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Neonatal sepsis is a major cause of morbidity and mortality in preterm infants.
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| 1. Introduction

The incidence of early-onset sepsis (EOS) increases as gestational age decreases, with up to 6 cases per 1000 infants
born at <34 weeks’ gestation or 20 cases per 1000 infants born at <29 weeks’ gestation. Moreover, preterm infants suffer
high rates of EOS-attributable mortality (as high as 40% among extremely low gestation infants). If researchers take birth
weight into account, the incidence of EOS in VLBW varies from 9 to 11 cases per 1000 infants [LI[2],

These rates increase in case of late-onset sepsis (LOS), where are estimated to be around 12-28% among 22 to 26
weeks' preterm infants, with a mortality close to 35% in the most vulnerable, lowest-gestation infants 314!,

Remarkably, signs and symptoms of neonatal sepsis are subtle and nonspecific and frequently undistinguishable from
clinical characteristics of preterm infants during postnatal adaptation, rendering clinical diagnosis extremely difficult.
Moreover, consensus definition is still lacking =€,

The gold standard for the diagnosis of sepsis is a positive blood culture with an identified microorganism. However,
despite the use of innovative laboratory methods, results are often delayed more than 24 h or do not yield conclusive
results for the clinician. Various circumstances such as low bacteriemia, small blood volume inoculation or antibiotics
administered to the mother often hamper achieving prompt and reliable results [Z.

Recently, the use of multiplex polymerase chain reaction and molecular assays based on microbial genome hybridization
or amplification have been tested in an attempt to detect the presence of bacteria early in the course of disease .

However, these techniques need a period of incubation that ranges from 4 to 6 h and a high blood volume to improve
sensitivity. Moreover, bacterial PCR assays do not discriminate between viable and nonviable organisms or free and cell-
associated DNA, and they do not provide enough information about antibiotic resistance . For these reasons, some
authors prefer to use the traditional blood culture better than these alternative methods 19,

The availability of a rapid and reliable diagnostic tool for neonatal sepsis still represents a major challenge for clinicians. It
would allow not only early identification of infected infants and improve outcomes but also reduced exposure to
unnecessary antimicrobials, subsequently avoiding the risk of inducing antibiotic resistance . Furthermore, antibiotics
indiscriminately affect all the commensal gut microbial ecosystem and can, therefore, alter its composition 12, Finally, the
use of antibiotics in the absence of sepsis has been related to an increased risk of mortality or major morbidity such as
persistent periventricular echogenicity or echolucency on neuroimaging, chronic lung disease, and stage 3 or higher
retinopathy of prematurity (131,

Since sepsis is a widespread process that is not confined to any specific organ, most studies have investigated the role of
several mediators of the inflammatory cascade in the early diagnosis of sepsis. Some diagnostic biomarkers based on the
immune response such as acute phase reactant proteins, procalcitonin, cytokines or cell surface antigens have been
proposed to early detect bacterial sepsis 1415 and/or to monitor response to therapy 28, However, no single biomarker
so far has shown enough diagnostic power to rule out sepsis at the time of clinical suspicion so far and, therefore, the
concurrent use of several biomarkers in a sequential manner and based on immune response to achieve higher sensitivity
and specificity has been recommended 4. These immune and inflammatory responses triggered by the sepsis release
proteases, cytotoxic enzymes, reactive oxygen and nitrogen species that could lead to oxidative stress and tissular
damage. The pro-oxidant environment linked to the mediators of inflammation is capable of producing dysbiosis and



changes in the gut microbiome (Figure 1). A global approach based on the knowledge of immune response and
secondary induced changes in metabolomic and microbiome profiles should go in depth for a better management of this
issue.
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Figure 1. Integrative relationship between immune response triggered by sepsis, oxidative stress and their impact on
dysbiosis. Dashed arrows indicate counterregulation of inflammation and oxidative stress.

Considering the findings in the latest publications, the diagnosis of neonatal sepsis should focus on the host’'s response
and not so much on the search for the causative germ. The differences identified in the immune response, depending on
the type of infectious agent, will guide the treatment, not only earlier, but also with a shorter duration. On the other hand,
metabolomics will allow researchers to go a step further toward the investigation of profiles suggestive of sepsis in non-
invasively accessible biological fluids, such as urine or saliva (18,

Sepsis activates the immune and inflammatory responses that generate oxidative stress, and both generate a pro-oxidant
environment in the intestine that alters the microbiota. Not only sepsis, but also the use of antibiotic therapy as a
treatment, plays a relevant role in this complex mechanism.

| 2. Imnmune Response

The immune system in early life goes through rapid and radical changes. Given the malleability of the immune system in
the newborn period, interventions aimed at modulating its trajectory thus have the potential to translate into considerable
reductions in the infectious disease burden with short and long-lasting benefits. However, an improved understanding of
the underlying molecular drivers of early life immunity is a prerequisite to optimize interventions and transform the window
of early life vulnerability into one of opportunity 221,

The immune response in neonates is triggered by the innate immunity reacting to the exposure to an infectious agent.
Local immune sentinel cells such as monocytes and macrophages are involved in pathogen-associated molecular
patterns (PAMPSs) recognition through the activation of pattern recognition receptors (PRRs), essentially Toll-like (TLRS)
receptors but also other intracellular receptors that include nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) and retinoic acid-inducible protein (RIG)-like receptors (RLRs) 291,

The paradigms of PAMPS are lipopolysaccharide endotoxins (LPS) of the Gram-negative bacteria surface and lipoteichoic
acid (LTA) and peptidoglycan of the Gram-positive bacteria wall. The immune response initiated by PRRs yields to the
production of pro-inflammatory cytokines via mitogen-activated protein kinases (MAPK) and the transcription factor
nuclear factor kB (NF-kB) 2. In an attempt to amplify the innate immune response, the production of nitric oxide (NO),
leukotrienes, prostaglandins, platelet activating factor (PAF), complement, pro-inflammatory cytokines and chemokines
such as interleukins (IL-1B, IL-6, IL-8, IL-12, IL-18), interferon gamma (INF-y) or tumor necrosis factor alpha (TNF-q) is
enhanced, the vascular permeability is increased, and inflammatory cells are recruited 2223l Cytokines are mainly
produced by activated lymphocytes and macrophages and are involved in regulating inflammation through cellular
proliferation and differentiation, chemotaxis and modulation immunoglobulin secretion. However, compared to adults,
septic neonates’ levels of IL-13, TNF-qa, INF-y and IL-12 are significantly lower due to a gestational age-related decreased
production of Myeloid Differentiation Factor 88 (myd88), Interferon Regulatory Factor 5 (IRF 5) and p38 [24123],



The production of pro-inflammatory cytokines leads to the activation of endothelial cells and overexpression of cellular
adhesion molecules that promote leukocytes recruitment and diapedesis. Although cytokine concentration levels seem to
be adequate, leukocyte chemotaxis is limited in neonates and probably related to an insufficient up-regulation of
complement receptor and inhibition caused by bacterial products 28, Complement is involved in opsonization; it has
chemotactic and anaphylactic activities that increase leukocyte aggregation and local vascular permeability. In neonates,
opsonization through complement is limited and has a direct relationship with gestational age. In addition, the low levels of
complement proteins and their depressed function make preterm infants especially susceptible to infection 4. Moreover,
polymorphonuclear leukocytes (PMN) show qualitative and quantitative deficiencies compared to adults. During infection,
medullar PMN storage quickly decreases, apoptosis is delayed and the ability to activate cytotoxic functions is increased.
PMN deformability is reduced, leading to aggregation in the intravascular space and decreased diapedesis. Medullar
storage is also depleted, and immature and dysfunctional forms are released 28],

In an attempt to control the inflammatory response, anti-inflammatory cytokines such as IL-4, IL-10, IL-11, IL-13 and
transforming growth factor beta (TGF-R) are released to suppress the activation of macrophages and production of pro-
inflammatory cytokines.

These mediators, especially IL-10, released by lymphocytes Th,, lymphocytes B and macrophages in response to TNFa,
block the activation of phagocytic cells and fever, modify the expression of coagulation factors, and decrease intermediate
reactive species of oxygen and nitrogen and other vasoactive markers. However, an overproduction of all these
biomarkers can lead to the suppression of the immune function 22,

Both the pathogen’s characteristics and the pattern of circulating cytokines determine the differentiation of T helper
precursor cells (Th) toward lymphocyte Th; or Th,. Th; cells produce INFy, IL-2 and TNF-f3 that promote cellular immunity
and phagocytic activity, mostly in case of intracellular infections. Th, cells produce IL-4, IL-5, IL-6, IL-9, IL-10 and IL-13,
triggering humoral immunity and antibodies production 2.

The effectiveness of the inflammatory response is closely related to a balanced production of cytokines. Contrarily, an
excessive response could be harmful to multiple organs such as the brain, kidney, lungs, cardiovascular system, liver,
bowel and microcirculation, leading to a systemic inflammatory response characteristic of an overt sepsis. The
instauration of a successful treatment will rapidly return biomarkers to normal levels, organ dysfunction will be solved, and
the patient’s clinical status will improve. On the contrary, ineffective treatment is characterized by the persistence of
elevated biomarkers, multiorgan failure, and death (39,

In addition to the initial inflammatory response, the presence of microorganisms increases the production of innate
proteins with an important immunologic function that decreases the bacterial burden by increasing the bacterial
permeability depending on neutrophils. These proteins are acute phase reactants such as: collectins, lactoferrin,
haptoglobin, phospholipase A2, procalcitonin, C-Reactive protein or serum amyloid A. Furthermore, sepsis promotes an
increase in other serum proteins with an opsonization function such as fibronectin and natural antibodies, mostly IgM, that
produce circulating B lymphocytes. However, newborn plasma shows a decreased opsonization activity and poor
production of these proteins, rendering this population more susceptible to infection 21,

Transcriptomic profiling from whole blood can reveal diagnostic and prognostic gene signatures in acute inflammation.
Therefore, it provides an excellent and exhaustive overview of host immune response against infection. Whole blood is a
rich source of cells involved in immune response such as leukocytes, monocytes and macrophages. Studies based on
genome-wide expression profiles have been successfully harnessed for the diagnosis of sepsis and patient stratification
based on the severity of septic shock in the pediatric and adult population B2l Moreover, transcriptomic profiling has
been able to discriminate septic from non-septic preterm infants in the neonatal period 2433, These studies found that the
most significant biological processes expressed in septic preterm infants were related to innate immune and inflammatory
responses with an overexpression of NF-kB and cytokines pathways, while the T cell receptor pathway was under-
expressed. The most common genes overexpressed not only in heonates but also in children and adults are involved in
these networks: CD177 antigen (CD177), Matrix metalloproteinase-8 (MMP-8), Haptoglobin (HP), Lipocalin-2,
Olfactomedin 4 (OLFM-4) or Carcinoembryonic antigen-related cell adhesion molecule (CEACAM-1) [RBAIBESIS6IE7]
Moreover, a sepsis score based on some of these genes conducted in adult population has been validated in neonatal
patients 28],

Nevertheless, the innate immune function shows some changes with postnatal age. Moreover, the innate immune
development at the beginning of life compared to the response at the end of life reveals similar patterns of distinct Toll-
like-receptor-mediated immune responses 22, Septic neonates, compared to septic infants, children, and adults, showed



a significantly reduced expression of genes related to TLRs, Triggering Receptor Expressed on Myeloid Cells (TREM)-1,
and inducible nitric oxide synthase (INOS) signaling pathways B4 Although an overexpression of MMP8, CD177 and
HP has been reported in septic neonates, fold changes are lower than those observed in children and infants.

According to these results, recent studies in VLBW with LOS based on RNA sequencing found an overexpression of
genes related to innate immune response and inflammatory processes such as IFN-o/f3, IFN-y, IL-1 and IL-6 as well as
pathways involved in pathogen recognition through TLR, pro-inflammatory and inhibitory cytokine signaling, immune and
hematological regulation, and altered cholesterol biosynthesis metabolism 2.,

In this scenario, numerous studies in recent years have aimed to describe the mechanisms of the immune response, and
predictive models have been proposed 3. Moreover, transcriptomic studies have found different responses in sepsis
caused by Gram-positive compared to those caused by Gram-negative bacteria not only in adults but also in children and
preterm infants 24, Preterm infants with Gram-positive sepsis showed an overexpression of genes such as CD37, CSK
and TEP1 that are related to cytokine production, cell survival, and metabolic and immunomodulating responses. This
equilibrium between pro- and anti-inflammatory responses could explain the better clinical outcome for Gram-positive
bacterial sepsis. Previous studies in adults found significantly higher levels of pro-inflammatory cytokines (IL-1beta, IL-6,
and IL-18) in Gram-positive sepsis [42],

Moreover, studies analyzing datasets of critically ill patients reported a different signature related to signaling and
recognition pathways as well as host response mediated by neutrophils and cell survival 28, An overexpression of genes
related to cellular respiration such as NADH subunits B2 and B8 and UQCRH has been revealed in Gram-negative
sepsis, while Gram-positive sepsis showed an overexpression of LATS2 associated with the transition of the mitotic cell
cycle 47 The most significant discriminative genes such as SRC, TLR6, CLC2, IL1B and CD40 are related to these
pathways 44,

Advances in our knowledge of the intrinsic mechanisms of the immune response will not only improve our ability to attain
an early and reliable diagnosis of sepsis but will also contribute to the development of new therapeutic strategies 481491,

Although no single biomarker is still validated to diagnose neonatal sepsis and cannot substitute the blood culture, it
seems relevant to direct our efforts of knowing how the response to sepsis works to be able to use these markers as
potential diagnostic tools.

According to the available data, the diagnosis of neonatal sepsis in the preterm newborn should be based on the
combined use of several of the currently described biomarkers as well as infectious risk factors. Probably the best
combination for early sepsis would be the use of PCR and IL-6 or IL-8 in an attempt to cover the earliest and later phases
of the immune response B9, |n the case of late-onset sepsis, the decision tree incorporating inflammatory markers as
PCR, PCT and IL-6 reached a diagnostic accuracy of nearly 88% [211,

At the moment, the duration of antibiotic therapy is based on fixed recommendations depending on the type of germ.
However, significant efforts are being devoted to the search for markers that guide researchers toward shorter treatment
regimens. A recent analysis of suspected LOS in preterm infants below 32 weeks of gestational age showed that serum
IL-6 and PCT levels 22 were associated with sepsis severity and mortality risk. Therefore, some authors defend the use
of PCT to guide the duration of antibiotic treatment (21541,
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