinforces IL-6 production and signaling. Finally, the signal of IL-6 is
restricted and terminated via the inhibitory effect of SOCS3 and SHP2 on JAK [194].

In clustered IL-6 signaling (also known as IL-6 transpresentation), the complex of IL-6 and
mIL-6R formed on the surface of a cell is cross-presented to the membrane bound gp130
expressed on a nearby located cell type, that homodimerizes and transduces the signal on
the “recipient” cell [180]. The cluster IL-6 signaling pathway has exclusively been involved in
the DC-dependent priming of Th17 cells, though further studies need to be conducted in
order to reveal its full spectrum of actions [195].

In trans-signaling pathway, a soluble form of IL-6R (sIL-6R) is produced by cells expressing
the IL-6R on their cell surface. This soluble form of IL-6R has the same affinity for IL-6 as the
mIL-6R detected on the surface of the cells. The IL-6/sIL-6R complex binds on and activates
the trans-membrane gp130, that dimerizes and transduces the signal on to the JAK/STAT3
signaling axis. Three decades ago, a group of scientists discovered that the mIL-6R was
subjected to limited proteolysis, leading to the generation of sIL-6R, a form that bares the
extracellular portion of the IL-6R. Today, IL-6R cleavage is known to be mediated by the
metalloproteinases ADAM17 and ADAM10 located on the cell surface of the IL6R-expressing
cells [180, 186]. Other studies also report that proteases, including meprin proteases and
cathepsins have the ability to shed IL-6R [196, 197]. Moreover, in human but not murine
system, a short soluble form of IL-6R can also be produced via the alternative splicing of the
IL-6R mRNA, though this phenomenon takes place at a relatively low extend [198]. The
binding of IL-6 on sIL-6R significantly prolongs the half-life of IL-6 and bioavailability of IL-6
[181, 199]. While most truncated receptors are antagonistic towards their fully formed
molecules in regard to ligand binding, sIL-6R has agonistic action towards mIL-6R. This mode
of action further perpetuates IL-6 signaling in all types of cells [181, 200]. Though SOCS
negative regulation is not that effective, the trans-IL-6 signaling is neutralized via solubilized
form of gp130 (sgp130) that is secreted in the circulation [193].

The different modes of IL-6 signaling do not bare any qualitative differences as they use the
same molecules for signal transduction, but they do differ in terms of functionality. For
instance, trans-signaling performs signal transduction primarily through the JAK/STAT axis,
whereas the cis-signaling pathway activates equally all the downstream signaling cascades
[200]. In line, the trans pathway of IL-6 does not undergo the SOCS3 negative regulation,
thus magnifying cytokine production (Figure 11) [200]. Furthermore, by comparing the cis
and trans signaling pathway of IL-6, it is safe to claim that the conventional IL-6 signaling is
associated with the anti-inflammatory functions of IL-6, whereas the trans IL-6 pathway has
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mainly pro-inflammatory activities [180, 182, 192, 193, 200]. Despite its proinflammatory
activity, trans-signaling facilitates the perpetuation and enhancement of the inflammatory
response. Since only a small number of cells, including immune cells and hepatocytes,
express mIL-6R and gp130, the cis-signaling pathway takes place on a limited repertoire of
cell types [180, 186]. Additionally, the expression levels of transmembrane IL-6R are 20
times lower than gp130 levels, hence restricting the activity of cis-signaling in IL-6R
competent cells [181]. On the other hand, gp130 is ubiquitously expressed on every cell type
and is specifically activated by the IL-6/IL-6R complex [180, 186, 192]. Hence, trans IL-6
pathway manages to sensitize non-classical IL-6 responding cells to IL-6 and efficiently
broaden the repertoire of cells involved in this immune response [182, 185].

Figure 11: The intracellular signaling pathways of IL-6 cis- and. trans-signaling. a) Classical IL-6 signaling
activates the JAK/STAT, AKT and MAPK cascades to promote cytokine release and is inhibited through SOCS
factors. b) Trans-signaling IL-6 pathway predominantly activates JAK-STAT axis, hence reinforcing cytokine release
[199]

2. The role of IL6 signaling in infections

Though the role of IL-6 has been well-described in several other pathologies, its effects
during the course of infections has not been fully clarified. Given its dual role in the
inflammatory process, IL-6 has been shown to be both beneficial and detrimental to infected
hosts [201].

The beneficial role of IL-6 has been evident in in-vivo models of Listeria monocytogenes
infections. Interestingly, L. monocytogenes infection prompts the systemic IL-6 production
and IL-6-deficiency or neutralization impairs bacterial burden and inflammatory cell
recruitment. However, the specific inhibition of trans-IL-6 signaling does not have a negative
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impact on L. monocytogenes load [202, 203]. Other studies reveal the protective nature of
IL-6 signaling in cases of urinary tract infections. The genetic depletion of the IL-6 or its
downstream mediator STAT3, results in elevated intracellular bacterial load and enhanced
host susceptibility to uropathogenic strains of E. coli [204]. Regarding GBS infections, a
recent study demonstrated that the treatment of infected neonatal pups with exogenous IL-
6 increases the survival of pups and restricts the production of pro-inflammatory mediators,
whereas the treatment with a-IL6 antibody had opposing results [205]. Accordingly, IL-6
ablation impairs the antibacterial activities of mast cells against Pseudomonas aeruginosa
skin infections [206]. The protective role of IL-6 has also been evident in the context of
fungal and parasitic infections. Specifically, IL-6-/- animals display significantly lower
pathogen load and higher mortality compared to control counterparts [207, 208]. Similarly,
many studies from the field of auto-immune disease pathology point out that patients
receiving IL-6 targeting therapies, often suffer from opportunistic or chronic infections [180,
181, 201].

On the contrary, there is a great amount of evidence from the field of infectious diseases
suggesting that IL-6 confers to infectious disease pathogenesis and that its inhibition could
be advantageous for the hosts. For instance, in a mouse model of Leishmania donovani
infection, it was shown that the depletion of IL6 favors host’s survival by mediating
accelerated and enhanced parasitic clearance, reduced hepatic damage and elevated IFNγ
production in circulation [209]. Similarly, the specific targeting of trans IL-6 signaling with the
chimeric protein gp130Fc, efficiently reduces Plasmodium berghei load and reinforces host
immune response, thus improving host survival rates [210]. Other studies display the
detrimental role of IL-6 in bacterial-borne infectious diseases. Specifically, in cases of
Haemophilus influenzae infections, trans-IL6 pathway seems to drive the inflammatory
response of neutrophils, thus further conferring to the pathogenesis of chronic obstructive
pulmonary disease (COPD) [211]. The selective targeting of trans-IL-6 signaling has been
indicated as a promising target against polymicrobial sepsis. In a mouse model of
generalized peritonitis induced by CLP, the inhibition of IL-6 trans-signaling pathway
significantly increased the survival of septic mice [212]. In line, the inhibition of IL-6 in
Mycobacterium tuberculosis infected THP-1 cells results in an enhanced expression of the
antibacterial IFNγ and reinforces the protective xenophagy [213]. The inhibitory effect of IL-6
on autophagy has been documented in other studies as well, corroborating that IL-6 could
enhance host susceptibility to infections by disarming this crucial defense mechanism [214].
Finally, in regards to viral infections, IL-6 has been shown to have a deleterious effect against
host immune defense. In detail, the inhibition of IL-6 in mice infected with the human
enterovirus EV-71, a critical neonatal pathogen, reduces cellular apoptosis and
neuroinflammation and improves the overall survival of hosts [215]. However, the most
recent and well-documented example of IL-6 effect on the course of viral infections is that of
SARS-CoV2. In SARS-CoV2, IL-6 has been shown to be a driver cytokine in the phenomenon
of “cytokine storming” that can prove fatal for infected patients [216, 217]. Many studies
report that targeting of IL-6 signaling axis with a-IL6R monoclonal antibodies (Tocilizumab
and sarilumab) or JAK inhibitors (Baricitinib) can reverse the detrimental effects of this
phenomenon and augment the survival rates of COVID-19 patients [180, 217, 218].
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CHAPTER 2
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Objectives

Aim of the study

The aim of this study is to examine the role of neonatal innate immune system and
specifically the contribution of neutrophils and macrophages in the pathogenesis of two
different models of neonatal sepsis. In the first part of our study, we will investigate the role
of DEL-1 protein in early life and its implication in neonatal sepsis. In the second part of our
study, we will explore the molecular pathways that mitigate GBS elimination and their
regulation in adult and neonatal macrophages. Furthermore, we will examine the potential
of immunomodulatory agents to enhance these defense mechanisms in neonatal
macrophages in vitro and in vivo in an effort to prevent GBS disease establishment in infant
hosts.

Part 1: Exploring the role of DEL-1 protein in early life

The first part of this study focuses on the role of neonatal neutrophils against polymicrobial
sepsis and the regulation of neutrophil response by DEL-1 protein. Using a previously
described model of polymicrobial sepsis induction, our first goal is to determine how the
levels of DEL-1 change from infancy to adulthood in different tissues under normal and
septic conditions [219]. Moreover, we will attempt to interpret these findings in the human
system by studying the serum levels of DEL-1 in healthy and septic adult and neonatal
patients. DEL-1 is actively involved in the inhibition of neutrophil interaction with the cells of
the endothelial layer, necessary for their transmigration towards the inner part of the tissues.
It is well-established that in inflammatory conditions, DEL-1 levels are systemically rapidly
reduced, assisting to the process of neutrophil infiltration in inflamed tissues to eliminate
the pathogen load and restore homeostasis [28, 85, 87, 100]. However, the dynamics of this
interaction have not been studied in the context of neonatal sepsis. For this purpose, we will
generate DEL-1 knock out mice and, in this system, we will examine whether abrogation of
DEL-1 is beneficial for pathogen elimination and host survival. In detail, we will compare the
survival ability, the levels of circulating cytokines, the neutrophil infiltration and bacterial
load of tissues between wild type and DEL-1 knock-out pups upon exposure to polymicrobial
sepsis and evaluate how the supplementation with exogenous DEL-1 will affect the
aforementioned processes. In these groups of mice, we will measure the levels of circulating
neutrophils and associate them with differences in the bone marrow cellular composition
that has been previously shown to be affected by DEL1 [88, 114, 116]. Finally, we will
unravel the cytokine signaling axis behind DEL-1 regulation in infancy, and how its targeting
affects DEL-1 levels and therefore neonatal survival, neutrophil mobilization and bacterial
clearance.

Part 2: Molecular mechanisms of adult and neonatal macrophage defense
against GBS

In the second part of the study, our primary goal is to delineate the nature of macrophage
defense mechanisms against Group Beta Streptococcus (GBS) infection and unravel the
potential factors that contribute to GBS disease susceptibility in the early stages of life.
Specifically, using the model of thioglycolate elicited peritoneal macrophages, we will
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investigate the molecular pathways of xenophagy and LC3 Associated Phagocytosis (LAP), its
functionality in adult and neonatal macrophages and how its inhibition affects GBS
intracellular persistence, cytoplasmic escape and replication. Many studies have reported
the beneficial and protective role of these two pathways against invading pathogens and
one study in particular has implicated the role of LAP in GBS clearance [128, 130, 137, 153,
154]. However, their regulation and efficiency during the perinatal period still remain
unknown. Therefore, using a panel of siRNA molecules, we will evaluate the contribution of
each pathway in restricting GBS intracellular load and potentiate the formation of LC3
positive structures around the endocytosed streptococci. We will also perform a high
throughput RNA-sequencing analysis in GBS infected adult and neonatal macrophages to
identify novel genes implicated in adult and neonatal macrophage defense. Accordingly, we
will examine the metabolism of adult and neonatal macrophages prior to and after exposure
to GBS, to identify differences in metabolic routes that could translate to diminished GBS
eradication in the neonatal macrophages. As inflammatory signaling is a fundamental
determinant of macrophage response, we will evaluate the cytokine production in the
aforementioned groups, in an attempt to find potential links between inflammation and
neonatal phagocyte susceptibility to GBS. The recognition of inflammatory mediators
implicated in GBS disease pathogenesis may introduce new therapeutic options for the
treatment of early and late onset GBS in infancy. Based on the results of the aforementioned
screenings, we will use proper immunomodulatory factors and estimate their potential to
induce LAP/xenophagy and concomitantly GBS killing in vitro.

Finally, to expand our results to potential therapeutic applications, we will test the
effectiveness of certain immunomodulatory agents in vivo in a system of neonatal GBS
infection, aiming at modulating the course and outcome of GBS sepsis.

Significance of the study

Sepsis in neonates and young infants has high mortality and morbidity rates and a
tremendous negative impact in our perinatal health rates. The well- being of our population
starts from the neonatal period and adverse events in this susceptible age group may have
devastating neurodevelopmental outcomes in the later life. Survivors of neonatal sepsis and
their families may suffer due to long term disability problems, cognitive defects and learning
disabilities. It is important to invest in measures that will reduce the impact of neonatal
infections and improve survival and morbidity rates of children and adult population.

The immaturity of neonatal immune response is the main reason of their susceptibility to
infections. Antibiotics alone are not enough to face the problem. In infancy, the adaptive
immune system is still immature, thus rendering innate immune cells as the prime line of
defense against opportunistic intruders. However, the responses of innate immune
phagocytes are also untrained and elicit a notably different cytokine response compared to
adult cells.

In this work we will attempt to shed light on molecular mechanisms that are defective in
neonates in response to infectious agents and contribute to newborns’ susceptibility to
pathogen invasion. We will provide solid mechanistic insight on the role of neutrophils and
macrophages and the regulation of their dynamics in the context of neonatal sepsis. First,
we will focus on deciphering the role of DEL-1 protein in infancy and especially in conditions
of exacerbated inflammation, like neonatal sepsis. Since DEL-1 is a negative regulator of
neutrophil infiltration in inflamed tissues, we will examine whether the absence of DEL-1



PhD Thesis Ourania Kolliniati

47

promotes neonatal survival by reinforcing systemic pathogen clearance. Moreover, we will
study the neonatal factors that regulate DEL-1 expression and how these are modified in the
context of polymicrobial sepsis. Finally, we will study the impact of cytokine signaling, more
specifically the effect of IL-10-IL-17a axis in the transcriptional regulation of DEL-1 gene in
the adult and neonatal macrophages.

Additionally, we will investigate the molecular pathways of GBS clearance in adult and
neonatal phagocytes as well as the complex network of interactions that confer to GBS
persistence in the latter group. Using the model of thioglycolate elicited macrophages, we
will study the defense mechanism of LC3 Associated Phagocytosis (LAP) and its functionality
against GBS in early life. Moreover, we will determine the cytokine response of GBS infected
neonatal macrophages its interplay with LAP pathway. Finally, we will estimate whether the
targeting of cytokine response with immunomodulatory factors can improve the bactericidal
activity of neonatal macrophages via LAP induction and enhance the survival of neonatal
hosts.

To date there is no effective immune-modulatory strategy to enhance innate immune
responses against neonatal infectious agents. Despite the growing evidence in the field,
there are no well-established therapies or biomarkers for neonatal sepsis. Therefore,
identifying novel molecular mechanisms, potential biomarkers or drug targets that will
augment neonatal innate immune responses against bacterial pathogens, may serve as a
valuable adjuvant tool for the treatment of neonatal infections, that remain too dismal.

In conclusion, a deeper understanding of the molecular basis of neonatal infectious disease
pathology is the basis to tailor targeted therapeutic strategies against them and ultimately
reduce infant mortality. Hence, the results of this study will have significant translational and
socio-economic impact since they will provide guidance on the use of available immuno-
modulatory therapies in neonates and suggest novel therapeutic or preventative approaches
to limit the detrimental effects of infections during this tender period of life.
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CHAPTER 3
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Materials and Methods

1. Mice
All animal care and studies protocols described below were performed following the for the
Guidelines for the Care and Use of Laboratory Animals. Experimental procedures were
approved by the Animal Care Committee (University of Crete) and the Veterinary
Department of Heraklion Prefecture. In this study, male and female mice of C57BL/6
background were used at the age of 1-6 days old (neonates) or 2-4 months old (adults). The
Edil3-/- mice (hereafter referred to as Del1-/-), were kindly provided by T. Chavakis
(Technische Universitat Dresden, Germany). Birth synchronization was achieved with paired
mattings of WT and Del1-/-mice. Following the experimental procedure, pups remained with
their mothers until the end of the experiment. All mice were kept in a standard environment
(23oC and 12h light/dark cycle) under specific pathogen-free conditions (Rodent Animal
Facility, School of Medicine, University of Crete). Breeders were maintained on a high-
protein diet (Mucedola, Italy, 4RF25) and non-breeders were provided with standard diet
(Mucedola, Italy, 4RF21) and water ad libitum.

2. Primary culture of peritoneal macrophages
For the isolation of primary peritoneal macrophages, adult and neonatal mice were
intraperitoneally injected with a 4% w/v Brewer thioglycolate broth (Fisher Scientific,
Hampton, New Hampshire, United States). After 96 h, mice were euthanized and the
peritoneal cavity was washed with 10mL of ice-cold DMEM. The medium containing the
harvested thioglycolate-elicited peritoneal macrophages (TEPMs) was collected and
centrifuged for 5 min at 25oC at 1000×rpm. To remove the red blood cells (RBCs), TEPMs
were re-suspended and incubated for 3 min in water for injection (WFI). Sterile phosphate
buffered saline dPBS (ThermoFisher Scientific, Waltham, USA) was added in TEPMs solution
and cells were centrifuged again for 5 min at 25oC at 1000×rpm. TEPMs pellets were re-
suspended in Dulbecco Modified Eagle Medium (DMEM), low glucose (1g/L) GlutaMAX™
Supplement, pyruvate (ThermoFisher Scientific, Waltham, USA), supplemented with 10% (v/v)
fetal bovine serum FBS (ThermoFisher Scientific, Waltham, USA) and 1% (v/v) Penicillin-
Streptomycin (ThermoFisher Scientific, Waltham, USA). Viable cells were counted in a
Neubauer chamber using Trypan Blue. TEPMs were seeded accordingly in cell culture plates
and maintained in a humidified incubator at 37oC and 5% CO2. One day prior to infection,
cells were washed twice with dPBS and cultured in antibiotic-free cell culture medium.

3. Cell culture of Human cells
Mononuclear Cells (PBMCs) were isolated from human peripheral blood of healthy donors
and from umbilical cord blood of healthy neonates by Ficoll density gradient previously
described (). Briefly, umbilical cord blood was diluted 1:2 with PBS, while peripheral blood
was diluted 1:1 in PBS, applied to Ficoll-Hypaque (Lymphoprep StemCell Technologies, Oslo,
Norway) layering and centrifuged at 1800 rpm for 30 min at RT (without acceleration and
deceleration). The mononuclear layer was carefully collected, the cells were washed with
RPMI, centrifuged at 1600 rpm for 10 min. Cell pellet was resuspended in WFI and incubated
for 3 min at RT to remove residual red blood cells. Cells were washed with RPMI and re-
centrifuged at 1600 rpm for 10 min. Cell pellet was diluted and cells were counted on a
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Neubauer hematocytometer. Cells were seeded in 25cm2 cell culture flasks at a density of
10x106 and cultured with RPMI enriched with 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin
and 50ng/ml monocyte colony stimulator factor M-CSF (Peprotech, New Jersey, United
States). Cell culture medium was renewed every 2 days. Cultures were incubated in a
humidified incubator at 37oC and 5% CO2.After a week of M-CSF treatment, differentiated
macrophages were detached using 0.25% Trypsin- 1mM EDTA (Invitrogen, Carlsbad, United
States) and scrapping and re-seeded in cell culture plates. Immunophenotypic analysis of
cells was performed via estimation of CD14 surface antigen expression (Miltenyi Biotec,
Bergisch Gladbach, Germany). For the neonatal samples included in the study, written
informed consent was obtained from pregnant mothers. The study protocol was approved
by the local ethics committee of the Medical School at the University of Crete.

Mesenchymal Stromal Cells isolated from Wharton Jelly (WJ-MSCs), were kindly provided by
Prof. Papadaki (University of Crete, School of Medicine). WJ-MSCs were cultured in RPMI
medium supplemented with 10% (v/v) FBS and 1% (v/v) Penicillin-Streptomycin at 37oC and
5% CO2. The culture medium was replenished twice per week. At an 80% confluency, WJ-
MSCs were detached using 0.25% Trypsin-1mM EDTA and further expanded in new flasks for
a total of twelve passages (P12). WJ-MSCs samples were collected for RNA analysis.

Ea.hy926 endothelial cell line were kindly provided by Prof. Kardasis, (University of Crete,
School of Medicine). Cells were cultured in DMEM low glucose (1g/L) GlutaMAX™
Supplement, pyruvate supplemented with 10% (v/v) FBS and 1% (v/v) Penicillin-Streptomycin.
Cells were seeded in 24 well plates (80% confluency) and treated with cytokines (as
mentioned in in vitro experimental procedures section) for the corresponding timepoints.
Ea.hy926 samples were collected for RNA analysis.

4. Group Beta Streptococcus (GBS) culturing conditions
For the purpose of this study, we used a characterized clinical isolate of Group Beta
Streptococcus (GBS) of serotype III that was isolated from a neonate with meningitis. GBS
was grown in Todd Hewitt Broth (THB) agar (CondaLab, Madrid, Spain). For macrophage
infection experiments, GBS was cultured in THB supplemented with 5% w/v yeast extract
(ThermoFisher Scientific, Waltham, USA) and 2% v/v Streptococcus selective supplements
(ThermoFisher Scientific, Waltham, Massachusetts, United States) and incubated at 37oC
with agitation. GBS cultures were grown until mid-exponential phase (OD600 = 0,5-0,7).
Accordingly, the desired number of bacteria were isolated, washed with PBS and centrifuged
for 5 min at 4oC at 5000×rpm. GBS pellet was then re-suspended in antibiotic-free, DMEM
medium with 10% FBS. The experimental inocula were serially diluted and plated on THB
plates to verify the multiplicity of infection (MOI) used, by colony forming unit (cfu)
enumeration.

5. Macrophage infection with GBS
Unless indicated otherwise, TEPMs were infected by GBS at an MOI 1:5 or 1:10 (TEPM:GBS)
for 2 hrs to allow for the sufficient phagocytosis of bacteria. After a 2 h incubation at 37oC in
5% CO2, infected cells were washed twice with dPBS and supplemented with fresh DMEM
containing 10% FBS, 5 μg/mL Penicillin G (Sigma-Aldrich, St. Louis, MO, USA) and 100 μg/mL
Gentamicin (Sigma-Aldrich, St. Louis, MO, USA) to kill extracellular GBS bacteria.
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Human macrophages from neonatal cord blood and adult peripheral blood were infected
with GBS at an MOI 1:20 (hMφ’s:GBS) for 2 hrs to allow GBS phagocytosis. After a 2 h
incubation at 37oC in 5% CO2, infected cells were washed twice with dPBS, to remove
extracellular GBS and supplemented with fresh RPMI containing 10% FBS, 5 μg/mL Penicillin
G and 100 μg/mL Gentamicin.

6. In vitro experimental procedures
To test the inhibitory effect of IL-6 signaling on GBS elimination, adult TGEMs were treated
with the recombinant murine IL6 protein (2 and 4 ng/mL) (PeProtech, London, UK) and
subjected to intracellular killing assay. Additionally, to examine the effect of L-6 inhibition in
macrophage bactericidal activity, neonatal TGEMs were treated with 1ng/mL of a-IL6
neutralizing antibody (BioXCell, New Hampshire, United States) for 2-4 hrs, depending on
the timepoint of the experiments, both during and after GBS infection. TGEMs treated with
an isotype control IgG1 antibody (BioXCell, New Hampshire, United States) antibody were
used as controls. To evaluate the antibacterial efficacy of JAK1/2 inhibition, we treated
neonatal TGEMs with Baricitinib at a final concentration 125nM. Similarly, for inhibition of
STAT3 phosphorylation, we used the specific STAT3 inhibitor S3I-201 (Sigma, St. Louis,
United States), in neonatal TGEMs during and after GBS phagocytosis. For both Baricitinib
and S3I-201, cells treated with DMSO served as controls. To specifically block the paracrine
trans-IL6 signaling in neonatal TGEMs, we used 10ng/mL of the chimeric protein gp130Fc.

To recapitulate the results from neonatal TGEMs, human macrophages from neonatal cord
blood were treated with the specific IL-6R inhibitor, Tocilizumab at a final concentration of
50ug/mL. Finally, to test the effects of cytokines on Del-1 mRNA levels, Eahy.929 cells were
seeded in 24 well plates and the next day they were treated with h-IL-6 (final concentration:
20ng/mL), h-IL-10 (20ng/mL) or h-IL-17A (20ng/mL) (PeProtech, London, UK) for 4, 8 and 24
hours respectively.

7. Intracellular killing assay
To study the bactericidal capacity of adult and neonatal macrophages against GBS, either
TGEMs or PBMφ΄s were plated in 96-well tissue culture plates at a confluency of 80% and
challenged with GBS bacteria as described above (MOI 1:10). At various times post-infection
(indicated in each experiment), macrophages were lysed by adding 0.1% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA) and incubating at 4oC for 10 minutes. For the estimation
of intracellular GBS load, cell lysates were serially diluted, plated on THB agar plates and
incubated at 37oC overnight to assess GBS CFUs.

8. Metabolic analysis of TGEMs in response to GBS infection
To estimate the mitochondrial function (oxidative phosphorylation) and glycolytic rate of
TGEMs both before and after GBS infection, we used the XFp Cell Mito Stress Kit and a
Seahorse XFp Analyzer (Agilent Technologies, Waldbronn, Germany). Briefly, TGEMs were
seeded in 8-well Seahorse plates (8× 105 cells per well) according to manufacturer’s protocol.
TGEMs were infected with GBS bacteria (MOI 1:10) in DMEM as described above. At 2,5 hpi,
cells were washed and incubated with Seahorse XF Base Medium (Agilent Technologies,
Waldbronn, Germany) supplemented with 10 mM glucose (Sigma Aldrich, Taufkirchen,
Germany), 2 mM glutamine (Life Technologies, Darmstadt, Germany) and 1 mM pyruvate
(Life Technologies, Darmstadt, Germany). Cells were placed in a non-CO2 incubator at 37oC
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for 1h and then inserted into a Seahorse XFp Analyzer. After 3 constitutive basal
measurements, oligomycin A (1µM) was injected to inhibit ATP synthesis. After 3
measurements FCCP (2µM) was injected to estimate maximal respiratory capacity. A final
injection of Rotenone/Antimycin A (0.5µM) was used to block mitochondrial respiration. In
each measurement, the extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) were estimated. All experiments were performed three times with two technical
replicates in each experiment. Calculation of cellular metabolic parameters was performed
in Wave software (Agilent Technologies, Waldbronn, Germany).

9. RNA interference and TGEM transfection
For small interfering RNA (siRNA)-mediated knockdown of Atg5, Ulk-1, Rubicon and Nox2,
TGEMs were seeded in 96-well and 24-well plates at a confluence of 60-80%. Prior to
transfection, cells were washed twice with PBS and fresh antibiotic free DMEM
(supplemented with 10% FBS) was added in the wells. At the day of transfection, siRNA
molecules and Lipofectamine RNAiMAX Reagent (ThermoFisher Scientific, Waltham, USA)
were diluted in OPTI-MEM (ThermoFisher Scientific, Waltham, USA), mixed for 5 min at RT
and added in cell culture medium at concentration of 100nM for 48hrs, according to
manufacturer’s protocol. For GBS challenge, cells were thoroughly washed with PBS to
remove siRNA-lipid complexes and then infected with GBS, as described above. Cells
transfected with scramble siRNA were used as controls. Knockdown efficiency was validated
by Real time RT-PCR. The siRNAs used in this study are listed in Table 3.1.

10. Electron microscopy
For experiment involving electron microscopy (EM) TGEMs were plated on 10% poly-L-lysine
pretreated coverslips at 90% confluency, and infected with GBS (MOI 1:10). At 2 h post
infection, cells were washed 3 times with DPBS and fixed with fixation buffer (4% w/v PFA, 2%
w/v glutaraldehyde in 0,1M phosphate buffer, PB) for 10 min at room temperature (RT). After
fixative removal, cells were washed with PBS and post-fixed with 2% OsO4 and 1% UO2 for
approximately 15 min at dark. Samples were washed with dH2O, gradually dehydrated in
graded ethanol solutions and embedded in epoxy resin. Following resin polymerization,
serial sections from samples were collected on copper grids and examined with an electron
microscope (Philips, Amsterdam, Netherlands). Image analysis and processing was assisted
by ImageJ (FIJI) software.

11. Phagosomal Integrity Assay
For the examination of phagosomal integrity and quantification of GBS cytosolic escape,
TGEMs were seeded on coverslips (confluency 80%) and infected with GBS (MOI 1:5 to 1:10)
for 2 hrs. Samples were serially washed with sterile ice-cold PBS and KHM buffer (110 mM
potassium acetate, 20 mM HEPES, 2 mM MgCl2 in PBS). To selectively permeabilize plasma
membrane, samples were incubated with digitonin solution (50 µg/ml in KHM buffer) for 5
min on ice and washed twice with KHM buffer and PBS. For cytosolic GBS labeling, samples
were incubated with a primary polyclonal antibody against GBS (Abcam, Cambridge, United
Kingdom) (diluted in 10% HS in PBS) for 30 min at 25oC. Cells were then washed twice with
PBS to remove antibody excess and fixed with 4% PFA for 15 min. After fixative removal,
cells were washed twice with PBS and incubated with CF488A conjugated goat anti-rabbit
polyclonal antibody (BIOTIUM, San Francisco, United States) (diluted in 10% HS in PBS) for
1h at RT. All internalized GBS bacteria were labelled first with a-GBS antibody (1 h at RT) and
then with goat anti-rabbit secondary antibody with a conjugated with CF555 (BIOTIUM, San
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Francisco, United States) (30 min at RT, diluted in 10% HS in 0.1% saponin-PBS). Samples
were then stained with DAPI (ThermoFisher Scientific, Waltham, USA), mounted and
analyzed in SP8 confocal microscope (Leica, Wetzlar, Germany).

12. Immunofluorescence (IF) staining
For the detection of LC3+ phagosomes around intracellular GBS, TGEMs were seeded on
glass-coverslips (confluency 70%) and infected with GBS (MOI 1:5). At the corresponding
timepoint, cells were washed twice with PBS, fixed with ice-cold methanol for 15 min at RT
and washed thoroughly with PBS to remove fixative excess. Samples were blocked with
blocking buffer (5% FBS, 1%BSA, 0,1% Triton-X in PBS) for 30 min at RT and stained with a
primary rabbit polyclonal a-LC3B antibody (Sigma, St Louis, USA) for 1h at RT. After multiple
washes with blocking buffer, samples were incubated with a secondary polyclonal goat anti-
rabbit antibody CF555 conjugated (BIOTIUM, San Francisco, United States) for 40 min at RT.
To assess nuclear and bacterial DNA staining, cells were incubated with DAPI (Invitrogen,
Waltham, United States).

Similarly, LAMP-1 and GBS co-localization was assessed via LAMP1 staining in TGEMs. Briefly,
coverslips were incubated with a mix of rabbit anti-GBS (Abcam, Cambridge, United Kingdom)
and rat anti-LAMP-1 (Invitrogen, Waltham, United States) primary polyclonal antibodies for
1h at RT, followed by staining with goat anti-rabbit CF488A and secondary polyclonal goat
anti-rat Alexa Fluor 633 (ThermoFisher Scientific, Waltham, USA). Nuclear and bacterial DNA
staining was performed via DAPI staining. Samples were mounted on glass microscopic slides
in ProLong Gold Antifade Reagent (Cell signaling, Danvers, United States) and analyzed in a
confocal microscope (TCS SP8, Leica) with an oil immersion 63x objective (1.40 NA), using a
low fluorescence immersion oil (Ibidi, Fitchburg, Germany). Z-stacks of 10-14mm thickness
were acquired by setting serial confocal sections at 0.5mm. GBS bacterial load and
phagosomal formation was analyzed by enumerating GBS bacteria (DAPI/CF488A) and
scoring the presence of LC3 protein around GBS, respectively. Similarly, GBS lysosomal
delivery was estimated by scoring the presence of LAMP-1 protein around GBS. The
indicated mean fluorescence intensity (MFI) of LC3 and GBS was calculated using the mean
projection of the corresponding image stacks. Each experimental condition was replicated in
two independent experiments and the analysis was performed in a double blinded fashion
by the same investigator (O.K.), in LASX software (Leica, Wetzlar, Germany).

13. In vivo GBS infection model
Sex- and age-matched WT C57BL/6 5 days old pups were intraperitoneally (i.p.) injected with
1,5 × 105 CFUs of GBS (unless otherwise indicated). Following GBS challenge, pups were
intraperitoneally administered with Baricitinib (0.5-4 ug/g) at 0 - 24 h post bacterial
administration. Pups that received DMSO were used as controls. Similarly, for the
neutralization of IL-6, 5 days old pups were administered intraperitoneally with 1,5 × 105
CFUs GBS and a-IL6 neutralizing antibody (4ug) (BioXCell, New Hampshire, United States).
After 1 h, mice received another dose of a-IL6 (4ug) intravenously (orbital vein). Pups that
received isotype control IgG1 antibody (BioXCell, New Hampshire, United States) were used
as controls. At specific timepoints, mice were euthanized, and tissues were collected for
further analysis of cytokines and bacterial burden. In specific experiments, pup survival was
monitored for the assessment of survival rates.

14. Polymicrobial sepsis model
For the induction of polymicrobial sepsis we used the previously described fecal peritonitis
method [219]. For cecal slurry (CS) preparation, the cecum contents of WT male adult mice
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(4-8 weeks old) were removed and suspended in 5% dextrose solution at concentration of
100 mg/mL. The CS solution was then passed through a 45um cell strainer to remove
particulate matter, mixed with 30% glycerol (1:1), aliquoted and stored at −80°C. To reduce
variability among experiments, each CS batch was tittered in WT adult and neonate mice to
correctly estimate the desired lethal dose. CS was administered via intraperitoneal injection
(i.p.) in WT and Del1-/- adult and neonatal mice. Non-septic, age and gender- matched mice
used as controls, were injected intraperitoneally with 5% dextrose solution. Depending on
the intended sepsis severity, CS was administered at an amount of 1.3 to 1.6 mg/g of
bodyweight of the experimental animals.

15. In vivo treatment with DEL-1Fc and a-IL10 receptor
To further examine the role of DEL1 protein in polymicrobial sepsis, we administered a
recombinant DEL-1 protein that is fused with the Fc part of human IgG (hereafter referred to
as DEL1-Fc) in Del1−/− neonates before the induction of polymicrobial sepsis. Briefly, 4 days
old pups were intravenously administered with 5 ug of DEL1-Fc 10 min prior to CS
administration. Prior to intravenous injections, pups were anaesthetized by sevoflurane
inhalation. Age-and sex-matched neonates that received the same amount of recombinant
IgG1-Fc (R&D Systems, Minneapolis, USA) were used as controls. DEL1-Fc protein was kindly
provided by Prof. Hajishengallis (University of Pennsylvania, Philadelphia, Pennsylvania, USA)
and generated as described before [85, 90, 111].

Similarly, to examine the role of IL-10 in DEL1 regulation and polymicrobial sepsis response,
we treated 4 days old pups with an anti-mouse IL-10R blocking antibody (BioLegend, San
Diego, United States). In brief, each pup was intravenously administered with 5 ug of a-IL-
10R antibody 10 min prior to the induction of sepsis with CS. Age- and sex-matched
neonates that received the same amount of recombinant IgG1, served as the control group.
At the timepoints of interest, mice were euthanized, and tissues were collected for flow
cytometric analysis, cytokine analysis and the estimation of bacterial load.

16. In vivo tissue collection and bacterial load analysis
At specific time points following GBS or CS administration, mice were anaesthetized with
prolonged sevoflurane inhalation and peritoneal lavage, blood, lung, spleen, liver, small
intestine, heart, kidney and brain tissues were harvested. Following blood withdrawal, mice
were perfused three times with ice cold PBS via the right ventricle. The collected tissues
were weighted and briefly immersed in 70% ethanol and then in PBS. For protein and RNA
analysis, For the estimation of tissue bacterial load, collected tissues were immediately
homogenized in 0.1% Triton X in dH20, serially diluted and plated on sterile Luria – Bertani LB
(for polymicrobial sepsis) or THB (for GBS challenge) agar plates. Plates were incubated at
37 °C overnight and results are reported in CFUs/mL of tissue (normalized to tissue weight).

17. Flow cytometry analysis (FACS)
The number of white blood cells (WBCs) in the collected peritoneal lavage, blood and bone
marrow samples was assessed after samples’ treatment with 3% acetic acid () and
subsequent counting of cells on Neubauer hemocytometer. A mix of a-mouse CD51 PE
conjugated and a-mouse CD61 FITC conjugated (purchased from Biolegend, San Diego, CA)
antibodies was used for integrin expression analysis in total bone marrow isolates.

For the identification of neutrophil population in samples, isolated cells were first treated
with Fc-blocking antibody (BD Pharmigen, San Diego, United States) and then stained with a-
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mouse CD45, FITC conjugated (BD Pharmigen, San Diego, United States) and a-mouse Ly-6G
(Gr-1) PE conjugated (E-bioscience, San Diego, United States) antibodies.

For the analysis of monocytes and myeloid derived suppressor cells (MDSCs) we used a mix
of antibodies that included: 1. FITC a-mouse CD11b antibody (Biolegend, San Diego, CA), 2.
PE a-mouse Ly6G (E-bioscience, San Diego, CA), 3. APC a-mouse Ly6C (BD Pharmigen, San
Diego, United States) and 4. PerCP a-mouse CD11c (Biolegend, San Diego, United States).
The proper isotype control antibodies were used in each staining.

For the analysis of GMP progenitors, total bone marrow isolates were incubated with ACK
lysis buffer (ThermoFisher, Carlsbad, United States) for 1 min at RT to remove residues of
red blood cells. Samples were then suspended in PBS supplemented with 4% FBS and
centrifuged for 5 min at 350×g at 4oC. Cel pellets were resuspended in PBS 4% FBS and
counted in Neubauer hemocytometer. Samples were then kept frozen in freezing medium
(80% FBS, 20% DMSO) at -80oC. For flow cytometry analysis, bone marrow cells were
washed and were stained with PE-Cy7-a-mouse Sca-1 antibody, PE a-mouse CD34, APC anti
mouse Lineage antibody cocktail, BV480 a-mouse CD117 (c-Kit) (all purchased from BD
Pharmigen San Diego, United States) and BV421 anti-mouse CD16/32 (Biolegent, San Diego,
United States) for 4 hrs at 4oC. The gating strategy for GMP progenitor cells was the
following: were identified as live cells, Lin-, CD117+, Sca-1-, CD16/32+ and CD34+. Flow
cytometric analysis was performed on FACS Canto II (BD Biosciences, San Jose, United States)
and analyzed with FlowJo v10.7.1 Software (FlowJo, Ashland, United States).

For haematopoietic stem and progenitor cell (HSPC) analysis, a lineage antibody cocktail (Lin)
(BD Pharmigen, San Diego, CA), and anti-mouse CD117, anti-Sca1, anti-CD48 (clone HM48-1),
anti-CD150 (clone TC15-12F12.2) and anti-CD135 (Ftl3, clone A2F10) were used (Biolegend,
San Diego, CA). Gating strategies for HSPC were as follows: LSK, Lin−Sca-1+cKit+; LT-HSC,
CD48−CD150+LSK; ST-HSC, CD48−CD150−LSK; MPP, CD48+CD150−LSK; MPP2,
Flt3−CD48+CD150+LSK; MPP3, Flt3−CD48+CD150−LSK. A list of all FACS antibodies and their
dilutions is depicted on Table 3.2. The flow cytometry events were acquired in a FACS Canto
II (BD Biosciences, San Jose, CA) and analyzed with the use of FlowJo v10.7.1 Software.

18. RNA extraction and cDNA synthesis
For RNA analysis, TGEMs, MSCs and Ea.hy926 were plated in 24-well plates cells at 80%
confluency. For experiments involving GBS infection, cells were infected with GBS (MOI 1:10).
At the corresponding timepoint, cells were washed twice with ice-cold DPBS, lysed in TRI-
Reagent (Sigma-Aldrich, St. Louis, United States) and stored at -80oC. RNA extraction from
tissue samples was performed via homogenization of isolated tissues in TRI-Reagent and
subsequent centrifugation of samples for 10 min at 12.000×g at 4oC to discard cell debris.
Total RNA was isolated according to manufacturer’s instructions and quantified by
spectrometric analysis using NanoDrop™ 2000/2000c spectrophotometer (Thermofisher
Scientific, Waltham, United States). Subsequently, 500ng of total RNA were reversely
transcribed to cDNA using the PrimeScriptTM RT reagent Kit (Perfect Real Time) cDNA
synthesis kit (Takara, Kusatsu, Japan), according to manufacturer’s protocol. The generated
cDNA was diluted and used for real-time (RT-PCR) analysis.

19. Real time (RT-PCR)
The mRNA expression levels of genes in the examined samples were assessed via real time
PCR amplification using KAPA SyBr® Fast Universal qPCR kit (Sigma-Aldrich, St. Louis, United
States), according to manufacturer’s instructions. All reactions were performed in duplicates
and subjected in two-step quantitative PCR in a 7500 Fast Real-Time PCR Instrument
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(Applied Biosystems®, Foster City, CA, USA), according to manufacturer’s protocol. Briefly,
the reaction module included: The initiation step at 95 °C for 3 min, followed by 40 cycles of
DNA denaturation step at 95˚C for 10 sec and annealing/extension step at 60˚C for 30 sec.
Melting curve was obtained with gradual temperature increase from 60˚C to 95°C. The
primers used in this study are listed in Table 3.3. For TGEMs expression levels Rsp9 was used
as internal control, whereas for tissue expression levels, actin-b gene was the housekeeping
gene. Amplification results were analyzed in StepOneTM software v2.3 (Applied Biosystems®,
Foster City, USA) and GraphPad Prism 7.0 software (GraphPad Software, San Diego, USA).
Fold change analysis was accomplished based on the Pfaffl method.

20. RNA seq
Total RNA was extracted from adult and neonatal thioglycolate elicited macrophages
stimulated with GBS (as described above) at 3,5 hours post infection. Samples were
sequenced on an Illumina NextSeq500 platform. On average, 11.280.551 paired end
sequences of 150 bp length per read were produced per sample, ranging from 14.350.325 to
9.323.549. Quality control was performed for raw reads using FastQC; adaptors, low-quality
ends (minimum phred score: 30) and short reads (<20 bp length) were removed using Trim
Galore. Differential expression analysis was performed as previously [220]. As reference
genome, Mus musculus genome assembly GRCm38.99 was used, downloaded from
Ensembl[ftp://ftp.ensembl.org/pub/release-99/gtf/mus_musculus/]. In total, 163.184
transcripts and 64.757 unique genes were identified. After filtering out all transcripts with a
variance across samples less than one, 20.548 transcripts and 8.449 genes remained. For the
identification of statistically significant differentially expressed genes, q-value was used as
statistical measure, while the measure of the differential expression of the genes was
calculated as the log2 fold-change of the genes’ expression between the different groups. In
order to consider a gene significantly differentially expressed, qval ought to be less than 0.05
and the absolute value of the log2 fold-change ought to be greater or equal to 2. 118 genes
were found to be differentially expressed between the two groups (qval<0.05 and absolute
log2(fold-change) > 2). Out of the 118 genes, 102 were upregulated in the WT neonate
group while the other 16 were downregulated in this group.

21. Immunoblot analysis
For protein analysis, TGEMs were plated in 12-well plates at 80% confluency and
subsequently infected with GBS at an MOI of 1:10. At indicated timepoints, cell supernatant
was removed and cells were washed twice with ice cold PBS. Cells were lysed in RIPA buffer
(10 mM Tris, pH 8.0, 10 mM EDTA pH 8.0, 140 mM NaCl, 1% Triton-X, 1% Na deoxycholate,
0.1% SDS), supplemented with phosphatase and protease inhibitors (Merck, Darmstadt,
Germany). Homogenized tissue and cell lysates were centrifuged for 10 minutes at 12.000
rpm at 4oC to remove DNA. The protein concentration of lysates was determined using BCA
assay kit (Sigma-Aldrich, St. Louis, United States) according to manufacturer’s instructions.
For protein denaturation, samples were boiled in Laemmli buffer, resolved by SDS-page and
transferred to 0.2mm PVDF membrane (Thermofisher Scientific, Waltham, United States).
Membranes were blocked with 5% (w/v) BSA in PBST for 1h at RT and incubated with primary
antibodies (1:500-1:2000) overnight at 4oC. The primary antibodies anti-phospho-Stat3
(Tyr705), anti-phospho-Stat3 (Ser727), anti-phospho-p38 MAPK (Thr/Tyr), anti-p38 MAPK,
anti-phospho-Akt (Ser473), anti-phospho-Akt (Tyr308), anti-Akt, anti-Beclin-1, anti-actin-b
were purchased from Cell signaling technologies (Cell signaling, Danvers, United States),
anti-Bcl2 (Life Technologies, Carlsbad, United States) and anti-Stat3 antibody was purchased
from eBioscience (eBioscience, San Diego, United States). For antigen detection, membranes
were incubated with species-specific horseradish-conjugated (HRP) secondary antibodies
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(1:5000-1:10000) for 1h at RT. Proteins were visualized with the Immobilon Crescendo
Western HRP substrate (Merck, Darmstadt, Germany) using a ChemiDoc XRS+ System (Bio-
Rad, Hercules, United States). Densitometry analyses were carried out using the gel analysis
function of Image Lab software (Bio-Rad, Hercules, United States). Phosphorylated protein
intensities were normalized with total protein intensities and subsequently with the b-actin
band intensities.

22. Study Subjects

The human serum used in this study was obtained by the following sources: First, human
serum from the cord blood of healthy newborns and four-year-old healthy children were
kindly provided by Prof L. Chatzi from the Mother-Child birth cohort of the University of
Crete. Secondly, serum from adult septic patients (>18 years-old), and neonate septic
patients (0-28 days old), admitted to the neonatal and adult Intensive Care Units of the
Heraklion University hospital were obtained after informed, written consent. Serum from
sex and age-matched healthy adult volunteers, sex and age-matched healthy newborns were
used as controls.

Neonatal sepsis is defined as neonates (age < 28 days on admission) with presence of at
least one clinical sign (temperature instability, cardiovascular or respiratory instability, skin
symptoms, gastrointestinal symptoms) and at least one laboratory result which is suggestive
for neonatal sepsis (white blood cell count, platelet count, C- reactive protein, absolute
neutrophil count) and elevated IL-6 > 50 pg/dl (60, 61). Adult sepsis was defined as adults
(>18 years old) with presence of evidence of infection (possible or confirmed) and at least
two out of four SIRS criteria (systemic inflammatory response syndrome) or two-point
increase in SOFA (sequential organ failure assessment) score. Additional information such as
age, sex, gestational age (for neonates), blood neutrophil counts and outcome (length of
stay and 28-day mortality) were collected.

23. Enzyme-Linked Immunosorbent Assay (ELISA)
Cell culture supernatants from GBS stimulated TGEMs or PBMφ΄s and tissue lysates as well
as murine and human serum samples were collected at the indicated timepoints. For the
determination of CXCL-1, IL-17a, IL-6, TNF-a and IL-10 concentration, samples were
subjected to ELISA (BioLegend, San Diego, CA, United States), according to manufacturer’s
protocol. G-CSF and CXCL12/SDF-1 were measured in serum or bone marrow extracts
respectively using mouse ELISA (G-CSF and Mouse CXCL12/SDF-1 alpha Quantikine ELISA,
RnD Systems, Minnesota, USA), according to the manufacturer’s instructions. The
concentration of DEL-1 in murine tissues, bone marrow supernatants and sera was
measured using a validated commercially available ELISA kit (Cusabio, Wuhan, P.R.China).
Cytokine concentration was normalized to the total protein of samples as determined by
BCA assay.

23. Statistical analysis
The normality of datasets was tested using the Kolmogorov–Smirnov test and analyzed using
two-sided Student’s t-test or one-way ANOVA with the Bonferroni multiple-comparison
post-test. Data were plotted as mean ± SD or median. The data that failed normality tests
were analyzed using the Mann–Whitney U test or the Kruskal–Wallis test with the Dunn
multiple-comparison post-test. Data were depicted as boxplots with median ± SD or median.
Categorical data were analyzed by Fisher exact test. Kaplan-Meier curves were performed
for survival experiments, and survival curves were compared between groups using a log-
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rank test. Fisher exact test was used to analyze categorical data. Survival experiments were
depicted with Kaplan-Meier curves and compared using a log-rank test. Data analysis was
performed using GraphPad software (GraphPad 8.0, San Diego, CA). P values < 0.05 were
considered significant. The shown results are representative of at least two independent
experiments.

Table 3.1: siRNA sequences
Target gene Sequence (5’->3’)

Atg5 Sense: 5’-GAACCAUACUAUUUGCUUUtt-3’
Antisense: 5’-AAAGCAAAUAGUAUGGUUCtg-3’

Nox2 Sense: 5’-GCAUAAUUUAGAUAUCUGUtt-3’
Antisense: 5’-ACAGAUAUCUAAAUUAUGCtc-3’

Rubicon Sense: 5’- GACAGUCCCUCAUCAGUUAtt-3’
Antisense: 5’-UAACUGAUGAGGGACUGUCct-3’

Ulk-1 Sense: 5’-CAGGUGAUCUAGUUGCUGAtt-3’
Antisense: 5’-UCAGCAACUAGAUCACCUGga-3’

Scramble (Negative control) Sense: 5’-CAGGUGAUCUAGUUGCUGAtt-3’
Antisense: 5’-UCAGCAACUAGAUCACCUGga-3’

Table 3.2: FACS antibodies
Antibody Manufacturer Catalog Number Dilution

PE- anti-mouse Ly6G E-bioscience, San Diego, CA 12-9668-82,1A8-Ly6g 1/200
PE- anti-mouse Ly6G Biolegend, San Diego, CA 127608, 1A8 1/200
PerCP- anti-mouse/human
CD11b

Biolegend, San Diego, CA 101229, M1/70
1/100

FITC- anti-mouse/human
CD11b

Biolegend, San Diego, CA 101205, M1/70
1/100

APC- anti-mouse CD11b Biolegend, San Diego, CA 101211, M1/70 1/200
APC- anti-mouse Ly6C Biolegend, San Diego, CA 128016, HK1.4 1/200
PerCP/Cy5.5- anti-mouse
CD11c

Biolegend, San Diego, CA 117328, N418
1/200

PE- anti-mouse CD51 Biolegend, San Diego, CA 104105, RMV-7 1/200
FITC- anti-mouse/rat CD61 Biolegend, San Diego, CA 104305, 2C9.G2 1/100
APC- anti-mouse Lineage
Antibody Cocktail

BD Pharmingen, San Diego,
CA

558074
1/5

PE/Cyanine7- anti-mouse
Ly-6A/E (Sca-1)

Biolegend, San Diego, CA 108113, D7 1/100

BV480- anti-mouse CD117
(c-Kit)

BD Horizon, San Diego, CA 566074, 2B8 1/50

PE- anti-mouse CD34 Biolegend, San Diego, CA 119307, MEC14.7 1/50
Brilliant Violet 421- anti-
mouse CD16/32

Biolegend, San Diego, CA 101331, 93 1/50

Alexa Fluor 700- anti-mouse
CD48

Biolegend, San Diego, CA 103425, HM48-1 1/50

PerCP/Cy5.5- anti-mouse
CD150 (SLAM)

Biolegend, San Diego, CA 115921, TC15-12F12.2 1/50

PE- anti-mouse CD135 (Ftl3) Biolegend, San Diego, CA 135305, A2F10 1/50

Table 3.3: Mouse Primer Sequences
Gene Primers (5’->3’)

Icam F 5’-GGTTCTCTGCTCCTCCACAT-3’
Icam R 5’-CCTTCCAGGCTTTCTCTTTG-3’
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Vcam F 5’-TGATTGGGAGAGACAAAGCA-3’
Vcam R 5’-ACGTCAGAACAACCGAATCC-3’
Del-1 F 5’-TCTTGAATCTCTGACAGGC-3’
Del-1 R 5’-CTTGCCGAACTGGGGCAC-3’
Cebp-b F 5’-GGGGTTGTTGATGTTTTTGGTT-3’
Cebp-b R 5’-TCACTTTAATGCTCGAAACGGA-3’
Il-6 F 5’-CAAAGCCAGAGTCCTTCAGAG-3’
Il-6 R 5’-CACTCCTTCTGTGACTCCAGC-3’
Il-10 F 5’-GCGCTGTCATCGATTTCTCCCCTG-3’
Il-10 R 5’-GGCCTTGTAGACACCTTGGTCTTGG-3’
TNF-a F 5’-TATGGCCCAGACCCTCACAC-3’
TNF-a R 5’-TTGTCACTCGAATTTTGAGAAGATG-3’
IL-12-b F 5’- CATCTGCTGCTCCACAAGAA -3’
IL-12-b R 5’- AGTCCCTTTGGTCCAGTGTG -3’
Atg 5 F 5’-TGACGTTGGTAACTGACAAAGT-3’
Atg 5 R 5’-AATGCCATTTCAG-TGGTGTG-3’
Atg 7 F 5’-TGTATGGACCCCAAAAAGGCTG-3’
Atg 7 R 5’-GCACTTGACAGACACGACCT-3’
Tlr2 F 5’-GCGGACTGTTTCCTTCTGAC-3’
Tlr2 R 5’-CCAAAGAGCTCGTAGCATCC-3’
Rubicon F 5’-GAGAAGAGCAGGAGGGAGCA-3’
Rubicon R 5’-GACCAGACATTGGGGCAGTT-3’
Nox2 F 5’-GACCATTGCAAGTGAACACCC-3’
Nox2 R 5’-GGTTTCCTGGTGAAAGAGCG-3’
Ulk1 F 5’-CGTGGGCAAGTTCGAGTTCT-3’
Ulk1 R 5’-GTCGTGCTTCTCGCGGT-3’
Rsp9 F 5’-CGCTAGACGAGAAGGATCCCC-3’
Rsp9 R 5’-CAGGCCCAGCTTAAAGACCT-3’
Actin-b F 5’-CATTGCTGACAGGATGCAGAAGG-3’
Actin-b F 5’-TGCTGGAAGGTGGACAGTGAGG-3’
Adam-10 F 5’-TGCTGAGTGGATTGTGGCTC-3’
Adam 10 R 5’-GGTTTAGGAGGCGGCAACTT-3’
Adam-17 F 5’-GTGGTGGACGGGAAAGAAGA-3’
Adam 17 R 5’-GAGTCAGGCTCACCAACCAC-3’
Ccl2 F 5’-GGCTGGAGCATCCACGTGTTGG-3’
Ccl2 R 5’-TTGGGGTCAGCACAGACCTCTCTC-3’
Pre-miR-155 F 5’-ACCCTGCTGGATGAACGTAG-3’
Pre-miR-155 R 5’-CATGTGGGCTTGAAGTTGAG-3’
Pre-miR-146a F 5’-CACGGACCTGAAGAACACTGG-3’
Pre-miR-146a R 5’-AGAAATGAAATTAGAACACACATCAATCC-3’
Gapdh F 5’-GGAAGGTGAAGGTCGGAGTCA-3’
Gapdh R 5’-GTCATT-GATGGCAACAATATCCACT-3’
Bcl2 F 5’-CGTCGTGACTTCGCAGAGAT-3’
Bcl2 R 5’-TAGTTCCACAAAGGCATCCCAG-3’
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CHAPTER 4
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Results

Part One

A novel IL-10 – DEL-1 axis promotes granulopoiesis and sepsis
survival in early life

Main Findings

In this part of the study, we attempted to delineate the role of DEL-1 protein in early life.
Specifically, we demonstrated that DEL-1 is systemically enhanced in the first days of post-
natal life and as the age advances, the expression of this protein is gradually diminished in all
peripheral tissues reaching the adult levels. Paradoxically, brain tissues present the most
abundant expression of DEL-1 that further increases with age, possibly to protect this
sensitive system.

To further study the role of DEL-1 in the context of neonatal sepsis we utilized a well-
established model of polymicrobial sepsis induction and noticed that contrary to adults, DEL-
1 levels remail relatively high in septic neonates. These results were further confirmed in the
human system where septic neonates maintained higher circulating levels of DEL-1
compared to adults. Using DEL-1 deficient animals, we noticed that ablation of DEL-1
significantly reduced the survival of septic neonates. In line with this evidence, the 28-day
survival of septic adult and neonate patients with relatively low DEL-1 in serum was
diminished compared to high DEL-1 individuals.

It is well-established that endothelial expressed DEL-1 prevents leukocyte adhesion and
infiltration in tissues and in the presence of inflammation, DEL-1 is diminished to facilitate
this phenomenon. Previous studies report that neonatal leukocytes display deficits regarding
their adherence and diapedesis and based on our findings, high DEL-1 levels could
contribute to this phenotype [95, 113, 221]. However, we noticed that upon challenge with
sepsis, DEL-1-/- pups display enhanced neutrophil infiltration in tissues and worse survival
rates, whereas exogenous administration of DEL-1 protein abrogated neutrophil infiltration
and improved DEL-1-/- neonatal survival. Therefore, high DEL-1 levels may control tissue
homeostasis during sepsis by preventing excessive inflammation and damage in infected
hosts.

Though Del-1 does not affect phagocytosis of bacteria, we showed that it is in fact a crucial
regulator of bone marrow granulopoiesis that prevents sepsis-induced neutropenia in
neonates. We show that neonatal mice lacking DEL-1 expression suffer from excessive deficit
of the neutrophil and GMPs pool in the bone marrow, highlighting the importance of DEL-1
in supporting emergency granulopoiesis in early life. Moreover, we demonstrate that DEL-1
mRNA levels are sharply higher in the neonatal bone marrows, suggesting that DEL-1 is also
implicated in early life hemopoiesis.

We further focus on the molecular mechanism behind DEL-1 regulation in early life and
provide evidence that DEL-1 is regulated by the equilibrium of IL-10 and IL-17a cytokines.
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Specifically, we found that IL-10 administration promoted DEL-1 expression in both
endothelial and mesenchymal stromal cells, two major cell sources of DEL-1. In line, we
showed that the balance of IL-10 and IL-17a, determined the expression of DEL-1 in in
murine tissues and circulating macrophages but also in the serum of septic patients,
regardless of age.

Finally, we noticed that DEL-1 expression was hindered in the bone marrow of WT septic
mice treated with anti-IL-10R antibody, causing a decline of the neutrophils in the bone
marrow and the circulation This decline associated with deteriorated survival from sepsis,
confirming the beneficial role of the IL-10 - DEL-1 axis in the regulation of emergency
myelopoiesis in neonatal sepsis.

Overall, the aforementioned findings propose that the IL-10 dependent DEL-1 expression is
fundamental for the survival of septic hosts, since it controls emergency granulopoiesis and
neutrophil production. Hence, we conclude that the elevated neonatal DEL-1 is in fact a
compensatory mechanism required for the maintenance of the bone marrow neutrophil
pool that is inadequate in early life.
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Neonates have augmented expression levels of the homeostatic factor
DEL-1

DEL-1 is a circulating protein, primarily produced by endothelial cells. Thus, we sought to
investigate whether adult and neonatal tissues had any differences regarding the expression
of DEL-1. For this purpose, we isolated spleen, liver, heart, kidney, intestine, lung and brain
tissues from healthy neonate (4 days old) and adult (6-10wks) mice and examined the mRNA
levels of DEL-1. As shown in Figure 4.1a, among all neonatal tissues lung and brain had the
highest expression of DEL-1 mRNA, followed by intestine and kidney that displayed
moderate DEL-1 mRNA levels, whilst in heart, liver and spleen the expression of the DEL-1
was very low. Aside from brain, all neonatal tissues (lung, kidney, intestine) exhibited
augmented levels of DEL-1 mRNA, compared to adult ones (Figure 4.1b). Similarly, in lung,
intestine, kidney and spleen tissues DEL-1 expression followed a pattern of gradual decrease
as postnatal age progressed. (Figures 4.1c, 4.1d, 4.1e, 4.1f). On the contrary, DEL-1 mRNA
levels in brain tissues progressively increased as neonatal age proceeded (Figures 4.1g).

Figure 4.1: Tissue DEL-1 expression is elevated in neonates. (a) DEL-1 relative mRNA expression in different
tissues of healthy neonatal mice (4 days old). (b) DEL-1 relative mRNA expression in tissues from healthy mice of
adult (8-10wks) or neonatal age (4 days old). (c-g) DEL-1 relative mRNA expression in lung, intestine, kidney
spleen and brain tissues from healthy adult and neonatal mice of 1, 7, 14 or 21 days postnatal. Unpaired two-
sided t test. Mean ± SD is depicted. n≥4 mice per group. *p<0.05, **p<0.01, ***p<0.001.
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DEL-1 is sustained during neonatal sepsis to regulate neutrophil
infiltration in tissues

Previous studies have investigated the role of DEL-1 protein in different disease models,
revealing that DEL-1 is initially diminished during the phase of acute inflammation and
resurges later on, to assist the resolution of inflammation [85, 90, 112, 113]. However, the
contribution of DEL-1 in the context of neonatal sepsis is still unclear. To identify the role of
DEL-1 in neonatal sepsis, we used the well-established model of intraperitoneal
administration of cecal slurry (CS) and subjected both adult and neonate mice to
polymicrobial peritonitis and concomitant sepsis. At specific timepoints post sepsis induction,
we examined the expression of DEL-1 mRNA in tissues from adult and neonate mice. For this
analysis, we used intestine and lung tissues, where DEL-1 expression is prominent and
significantly higher compared to adult tissues (Figure 4.1a & 4.1b).

As presented in Figure 4.2a, DEL-1 expression was decreased in adult lung tissues at 6 hours
post CS administration and returned to basal levels later at 12 hours. On the contrary,
neonatal lungs exhibited increased expression of DEL-1 at 6 hours post CS-induced sepsis
that declined overtime (12 hours). Similarly, the concentration of DEL-1 protein was
increased in neonatal lungs compared to adult tissues under septic conditions (Figure 4.2b).
Similar results were acquired from the analysis of intestinal tissues, where DEL-1 expression
was limited in adult samples, while it remained significantly elevated in neonatal samples at
6 hours post CS administration (Figure 4.2c).

Since DEL-1 plays a fundamental role in the regulation of neutrophil infiltration in inflamed
tissues, we next sought to investigate whether there are any differences between adults and
neonates regarding the recruitment of neutrophils at the sites of infection. To address this
question, we subjected adult and neonate mice to CS-induced sepsis and measured the
absolute number of neutrophils in the peritoneum. We further assessed the activity of
Myeloperoxidase (MPO), an enzyme that is abundantly expressed in this subset of cells and
is a well-established marker of neutrophilic activity, in lung tissue lysates from septic adult
and neonate mice. Of interest, neonatal lungs had strikingly reduced MPO activity compared
to adults, during the course of sepsis (Figure 4.2d). Accordingly, the number of neutrophils
in peritoneal lavage progressively increased in both groups, but was substantially restrained
in septic neonates compared to adult counterparts (Figure 4.2e).

Additionally, we used neonate mice that lacked the expression of DEL1 (Del1-/-) and along
with WT neonates we challenged them with CS. To further prove the effect of DEL-1 on
neonatal neutrophil recruitment, a group of Del1-/- neonates received the recombinant DEL-
1 protein (DEL-1-Fc) intravenously, prior to sepsis induction. The aforementioned WT and
Del1-/- neonates received the control recombinant protein IgG-Fc. We then proceeded on
measuring the number of neutrophils in the peritoneal cavity along with the MPO activity in
the lungs of the infected pups (Figure 4.2f & 4.2g). Although there were no significant
differences among the three groups prior to CS-sepsis, Del1-/- neonates displayed
significantly enhanced number of neutrophils and increased lung MPO activity after sepsis
induction compared to WT septic pups. These differences were abrogated in Del1-/- septic
pups that received the DEL-1-Fc recombinant protein, where both MPO and total neutrophil
number reach levels similar to those of the WT septic pups. However, it should be noted that
both WT and Del1-/- neonates that received IgG-Fc had enhanced neutrophil recruitment in
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response to sepsis, indicating that high DEL-1 impede, but do not entirely block neutrophil
infiltration in inflamed sites.

Figure 4.2: DEL-1 expression is sustained in neonatal tissues to control the infiltration of neutrophils upon
sepsis. (a) Relative expression of DEL-1 mRNA in lung tissues from adult and neonatal mice (4 days old) at 0, 6
and 12 hours after cecal slurry (CS) administration. (b) Concentration of DEL-1 protein in lung tissue extracts from
adult and neonate mice at 12 hours post sepsis induction with CS. (c) Relative expression of DEL-1 mRNA in small
intestine in adult and neonatal mice at 6 hours post sepsis induction with CS. (d) MPO activity in total lung lysates
from adult and neonatal mice 6 and 12 hours after CS - induced sepsis. (e) Total number of infiltrating
neutrophils isolated from the peritoneal cavity of adult and neonatal mice at 6- and 12-hours post CS sepsis
induction. (f) MPO activity in lung tissues and (g) total neutrophil count in peritoneal lavage from WT and Del1−/−

neonate administered with either DEL-1-Fc or IgG-Fc, 15 minutes prior to CS-induced sepsis (timepoint: 6 hours).
One-way ANOVA with Bonferroni’s multiple comparison post-test. Mean ± SD is depicted. *p<0.05, **p<0.01,
***p<0.001.

To further evaluate the endothelial activation in adults and neonates, we measured the
mRNA levels of the adhesion molecules ICAM-1 and VCAM-1 in isolated tissues from healthy
and septic adult and neonatal mice. As shown in Figure 4.3b, VCAM-1 expression was
significantly higher in neonatal liver heart and lung tissues compared to adults, tissues with
relatively low expression of DEL-1 (as shown in Figure 4.1a and 4.1b). However, in tissues
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with abundant DEL-1 expression, like small intestine, lung and brain tissues the difference in
VCAM-1 expression was not that prominent. In regards to ICAM-1 expression, neonatal
heart, kidney, lung and brain tissues had markedly diminished ICAM-1 mRNA levels
compared to healthy adult counterparts (Figure 4.3c). We also examined ICAM-1 expression
in adult and neonatal tissues in response to polymicrobial sepsis and observed it to be
elevated in both groups in the presence of inflammatory signals, but to a lesser extent in
neonates (Figure 4.3d and 4.3e).

Next, we focused on the protein levels of ICAM-1 ligand, β2 integrin LFA-1 (CD11a/CD18) in
the circulating neonatal and adult neutrophils (CD45+, Gr1+) and noticed that the mean
fluorescence intensity (MFI) of CD11a did not differ between the two groups, though it was

significantly increased upon sepsis (Figure 4.3d and 4.3e).
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Figure 4.3: Expression of the DEL-1 receptor CD11a/CD18 in neonates during sepsis. (a) Schematic illustration of
DEL-1 and its inhibitory role on the interaction between CD11A/CD18 (neutrophils) and ICAM-1 (endothelium),
during the process of neutrophil adhesion. (b) VCAM-1 and (c) ICAM-1 relative mRNA expression in liver, heart,
kidney, small intestine, lung and brain tissues of healthy adult and neonatal (4 days old) mice. Relative expression
levels of ICAM-1 in (d) Kidney and (e) small intestine tissues from adult and neonatal (4 days old) mice prior to
and after 6 hours of cecal slurry (CS) administration. (f & g) Representative histograms and quantification of
CD11a mean fluorescence intensity (MFI) in blood neutrophils from adult and neonatal (4 days old) mice before
and 6 hours after the induction of CS-induced sepsis. Statistical analysis by Welch t-test (b and c) and one way
ANOVA with Bonferroni’s multiple comparison post-test (d, e and g). Mean ± SD is depicted. *p<0.05, **p<0.01,
***p<0.001.

DEL-1 concentration is sustained elevated in human neonatal serum
during sepsis

Though DEL-1 protein was not detectable in the serum healthy or septic adult and neonatal
mice, we sought to determine the concentration of human DEL-1 in the serum of newborns
(gestational age: 34-40 weeks) and 4-year-old children. As depicted in Figure 4.4a, the
protein levels of DEL-1 were significantly elevated in the serum of neonates compared to
that of older children. In accordance with our data from the murine model, we found that
the protein levels of DEL-1 were higher in the serum of healthy newborns compared to
healthy adults (Figure 4.4b). Additionally, we noticed that the levels of circulating DEL-1
protein were significantly decreased in adult serum during the first 24 hours of sepsis,
whereas this was not observed in the serum of septic neonates. Notably, after 24 hours of
sepsis induction, the concentration of DEL-1 is elevated in both adult and neonatal sera
samples (Figure 4.4b).

Figure 4.4: DEL-1 expression in human neonates and adults. (a) Median human DEL-1 protein concentration in
cord blood serum from healthy newborns (gestational age: 34-40 weeks) and from the healthy 4-year-old
children. (b) Median human DEL-1 protein serum from healthy and septic adult and neonate patients (within
<24h and >24 hours of sepsis onset). Median ± min-max is depicted. Statistical analysis by Mann-Whitney test (a),
Kruskal-Wallis test (b), and Mann-Whitney test between group-matched adult and neonatal groups (in b,
comparisons between group-matched adult and neonatal groups, indicated with #). *p<0.05, **p<0.01,
***p<0.001, ###p<0.001.

DEL-1 enhances circulating neutrophil pool, thus mitigating neonatal
survival against sepsis



PhD Thesis Ourania Kolliniati

68

After confirming that DEL-1 plays a pivotal role in neutrophil recruitment during sepsis, we
decided to explore whether DEL-1 deficiency could be beneficial for the survival of neonates
against sepsis. Hence, we challenged WT and Del1−/− neonates with different doses of CS, in
order to cause mild, moderate and severe sepsis. As shown in Figure 4.5a, in mild and
moderate sepsis, Del1−/− pups had significantly impaired survival compared to WT neonates.
However, this difference was not that prominent in conditions of severe sepsis.

To further investigate the underlying mechanism that mediates the DEL-1 dependent
protection against neonatal sepsis, we examined the bacterial load and neutrophil
infiltration in septic WT and Del1−/− pups at different timepoints post-sepsis. Of interest, at 6
hours of sepsis Del1−/− pups had reduced or similar bacterial load in the peritoneum and
blood compared to WT pups. However, after 12 hours of sepsis Del1−/− pups had strikingly
exacerbated bacteria counts in both peritoneum lavage and blood, compared to WT
counterparts (Figure 4.5b). Regarding neutrophil infiltration in the site of infection, septic
WT pups displayed a constant increase in the number of neutrophils during the course of
sepsis. Conversely, septic Del1−/− pups displayed similar or slightly increased number of
neutrophils in the peritoneum at 6 hours, while at 12 hours the number of cells was
significantly diminished (Figure 4.5c). These findings suggest that Del1-/- mice fail to
replenish and recruit neutrophils at the site of infection, due to bone marrow exhaustion.

Based on these results, we next proceeded on determining whether the administration of
DEL-1-Fc could protect Del1−/− pups from sepsis. Interestingly, the administration of DEL-1-Fc
conferred a significant improvement in the survival of Del1−/− neonates (Figure 4.4d).
Consistently, we noticed that DEL-1-Fc administration steadily increased the number if
neutrophils and limited bacterial burden in blood circulation of Del1−/− pups (Figure 4.4e &

f
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4.4f).

Figure 4.5: DEL-1 assists neonatal survival against sepsis by supplying the circulating pool of neutrophils. (a)
Survival rates of WT and Del1−/− neonate mice after CS-induced sepsis of either severe, moderate or mild severity.
(b) Estimation of bacterial load (cfu) in peritoneal lavage and blood from septic WT and Del1−/− neonates at 6-
and 12-hours post CS-sepsis. (c) Neutrophil numbers in peritoneum and blood in WT and Del1−/− neonates at 6
hours and 12 hours post CS-sepsis. (d) Survival rates of Del1−/− pups administered with DEL-1-Fc or IgG-Fc and
subjected to a model of severe CS-sepsis. (e) Neutrophils and (f) bacterial counts (cfu) in blood in septic Del1−/−

pups treated with DEL-1-Fc or IgG-Fc. In survival experiments, Long-rank test was used for analysis n≥16 mice per
group (a, d). *p<0.05. In b,c,e,f mean ± SD is depicted. One way ANOVA with Bonferroni’s multiple comparison
post-test was used (*: comparison of septic to control animals of the genotype, #: comparison of Del1−/− to WT
mice at the same timepoint), unpaired two-sided Student’s t test, **p<0.01, ***p<0.001, #p<0.05, ##p<0.01,
###p<0.001.

Despite bacterial burden, cytokine storming can prove fatal during the course of sepsis.
Therefore, we evaluated the concentration of the cytokines TNF-a, IL-6 and IL-10 in septic
WT and Del1-/- pups and also in septic Del1-/- pups that either received IgG-Fc or DEL-1-Fc. Of
note, we did not observe any differences in cytokine production between the examined
groups at 6 hours post CS-sepsis (Figure 4.6a & 4.6c). Moreover, we noticed that the
administration of meropenem, a broad-spectrum antibiotic, significantly improved the
survival of both WT and Del1-/- septic pups by 1,3-fold and 3-fold respectively, proving that
Del1-/- neonates succumb to sepsis due to exacerbated bacterial load (Figure 4.6b). Hence,
to address whether this increased bacterial burden is the result of defective phagocytosis,
we tested the ability of blood neutrophils to phagocytose non-opsonized FITC- E. coli
particles. Again, we noticed no differences between WT adult, WT neonate and Del1-/-

neonate mice in the presence or absence of DEL-1-Fc (Figure 4.6d).

Figure 4.6: DEL-1 depletion does not alter phagocytosis or cytokine production in sepsis. (a) Protein levels of
TNF-a, IL-6 and IL-10 in WT and Del1-/- neonate mice before and after 6 hours of CS-sepsis. (b) Survival rate of
septic WT and Del1-/- pups in the presence and absence of meropenem at 72 hours after CS administration. (c)
TNF-a and IL-10 protein levels in WT and Del1-/- neonates before and after 6 hours of CS-sepsis. (d) Percent of
phagocytosis in WT adult, WT neonate and Del1-/- neonate mice neutrophils (CD11b+, Ly6G+) upon administration
of IgG-Fc or DEL-1-Fc. Statistical analysis by one way ANOVA with Bonferroni’s multiple comparison post-test (a &
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c), and Fisher's exact test (b). Non-parametric t-test (d). Mean ± SD (a, c & d) and frequency % (b) are depicted.
*indicates comparison of septic animals to the control animals of the same genotype. # comparison of Del1-/- to
WT mice. *p<0.05. **p<0.01, ***p<0.001, #p<0.05

To address the relevance of the aforementioned findings in humans, we classified serum
samples from septic neonate and adult patients based on the concentration of DEL-1, and
correlated DEL-1 levels with the mortality rate within the first 28 days of sepsis. The
threshold of high/low DEL-1 concentration was determined at 125pg/mL and 700pg/mL for
adults and neonates respectively, based on the median circulating DEL-1 concentration of
healthy sex- and age-matched humans as presented in Figure 4.4. The details regarding the
clinical characteristics, source of sepsis and outcome of the two groups of neonates and
adults are shown in Table 4.1 & 4.2. Regarding the neonate patients, we noticed that the
high DEL-1 group had decreased 28-day mortality rates (8,3%), compared to the low DEL-1
group (25%) (Table 4.1). Similar results were obtained from septic adult patients, where the
difference of 28-day mortality rate between high and low DEL-1 group was statistically
significant (13.3% vs 44%, respectively, p <0.05) (Figure 4.7b & Table 4.2). Moreover, septic
neonates with high DEL-1 concentration, had a striking rise in number of blood neutrophils
during the first 24hours, compared to neonates with low DEL-1 (Figure 4.7a & Table 4.1).
These data support the notion that higher levels of DEL-1, boost the pool of circulating
neutrophils, thus positively correlating with enhanced survival rates in humans.

All cases
n = 24

Low DEL-1
n = 12

High DEL-1
n = 12

p value*

Demographics
Sex (males) 15/24 (62.5%) 8/12 (66.7) 7/12 (58.3%) ns
Postnatal days† 2 (1 -28) 1.5 (1 – 28) 2 (1 – 20) ns
Gestational age
(weeks)ǂ

34.3 (±3.2) 34.4 (±3.47) 34.3 (±3.1) ns

Type of sepsis
Early onset 20/24 (83.3%) 10/12 (83.3%) 10/12 (83.3%) ns
Late onset 4/24 (16.6%) 2/12 (16.6%) 2/12 (16.6%) ns
Bacteremia 7/24 (29.2%) 4/12 (33.3%) 3/12 (25%) ns

ns
Laboratory data
DEL-1 (pg/ml)† 684.4 (211.9-

2249.5)
495.0 (211.9-667.7) 1126 (701.4-2249.5) <0,0001

IL-6 (pg/ml) † 188.7 (55.6-7321) 160.1 (55.6-645.1) 188.7 (60.68- 7321) ns
IL-10 to IL-17 ratio 0.7 (0.01-56.7) 0.2 (0.01-0.9) 4.6 (0.3-56.7) <0.001
ANC (x103/μl)† Day 0 5.086 (940-13.950) 5.943 (940-13.950) 3.738 (1.165-

13.740)
ns

ANC (x103/μl)† Day 1 6.380 (800-21.920) 5.580 (800-13.030) 6,444 (2.903-
21.920)

ns

ΑΝC (fold increase) ǂ 1.3 (±1.0) 0.75 (±0.5) 1.9 (±1.1) <0.01

Outcome
ICU length of stay 21 (7-63)1 12 (7-63) 14 (7-45) ns
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28 – day mortality 4/24 (16.7%) 3/12 (25%) 1/12 (8.33%) ns

Table 4.1: Clinical characteristics and outcomes of the low DEL-1 and high DEL-1 groups in neonates with sepsis.
Abbreviations: Low DEL-1 group: DEL-1 levels less than 700pg/ml; ANC: absolute neutrophil count. Definitions:
early onset: sepsis in neonates less than 7 days old; late-onset: sepsis in neonates≥ 7 days old; *Comparison
among low and high DEL-1 group; statistical analysis was performed with Fisher's exact test or Chi square test
(for categorical data) and by Mann-Whitney test for numerical data. Mean, ±SD (for numerical data) and †median
(range) (for categorical data) are depicted. ǂ, ns: non-significant. The DEL-1 protein level data and the mortality
rate data presented in this table are also depicted in Figure 4.4a.

All cases
n = 40

Low DEL-1
n = 25

High DEL-1
n = 15

p value

Demographics
Sex (males) 27/40 (67.5%) 17/25 (68%) 10/15 (66.7%) ns
Age in years† 65 (21 - 87) 67 (27 - 87) 54 (21 - 82) ns
SOFA score (median,
range)

8 (3-16) 9 (3-16) 8 (4-16)

Source of sepsis
Pulmonary 24/40 (60%) 13/25 (52%) 11/15 (73.3%) ns
Abdominal 10/40 (25%) 8/40 (20%) 2/15 (13.3%) ns
Other 6/40 (15%) 4/15 (26.5%) 2/15 (13.3%) ns
Positive Blood cultures 13/40 (32.5%) 8/40 (20%) 5/15 (33.3%) ns

Laboratory data
DEL-1 (pg/ml) † 96.9 (11.9-2219) 70.5 (11.9-124) 342.2 (165.4-2219) <0.001
IL-6 (pg/ml) † 279.7 (52.4 – 8584) 281.3 (52.4 – 8584) 278.2 (62.4–

2174)
ns

Outcome
ICU length of stay † 18 (7-67) 21 (7-67) 19 (7-59) ns
28 – day mortality 13/40 (32.5%) 11/25 (44%) 2/15 (13.3%) <0.05*

Table 4.2: Clinical characteristics and outcomes in the low DEL-1 and high DEL-1 groups in adults with sepsis
Abbreviations: Low DEL-1 Group: DEL-1 levels less than 125pg/ml, ANC: absolute neutrophil count. *Comparison
among low and high DEL-1 group; statistical analysis was performed with Fisher's exact test or Chi square test (*)
(for categorical data) and by Mann-Whitney test for numerical data. Mean ±SD (for numerical data) and †median
(range) (for categorical data) is depicted. ǂ, ns: non-significant. The DEL-1 protein level data and the mortality
rate data presented in this table are also depicted in Figure 4.4a.
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Figure 4.7: DEL-1 correlates with enhanced circulating neutrophils and lower mortality in septic human subjects.
(a) Fold increase of neutrophil numbers in blood of human neonates with sepsis within the first 24 hours. 868
septic human neonates were categorized as either low DEL-1 (<700pg/ml) or high DEL-1 (> 700pg/ml) and
neutrophil number of low DEL-1 group in day 0 was used as control (set at 1). n= 12 subjects per group. (b) Rate
of 28-day mortality (%) in neonate and adult patient with sepsis. 871 were categorized based on low DEL-1 or
high DEL-1 serum protein expression (High/Low DEL-1 threshold was set at 125pg/mL for adults and 700pg/mL
for neonates). n= 12- 25 subjects are depicted per group. Mean ± SD is depicted. Statistical analysis with unpaired
two-sided Student’s t test and Chi square test (for 28-day mortality categorical data). **p<0.01.

DEL-1 supports emergency granulopoiesis in the bone marrow of septic neonates

Recent studies have described the role of DEL-1 protein in the bone marrow as supportive
towards cell proliferation and myelopoiesis under conditions of inflammatory stress [88, 114,
116]. According to our results, septic Del1-/- neonates initially displayed elevated number of
neutrophils in the bloodstream (6 hours post-sepsis) compared to WT counterparts, that
dramatically decreased as sepsis proceeded (12 hours) (Figure 5c). Since circulating
neutrophils derive from the differentiation of progenitor cells that reside in the bone
marrow, we were interested in investigating DEL-1 expression levels in the bone marrow of
adult and neonate mice prior to and during CS-induced sepsis. Furthermore, using WT adult,
WT neonate and Del1-/- neonate mice, we proceeded on evaluating the impact of DEL-1 in
the deposits of neutrophils in the bone marrow of healthy and septic neonates.

As depicted in Figure 4.8a, compared to adults, neonates had less neutrophils in the bone
marrow, basally as well as under septic conditions. However, when we compared the bone
marrow samples from WT and Del1-/- neonates, we noticed a similar number of CD11b+,
Ly6G+, Ly6C- neutrophils at basal conditions, but a significant reduction of neutrophils in
Del1-/- neonates at 12 hours of sepsis (Figure 4.8a). Regarding the mRNA levels of DEL-1 in
the bone marrow, we observed significantly enhanced expression in neonatal samples,
compared to adults, that gradually increased during the course of sepsis (Figure 4.8b).
Similarly, the protein levels of DEL-1 were unaltered in septic and healthy adults but
displayed a remarkable increase in septic neonates compared to both septic adults and
healthy neonates (Figure 4.8c).

Further analysis of the bone marrow populations showed that the number of granulocyte-
macrophage progenitors (GMPs) (Lin–, cKit+, Sca1–, CD16/32+, CD34+) was similar in both WT
and Del1-/- neonates at basal conditions, but markedly decreased in Del1-/- neonates during
CS-induced sepsis (Figure 4.8d & 4.8e). Collectively, these data indicate that DEL-1 plays a
fundamental role in the microenvironment of neonatal bone marrow, where it promotes the
consistent production of neutrophils via the supporting the proliferation and differentiation
of resident progenitor cells under inflammatory stress conditions.
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Figure 4.8: DEL-1 regulates bone marrow granulopoiesis in neonatal sepsis. (a) Total neutrophil numbers
(normalized per femur and body weight, g) in bone marrow of WT adult, WT and Del1-/- neonates in naïve state
and following 6 and 12 hours of CS induced sepsis (n=5-16 mice per group/time point). (b) DEL-1 mRNA relative
expression in total bone marrow cells, prior to and following 6 and 12 hours of CS-induced sepsis in WT adult and
neonate mice. (c) Protein levels of DEL-1 (expressed in pg/mL per 106 cells) in the bone marrow of WT adults and
neonates prior to and 12-hours post sepsis induction. (d) Gating strategy and representative flow cytometry plots
of granulocyte-macrophage progenitors’ population (GMPs) (Lin-, c-Kit+, Sca-1-, CD16/32+ and CD34+) in bone
marrow samples from septic WT and Del1-/- neonates at 12 hours post infection. (e) Absolute numbers (upper
diagram) and percent (lower panel) of GMPs in the bone marrow of WT and Del1-/- neonates before and after 12
and 24 hours of sepsis. n=6-10 pups per condition. Mean ± SD is depicted. One-way ANOVA with Bonferroni’s
multiple comparison post-test. *p<0.05, **p<0.01, ***p<0.001.

Next, we measured the expression of DEL-1 receptor, avβ3 integrin in the surface of adult
and neonatal bone marrow cells, to determine whether the differences in DEL-1 expression
are accompanied by differential expression of DEL-1 receptor, thus creating a feed-forward
signaling circuit. The avβ3 integrin is comprised of two distinct subunits, the av integrin CD51
and the β3 integrin CD61. Therefore, we examined the levels of CD51 and CD61 in adult and
neonatal bone marrow samples under normal and septic conditions. We observed no
significant differences between adults and neonates in either prior to or post CS-sepsis
induction (Figure 4.9a & 4.9b). Regarding the effect of DEL-1 in the composition of bone
marrow, we sought to study the levels of Myeloid suppressor derived cells (MDSCs)
monocytes in the bone marrow of healthy and septic WT and Del1-/- neonates. Again, we
noticed that neither monocytes (CD11b+, Ly6C+, Ly6G-), nor MDSCs (CD11c-, CD11b+, Ly6G+,
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Ly6C+) were strikingly different between WT and Del1-/- neonates, although both cell
populations were diminished upon sepsis (Figure 4.9c & 4.9d).

Figure 4.9: Expression of DEL-1 receptor CD61/CD51 and composition of bone marrow in neonatal sepsis. (a)
CD61 and (b) CD51 mean fluorescence intensity (MFI) in total bone marrow cells from healthy and septic adult
and neonate mice at 6 hours post CS-sepsis induction. (c) Myeloid-Derived Suppressor Cell (MDSC) population
and (d) monocyte (CD11b+, Ly6C+, Ly6G-) population in the bone marrow of WT and Del1−/− mice subjected to
polymicrobial sepsis for 12 hours. The total number of MDSCs (CD11c-, CD11b+, Ly6G+, Ly6C+) was normalized to
femur and body weight (g) Mean ± SD is depicted. Statistical analysis by one-way ANOVA with Bonferroni’s
multiple comparison post-test. n= 4-5 mice per group. *p<0.05, ***p<0.001.

Since we observed a significantly reduced neutrophil pool in the bone marrow of DEL-1
deficient mice, we aimed to characterize in depth the role of DEL-1 in bone marrow
granulocyte production and release and trace back the source of the neutropenia observed
in the septic Del-1-/- pups. It has been previously documented that under systemic microbial
infection, proliferation of hematopoietic progenitors in the bone marrow is activated to
compensate for the increased need for mature myeloid cells and restore bone marrow
cellularity, a process known as emergency myelopoiesis [222, 223]. We therefore assessed
whether DEL-1 affects the hematopoietic progenitor maintenance in bone marrow, both at
steady state and upon septic conditions. Although DEL-1 deficiency had no significant effect
on long-term hematopoietic stem cell (LT-HSCs) and short-term HSC (ST-HSCs) population
(Lin–cKit+Sca1+CD48–CD150–) we observed a significant decrease in the number of
multipotent progenitors (MPPs), and particularly the myeloid-biased MPP3 lineage in DEL-1
deficient neonatal mice, upon polymicrobial sepsis (Figure 4.10).
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Figure 4.10: DEL-1 supports multipotent progenitors upon sepsis in neonates. (a) Long-term hematopoietic stem
cells (LT-HSCs), (b) short-term HSCs (ST-HSCs), (c) multipotent progenitors (MPPs), (d) myeloid-biased MPPs
(MPP3s) and (e) representative flow cytometry images of MPP and MPP3 cells in the bone marrow of WT and
Del1-/- mice at steady state (gray background) and at 12hours of cecal slurry induced polymicrobial sepsis. Mean
± SD is depicted. Statistical analysis by unpaired two-sided t-test. *p<0.05, **p<0.01. Ctl: control, h: hours.

To assess whether the decreased numbers of granulocytes in the bone marrow of Del-1-/-
pups were due to enhanced release of granulocytes to the peripheral blood circulation, we
first analyzed the expression of SDF-1 in the bone marrow, a soluble factor that regulates
bone marrow neutrophil retention and release. No difference was observed in the
expression of SDF-1 protein upon sepsis (12 hours following cecal slurry – induced sepsis) in
the bone marrow of Del-1-/- neonatal mice compared to WT mice (Figure 4.11a). Neutrophil
numbers were significantly lower over time in the absence of DEL-1, both in the bone
marrow and in the peripheral at the same time point (Figure 4.5c & 4.8a). Therefore, the
effect of DEL-1 deficiency on bone marrow neutrophil numbers cannot be attributed to
increased release of neutrophils from the bone marrow to the peripheral blood upon
infection. Likewise, since G-CSF is major regulator of hematopoiesis, both at steady state and
upon emergency myelopoiesis, we examined whether G-CSF is altered in DEL-1 deficient
neonatal mice compared to WT [224]. Again, we did not observe any alterations in the
expression G-CSF in serum in DEL-1 deficient neonatal mice compared to WT, upon steady
state or septic conditions (Figure 4.11c). While upregulation in the expression of
inflammatory cytokines is an important event for promoting emergency myelopoiesis in the
bone marrow, no difference was noted in the expression of inflammatory mediators with
described HSC mobilizing activity (such as TNF, IL-6 and IL-10) (Figure 4.6a) or CXCL1 (Figure
4.11b), in septic Del1-/- and WT neonatal mice [223, 224]. Therefore, the defect in
myelopoiesis that is noted in DEL-1 deficiency cannot be attributed to alterations in the
expression of G-CSF or other inflammatory mediators in bone marrow niche. Overall, these
findings indicate that DEL-1 acts as a niche factor that supports multipotent and granulocyte
progenitors in the bone marrow of neonates upon systemic bacterial infection.
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Figure 4.11: Protein levels of neutrophil kinetic modulating factors in neonatal age and sepsis. (a) SDF-1 protein
concentration in the bone marrow of WT and DEL-1-/- neonate mice within 12 hours of sepsis. (b) CXCL-1 protein
concentration in the serum of WT and DEL-1-/- neonate pups within 12 hours of sepsis. (c) G-CSF levels in the
serum of WT and Del1−/−neonatal mice at steady-state and after polymicrobial sepsis challenge for 12 hours. (a-c)
n=4-5 mice per group, Median ± 95%CI is depicted.

The elevated neonatal IL-10 upregulates DEL-1 expression during
sepsis

Several pro-inflammatory cytokines secreted in pathogenic conditions, including TNF-a and
IL-17a, impede the expression of DEL-1 (26, 34, 35). In order to identify the cytokine profile
during neonatal sepsis that may account for the elevated DEL-1 expression, we analyzed
serum samples from healthy and septic adult and neonate mice for the concentration of pro-
(TNF-a, IL-17a, IL-6) and anti-inflammatory (IL-10) cytokines. As shown in Figure 10a, the
induction of TNF-a in septic conditions was the same between adults and neonates, whereas
the induction of IL-17a was restricted in neonates. In contrast, both IL-6 and IL-10 levels
were notably higher in septic neonates compared to adults (Figure 4.12a). Although the
effect of TNF-a and IL-17a on DEL-1 regulation is known, the role of IL-6 and IL-10 on DEL-1
expression has not been evaluated. For this purpose, we used two different human
endothelial cell lines, HUVEC and Ea.hy926 cells and exposed them to recombinant human
IL-6, IL-17a and IL-10 and subsequently examined the expression of DEL-1 mRNA. As
presented in Figure 4.12b, short (4 hours) or prolonged (24 hours) treatment of HUVEC cells
with IL-6, did not alter DEL-1 mRNA levels, whilst the short exposure to IL-10 considerably
upregulated the expression of DEL-1. Similarly, the exposure of Ea.hy926 to IL-10 increased
the mRNA expression of DEL-1, whereas IL-17a reduced DEL-1 mRNA, indicating that these
two cytokines have opposing effects on DEL-1 regulation (Figure 4.12c).

Next, we assessed the mRNA expression of IL-10 and IL-17a in septic adult and neonatal
tissues, to determine whether the differences in DEL-1 expression are reflective of the
relative expression of the ratio of these two cytokines topically. We observed that the
neonatal tissues which exhibited high levels of DEL-1 expression, including kidney lung and
intestinal tissues, had a remarkably increased ratio of IL-10 to IL-17a expression compared to
counterpart adult tissues (Figure 4.12d). Additionally, analysis of human serum samples
from septic adults and neonates, showed that in both age groups, the samples that
displayed elevated IL-10 to IL17a protein ratio (>2) had elevated concentration of DEL-1,
compared to samples with low (<2) IL-10 to IL17a ratio (Figure 4.12e). These results support
that the equilibrium between IL-10 and IL-17a determines DEL-1 production in sepsis.

To identify whether IL-10 positively regulates DEL-1 expression in the bone marrow, we used
human mesenchymal stromal cells (MSCs) that we treated with IL-10 and examined mRNA
levels of DEL-1. In fact, we witnessed that IL-10 treatment reinforced DEL-1 expression in
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MSCs (Figure 4.12f). To provide further evidence on the role of IL-10 in DEL-1 regulation in
the bone marrow during sepsis, we administered pups with a neutralizing antibody against
IL-10 receptor (a-IL10R) and subjected them to CS-sepsis. We observed that the systemic
blockage of IL-10 signaling in septic WT neonates, hampered DEL-1 expression in the bone
marrow (Figure 4.12g), while concomitantly diminished the number of neutrophils topically
(Figure 4.12h). Nonetheless, the neutralization of IL-10R in Del1-/- septic neonates, did not
alter the neutrophil pool (Figure 4.12h, right diagram). Finally, we sought to examine
whether the administration of a-IL-10R, affected the bacterial load and the overall survival of
septic neonates. Indeed, the treatment of septic WT neonates with a-IL-10R led to
augmented bacterial burden in blood (Figure 4.12i) and diminished survival (Figure 4.12j).
Overall, these results point out a novel IL-10-DEL-1 signaling axis that reinforces
myelopoiesis and specifically neutrophil production under septic stress conditions in

neonates, thus prolonging neonate host survival.
Figure 4.12: IL-10/IL-17a ratio regulates DEL-1 expression in neonates during sepsis. (a) Serum TNF, IL-6, IL-10
and IL-17a protein concentration in neonate and adult mice serum prior to and after 6 hours of CS-sepsis. (b)
DEL-1 mRNA relative expression in HUVEC cells stimulated with recombinant human IL-10 or IL-6 protein (the
average expression of DEL-1 in unstimulated control cells was set at 1). (c) DEL-1 mRNA relative expression in
Ea.hy926 endothelial cells stimulated with recombinant human IL-17, IL-10 or combination of the two cytokines
at 4 hours of treatment (expression of DEL-1 in unstimulated control cells was set as 1). (d) Relative expression
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levels of IL-10 and IL-17a mRNA in tissues (lung, kidney and intestine) of septic adult and neonate mice (6 hours
post sepsis). (e) Protein levels of DEL-1 in serum samples from septic adult and neonate patients. Samples were
categorized based on their concentration of IL-10 and IL-17a as either low (<2) or high (≥2) IL-10 to IL-17 ratio. (f)
DEL-1 mRNA relative expression in human mesenchymal stromal cells (MSCs) stimulated with human
recombinant IL-10 at 4 hours post treatment (expression of DEL-1 in untreated cells was set as 1). (g) DEL-1
mRNA expression in the bone marrow of WT neonates treated with anti-IL-10R or IgG (expression of DEL-1 in IgG
treated group was set as 1) and subsequently subjected to CS-sepsis for 12 hours. (h) Total number of
neutrophils in bone marrow of WT (left panel) and Del1-/- (right panel) neonate mice that received either a-IL-10R
or IgG and subjected to CS-induced sepsis for 12 hours, (i) Bacterial load (cfu) in the blood of septic WT neonates
that received a-IL-10R or IgG and (j) Percent of survival in septic WT neonates treated with a-IL-10R or IgG and
subjected to CS-induced sepsis. Mean ± SD (a, b, c, d, f, g, h), median ± min-max (e, i) and frequency % (j) is
depicted. Statistical analysis by one way ANOVA with Bonferroni’s multiple comparison post-test (a, b, c, d and g),
Mann- Whitney test (e) unpaired two-sided t test (f, h, i) and Fisher's exact test (j). Overall, n=4-24 pups per
condition, n =16-21 per group in (j). *p<0.05, **p<0.01, ***p<0.001.

Neonatal macrophages display enhanced expression of DEL-1 and
CEBP-b that is regulated by IL-10-IL17a ratio

Despite endothelial and stromal cells, several immune cells have the ability to produce and
secrete DEL-1, thus facilitating the local regulation of the inflammatory response in a
paracrine manner [87]. More specifically, the expression of DEL-1 in macrophages has been
associated with an M2-like phenotype, since it promotes the production of anti-
inflammatory cytokines and the clearance of apoptotic cells via efferocytosis [87, 120].
However, the regulation and production of DEL-1 in neonatal macrophages has not been
explored yet. To this end, we investigated whether the expression of DEL-1 differs between
adult and neonatal thioglycolate elicited peritoneal macrophages (TEPMs), prior to and after
exposure to inflammatory stimulus. As shown in Figure 4.13a, at basal conditions DEL-1
expression is significantly enhanced in neonatal cells compared to adults. By contrast, the
presence of LPS sustained the DEL-1 mRNA in neonatal macrophages, whereas it markedly
diminished them in adult macrophages. These data further corroborate our previous
findings on the role of DEL-1 in neonatal sepsis (Figure 4.1& 4.2). According to previous
studies and an in-silico analysis performed on the promoted region of Edil-3 gene (data not
shown), CEBP-b is a transcriptional factor that promotes DEL-1 expression[93, 225]. Thus, we
evaluated CEBP-b expression in the aforementioned groups. We noticed that CEBP-b mRNA
levels were similarly enhanced in both neonatal and adult macrophages in the presence of
LPS, but were higher in neonatal cells at basal conditions (Figure 4.13b). To further explore
the effect of IL-10 and IL-17a on DEL-1 regulation in macrophages, we exposed adult TEPMs
to these cytokines in the presence and absence of LPS and measured DEL-1 and CEBP-b
expression. Similar to the endothelial cells, exposure of macrophages to IL-10 elevated DEL-1
and CEBP-b expression, whereas the presence of IL-17a lessened their transcription, though
these differences where not evident in the presence of LPS (Figure 4.13b & 4.13c).
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Figure 4.13: Regulation of Cebp-b and Del-1 expression in adult and neonatal macrophages. (a) DEL-1 and (b)
CEBP-b relative mRNA expression in adult and neonatal TEPMs prior to and after stimulation with LPS for 4 hours
(the average expression of DEL-1 and CEBP-b in unstimulated adult cells was set at 1). (c) DEL-1 and (d) CEBP-b
relative mRNA expression in adult TEPMs treated with recombinant human IL-10 orIL-17a in the presence and
absence of LPS at 4 hours of treatment (expression of DEL-1 and CEBP-b in unstimulated control cells was set at
1). One-way ANOVA with Bonferroni’s multiple comparison post-test. Mean ± SD is depicted. *p<0.05, **p<0.01,
***p<0.001
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Part Two

The IL-6 mediated inhibition of LC3 Associated Phagocytosis (LAP)
confers increased susceptibility of neonatal hosts to GBS infection

Main Findings

In this part of the study, we attempted to shed light on the intracellular molecular
mechanism of pathogen clearance and their differences in early and adult life. Specifically,
we studied the survival of murine adult and neonatal hosts against the neonatal pathogen
Group Beta Streptococcus (GBS) and noticed that GBS administration did not impact the
survival of adults, but caused profound mortality in neonates. To further clarify the
contribution of macrophages in GBS elimination, we isolated thioglycolate-elicited
macrophages from adults and neonates and infected them with GBS. Similarly, to the in-vivo
phenotype, neonatal macrophages exhibited elevated GBS load compared to adult cells,
indicative of their impaired bactericidal activity. Accordingly, electron and confocal
microscopy analyses revealed that intracellular GBS bacteria manage to rupture the
phagosomal membranes that contain them and escape to host cytoplasm where they
proliferate. This phenomenon was more prominent in neonatal than adult macrophages,
thus allowing GBS to persist inside the neonatal phagocytes and establish disease state in
this niche.

The observation that intracellular GBS resides inside phagosomes, prompted us to study the
pathway of LC3 Associated Phagocytosis (LAP) as a defense mechanism against GBS infection.
For this purpose, we used confocal microscopy analysis and showed that in fact LAPosome
formation was strikingly enhanced in adult macrophages, while arrested in neonatal cells. To
further discriminate between the immune defense mechanism of xenophagy and LAP, we
employed different siRNA molecules to selectively block either xenophagy or LAP pathway
components. In line with the aforementioned results, we demonstrated that the ablation of
the LAP proteins Rubicon and Nox2, sharply increases the intracellular GBS load in adult
macrophages, whereas the targeting of the autophagic protein Ulk-1 did not affect the GBS
load. Nevertheless, neither xenophagy nor LAP blockade affected the bacterial load of
neonatal macrophages. Additionally, neonatal macrophages displayed reduced trafficking of
GBS bacteria to the lysosomes, compared to adult counterparts. Collectively, these data
prove that LAP is an important mediator of GBS elimination in adult macrophages but is
defective in neonatal macrophages, thus suffering from diminished GBS eradication.

To examine the molecular mechanism behind neonatal LAP deficit, we perform RNA-seq
analysis in GBS infected adult and neonatal macrophages and found a notable increase in
cytokine and chemokine production in the latter group. IL-6 was identified among the
upregulated genes of the neonatal cells and its concentration was found to be remarkably
augmented in these cells both prior to and after exposure to GBS. Therefore, we sought to
investigate whether elevated IL-6 production prohibits the LAP-dependent GBS elimination
in neonatal cells. To test that, we first conditioned adult macrophages with IL-6
concentrations relative to those of neonatal macrophages and noticed that this treatment
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disarmed the bactericidal activity of adult cells. Likewise, treatment of human neonatal
macrophages with Tocilizumab firmly enhanced their antibacterial immunity of cells. Finally,
we showed that specific blockade of IL-6 with an a-IL-6 antibody, reduced GBS bacteria in
neonatal macrophages by preventing GBS cytoplasmic escape and restoring LAP activity.

Subsequently, we assessed whether the abrogation of the signaling axis downstream of IL-6
can reverse LAP deficit and boost GBS killing. Using specific inhibitors for JAK1/2 and STAT3,
Baricitinib and S3I-201 respectively, we demonstrated that treated neonatal macrophages
had a significantly limited GBS load, due to lessened cytosolic escape and corresponding LAP
induction. Finally, using Seahorse technology, we showed that adult and neonatal
macrophages follow different metabolic routes in response to GBS, with adult macrophages
utilizing oxygen dependent mitochondrial metabolism more efficiently than neonatal
macrophages.

In summary, this work identifies LC3 Associated Phagocytosis (LAP) as a driving mechanism
in macrophage host defense against GBS. It further demonstrates that LAP is deficient in
early life due to enhanced cytokine production and signaling through the IL-6-JAK1/2-STAT3
axis that confers to neonatal host susceptibility. It further proposes that targeting of the IL-
6-JAK1/2-STAT3 with available immunomodulatory therapies could restrict neonatal
macrophage susceptibility to GBS and reinforce LAP, thus limiting the detrimental effects of
GBS infection during this tender period of life.
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Neonatal macrophages exhibit impaired bactericidal capacity against
GBS and enhanced cytosolic escape of bacteria due to LAP deficit

Previous studies have demonstrated that adults and neonates differ significantly in regards
to anti-bacterial responses, with neonates being less efficient in eliminating pathogens and
thus being more susceptible to infections [226]. Focusing further on the neonatal pathogen
Group Beta Streptococcus (GBS), we sought to elucidate whether GBS infection severity
differs between adults and neonates. For that reason, we infected healthy adult and
neonatal mice with a clinically isolated, hypervirulent strain of GBS (serotype III) and
evaluated their survival. As depicted in Figure 4.14a, GBS-infected neonates exhibited
significantly increased mortality rates (85,7%) compared to adults that did not exhibit any
mortality.

During the course of infections, macrophages are fundamental innate immune regulators
that exhibit prolific bactericidal activity against invading opportunistic pathogens like GBS.
Many studies have shown that adult and neonatal macrophages exhibit significant
differences both prior to and after exposure to inflammatory stimuli [46, 52-55]. However,
the bactericidal capacity of adult and neonatal macrophages against GBS has not been
previously evaluated. Using the model of thioglycolate elicited macrophages, we isolated
macrophages of adult and neonatal origin, challenged them ex vivo with GBS and monitored
their intracellular bacterial load at specific timepoints post infection (Figure 4.14b). We
noticed that at all timepoints tested, neonatal macrophages had significantly elevated
intracellular GBS load compared to their adult counterparts. Interestingly, compared to the
4-hour timepoint, neonatal macrophages exhibited an elevation of intracellular GBS bacteria
at 6 hours post infection that is indicative of the cytoplasmic escape and proliferation of GBS
inside the infected macrophages. However, at later timepoints, the GBS load diminished in
both groups, but still remained higher in the neonatal cells.

It is known that several intracellular pathogens have the ability to evade macrophage
defense mechanisms, thus persisting inside the infected cells and subsequently gaining
access to the nutrient-rich cytoplasm where they proliferate [142, 159, 227-229]. According
to a previous study in human brain endothelial cells, intracellular GBS bacteria reside
exclusively inside vacuoles [137]. However, the ability of GBS to persist and multiply inside
neonatal macrophages has not been addressed. To this end, we differentially stained the
cytosolic and intra-vacuolar GBS bacteria in infected adult and neonatal macrophages as
previously described [142]. Confocal microscopy analysis revealed that in adult macrophages,
GBS bacteria localized inside intact vacuoles, whereas neonatal macrophages contained
mainly cytoplasmic GBS bacteria (Figure 4.14c). These results were further confirmed using
electron microscopy analysis, where it was revealed that GBS bacteria are contained inside
single membrane vacuoles that are characteristic of phagosomes. We also noticed that in
several cases, the integrity of phagosomal membranes was perturbed and GBS bacteria
gained access to the cytoplasm (Figure 4.14d). The phenomenon of phagosomal rupture and
GBS escape was more prominent in neonatal macrophages (52,99%) compared to adult cells
(33,3 %).

Based on the aforementioned evidence regarding the nature of GBS-containing vacuoles, we
decided to further study the role of LC3 Associated Phagocytosis (LAP) in the process of GBS
clearance. In recent years, LAP pathway has emerged as an important defense mechanism of
immune cells against several fungal and bacterial pathogens [163, 167, 168, 170, 171]. LAP is
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initiated upon the specific recognition and concomitant engulfment of the target pathogen
inside phagosomes. The newly formed phagosomes are rapidly recognized by a Class III PI3K
complex that mediates the ROS-dependent decoration of phagosomes with the lipidated
form of LC3 protein (LC3-II), hence driving the immediate elimination of pathogens [155].
Though the importance of LAP pathway against opportunistic infections has been well-
established, its’ role and activity in early life has not been evaluated yet. To explore the
involvement of LAP in macrophage defense against GBS, we infected adult and neonatal
macrophages with GBS and immunostained them for LC3. Specifically, we assessed the co-
localization of LC3 protein with intracellular GBS bacteria, indicative of LAP activation, using
confocal microscopy analysis. As presented in Figure 4.14e & 4.14f, the percent of LC3+ GBS
bacteria was markedly higher in adult cells compared to neonatal cells at 3 hours post
infection. Accordingly, the mean fluorescence intensity (MFI) of LC3 protein was more
elevated in adult than neonatal cells at 3hpi, indicative of LAP licensing in the former group
(Figure 4.14g). Together our findings suggest that LAP mitigates GBS clearance in adult
macrophages, whereas neonatal macrophages fail to license LAP, resulting in enhanced
cytosolic escape and elevated load of GBS.

Figure 4.14: Neonatal macrophages exhibit impaired bactericidal capacity against GBS due to LC3 associated
phagocytosis deficit. (a) Survival rates of C57BL/6 (B6) adult and neonatal mice subjected to GBS infection after
intraperitoneal administration of GBS bacteria (15.000 GBS per g of body weight). (b) Thioglycolate elicited



PhD Thesis Ourania Kolliniati

84

macrophages isolated from adult and neonatal mice were challenged with GBS bacteria (MOI 1:10) for 2 hours
and the intracellular GBS load was assessed by CFU counts at the indicated timepoints post infection. (c)
Representative immunofluorescence images of phagosomal integrity assay in adult and neonatal macrophages at
2 hours post GBS infection (MOI 1:10). Cytoplasmic GBS is stained with both green and red and phagosomal GBS
is exclusively shown in red. Scale bar: 10um. (d) Electron microscopy images from GBS infected adult and
neonatal macrophages and quantification of phagosomal and cytosolic GBS in cells at 2 hours post infection (MOI
1:10). (e) Representative immunofluorescence images of LC3 (red) co-localization with GBS (blue, small dots) in
infected adult and neonatal macrophages at 3hours post GBS infection (MOI 1:5) Scale bar: 10um. (f-g)
Quantification on the LC3-GBS co-localization (f)Mean Fluorescent Intensity (MFI) of LC3 (g) and intracellular GBS
load. Mean ± SEM (b), median ± min-max (f, g) is depicted. Statistical analysis by Log-rank (Mantel-Cox) test
*p<0,032, **p<0,0021, ***p<0,0002 (a), Multiple t-test *p<0,05, **p<0,01, ***p<0,001 (b), 2-sided Chi-squared
test *p<0,05, **p<0,01, ***p<0,001. (d), Unpaired Student’s t test *p<0,05, **p<0,01, ***p<0,001, ****
p<0,0001 (f, g).

LAP but not canonical autophagy is essential for GBS clearance in
adult macrophages

Macrophages have a wide range of defense mechanism that employ against invading,
opportunistic pathogens [129, 230-232]. Similar to LC3 Associated Phagocytosis,
macrophages can utilize the autophagic machinery to eliminate intracellular pathogens, a
process known as xenophagy. As previously mentioned, LAP is initiated upon the recognition
and engulfment of pathogenic cargo inside phagosomes and their subsequent decoration
with LC3, in a Rubicon and Nox2 dependent manner [154, 155]. On the other hand,
xenophagy is initiated upon bacterial escape to the cytoplasm and ubiquitination of the
target. This signaling cascade initiates the formation of a double membrane, LC3 decorated
autophagosome around the pathogen [135]. Finally, both phagosomes and autophagosomes
immediately fuse with lysosomes to destroy their cargo. Despite undergoing distinct
regulation, these two pathways use a number of common protein components like ATG5,
ATG7 and LC3 [135, 154, 155].

In order to provide further evidence that adult cells eliminate GBS via LAP and not
xenophagy, we employed a series of siRNA molecules to inhibit the expression of key protein
components of the two pathways. More specifically, we targeted the autophagy component
Ulk-1, Atg5, a common protein of the two pathways and also Rubicon and Nox2, proteins
that exclusively participate in LAP. The knock down efficiency of each target was validated by
RT-PCR. As shown in Figure 4.15a, Ulk-1 silencing did not alter the intracellular GBS load in
neither adult nor neonatal macrophages. However, the knock down of Atg5 impaired the
antibacterial capacity and enhanced the GBS load in adult but not neonatal macrophages
(Figure 4.15b). Similar results were also obtained when we ablated the expression of the Lap
components Rubicon and Nox2. In fact, we observed that targeting of Rubicon and Nox2,
strikingly increased the intracellular GBS load of adult cells, whilst it had no impact in
neonatal macrophages (Figure 4.15c & 4.15d).

These findings were further confirmed using confocal microscopy analysis in GBS infected
adult and neonatal macrophages transfected with siRNAs against Rubicon, Ulk-1 or control
siRNA. Samples were then stained with antibodies against LC3 (shown in red) and GBS
(shown in green). As presented in Figure 4.15e, in adult cells, treatment with siRubicon,
increased the MFI of GBS, indicative of the diminished bactericidal activity of cells, whereas
treatment with siUlk1 did not alter GBS MFI (Figure 4.15f). In regards to the MFI of LC3, both
siRubicon and siUlk-1 treatments significantly enhanced the MFI of GBS (Figure 4.14g). In
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neonatal macrophages, knock down of Rubicon did not alter the MFI of either GBS or LC3
(Figure 4.14h & 4.14i). However, Ulk-1 downregulation enhanced the MFI of LC3 without
affecting the intracellular GBS load of cells (Figure 4.14h & 4.14i). Overall, these results
indicate that LAP pathway is critical for GBS killing in adult macrophages, since the loss of
LAP deteriorates GBS clearance. Additionally, these data further highlight that LAP is actually
dispensable for GBS elimination in neonatal macrophages, hence these cells probably rely on
alternative defense mechanisms to control bacterial infection.

Figure 4.15: LAP but not canonical autophagy mediates GBS killing in adult macrophages. (a-d) The intracellular
load of GBS in adult and neonatal macrophages at 4 hours post GBS infection (MOI 1:10) prior and post to Ulk-1
(a), Atg5 (b), Rubicon (c) and Nox2 (d) silencing with siRNAs. (e) Representative immunofluorescence images of
GBS infected adult and neonatal macrophages treated with control siRNA or siRNAs against Rubicon and Ulk-1 at
3 hours post infection (MOI 1:5). Images depict LC3 protein (red), GBS bacteria (green) and nuclei (blue). Scale
bar: 10um (f-g) Quantification on the mean fluorescent intensity of LC3 (f) and GBS (g) in GBS infected adult
macrophages shown in (e). (h-i) Quantification on the mean fluorescent intensity of LC3 (h) and GBS (i) in
infected neonatal macrophages shown in (e). Median ± min-max (a-d) and Mean ± SD (f-i) is depicted. Statistical
analysis by Unpaired Student’s t test *p<0,05, **p<0,01, ***p<0,001, **** p<0,0001 (a-d), One-way Anova and
Kruskal-Wallis test *p<0,05, **p<0,01, ***p<0,001, **** p<0,0001 (f-i).
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Neonatal macrophages suffer from defective lysosomal trafficking of
GBS bacteria

The final step in the process of bacterial eradication in macrophages is the conjugation of
the pathogen containing vacuoles with the lysosomes. There, the engulfed materials are
degraded and their components are used by the host cells for a number of processes,
including antigen presentation and energy storage. To this end, we sought to examine the
efficiency of adult and neonatal macrophages to deliver the intracellular GBS bacteria to the
lysosomal compartments. For that reason, we immunostained GBS infected adult and
neonatal macrophages for a specific lysosomal marker, the protein LAMP-1 (Lysosomal
Associated Membrane Protein 1) and evaluated the co-localization of GBS bacteria with
LAMP-1 at several timepoints during the course of infection. As shown in Figure 4.16a and
4.16b, adult cells exhibited an overall elevated co-localization of GBS with LAMP-1,
compared to neonatal counterparts. Initially, at 1 hpi, the co-localization of GBS with LAMP-
1 is similar between adult and neonatal macrophages. However, as the infection progresses
at 3 and mainly at 5 hours post infection, we notice that adult macrophages present a higher
percentage of LAMP-1+ GBS bacteria, compared to neonatal cells. In parallel, we noticed that
both groups exhibit diminished LAMP-1 fluorescence at 3hpi, indicative of lysosomal
trafficking arrest (Figure 4.16a). In addition, the reduced ability of neonatal cells to deliver
GBS to lysosomes further associated with an increased presence of GBS bacteria in these
cells compared to adult macrophages (Figure 4.16c), confirming our previous observations
(Figure 4.14b). These data corroborate that neonatal macrophages cannot deliver GBS to
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lysosomes as efficiently as the adult cells, therefore being more susceptible to GBS infection.

Figure 4.16: Neonatal macrophages suffer from defective lysosomal trafficking of GBS bacteria. (a)
Representative immunofluorescence images of adult and neonatal macrophages infected with GBS at 1-, 3- and
5-hours post infection (MOI 1:5). Images depict LAMP-1 (red), GBS (green) and nuclei (blue). Scale bar: 10um. (b-
c) Quantification of LAMP-1+ GBS bacteria (b) and intracellular GBS load per 100 cells (c) in adult and neonatal
macrophages at 1-, 3- and 5-hours post GBS infection. Mean ± SD is depicted. Statistical analysis by multiple t-
test followed by Holm-Sidak correction. *p<0,05, **p<0,01, ***p<0,001, **** p<0,0001.

Adult and neonatal macrophages display different expression profile
and cytokine production in response to GBS infection

Upon pathogen recognition, macrophages initiate signaling cascades that reinforce the
production of pro-inflammatory or anti-inflammatory cytokines. These cytokines serve as
signals for alarming immune cells to enter the site of inflammation and eradicate the
dangerous intruders or remove cell debris and restore tissue homeostasis. This finely tuned

process is critical for the proper response of macrophages during the course of infection.
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However, in cases of severe infections with high bacterial or viral burden, cells produce an
exacerbated amount of pro-inflammatory cytokines, a phenomenon known as cytokine
storming. Cytokine storming further propagates these signaling cascades, causing cell death,
tissue damage and finally exhaustion of the immune system with macrophages entering a
state of tolerance. This inflammatory sequalae is implicit in the pathogenesis and
manifestations of infectious diseases [233].

Previous studies highlight that the adult and neonatal macrophages display significant
differences regarding their transcriptional profile both prior to and after exposure to
inflammatory stimuli [234]. To delineate the differences between GBS stimulated adult and
neonatal macrophages, we performed RNA-sequencing analysis in these groups.
Interestingly, among the 118differentially expressed genes, 91 genes were upregulated in
neonatal macrophages, whereas 14 genes were enriched in adult macrophages (Figure
4.17a).

By further focusing on the differentially expressed cytokines and chemokines involved in the
process of GBS infection, we noticed that the expression of IL6 was increased in the infected
neonatal macrophages compared to adult counterparts by 2,42 folds (Figure 4.17b & 4.17c).

To further examine possible differences in the expression profile of adult and neonatal
macrophages we isolated RNA from the two groups prior to and after GBS infection.
Concomitantly, we used these samples to test the expression of immune related genes at
specific timepoints post infection. More specifically, we evaluated the relative expression of
the immature primary microRNAs, pre-miR-155 and pre-miR-146a that have been shown to
govern macrophage immune response against bacteria [235]. As depicted in Figure 4.18a,
neonatal macrophages have elevated expression of pre-miR-155 compared to adult cells
both basally and at 3- and 5- hours post GBS infection. However, the two groups displayed
similar levels of pre-miR-146a throughout the course of GBS infection (Figure 4.18b).
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Figure 4.17: RNA-seq analysis reveals differential expression of cytokine and chemokine genes between GBS
infected adult and neonatal macrophages. (a) Heatmap of the total (117) differentially expressed genes (DEGs)
and (b) of cytokine/chemokine genes in the GBS infected neonatal macrophages at 3hpi (MOI 1:10) as analyzed
by RNA-seq (n=4 per condition). Data are shown as fold change in gene expression relative to GBS infected adult
macrophages. (c) Volcano plot of the genes that were differentially expressed in adult and neonatal macrophages
infected with GBS. DEGs exhibiting a log2FC>2 (red) and log2FC<2 (blue) are indicated.

Accordingly, we examined the expression of other genes implicated in the inflammatory
process, such as Il-12b and Tnfa and also Nox2, an indispensable component of LAP. We
observed that Il-12b expression was increased in neonatal macrophages basally, but no
noticeable differences were found at 1- and 3- hours timepoints, whereas at 5 hours post
infection the expression of IL-12b was noticeably elevated in the adult macrophages
compared to neonatal cells (Figure 4.18c). Nox2 relative expression followed exactly the
same pattern to that of Il-12b (Figure 4.18d). On the other hand, Tnfa was significantly
elevated in neonatal cells at a basal level and after 3 hours of infection. This difference was
later abolished and no differences were observed between adult and neonatal macrophages
at 5 hours post GBS infection (Figure 4.18e). Since most cytokines are mainly controlled on a
post-transcriptional level, we proceeded on estimating the concentration of IL-10 and TNF-a
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in cell culture supernatants from adult and neonatal macrophages before and after
stimulation with GBS. As shown in Figure 4.18f & 4.18g, no noteworthy differences were
observed between the two groups at any examined timepoint.

Lastly, we studied the expression of Atg5 and Atg7, genes implicated in autophagy and LAP
machinery, but we did not detect any significant differences between adult and neonatal
macrophages at any timepoint that we examined (Figure 4.18h & 4.18i). Nevertheless, when
we examined the levels of LC3 lipidation by western blot analysis, we noticed that neonatal
macrophages had an increased ratio of LC3-II/LC3-I compared to adult macrophages,
especially after GBS infection (Figure 4.18j). This could be the indicative of LAP or autophagy
inhibition in neonatal macrophages that causes the accumulation of LC3-II in the cytoplasm
of these cells.

Collectively, these data propose that adult and neonatal macrophages have indeed
differences in expression of cytokine genes that could potentially affect GBS elimination
process in the latter group. Despite these differences, there is no direct impact on the
expression profile of LAP related genes.

Figure 4.18: Elevated IL-6 levels impair LAP dependent GBS clearance in neonatal macrophages. (a-e) Relative
mRNA expression of pre-miR-155 (a), pre-miR-146a (b), Il-12b (c), Nox2 (d) and Tnfa (e) in adult and neonatal
macrophages prior to and post GBS infection (MOI 1:10). (f-g) TNFa (f) and IL-10 (g) protein concentration in cell
culture medium from adult and neonatal macrophages before and after 2 and 4 hours of infection with GBS (MOI
1:10). (h-i) Relative mRNA expression of Atg7 (h) and Atg5 (i) in adult and neonatal macrophages prior to and
post GBS infection (MOI 1:10). (j) Quantification of western blot analysis in cell lysates from adult and neonatal
macrophages, prior to, 2-, 4- and 6-hours post GBS infection for the detection of LC3-II to LC3-I ratio. LC3-II/LC3-I
band intensities were normalized to actin-b band intensity. Statistical analysis by One way ANOVA followed by
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Kruskal-Wallis test (a, b, c, d, e, h, i and j) *p<0,05, **p<0,01, ***p<0,001, **** p<0,0001 and Multiple t-tests
*p<0,05, **p<0,01, ***p<0,001 (f-g). Mean ± SD (g a, b, c, d, e, h and i) and Mean ± SEM (f, g and j) are depicted.

Elevated IL-6 levels impair LAP dependent GBS clearance in neonatal
macrophages

Based on the RNA-seq findings, we decided to further investigate the production of IL-6 in
adult and neonatal macrophages before and after exposure to GBS, to see whether the
difference detected in the RNA-seq, was also evident on a protein level. Therefore, we
evaluated the concentration of IL-6 in cell culture media from adult and neonatal
macrophages before and after stimulation with GBS, using ELIZA assay. As presented in
Figure 4.19a, newborn macrophages had significantly augmented levels of IL-6 compared to
adult counterparts, both on basally and after GBS stimulation. Specifically, IL6 levels
increased during the course of infection in both groups, but remained consistently higher in
neonatal cells (Figure 4.19a).

IL-6 is a pleiotropic cytokine serving both pro- and anti-inflammatory purposes, hence having
contextual protective and deleterious roles in cases of severe infections. Since, it was
evident that the exposure of newborn macrophages to GBS, prompted the robust release of
IL6, we decided to examine the role of this cytokine in macrophage defense against GBS. To
study the potential inhibitory role of IL-6 in GBS elimination process, we first stimulated
adult macrophages with high concentrations of IL-6 (relative to those of neonatal
macrophages at basal levels) overnight and concomitantly infected them with GBS and
monitored their intracellular bacterial load. We observed that the prolonged exposure of
adult macrophages to high IL-6 concentrations hindered the bactericidal activity of these
cells in a dose-dependent manner (Figure 4.19b).

Next, we examined whether the blockade of IL-6 signaling in neonatal macrophages could
confer any advantage in GBS clearance. To test that, we first treated human neonatal
macrophages, derived from cord blood isolated monocytes, with Tocilizumab, a monoclonal
antibody that specifically inhibits the human IL6-R on the surface of the cells and infected
them with GBS. We observed that upon treatment with Tocilizumab, neonatal macrophages
displayed significantly diminished intracellular GBS load (Figure 4.19c). Similarly, the
treatment of GBS infected murine neonatal macrophages with a neutralizing antibody
against IL-6 resulted in a sharply reduced bacterial load, indicative of a more efficient GBS
elimination (Figure 4.19d).

Since LAP pathway is a fundamental mediator of GBS eradication, we wanted to evaluate
whether IL-6 ablation enhances bacterial clearance by reinforcing LAP. To answer this
question, we performed confocal microscopy analysis in GBS infected neonatal macrophages
treated either with a-IL-6 or an isotype control antibody. In detail, samples were
immunostained for LC3 protein (presented in red) and GBS (small blue dots) and the percent
of LC3+ GBS bacteria was estimated (Figure 4.19e). As shown in Figure 4.19e & 4.19f, IL-6
blockage prompted the decoration of GBS bacteria with LC3 in neonatal macrophages. In
fact, treatment with a-IL6-Ab markedly enhanced the percent of LC3+ GBS as well as the
mean fluorescent intensity of LC3 in neonatal cells, indicative of LAP licensing (Figure 4.19f
& 4.19g).
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Finally, we wanted to examine whether the treatment with a-IL6 could prevent the cytosolic
escape of GBS bacteria. In order to answer that, we differentially stained the cytosolic and
intra-vacuolar GBS bacteria in the infected neonatal macrophages in the presence and
absence of a-IL-6 antibody. We further analyzed the samples using confocal microscopy and
noticed that upon a-IL-6 administration, the majority of GBS bacteria localized inside intact
vacuoles, whereas neonatal macrophages treated with the isotype control antibody the
number of bacteria in the cytosol was strikingly increased (Figure 4.19h & 4.19i).

Overall, these findings reveal that the excessive IL6 production in neonatal cells in response
to infection, hampers GBS elimination and augments pathogenesis of GBS disease. On
contrary, IL6 blocking improves GBS clearance by enabling LAP mediated targeting of the
pathogens and inhibiting their intracellular persistence.

Figure 4.19: Elevated IL-6 levels impair LAP dependent GBS clearance in neonatal macrophages. (a) IL-6 protein
concentration in adult and neonatal macrophages before and after 2 and 4 hours of infection with GBS (MOI
1:10). (b) Macrophages from adult mice were treated overnight with IL-6 (4 ng/mL) and then infected with GBS
(MOI 1:10). The corresponding GBS load at 4hpi was assessed by CFU counting. (c) Human neonatal macrophages,
deriving from the differentiation of umbilical cord monocytes were infected with GBS in the presence or absence
of Tocilizumab (50ug/mL). The corresponding GBS load at 4hpi was assessed by CFU counting. (d) Macrophages
from neonatal mice were treated with a neutralizing antibody against IL6 (a-IL6) or isotype control (1ng/mL)
during infection with GBS (MOI 1:10). The corresponding GBS load at 4hpi was assessed by CFU counting. (e)
Representative immunofluorescence images of neonatal macrophages treated with control or a-IL-6 antibody
(1ng/mL) at 3 hours post GBS infection (MOI 1:5). Images depict co-localization of LC3 (red) with GBS (blue, small
dots). Scale bar: 10um (f-g) Percent of LC3+ GBS bacteria (f) and Mean Fluorescent Intensity (MFI) of LC3 (g) in the
GBS infected neonatal macrophages. (h) Representative immunofluorescence images of phagosomal integrity
assay in GBS infected neonatal macrophages treated with control or a-IL-6 antibody (1ng/mL) at 2 hours post GBS
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infection (MOI 1:10). Cytoplasmic GBS is stained with both green and red and phagosomal GBS is exclusively
shown in red. Scale bar: 10um. (i) Quantification of GBS cytoplasmic escape in GBS infected neonatal
macrophages treated with control or a-IL-6 antibody (1ng/mL) at 2 hours infection. Statistical analysis by Multiple
t-tests *p<0,05, **p<0,01, ***p<0,001 (a), Ordinary one-way ANOVA *p,0,033, **p,0,0021 (b) and unpaired
Student’s t test (c, d, f, g and i) *p<0,05, **p<0,01, ***p<0,001, **** p<0,0001 Mann-Whitney test *p<0,05,
**p<0,01, ***p<0,001. (d). Mean ± SEM (a) median ± min-max (b, c and d) and Mean ± SD (f, g and h) are
depicted.

Blocking the JAK2/STAT3 signaling axis enhances LAP dependent
GBS elimination in neonatal macrophages

Upon binding to the IL-6 receptor, IL6 initiates its signal cascade via another receptor protein,
gp130, which dimerizes and transduces the signal to downstream molecules. One of these
molecules is the Janus Kinase (JAK, primarily JAK1 and JAK2) that is phosphorylated and
activated and in turn it phosphorylates and activates the signal transducer and activator of
transcription STAT3. The activation JAK1/2-STAT3 pathway licences the transcription of
genes related to the survival, growth and proliferation of cells and the production of
inflammatory signaling molecules including IL-6 itself [182, 183]. Based on this, we sought to
explore whether the inhibition of downstream molecules in the IL-6 signaling axis, could
favor neonatal macrophage defense against GBS.

To address this, we first treated the GBS infected neonatal macrophages with Baricitinib, a
Janus kinase (JAK1/JAK2) inhibitor that is widely used in the context of autoimmune diseases.
As depicted in Figure 4.20a, treatment of the neonatal macrophages with Baricitinib,
improved their bactericidal activity against GBS, thus limiting the intracellular GBS load.
Moreover, we noticed that the beneficial effect of Baricitinib was conducted via LAP
induction, since the inhibition of JAK1/2 in neonatal macrophages, significantly enhanced
the deposition of LC3 around the internalized GBS bacteria (Figure 4.20b & 4.20c). Regarding
the escape of GBS from the phagosomes to the cytoplasm of the infected neonatal
macrophages, we observed that the blockade of JAK1/2 activity strongly prohibited the
escape of GBS to the cytoplasm, thus further conferring to the bactericidal activity of cells
(Figure 4.20d & 4.20e).

To confirm that JAK2/STAT3 axis is indeed more activated in neonatal macrophages
compared to adult cells, we monitored the levels of STAT3 phosphorylation on Tyr705 in cell
lysates from the two groups with immunoblot. As shown in Figure 4.20f & 4.20g, the levels
of p-STAT3 are elevated in neonatal macrophages compared to adult counterparts, both
basally, but particularly after exposure to GBS for 1 hour. This difference between the two
groups is also maintained at 2 hours post GBS infection but is less evident (Figure 4.20g).

Similarly, we questioned whether the specific inhibition of STAT3 in neonatal macrophages
could confer any benefits in terms of their anti-bacterial activity. Therefore, we used the
inhibitor S3I-201 that specifically blocks STAT3 phosphorylation on Tyr705, in the GBS
infected neonatal macrophages. We observed that the treatment of neonatal macrophages
with STAT3i augmented their bactericidal properties as it sharply lowered their GBS load
(Figure 4.20h). To test whether STAT3 inhibition has any impact on LAP pathway, we
performed confocal microscopy analysis on GBS infected neonatal macrophages in the
presense of STAT3i or DMSO (control) and noticed that compared to the control cells, STAT3i
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treated cells presented a notable induction of LC3 rings around GBS bacteria (Figure 4.20i &
4.20j).

IL-6 is a cytokine with multiple modes of signaling. The signaling of IL-6 via binding on the
transmembrane IL-6R is widely known as cis-signaling [182, 184]. On the other hand, trans
signaling, includes the generation of soluble IL-6R that forms a comlpex with IL-6 and
together they signal through gp130 receptor [180, 201]. While the cis-signaling pathway
takes place in a relatively small variety of cells, including macrophages, the trans IL-6
signaling can potentially occur in every cell, due to the abudant expression of gp130 [180,
181, 183]. Through the years, cis IL-6 signaling has been associated with the anti-
inflammatory and reparative functions of IL-6, whereas trans-signaling accounts for the pro-
inflammatory and pathological functions of IL-6 [180, 183, 200]. In order to specifically block
the trans-signaling pathway of IL-6 during the course of GBS infection, we used a chimeric
protein of soluble gp130 (sgp130Fc) to neutralize IL-6-IL-6R complex. As shown in Figure
4.20k, blockade of trans IL-6 signaling in GBS infected neonatal macrophages, significantly
reduced the intracellular GBS load in these cells.
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Figure 4.20: JAK1/2-STAT3 axis inhibition augments LAP dependent GBS elimination in neonatal macrophages.
(a) Intracellular GBS load in neonatal macrophages treated with the JAK1/2 inhibitor Baricitinib (125nM) or
DMSO at 4 hours post infection (MOI 1:10). (b) Representative immunofluorescence images on Baricitinib oF
DMSO treated neonatal macrophages at 3 hours post infection (MOI 1:5) Images depict co-localization of LC3
(red) with GBS (blue, small dots). Scale bar: 10um. (c) Quantification of the LC3-GBS co-localization at 3hpi in the
GBS infected neonatal macrophages. (d) Representative immunofluorescence images of phagosomal integrity
assay in GBS infected neonatal macrophages treated with DMSO or Baricitinib (125nM) at 2 hours post GBS
infection (MOI 1:10). Cytoplasmic GBS is stained with both green and red and phagosomal GBS is exclusively
shown in red. Scale bar: 10um. (e) Quantification of GBS cytoplasmic escape in GBS infected neonatal
macrophages treated with control or a-IL-6 antibody (1ng/mL) at 2 hours infection. (f-g) Western blot analysis in
cell lysates from adult and neonatal macrophages, prior to, 1- and 2-hours post GBS infection for the detection of
p-STAT3 (Tyr 705) levels and (f) quantification of p-STAT3 (Tyr705) levels normalized to total STAT3 and actin-b
band intensity (g). (h) Murine neonatal macrophages were infected with GBS in the presence or absence of
STAT3i (S3I-201, 10uM). The corresponding GBS load at 4hpi was assessed by CFU counting. (i) Representative
immunofluorescence images of S3I-201 or DMSO treated neonatal macrophages at 3 hours post infection (MOI
1:5). Images depict co-localization of LC3 (red) with GBS (blue, small dots). Scale bar: 10um. (j) Quantification of
the LC3-GBS co-localization at 3hpi in the GBS infected neonatal macrophages. (k) GBS infected neonatal
macrophages were treated with sgp130Fc chimeric protein (10uM) or control IgG antibody and the
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corresponding GBS load at 4hpi was assessed by CFU counting. Statistical analysis by unpaired Student’s t test (a,
c, e, h, j and k) *p<0,05, **p<0,01, ***p<0,001, **** p<0,0001 and Multiple t-tests *p<0,05, **p<0,01,
***p<0,001 (g).Mean ± SEM (g)median ± min-max (a, h and k) and Mean ± SD (c, e and j) are depicted.

Additionally, we sought to examine the effect of IL-6 signaling and its blocking on the
expression of genes related to LAP pathway, such as Rubicon and Nox2. Starting with the
adult macrophages, we noticed that the overnight treatment with IL-6 did not have any
impact on Nox2 expression basally, but caused a significant increase of Nox2 mRNA levels in
cells after stimulation with GBS (Figure 4.21a). Accordingly, the treatment of neonatal
macrophages with the a-IL-6 antibody, reduced the induction of Nox2 expression upon GBS
stimulation, compared to control cells (Figure 4.21b). Regarding the expression of Rubicon,
we noticed that the blockage of IL-6 in neonatal macrophages, did not altered the
expression of Rubicon upon GBS infection, whereas control cells displayed a significant
decrease in Rubicon expression when stimulated with GBS bacteria (Figure 4.21c).

Since trans IL-6 signaling is tightly controlled by metalloproteases that mediate the shedding
of IL-6 receptor we next evaluated the expression of these molecules in neonatal
macrophages prior to and after IL-6 blockade. Specifically, we attempted to detect the
expression levels of Adam-10 and Adam-17, the main metalloproteases reported to catalyze
this reaction [183, 186, 196]. As shown in Figures 4.21d & 4.21e, treatment of GBS infected
neonatal macrophages with a-IL-6 antibody caused a sharp increase in Adam-17 and Adam-
10 mRNA levels, compared to the control infected counterparts, indicating that blockade of
IL-6 signaling count enhance the expression of trans pathway mediators as a countereffect.

To gain more insight on the activity of JAK1/2-STAT3 signaling axis in GBS infection process,
we studied the phosphorylation levels of STAT3 on Ser727 residue in adult and neonatal
macrophages before and after GBS stimulation. We observed that p-STAT3 levels were
marginally elevated in neonatal macrophages, both basally but specifically after 1 hour of
exposure to GBS, compared to the corresponding adult counterparts’ levels (Figure 4.21f).
Finally, as presented in Figures 4.21g & 4.21h, the Baricitinib treated GBS infected neonatal
macrophages had a significantly pronounced expression of Rubicon and Bcl2 at 3 hours post
infection. However, contrary to what was observed at 3hpi (Figure 4.20c), the co-localization
of LC3 with GBS bacteria did not differ between the Baricitinib treated and control neonatal
macrophages at 2hpi (Figure 4.21i).
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These results indicate that the factors inhibiting IL-6-JAK1/2-STAT3 axis, governs LAP
pathway on a protein level and not on a transcriptional level.

Figure 4.21: IL-6-JAK1/2-STAT3 axis inhibition affects the expression of LAP related genes. (a) Nox2 relative
mRNA expression in adult macrophages treated with control or IL-6 (4 ng/mL) at 0- and 3-hours post GBS
infection (MOI 1:10). (b-e) Nox2 (b), Rubicon (c), Adam-17 (d) and Adam-10 (e) relative mRNA expression in
neonatal macrophages treated with control IgG (1 ng/mL) or a-IL-6 antibody (1 ng/mL) at 0- and 3-hours post GBS
infection (MOI 1:10). (f)Western blot quantification in cell lysates from adult and neonatal macrophages, prior to,
1- and 2-hours post GBS infection for the detection of p-STAT3 (Ser 727) levels. Pstat3 band intensity was
normalized to total STAT3 and actin-b band intensity MOI (1:10). (g-h) Rubicon (g) and Bcl2 (h) relative mRNA
expression in neonatal macrophages treated with DMSO or Baricitinib (125nM) at 1-, 3- and 5-hours post GBS
infection MOI (1:10). (i) Quantification of the LC3-GBS co-localization in the GBS infected neonatal macrophages
treated with Baricitinib (125nM) or DMSO at 2hpi (MOI 1:5). Statistical analysis by One way ANOVA followed by
Kruskal-Wallis test *p<0,05, **p<0,01, ***p<0,001, **** p<0,0001. Mean ± SEM (f) and Mean ± SD (a, b, c, d, e, g,
h and i) are depicted.

Adult and neonatal macrophages display different metabolic rewiring
in response to GBS

According to the aforementioned data, adult and neonatal macrophages display very distinct
response to GBS infection. Cells magnitude and type of inflammatory response is mainly
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dictated by their metabolic rewiring. An increasing number of studies show that adult and
neonatal macrophages undergo different metabolic programs [19, 46, 51, 52]. However, the
metabolic profile of adult and neonatal macrophages in response to GBS infection has not
been explored yet.

To study the metabolic routes of adult and neonatal macrophages in response to GBS
infection, we used seahorse flux analysis as a tool to measure OXPHOS and glycolysis, via
measurement of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
respectively.

Figure 4.22: Oxidative metabolism is dispensable for neonatal macrophages in response to GBS infection. (a)
Mean OCR of four replicates. (b) Basal respiration (c) maximal respiration, (d) Spare respiratory capacity, (e) non
mitochondrial oxygen consumption, (f) ATP production rate, (g) coupling efficiency and (h) proton leak in adult
and neonatal thioglycolate elicited macrophages prior to and post stimulation with GBS at 4hpi (MOI 1:10). The
corresponding GBS load at 4hpi was assessed by CFU counting. Analysis by Unpaired Student’s t test *p<0,05,
**p<0,01, ***p<0,001, **** p<0,0001 students t-test. Mean ± SEM are depicted.


