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Contribution of the review to literature: 28 

This review investigates available data on the role of toll-like receptors (TLRs) in the innate immune 29 

response in the neonate. We examine the control of TLR expression, aspects of sexual dimorphisms 30 

as well as activation during bacterial infection, focusing on early life data. We consider the 31 

consequences of TLR activation on redox status and cardiorespiratory function. Finally, we review 32 

existing therapeutic strategies that modulate pattern recognition receptor pathways. Novel effective 33 

treatment strategies for neonatal infection would positively impact the outcomes in new-borns most 34 

at risk. Thus, we highlight the role of TLRs as vital receptors of the innate immune system and future 35 

therapies that will likely target TLR signalling networks. 36 

Short summary of review: 37 

Toll-like receptors (TLRs) modulate the response to infection from Gram-positive and -negative 38 

bacteria and participate in a complex signalling network that involves accessory and adaptor 39 

proteins and ultimately the production of proinflammatory cytokines. New-borns, especially 40 

premature babies, are highly vulnerable to infection, which in some cases leads to a severe systemic 41 

inflammation. Herein, we present studies that provide evidence of time- and sex-dependent TLR-42 

mediated responses in neonates. 43 

  44 
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Abstract 45 

Toll-like receptors (TLRs) are crucial transmembrane receptors that form part of the innate immune 46 

response. They play a role in the recognition of various microorganisms and their elimination from 47 

the host. TLRs have been proposed as vital immunomodulators in the regulation of multiple 48 

neonatal stressors that extend beyond infection such as oxidative stress and pain. The immune 49 

system is immature at birth and takes some time to become fully established. As such, babies are 50 

especially vulnerable to sepsis at this early stage of life. Findings suggest a gestational age-51 

dependent increase in TLR expression. TLRs engage with accessory and adaptor proteins to facilitate 52 

recognition of pathogens and their activation of the receptor. TLRs are generally upregulated during 53 

infection and promote the transcription and release of proinflammatory cytokines. Several studies 54 

report that TLRs are epigenetically modulated by chromatin changes and promoter methylation 55 

upon bacterial infection which have long-term influences on immune responses. TLR activation is 56 

reported to modulate cardiorespiratory responses during infection and may play a key role in driving 57 

homeostatic instability observed during sepsis. Although complex, TLR signalling and downstream 58 

pathways are potential therapeutic targets in the treatment of neonatal diseases. By reviewing the 59 

expression and function of key toll-like receptors, we aim to provide an important framework to 60 

understand the functional role of these receptors in response to stress and infection in premature 61 

infants.  62 

KEY WORDS: Inflammation, sepsis, early life, preterm, cardiorespiratory.  63 
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1. Introduction 64 

Early life requires complex physiological integration and adaptation to maintain homeostasis. It is 65 

now apparent that the migration, growth and maturation of our cells and the connections and 66 

networks that they form, are fine-tuned during early life. Preterm birth is defined by the World 67 

Health Organization (WHO) as babies that are born before 37 complete weeks of gestation (Vogel et 68 

al., 2018). There is an increasing number of infants born extremely preterm and with very low birth 69 

weight annually. This relatively new cohort of infants are at increased risk of infection, which is 70 

defined as a physiological reaction to a pathogenic microorganism (Steiner et al., 2019). Infection in 71 

extremely preterm infants threatens every element of physiological homeostasis. Pathogen 72 

recognition receptors (PRRs) are a group of receptors present on a wide variety of cell types that 73 

appear to have important roles in establishing, defending and maintaining a homeostatic 74 

environment. Pathogen recognition receptors form part of the innate immune system and the 75 

neonatal period is a time during which there is a heavy reliance on the innate immune system to 76 

defend the host. These receptors are potential therapeutic targets for immune modulation. 77 

Establishing an understanding of their activation, downstream signalling and feedback regulation is 78 

important within that context. Pathogen recognition receptors exhibit dynamic expression during 79 

development and in response to both pathogenic infection and endogenous damage associated 80 

molecular patterns. Uncovering the full extent of pathogen recognition receptor expression, their 81 

non-immune functions during early life and their contribution to innate immunity might enable 82 

patient stratification and/or targeted drug therapy in the preterm infant population. Much of what 83 

we know about the PRR signalling pathways is a result of ex vivo experiments using primary cell 84 

culture or cell lines which have provided a wealth of information but have inherent limitations due 85 

to the artificial experimental conditions. Stimulation of PRRs in microenvironments that are 86 

important for cardiorespiratory control may modulate the performance of those systems. Most 87 

integrative physiological studies have utilised animals to examine the physiological response when 88 

challenged with various bacterial and viral-derived molecular patterns such as lipopolysaccharide, 89 

peptidoglycan and polyinosinic-polycytidylic acid.  90 

In this review, aimed at both clinical scientists and integrative physiologists, we reflect on the unmet 91 

clinical problem of neonatal infection.  We focus on one of the four main families of PRRs, the toll-92 

like receptors (TLRs) and discuss their function in health and disease (Kawai & Akira, 2009). We 93 

present current understanding of TLR signalling pathways and regulation of their expression. We 94 

examine the implications for activation of TLRs on cardiorespiratory function, systems primarily 95 

responsible for maintenance of acid-base balance and tissue perfusion and oxygenation. Lastly, we 96 

will discuss the opportunities of TLRs as novel therapeutic targets in diagnosis and treatment, 97 
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limiting the devastating short- and long-term outcomes of sepsis and identify future avenues that 98 

need to be explored.  99 

2. Innate Immune System  100 

The innate immune system is identified as a collection of factors, both cell-associated and cell-free, 101 

that comprise an impressively effective and well-organised network capable of immediate 102 

recognition of an extensive array of microbial components. During a normal pregnancy innate 103 

immunity matures with gestational age and is present at birth prior to microbial exposure (Yu et al., 104 

2018). The innate immune system forms the front-line physiological defence against microbes. The 105 

integrity of the innate immune system during the first 3 months of life is critical at a time when the 106 

baby lacks immunological memory important in mature adaptive immune responses (Olin et al., 107 

2018) (Ygberg & Nilsson, 2012; Idzikowski & Connors, 2020). Passive immunity transferred to the off-108 

spring from the mother is one component of innate immunity that confers protection against 109 

microbes (Bussel et al., 1988; Imler & Hoffmann, 2001; Molès et al., 2016). Maternal neutralising 110 

antibodies and other beneficial proteins such as human β-defensin (hBD-1) are transferred passively 111 

to the baby via breastfeeding. Maternal vaccination schemes such as influenza and whooping cough 112 

vaccinations are encouraged during pregnancy to confer further protection to the baby initially after 113 

birth (Gkentzi et al., 2017; Barrett et al., 2018). The innate immune system initiates an 114 

immunocompetent response to many microorganisms including Gram-negative (GN) and Gram- 115 

positive (GP) bacteria, fungi and viruses  (Wynn & Levy, 2010). Innate immune protection is 116 

dependent on the identification of conserved molecular patterns by pattern recognition receptors 117 

PRRs such as TLRs (Fitzgerald & Kagan, 2020). Pathogen or microbe-associated molecular patterns 118 

(PAMPs) are expressed by invading pathogens whilst damage/danger associated molecular patterns 119 

(DAMPs) are released during sterile infection/injury. DAMPs constitute the components produced by 120 

dying or damaged cells such as cytokines and intracellular proteins whereas PAMPs represent the 121 

bacterial cell wall molecules, flagellin and nucleic acids from invading microbes (Figure 1). There is 122 

likely co-operation between PAMPs and DAMPs and significant cross talk between members of the 123 

TLR family (Takeda & Akira, 2015; Sharma & Naidu, 2016). In new-borns, TLR insufficiency increases 124 

the predisposition to infectious diseases such as sepsis, highlighting the significant reliance on innate 125 

immunity (Kollmann et al., 2017). 126 

2.1 Neonatal pathogenic and sterile inflammation 127 

Increased inflammation is considered a risk factor and a promotor of preterm birth. Activation of the 128 

innate immune system in utero changes the expression of PRRs and consequently shapes the 129 
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immune system (Kirsten et al., 2013; Yan et al., 2019). Infants exposed to in utero infection such as 130 

chorioamnionitis, or exposed to chronic maternal infection, have distinct innate immunity compared 131 

to control infants (Dauby et al., 2012; Bermick et al., 2019). A recent study in a large animal model of 132 

fetal growth restriction recapitulated neonatal vulnerability to infection (Bæk et al., 2020). Infants 133 

born premature after hypertensive disorders with fetal growth restriction (FGR) or after FGR alone, 134 

are more likely to be diagnosed with late onset infection (Letouzey et al., 2021), pointing to not only 135 

microbial-mediated inflammation but potentially sterile inflammation changing the immune 136 

landscape.  Sterile inflammation is classified as inflammation in the absence of infection; immune 137 

cells and their signalling molecules are responsible for this inflammation and can impact in the onset 138 

of preterm labor or birth. Important endogenous molecules such as alarmins (HMGB1, HSP) released 139 

by damaged cells and PRRs induce sterile inflammation and may play important roles in the 140 

development of innate immunity during early life (Negishi et al., 2021). The nature of the immune 141 

stimulation and the timing, severity, and duration of TLR activation will determine the response to 142 

infection and the long-term outcomes.   143 

 144 

Compared with term babies, premature infants have reduced levels of immunoglobulin (Ig) G, poor 145 

presentation of foreign antigens to cells of the adaptive system, which is dependent on cellular 146 

activation promoted by production of cytokines and chemokines (Cuenca et al., 2013; M. Rueda et 147 

al., 2015; Ozdemir et al., 2015). Neonatal dendritic cells from term and preterm infants require 148 

increased stimulation for efficient activation. Impaired innate immune activity has been 149 

characterised by reduced innate cytokine and monocyte response, impaired neutrophil activity, 150 

decreased lung epithelial cell repair and altered response to endotoxin lipopolysaccharide (LPS) 151 

(Bizzarro et al., 2008; Ozdemir et al., 2015;). Inflammation participates in the pathogenesis of 152 

neonatal brain damage, which may be precipitated by several deficiencies in the neonatal immune 153 

response, including decreased phagocytes, T cells, B cells and antigen-presenting cells (APCs) 154 

compared with adult (Kumral et al., 2012; Cho et al., 2019). However, it is likely that the neonatal 155 

immune system, though functionally capable of mounting an immune response, is primed towards a 156 

stronger anti-inflammatory response (Dong & Speer, 2015). Studies that examined cytokine release 157 

in plasma, point toward a humoral agent such as adenosine that modulates the immune response in 158 

favour of anti-inflammatory factors (Uematsu et al., 2005). For example, very preterm infants with 159 

late onset infection have a significant inflammatory response but may be dominated by anti-160 

inflammatory response as an increase in IL-10/TNF-α ratio (Hibbert et al., 2020).  161 

 162 
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Early life infection claims the lives of nearly three thousand neonates worldwide every day (E Lawn , 163 

S. Cousens, 2005). Preterm and very low birth weight new-borns are at increased risk of developing 164 

significant infections compared to term new-borns (Escalante et al., 2018; Steiner et al., 2019, 165 

Viemann et al., 2005). Premature infants often endure a difficult transition after birth as they are 166 

physiologically maladapted to the extrauterine environment and lack stable physiological integration 167 

that maintains homeostasis. Premature babies therefore often require extended hospital care with 168 

the need for invasive procedures that put them at risk of sepsis such as central venous cannulation, 169 

arterial line placement and  endotracheal intubation (Bion et al., 2013; Dong & Speer, 2015). A 170 

neonate with suspected infection will typically initially present clinically with signs of unstable 171 

cardio-respiratory function such as respiratory distress (tachypnea or apnea), hypotension and 172 

bradycardia or tachycardia. Other features may include lethargy, or feeding intolerance and these 173 

clinical presentations require prompt evaluation and treatment (Bizzarro et al., 2008; Ohlin et al., 174 

2010; Escribano García et al., 2018). Elevated C-reactive protein associated with positive blood 175 

culture results often confirm cases of infection (Ohlin et al., 2010) but other biomarkers have been 176 

proposed by others and discussed in previous reviews (Ng & Lam, 2010; O’Connor et al., 2021).  177 

Sepsis is typically described as life-threatening organ dysfunction caused by a dysregulated response 178 

to infection, though there is no consensus on a neonatal-specific definition (Molloy et al., 2020). 179 

Differential definitions of neonatal sepsis amongst leading medical organisations makes 180 

epidemiological interpretation of acute and chronic implications difficult (McGovern et al., 2020). 181 

Neonatal sepsis is categorised into either early onset sepsis (EOS) or late onset sepsis (LOS). EOS 182 

occurs during the first 24-72 hours of life in the preterm infant and is often a fulminant multisystem 183 

infection acquired by vertical transmission from the mother (Meier & Engstrom, 2007). There are 184 

two major bacteria that are responsible for EONS: Group B streptococcus (GBS) and Escherichia coli 185 

confirmed in 41% and 17% respectively from a total of 408 samples taken from infected infants 186 

within the first week of life (Hyde et al., 2011, Cailes et al 2018). LOS is one of the most common 187 

causes of morbidity and mortality in preterm infants. In a recent UK study, Escherichia coli accounted 188 

for 32% of the Gram negative (GN) bacteria identified in LOS whereas Staphylococcus aureus (S. 189 

aureus) was the most common Gram positive (GP) bacteria causing LOS accounting for 31% of GP 190 

cases (Cailes et al., 2018). It has been reported that GN infections are more likely to result in death 191 

within 72 hours after birth (29%) compared with GP infections (6%) (Stoll et al., 2002). The 192 

differential outcomes from neonatal infection derived from GN versus GP infections may reflect the 193 

distinct TLR mediated recognition of these bacteria and the cell and tissue expression of those TLRs.  194 
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Inflammation in the neonate is not only driven by microbial-induced TLR activation but can be 195 

activated by endogenous molecular patterns such as neutrophil elastase and serum amyloid A. 196 

Redox homeostasis is essential for normal function and survival of cells. Imbalance between pro-197 

oxidant and antioxidant abundance generates a toxic cell environment, leading to tissue damage, 198 

which has adverse consequences for the ‘normal’ development of a new-born, especially preterm 199 

infants. An infant’s first breath is metabolically characterised by a swift change to an oxidant 200 

environment, the partial pressure of oxygen changes significantly from 35 mmHg (umbilical vein) to 201 

85 mmHg (arterial) (Dear, 1987). Preterm infants commonly have an altered redox state in the hours 202 

following birth frequently explained by metabolic immaturity or clinical treatments, including oxygen 203 

therapy and parenteral nutrition (Mohamed et al., 2015). New-born infants, and preterm infants in 204 

particular, have weak antioxidant defences and excessive production of free radicals can result in 205 

higher levels of oxidative stress. Activation of TLR mediated inflammation in response to 206 

ischemia/reperfusion injury or haemorrhagic shock/resuscitation has been reviewed by Gill et al., 207 

(2010) in which they propose both direct activation of TLRs by redox stress or indirectly via DAMPs 208 

(Gill et al., 2010). 209 

2.2 Male sex as a risk-factor for late onset infection 210 

Male sex is a risk factor for late onset sepsis (Benjamin et al., 2006; Cortese et al., 2016; Rafi et al., 211 

2020). It is widely acknowledged that male neonates have poorer disease prognosis and 212 

unfavourable outcomes upon microbial infection compared to females (Bentsen et al., 2017; Bairam 213 

et al., 2018). Androgens are suggested to enhance susceptibility whilst female gonadal hormones 214 

oestrogen and progesterone are reported to offer resilience as reflected in animal studies (Angele et 215 

all, 1997; Boukari et al., 2017; El-Lakany et al., 2018; Di Florio et al., 2020). The role of sex hormones 216 

in modulating the immune response has been recently reviewed by Di Florio et al, (2020) and they 217 

propose hormonal modulation of TLR signalling is mediated by the TNF pathway. Sexual 218 

dimorphisms within the immune system of preterm neonates may account for the sex disparity in 219 

the incidence of several morbidities observed in this population, including bronchopulmonary 220 

dysplasia (BPD), Necrotising enterocolitis (NEC), retinopathy of prematurity and cerebral 221 

haemorrhage (Lavoie & Tremblay, 2018). These epidemiological findings of prenatal and sex-222 

associated risk factors suggest that the neonatal population is already a heterogeneous population 223 

at the time of birth and subsequent environmental stressors such as hypoxia further shape the 224 

patient’s development and intrinsic risk of severe infection or sepsis.  225 

Ng and colleagues have reported upregulation of PRR pathways in patients with late onset sepsis 226 

that were born very preterm (Ng et al., 2020). Preterm infants often have sterile infection as a result 227 
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of oxidative stress and local injury that activates the innate immune system (Melville & Moss, 2013). 228 

This population have a low reserve of antioxidants and are particularly at risk of oxidative stress 229 

(Ozsurekci & Aykac, 2016). There is significant interplay between cell redox state and immune 230 

regulation that will be discussed later in the review. The release of endogenous ligands for PRRs can 231 

modulate the innate immune system with ramifications for homeostatic balance and developmental 232 

growth and maturation (Yu et al., 2018; Idzikowski & Connors, 2020). The activation of the innate 233 

immune system is complex and requires multiple levels of crosstalk between membrane receptors 234 

and effector proteins in order to produce a normal immune response (Cuenca et al., 2013). 235 

Uncovering the expression and functional responsiveness of toll-like receptors during the neonatal 236 

period as well as their role in initiating and potential resolve of infection is an important step in 237 

understanding the pathophysiology of infection in preterm infants. Moreover, activation of TLRs is 238 

most closely associated with the induction of pro-inflammatory gene expression, however, has also 239 

been described to be modulated following TLR engagement (Sharma et al., 2012). An additional level 240 

of complexity is thus associated with TLR transcriptional regulation, and the participation of a variety 241 

of accessory proteins and acting factors contribute to the innate immune system response to 242 

infections. Elucidating the immune responses related to TLR signalling by bacterial infection and 243 

indeed endogenous DAMPs may provide the key to understanding the reasons for preterm infant 244 

disease susceptibility. 245 

3. Toll-Like Receptor Signalling 246 

In 1996, TLRs were first identified as essential receptors for dorsoventral patterning that were 247 

demonstrated to improve the immune response in the developing embryo of Drosophila (Lemaitre 248 

et al., 1996). Research in the Drosophila continues to reveal important functional roles for TLRs such 249 

as modulating cell survival and proliferation  (Li et al., 2020). The first mammalian homolog receptor 250 

of the Drosophila was identified in 1997 and named hToll, now termed TLR4 (Medzhitov et al., 251 

1997). There are now ten TLR subtypes identified in humans (TLR1-TLR10) and twelve TLR subtypes 252 

identified in mice and rats (TLR1-TLR9 and TLR11-TLR13) (Takeda & Akira, 2015). These receptors 253 

enable multi-layered protection and are located either externally on the surface membrane and/or 254 

internally in the cytosol and endosomes depending on the specific subtype (Figure 1) (Fleer & 255 

Krediet, 2007; Kawai & Akira, 2009; Mielcarska et al., 2021) TLRs have been identified on multiple 256 

cell types, including endothelial and epithelial cells, and on immune cells such as macrophages, 257 

monocytes, dendritic cells, neutrophils and microglia. TLR expression is not limited to immune cells 258 

but are also expressed on endothelial, epithelial cells, neuronal cells, neuronal progenitor cells, 259 

astrocytes, oligodendrocytes, satellite cells, myocytes and platelets (Figure 2) (Zong et al., 2013; 260 

Bauer et al., 2014; Jung et al., 2018).  261 
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3.1 Toll-like receptor formation 262 

The C-terminal cytoplasmatic domain of all mammalian TLRs shows high similarity to that of the 263 

interleukin-1 (IL-1) receptor family and is known as the Toll/IL-1 receptor (TIR) domain, which is 264 

required to initiate downstream signalling through homo- or heterotypic dimerisation (Sanchez, 265 

2013). The extracellular domains are responsible for binding PAMPs and each TLR subtype 266 

recognises specific patterns of microbial components upon infection (Figure 1) (Frasca & Lande, 267 

2020). X-ray crystallography supports the hypothesis that ligand-binding induces dimerisation of the 268 

extracellular domains, which leads to juxtaposition that activates the intracellular TIR domain and 269 

induces the activation of downstream signalling cascades (Sanchez, 2013). TLR1-6, 9 and 13 present 270 

as monomers in solution and dimerisation takes place upon ligand-binding; conversely, TLR7 and 8 271 

exist as preformed dimers that subsequently change conformation (Takeda & Akira, 2015), though 272 

recent studies suggest that TLR1/2 and TLR2/6 are also present as preformed dimers (Jin et al., 2007; 273 

Cheng et al., 2015). Thus, the ligand-recognition and activation mechanism upon ligand binding are 274 

dependent on the structural rearrangement and availability of TLRs on the cell membrane. Toll-like 275 

Receptor 4 recognises GN bacterial protein LPS and has been the most extensively studied TLR 276 

subtype, while GP bacterial infection is primarily mediated through TLR2 by its recognition of 277 

lipotechoic acid (LTA) and peptidoglycan (PGN) (Figure 1). Toll-like receptor 4 and TLR2 will be 278 

prominent in our discussion but we will also extend the discussion to other subtypes where 279 

appropriate.  280 

3.2 Toll-like receptor accessory proteins 281 

Optimal TLR-mediated pathogen recognition depends on vital accessory proteins such as 282 

lipopolysaccharide-binding protein (LBP), which extracts LPS monomers from GN bacteria and 283 

delivers them to the endotoxin receptor on the monocyte surface. The specific receptor that 284 

recognises LPS is then activated by formation of a cluster of differentiation 14 (CD14)/Myeloid 285 

differentiation primary response 88 (MyD88)/TLR4 complex. CD14 is generally localised to lipid rafts 286 

in the plasma membrane. This complex is required for LPS-mediated signalling through TLR4 and is 287 

upregulated during neonatal bacterial sepsis (Behrendt et al., 2004). Common polymorphisms in the 288 

LBP gene expression are associated with an increased risk of sepsis from GN infection in adult males 289 

compared to females (Hubacek et al., 2001). Novel variants in LBP have also been identified in 290 

preterm infants with bronchopulmonary dysplasia (Carrera et al., 2015) . 291 

Co-operation of TLRs with other receptors has also been reported. TLR2 is crucial for recognition of 292 

PGN and is known to form heterodimers with TLR1 and TLR6 that bind lipoproteins depending on 293 

whether they are tri- or diacylated, respectively (Triantafilou et al., 2006). However, the detection of 294 
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GP bacteria relies on both TLR2 and the nucleotide oligomerisation domain (NOD) leucine-rich 295 

repeat containing family 2. NOD2 are mainly intracellular innate immune sensors involved in host 296 

defence with crucial roles in promoting specificity of protein recognition, enhancing antigen binding 297 

and maintaining intracellular crosstalk. Nucleotide oligomerisation domain 2 (NOD2) has been 298 

reported to be an essential sensor for PGN through muropeptide detection (Volz et al., 2010). Both 299 

TLR2 and NOD2 co-operate to upregulate signalling pathways that promote inflammation and are 300 

non-redundant pathways (Ferwerda et al., 2005; Chen et al., 2008). Many studies suggest NOD2 301 

plays a role in regulating inflammation in trophoblasts, astrocytes and intestinal epithelial cells 302 

(Girardin et al., 2003; de Souza et al., 2018; Singh et al., 2018; Mulla et al., 2019). NOD2 may also act 303 

downstream of TLR2, along the TLR2-NOD2-RIPK2 pathway, whereby NOD2 plays a key role in 304 

increasing IL-10 expression in response to Streptococcus pneumonia (Moreira et al., 2008). In 305 

support of a role for NOD2 as a negative regulator of inflammation, Udden et al (2017) report that 306 

NOD2-/- mice are highly susceptible to colorectal tumorigenesis with significantly higher expression 307 

of inflammatory genes and greater proliferation of intestinal epithelial cells, suggesting that NOD2 308 

supresses colorectal tumorigenesis by downregulation of NFκB and mitogen-activated protein 309 

kinase, blunting the proliferation of cancerous cells (Udden et al., 2017).  310 

Crosstalk between NOD2 and another TLR subtype, TLR4, has been reported in the regulation of 311 

intestinal inflammation. It is suggested that NOD2 senses the intensity of TLR4-mediated signalling, 312 

resulting in either synergistic stimulation of IL-12, a cytokine crucial for stimulating adaptive 313 

immunity when TLR4 signalling intensity is low, or in contrast inhibition of IL-12 synthesis when 314 

signalling intensifies maintaining intestinal mucosal homeostasis (Kim et al., 2015; Khader & 315 

Thirunavukkarasu, 2019). A recent study by Goethel et al. (2019) in neonatal mice demonstrated 316 

that antibiotic treatment started one day after birth and maintained until weaning, significantly 317 

alters the microbiota at weaning in wild-type (WT) and NOD2-/- littermates. However, the neonatal 318 

treated NOD2-/- mice had increased susceptibility to colitis compared with the WT mice and a 319 

sustained reduction in microbial diversity 14 days after cessation of antibiotics. That phenotype was 320 

associated with changes in intestinal T cells and the cytokine milieu following inflammation. This 321 

study demonstrates NOD2, is a potent microbial sensor in the gut, is functionally protective against 322 

mucosal damage, and influences the resilience to perturbations (Goethel et al., 2019). Also 323 

interesting, is the fact that NOD2 activation has been demonstrated to inhibit serotonin transport 324 

through the RIP2/RICK intracellular pathway (Layunta et al., 2018). Data from Layunta et al (2018) 325 

infers that NOD2 could modulate intestinal infection by interacting with TLRs and modulating the 326 

intestinal serotonergic system. As reviewed above, TLRs are dependent on accessory proteins and 327 

perform their functions in parallel with co-stimulatory receptor pathways such as NOD2. There are 328 
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mixed reports in regard to the expression of NOD2 in preterm infants. Chen et al., (2019b) report a 329 

decrease in NOD2 expression as well as decreased release of pro-inflammatory mediators compared 330 

to adults using peripheral blood samples whereas Granland et al 2014 report no differences but 331 

blood was sampled from both peripheral and cord blood (Granland et al., 2014). It is also reported 332 

that ≥2 NOD2 loss-of-function mutations is associated with an increased risk of NEC in preterm 333 

infants (Härtel et al., 2016; Chen et al., 2019b). It is important for us to identify each of the players 334 

within the innate immune system of the newborn infant as loss of function in accessory proteins or 335 

co-stimulatory pathways will significantly impinge on neonatal outcome.  336 
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3.3 Toll-like receptor signalling cascades 337 

The molecular mechanisms underlying TLR signalling cascades are still under investigation. However, 338 

one of the major signalling pathways of TLRs is the MyD88-dependent pathway, which utilises the 339 

adaptor protein MyD88 and IL1R-associated kinases (IRAKs). With the exception of TLR3, this 340 

pathway is activated by all TLRs and results in the activation of the transcription factor NFκB, 341 

expression of inflammatory genes and subsequent production of inflammatory cytokines such as 342 

tumour necrosis factor alpha (TNF-α), interleukin (IL)-6, IL-1β and cyclooxygenase-2 (COX-2). LPS 343 

exposure activates TNFα synthesis and COX-2 expression in a MyD88-dependent manner (Pathak et 344 

al., 2004). Moreover, previous in vivo studies using Irak-1-/- mouse fibroblast cells have confirmed 345 

that IRAK-1 is essential for IL-1 mediated IL-6 cytokine production as well as activation of NFκB 346 

(Kanakaraj et al., 1998). Later, in vitro rodent studies demonstrated that IRAK-1 participates in NFκB 347 

activation of IL1R(TIR)-TLR dimerization (Janssens & Beyaert, 2003) and was subsequently shown to 348 

be an essential regulator for activation of TLR7- and TLR9-signalling pathways (Uematsu et al., 2005). 349 

Studies have suggested that increased expression of IRAK-1 could, in part, be responsible for sex-350 

specific responses to infection and subsequent immune advantage in female neonates. Females 351 

exhibit a significantly higher relative expression of IRAK-1 in human umbilical cord blood (O’Driscoll 352 

et al., 2017). IRAK-1 and many other genes that are involved in immunity are encoded on the X 353 

chromosome at Xq21 and there is evidence that protein-coding genes in this chromosome are 354 

susceptible to X chromosome inactivation, which leads to a sex bias in gene expression that might 355 

confer disadvantages in males, in responding and resolving acute infections (Libert et al., 2010). 356 

Important research has demonstrated that polymorphisms or mutations in TLRs and downstream 357 

signalling molecules such as MyD88 and IRAK-4 are associated with increased risk of infection in 358 

children (Ku et al., 2007) and adults (Gern, 2009). In humans, IRAK-1 haplotype is associated with 359 

poorer outcome in sepsis and increase in NFκB expression. However, animal studies have shown that 360 

heterozygous females for the wild-type IRAK-1 haplotypes show no adverse clinical effects (Arcaroli 361 

et al., 2006). Regulation of host defence during exposure to LPS is also dependent on TLR4-driven 362 

induction of a signalling adapter p62, crucial in selective autophagy and ubiquitination of protein 363 

aggregates (Fujita et al., 2011). Once TLR receptors bind to their ligands they are incorporated into 364 

endosomes whereby they stimulate a MyD88 independent pathway as discussed in detail in another 365 

review (Aldrich et al., 2020). The basal level of TLR expression and the activation of their 366 

downstream signalling cascades will influence the neonatal response to infection (Viemann et al., 367 

2005; Glaser & Speer, 2013).   368 
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3.4 Cooperation of toll-like receptors and antioxidants 369 

The neonatal transition to a relatively high oxygen environment can activate several transcription 370 

factors, including NFκB  that can promote inflammation but also nuclear factor erythroid 2-related 371 

factor 2 (Nrf2) that initiates the activation of endogenous antioxidant defence mechanisms (Pall & 372 

Levine, 2015). In human tracheal smooth muscle cells, ROS generation has been reported to be 373 

mediated by TLR2 inflammatory responses upon LTA administration, via the TLR2/MyD88/TRAF6/c-374 

Src NADPH oxidase pathway, which in turn initiates the activation of Nrf2 conferring protection 375 

against oxidative stress injury (Lee et al., 2008). This crosstalk between toll-like receptor signalling 376 

and the Nrf2 pathway is important in the regulation of inflammation (Mohan & Gupta, 2018a). The 377 

Nrf2 signalling pathway is a major regulator of antioxidant production and cooperates with TLRs to 378 

suppress chronic inflammation (Mohan & Gupta, 2018b). In mice, LPS induced activation of 379 

proinflammatory cytokines, IL-6 and IL-1-β in macrophages, has been demonstrated to be inhibited 380 

by treatment with diethyl maleate, a Nrf2-inducer molecule (Kobayashi et al., 2016). In a murine 381 

model of allergic asthma, administration of a TLR7 agonist (Resiquimod), was beneficial in 382 

attenuating airway reactivity and inflammation through Nfr2-mediated antioxidant pathway, 383 

concomitant with a decrease in ROS, associated with induction of the Cu/Zn superoxide dismutase 384 

antioxidant (Nadeem et al., 2016).  385 

 386 

4. Regulation of Toll-Like Receptor  387 

4.1 Feedback regulation 388 

TLR expression is under feedback regulation (Figure 3). Positive feedback control is mediated 389 

through the transcription factor NFκB, a master regulator of inflammation and the immune response 390 

(Brenner & Bruserud, 2019). Many studies demonstrate cooperativity between several transcription 391 

factors in the regulation of TLR transcription. For example, NFκB cooperates with stimulation factor 392 

1 (Sp1) and signal transducer and activator of transcription (STAT) 5 elements for maximal activation 393 

of TLR2 transcription in murine macrophages after GP bacterial infection (Musikacharoen et al., 394 

2001; Wang et al., 2001). Moreover, TLR2 transcription has been reported to require TNF-α and 395 

androgen receptor activation function-1 cooperativity to promote activation of the TLR2 promotor 396 

and stimulate transcription (Hermoso et al., 2004). In this regard, TLR2 has been suggested to be 397 

upregulated at the mRNA and protein levels in response to inflammatory mediators, such as TNF-α 398 

and other cytokines.  399 
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In contrast, naturally occurring soluble forms of TLR were previously reported to negatively 400 

modulate TLR expression. There is evidence that these soluble (s) receptors, sTLR2 and sTRL4, are 401 

released into the circulation from peripheral blood mononuclear cells upon exposure to microbial 402 

ligands (ten Oever et al., 2014). In this study sTLR2 correlated positively with TNF-α, however, it was 403 

previously reported that sTLR2 is capable of modulating TLR2 signalling in human plasma and breast 404 

milk by interacting with CD14 (membrane or soluble forms) and decreasing the bacterial response 405 

(LeBouder et al., 2003). Interestingly, sTLR4 did not activate production of cytokines (ten Oever et 406 

al., 2014). Furthermore, Iwanmi et al (2000) report that in mice, sTLR4 inhibits LPS-mediated TNF-α 407 

signalling, thus operating as negative feedback agents.  Downregulation of the immune system is 408 

mediated by decreasing type-I IFN-dependent cytokine production in macrophages for example 409 

(Gottschalk et al., 2019). An in vitro study demonstrated that NFκB and cis-regulatory elements (CRE) 410 

of the COX-2 promoter are critical in regulating downstream pathogen-driven response associated 411 

with TLR2, upon GP bacterial infection in murine cells (Pathak et al., 2004). In addition, microRNA 412 

mediated-silencing of gene expression, such as the repression of TLR2 gene by miRNA-146a in GP 413 

induced macrophage activation, was reported to prevent excessive inflammation (Griss et al., 2015). 414 

Unravelling the physiological effects of breast milk is still an area of active enquiry. Bioactive 415 

components such as sTLRs and miRNAs contained within exosomes potentially modulate the 416 

immune response in early life similar to feedback regulation in adulthood and it is essential that 417 

while we delve into its therapeutic potential. We should strive to ensure we optimise breast milk 418 

delivery to the preterm infant, whether that be mums milk or where there are challenges we use 419 

donor milk for preterm infants. 420 

4.2 Epigenetic and chromatin modifications 421 

Human and murine TLR2 gene expression is controlled by distinct, non-conserved regulatory 422 

elements, with some regions located in a cytosine-phosphate-guanine (CpG) island that modulates 423 

TLR2 gene repression (Figure 4.). These sites contain putative binding sites for several transcription 424 

factors, including Sp1 (Haehnel et al., 2002). It is well established that hypermethylation of the gene 425 

promoter silences gene expression, while hypomethylation of the promoter region activates 426 

transcription. Upregulation of TLR gene expression caused by a hypomethylated regulatory region 427 

might aggravate cell inflammation and damage by excessive increases in cytokine concentrations. In 428 

a different study, hypomethylation of TLR2 gene was associated with increased proinflammatory 429 

response toward bacterial PGN in human cystic fibrosis bronchial epithelial cells suggesting that TLR2 430 

is epigenetically regulated by CpG methylation (Shuto et al., 2006; Ahangarani et al., 2011). Some 431 

studies also suggest an association between decreased DNA methylation and reduced white matter 432 
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integrity in premature newborns, which has implications for the phenotype that often becomes 433 

apparent in these babies as they develop (Sparrow et al., 2016). Altered methylation of TLR genes in 434 

neonatal sepsis has not been identified in pilot studies, but other inflammatory genes have been 435 

identified (Tendl et al., 2013; Lorente-Pozo et al., 2021). 436 

In a murine alveolar macrophage cell line, the TLR2 promoter is reported to undergo chromatin 437 

remodelling following infection with GP bacteria. This chromatin remodelling was coupled with a 438 

rapid increase in both DNase I sensitivity and restriction enzyme accessibility at the promoter region. 439 

This resulted in enhanced TLR2 expression at the mRNA level and accessibility to transcription 440 

factors to initiate further transcription of TLR2; however, the persistence of this regulation was not 441 

explored further (Wang et al., 2002). Additionally, the use of viral vectors for gene manipulation has 442 

been widely used to induce antigen-specific tolerance in animal studies. In mice, murine B cell 443 

integration of a retroviral vector, induced epigenetic chromatin modifications, upregulation of an 444 

immunosuppressive cytokine (IL-10) and inhibition of the translocation of the NFκB complex to the 445 

nucleus downstream of TLR2, thereby preventing the production of proinflammatory cytokines 446 

(Ahangarani et al., 2011). A study on infants with confirmed prenatal chorioamnionitis revealed gain 447 

in histone tail modification H3K4me3 in monocytes distinct from non-infected infants, but it is clear 448 

their contribution to neonatal sepsis risk will depend on the location of the epigenetic changes, be 449 

they at promoter, intron, exon, and intergenic regions (Bermick et al., 2019). In preterm infants, 450 

there is a paucity of large cohort studies concerning developmental epigenetic modifications in TLRs 451 

and TLR pathways and how those changes influence the future development of the immune system 452 

of the child. 453 

 4.3 Half-life and degradation of TLRs 454 

It is crucial to navigate how TLRs are negatively regulated and ultimately degraded. During infection, 455 

surface levels of TLRs are maintained via continuous replenishment of TLR proteins from intracellular 456 

compartments like Golgi and endosomes; prolonged expression of TLRs may result in excessive 457 

inflammation. Studies in adipocytes demonstrated that TLR2 undergoes a long intracellular 458 

maturation process with a half-life of approximately three hours, more specifically, TLR2 protein 459 

induction is reached within one hour and subsequently decreases, suggesting the activation of 460 

proteolysis (Lin et al., 2000). In lung tissue, TLR4 has been shown to present a half-life between 2-3 461 

hours (Fan et al., 2002). TLR3 has a half-life of 3 to 12 hours in human embryonic kidney cells (HEK) 462 

293 (Pohar et al., 2013). However, the length of the TLR3 protein critically impacts on its half-life: in 463 

the same cell cultures, TLR3 full length protein has a half-life of 3 hours and the cleaved protein 464 

fragments present with half-lives of over 7 hours (Qi et al., 2012).  465 
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 466 

Uncontrolled TLR expression and activation will contribute to pathogenesis of inflammatory diseases 467 

therefore TLR stability is modulated by E3 ubiquitin-protein ligases, such as TRIM21 and RING finger 468 

proteins, such as 216 (RNF216) and PPP1R11 (Ghimire & Jeyaseelan, 2020). TLR2 is directly 469 

ubiquitinated by RING finger E3 ligase, PPP1R11 both in vitro and in vivo in white blood cell samples 470 

isolated form patients with Gram-positive infections and mouse lungs, respectively. This signalling 471 

cascade leads to degradation of TLR2 which greatly impacts Gram-positive bacterial clearance 472 

(McKelvey et al., 2016). In macrophages, a lysosome-associated small guanosine triphosphatase 473 

(GTPase) Rab7b has been reported to negatively regulate LPS induced production of TNF-alpha and 474 

IL-6 by promoting the degradation of TLR3 protein.  475 

TLR4, a crucial receptor for Gram-negative bacteria recognition receptor, has been reported to be 476 

transported from the cell plasma membrane to the cell endosome for ubiquitination and onward to 477 

the lysosome for degradation. Research regarding this receptor suggests that Rab7b negatively 478 

regulates TLR4 signalling, by establishing the translocation of TLR4 into lysosomes (Wang et al., 479 

2007). Under LPS exposure, blockade of a small GTPase Rab10 has been shown to decrease 480 

membrane TLR4 expression and diminish the production of proinflammatory cytokines by regulating 481 

the trafficking rate of TLR4 onto the plasma membrane (Wang et al., 2010). (Evankovich et al., 2020). 482 

TLR9 response to inflammation in macrophages has been also demonstrated to be negatively 483 

regulated by Rab7b as it promotes TLR9 protein degradation (Yao et al., 2009). Small RNAs, such as 484 

microRNAs can activate the proteolysis of TLRs by interaction with zinc finger proteins. One example 485 

is TLR8, that has been reported to be marked for ubiquitination in a RN216-dependent pathway in 486 

response to circulating microRNAs. Negative regulation of TLR expression and promotion of TLR 487 

degradation are important steps for regulation the inflammatory response. Thus, understanding the 488 

mechanisms governing the dynamic turnover of TLR protein is an important element of 489 

understanding the sequence of events underlying immune response and capacity to resolve 490 

infection in early life.  491 

5. Implications of Early Life Immune Activation  492 

 5.1 Sensitisation 493 

Stimulating the immune system can change physiological responses to subsequent stressors. Several 494 

studies have examined the role of TLRs as putative mediators in such adapted responses. TLR 495 

activation by TLR ligands have the capacity to either increase the response to subsequent 496 

stimulation or dampen the inflammatory response via preconditioning or tolerance. Sensitization 497 

has been mainly reported with LPS exposure, the most widely studied TLR4 agonist. In a study by 498 
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Schletter et al. (1995) TLR4 activation by the binding of its ligand LPS on mononuclear phagocytes is 499 

responsible for the production of proinflammatory cytokines (TNF-α, IL1, IL-6), bioactive lipids 500 

(prostaglandins) and ROS (Schletter et al., 1995). In the brain, TLRs sensitization has been the focus 501 

of intense investigation. For example, LPS dramatically increases vulnerability to hypoxic-ischaemic 502 

(HI) injury of the immature brain accompanied by an altered gene expression of CD14 and TLR4 in 503 

the brain and marked expression of TNF-α in the cerebral cortex (Coumans et al., 2003). 504 

Vulnerability to HI has also been reported to increase with TLR3 activation in mice at postnatal day 9 505 

which markedly increases both white and grey matter injury in a TLR3/TRIF dependent pathway 506 

(Stridh et al., 2013). The impact of TLRs in the central nervous system (CNS), has also been reported 507 

in microglia cultures from rat cerebral cortex, spinal cord and cerebellum where activation of 508 

multiple TLRs (2, 3 and 4) prime microglia coupled with elevated extracellular ATP levels, (Facci et al., 509 

2014). At the cellular level, TLRs ligands have been reported to sensitize B-cell receptor signalling by 510 

increasing actin turnover dynamics such that the mobility of the B-cell antigen receptor (BCR) is 511 

increased. This suggests that cooperation between TLR and BCR signalling is present and allows 512 

discrimination between microbial and inert antigens by controlling the threshold for BCR activation 513 

(Freeman et al., 2015). One study using a TLR3-/- mice demonstrated that TLR3 enhances antigen-514 

independent skin inflammation in allergic contact dermatitis with increased expression of TNF-α 515 

(Nakamura et al., 2015). Lastly, in adults, the TLR5 ligand flagellin promotes asthma symptoms by 516 

sensitizing the allergic response to indoor allergens (Wilson et al., 2013).  517 

5.2 Tolerance 518 

Prior exposure or preconditioning to LPS is proposed to contribute to a state of hypo-responsiveness 519 

or endotoxin tolerance, which may limit inflammation-induced tissue injury (Glaser & Speer, 2013). 520 

Preterm sheep exposure to repeated prenatal GN bacterial protein LPS, reported that TLR4 signalling 521 

exhibited decreased expression of positive intracellular regulator IRAK-4 and increased expression of 522 

negative regulator IRAK-M consistent with the formation of endotoxin tolerance and attenuated 523 

subsequent inflammatory response, however single exposure to LPS did not induce the same 524 

response (Kallapur et al., 2007). In premature infants that developed NEC and GN bacterial infection, 525 

exposure of primary enterocytes to LPS after birth leads to TLR tolerance, such that NFkB is not 526 

stabilised and it is thought that this hypo-responsiveness plays a role in host-immune stabilization of 527 

microbial colonisation (Lotz et al., 2006). In a study by Dhillon et al., (2015) LPS administration for 5 528 

days in preterm fetal sheep decreased cellular apoptosis, microglial activation and reactive 529 

astrogliosis in response to subsequent hypoxia-ischemia (HI) injury. Compared with a negative 530 

control, the phenotype was associated with an upregulation of TLR4, TLR7 and IFN-β mRNA in the 531 
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brain that may suggest a role of TLR in mediating endogenous neuroprotection during neuronal 532 

development. This provides evidence that the LPS preconditioning effect is associated with 533 

upregulation of TLRs. In particular, TLR4 has a considerable influence on plasma IFN-β 534 

concentrations which is responsible for the activation of transcription factors that drive the 535 

expression of type I and III interferons that are crucial to counteract inflammation (Dhillon et al., 536 

2015). A novel TLR2 and TLR4 antagonist, OxPAPC, administrated to rats 24 hours prior to an LPS 537 

challenge has been reported to prevent the stress-induced potentiation of hippocampal pro-538 

inflammatory response from isolated microglial (Weber et al., 2013). A study by Kumral et al. (2012) 539 

performed in neonatal rats, suggests the number of apoptotic cell deaths and hypomyelination in 540 

the periventricular white matter region is significantly reduced with administration of LPS 541 

(preconditioning) 24 hours before acute LPS exposure (Kumral et al., 2012). In the latter report, 542 

analysis of antioxidant gene expression revealed an upregulation of superoxide dismutase (SOD) 1,2 543 

and 3 as well as TNFα expression levels, suggesting that low-dose LPS given one day before 544 

administration of a potent dose protects against endotoxin-induced white matter injury in 545 

cooperation with antioxidant enzymes (Kumral et al., 2012); however, no assessment of TLR 546 

expression was made in this study. Interestingly, neural anti-inflammatory pathways have been 547 

demonstrated to be reprogramed by a single postnatal exposure to LPS by priming peripheral tissues 548 

to create a prostaglandin-mediated activation of the hypothalamic-pituitary-adrenal (HPA) axis and 549 

increased expression of TLR4 (Mouihate et al., 2010). In LPS-exposed rats, administration of 550 

dobutamine (a beta-1-adrenergic agonist), in hippocampal slices from six day old mice, upregulates 551 

the expression of SOD3 and survival genes, and decreases the inflammatory response by modifying 552 

TLR4 signalling pathways, including IFN-β and NFκB (Markus et al., 2018). Additionally, upregulation 553 

of SOD3 has been proposed to play a role in the activation of signalling cascades downstream from 554 

the beta-1-adrenoceptor providing strong protection of the neonatal brain against hypoxia. The 555 

precise underlying molecular mechanisms of ligand-induced sensitization and preconditioning 556 

remain unclear. However, evidence suggests that the priming effect of LPS is reliant on TLR4 and 557 

MyD88 adaptor protein (Tanga et al., 2005; Dean et al., 2010). Overall, the presence of a complex 558 

and dynamic immune response upon exposure to TLRs ligands can occur within the first period of life 559 

and can modulate the inflammatory response. Additionally, it one could infer that based on the 560 

distinct responses from early and later life, the molecular mechanisms that mediate both 561 

sensitization and precondition during the postnatal age would likely differ from those observed in 562 

adult life.  563 

 564 
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6. Expression of TLRs and Developmental Patterns 565 

6.1 Mucosal barriers 566 

Two physiological barriers protect the body from microbial invasion: the mucosa (respiratory and 567 

intestinal) and the skin. These barriers are in constant communication with the external 568 

environment. Developmental expression of TLRs have been reported in humans and rodents. Basal 569 

TLR expression fluctuates from early to adult life. The early and dynamic expression of TLRs and 570 

related factors reflect their protective role but also point toward their functional role in 571 

neurodevelopment outcome such as neurogenesis (Barak et al., 2014; Chen et al., 2019a; Yarandi et 572 

al., 2020). The mucosal barriers contain multiple components that prevent infection, such as the 573 

overlying host-secreted mucous layer in the gut and epithelial cells spanning the respiratory tract, 574 

that offer the first line of defence against pathogenic, non-pathogenic microorganisms and 575 

endogenous DAMPs (Zanin et al., 2016; Martens et al., 2018).  576 

6.1.1 Intestinal tract 577 

After birth, the external environment of the gut lumen is quickly colonised and contains a significant 578 

repository of diverse microorganisms that contribute positively to physiological homeostasis (Martin 579 

& Walker, 2008). In preterm infants, aberrant gut microbiota and intestinal barrier disruption can 580 

develop as a result of caesarean delivery, parenteral feeding, antibiotic treatment and hypoxic stress 581 

(Neu, 2007; Zou et al., 2018; Shao et al., 2019). A study by Zou et al. (2018) provides evidence that 582 

both prenatal and postnatal antibiotic exposure influences the gut microbiota of preterm infants in 583 

the neonatal intensive care unit. They demonstrated a significantly diminished population of 584 

Bifidobacteria, a genus regarded as beneficial bacteria and one of the first to colonise the gut (Zou et 585 

al., 2018). In humans, it has been reported that probiotic supplementation results in a significantly 586 

lower incidence of LOS in preterm new-borns exclusively fed with breast milk with great benefit in 587 

the reduction of necrotizing enterocolitis (NEC) (Repa et al., 2015). Benefits of probiotic 588 

supplementation in a mouse model of NEC was shown to be dependent on TLR 9, in animals aged 7-589 

10 postnatal days (Good et al., 2014). TLR expression along the gut has recently been described in 590 

mice between 6-12 weeks of age (Price et al., 2018). TLR9 expression was not observed in the gut 591 

epithelium in these mice however. Nonetheless, the expression other TLRs varied dramatically along 592 

the length of the intestine. For example, expression of TLR5 (a receptor that recognizes flagellin and 593 

has been shown to cooperate with TLR4) is restricted to Paneth cells of the small intestine and is 594 

gradually decreased during the postnatal period. Whereas, TLR4 expression was detected in the 595 

small intestine and colon, functional responses to the TLR4-ligand LPS, was not detected in colonic 596 
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organoids (Price et al., 2018; Hussain et al., 2020). This suggests that there may be signalling 597 

mechanisms that specifically blunt TLR4 responses.  598 

TLRs are implicated in mediating local intestinal inflammation and selective activation of mucosal 599 

endothelial and mesenchymal cells to promote angiogenic responses (Schirbel et al., 2013). In the 600 

latter report, human intestinal microvascular endothelial cells and human intestinal fibroblast were 601 

exposed to bacterial ligands for TLR2/6 and 4 and both were reported to induce proliferation of 602 

blood vessels, suggesting that this innate immune response may expand the mucosal microvascular 603 

network and contribute to chronic intestinal inflammation. Hypoxia is a common stimulus in preterm 604 

infants that can compromise the intestinal barrier (Xing et al., 2018). The primary stimulus for 605 

neuronal regulation of intestinal microvasculature is mediated by intrinsic enteric neurons which 606 

under hypoxic conditions, loss of prolyl hydroxylase enzymes (PHDs) has been implicated in 607 

detrimental gut phenotypes (Zheng et al., 2015). An ex vivo study in humans showed that a hypoxic 608 

insult of 1-hour stabilized hypoxia inducible factor (HIF-1α) expression and disrupted the intestinal 609 

epithelial layer mimicking bona fide NEC histology in preterm neonates. Hypoxia induced disruption 610 

was associated with a downregulation of specific PRRs expression, suggesting that hypoxia can 611 

increase vulnerability, as PRRs likely play an important role in controlling intestinal permeability and 612 

specific tight junction functionality (Bein et al., 2018).  613 

6.1.2 Respiratory tract 614 

In the lung, mechanisms that regulate mucosal inflammation impact lung development and depend 615 

on TLR signalling (Harju et al., 2001; Jiang et al., 2005; Petrikin et al., 2010). The respiratory mucosa 616 

present along the length of the conducting airway is composed of multiple cell types. The conducting 617 

zone of the airway plays an important role in filtering the air entering from the external environment 618 

and maintenance of airway patency, which is critical in facilitating breathing, reducing the cost of 619 

breathing and in that way contributing to acid-base homeostasis. The preterm neonatal respiratory 620 

mucosa is at particular risk of both sterile and pathogenic induced inflammation. Cellular stress and 621 

trauma as a result of clinical interventions such as supplemental oxygen, adverse tracheal 622 

intubation–associated events and aspiration as a result of poor oral co-ordination have long been 623 

identified as complications of preterm birth (Dreyfuss & Saumon, 1998; Lee et al., 2011; Madurga et 624 

al., 2013; Foglia et al., 2019; Kamity et al., 2020). TLRs are evident length of the respiratory tract 625 

(Figure 6). TLR 9 is expressed in the nasal mucosa of healthy adult humans on mast cells, dendritic 626 

cells and fibroblast-like cells (Fransson et al., 2007). Sha et al (2004) demonstrated mRNA expression 627 

of all TLRs in BEAS-2b cell line (human bronchial epithelium transformed by an adenovirus) and PBEC 628 

(human primary bronchial epithelial cells) (Sha et al., 2004). Bronchial epithelial cells express 629 

functional TLR1–6 and TLR9 in adults, though the responsiveness of TLR 2 was shown to be relatively 630 
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subdued (Mayer et al., 2007; Jung et al., 2018). TLR2 appears to have an apical surface location 631 

whereas TLR4 is expressed more abundantly in the basolateral region of the epithelial cell (Muir et 632 

al., 2004). Expression of both TLR2 and TLR4 receptors are also evident in alveolar epithelium cells in 633 

human adults (Go et al., 2014). Similar to the intestinal mucosa the developmental expression of 634 

TLRs is also apparent in the lung. In mice, TLR2 and TLR4 mRNA expression was reported to be very 635 

low in the fetal lung at early gestation (embryonic day 14) increasing by eightfold in late mouse lung 636 

development from pseudoglandular to saccular phase (Harju et al., 2001).  In preterm lambs, both 637 

TLR4 and CLR-family PRRs in respiratory epithelia, increased from late gestation to term birth 638 

(Meyerholz et al., 2006). This was consistent with a study from Hillman et al (2008), which reported 639 

that TLR2 and TLR4 mRNAs increased throughout late gestation in full-term newborn lambs. In 640 

neonatal guinea pigs, mRNA expression levels of TLR2,3,6,7,8,9 and 10 were significantly increased 641 

in the lungs at 45 days of gestation, while TLR1 and 4 were significantly increased at 52 days 642 

suggesting a dynamic and developmental pattern of expression between members of the TLR family 643 

(Ma et al., 2017). In the guinea pig, all TLRs had significantly higher expression in lung during later 644 

gestational age compared to postnatal expression (Ma et al., 2017). A report by Awasthi et al (2008) 645 

performed in premature baboons show that TLR2 and TLR4 gene expression in lung tissue was 646 

developmentally regulated. The authors studied samples from animals delivered at 125, 140 and 175 647 

days of gestational age (dGA) (term = 185±2 days) and reported a significant increase of TLR proteins 648 

at 175 dGA compared with protein expression at both 125 and 140 dGA in healthy baboons. TLR 649 

expression at 175dGA was equivalent to adult baboons. The dynamic developmental expression of 650 

the TLRs may be consistent with the rapid development of the lung during late gestation but they 651 

may also play a functional role in that maturation (Awasthi et al., 2008). Hillman et al., (2008) 652 

provide evidence of LPS-induced TLR2 and TLR4 mRNA expression in the fetal sheep lung.  In this 653 

study administration of a TLR4 agonist (LPS) by intra-amniotic injection 2 or 7 days before operative 654 

delivery of the preterm lambs, induced lung inflammation and interestingly maturation, although a 655 

TLR2 agonist (PAMCysK4) evoked less consistent responses (Hillman et al., 2008). 656 

6.2 Central nervous system 657 

Developmental expression of TLRs in the central nervous system is important in understanding 658 

neonatal susceptibility to infection and the long-term consequences of TLR activation on functional 659 

outcome.  A measured response to PAMPS and DAMPS is required to limit potential harm in network 660 

development during the neonatal period. A subtype specific pattern of TLR mRNA expression in the 661 

murine brain was evident across early development (embryonic day 13 to postnatal day 12); the 662 

expression of TLR 1, TLR7 and TLR9 increased more than 10-fold by postnatal day 12. In the same 663 
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study TLR 2, TLR4 and TLR6 mRNA expression was higher in the postnatal period compared to the 664 

embryonic phase, however MyD88 expression did not follow the same trend over this period (Kaul 665 

et al., 2012). The expression of TLRs is evident on multiple cells expressed in the central nervous 666 

system neuroprogenitor cells, neurons, astrocytes and microglia (Lathia et al., 2008; McCarthy et al., 667 

2017).  668 

The microglia first became known as the primary immune effector cells within the brain. Microglia 669 

are limited in number at birth and increase rapidly in the first week of life in rodents (Alliot et al., 670 

1999). A study by Scheffel et al., (2012) in mice, demonstrated differential protein inductions and 671 

functional outcomes upon TLR activation in postnatal microglia compared to adult, suggesting 672 

specialisation in clearance tasks, synthesis of inflammatory mediators and antigen presentation. In 673 

neurons, the process of myelin incorporation by microglia does not require TLRs, however 674 

myelination is supressed by TLR activation in a MyD88-dependent pathway (van Rossum et al., 675 

2008). Poor myelination is associated with cognitive and motor deficits. Scheffel et al. (2012) 676 

demonstrated that exposure to LPS inhibited myelin phagocytosis by microglia in neonatal mice, a 677 

process important in repair and regeneration of nerves. In this study, microglia were isolated at 678 

various postnatal ages from mice infected with GN bacteria. The authors reported that TLR4-679 

mediated LPS response underwent transient alterations and hyporeactivity around postnatal day 21, 680 

a phase matching critical immune and central nervous system maturation; moreover by postnatal 681 

day 49, TLR4 regained sensitivity to the agonist (Scheffel et al., 2012).  682 

TLR-mediated neuroimmune inflammation may be reduced by depletion and repopulation of 683 

microglia. Newly differentiated microglia in primary organotypic hippocampal slice cultures (OHSCs) 684 

after microglia depletion had a blunted TLR response. Thus, microglial repopulation is suggested to 685 

promote an anti-inflammatory response, trophic neuroenvironment as well as a normalised 686 

proinflammatory gene expression (Coleman et al., 2020). Adenosine system is a potential regulator 687 

of this response in microglia. These neuronal cells are highly sensitive to subtle changes of adenosine 688 

triphosphate (ATP) which belongs to the purinergic signalling system. Receptors that recognise 689 

purines such as P2X, P2Y and P1 receptors mediate the generation of intracellular adenosine by 690 

degradation of ATP contributing to the microglial anti- and pro-inflammatory shift (Calovi et al., 691 

2019). Adenosine signals the downstream increase of cyclic adenosine monophosphate (cAMP) by 692 

binding G-protein coupled adenosine receptors in the cytoplasm impairing the TLR-mediated 693 

signalling system (Herington et al., 2012). Given the susceptibility of newborns to infection, a study 694 

using human neonatal cord blood monocytes has reported that the adenosine system selectively 695 

inhibits TNF-α production in human neonates, and reported relatively high adenosine concentrations 696 

in neonatal blood plasma (Herington et al., 2012). A large body of evidence suggests that the 697 
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purinergic system might constitute a fundamental signalling network that establishes microglial 698 

response to infection and inflammation as well as mediating nerve repair by promoting myelination. 699 

Caffeine therapy utilised in the amelioration of the symptoms of apnea of prematurity mediates 700 

some of its effects through its action as an antagonist of A2a receptors and a non-selective 701 

antagonist of A1 receptors (Abdel-Hady, 2015). Apnea of prematurity are recurrent clinical events 702 

that are accompanied by intermittent hypoxia and bradycardia, suggested to present worse 703 

outcomes in the male sex (O’Halloran & McDonald, 2018). Benefits of caffeine may extend beyond 704 

stabilising breathing and may play a role in immune modulation and neuroprotection (Potter et al., 705 

2018). 706 

7. The Influence of Toll-Like Receptors on the Cardiorespiratory 707 

System 708 

There is evidence of TLR expression across tissues such as the intestinal epithelium, mesenteric 709 

lymph nodes, spleen, lung, heart, adrenal glands and brainstem (Zarember & Godowski, 2002; Price 710 

et al., 2018). Cardiorespiratory dysfunction is one of the primary symptoms of infection with 711 

requirement for increased ventilatory support and vasopressor administration in the days prior to 712 

LOS-induced death (Wynn et al., 2017). The role of TLRs in cardiorespiratory control is poorly 713 

understood. Cardiorespiratory dysfunction is likely mediated by local release of inflammatory 714 

cytokines and oxidative stress in addition to the action of cytokines on distant targets involved in 715 

homeostatic control.  716 

7.1 Toll-like receptors and cardiorespiratory control  717 

The autonomic nervous system is comprised of two arms, the parasympathetic and the sympathetic 718 

pathways which have afferent sensory input to the brainstem and efferent motor output that 719 

regulate cardiorespiratory function. As discussed in section 2.1, neonatal infection impinges on 720 

cardiorespiratory function destabilising breathing and modulating heart rate. Toll-like receptors have 721 

been identified in the peripheral autonomic neural network such as the vagal ganglion and the 722 

carotid body.  723 

The activation of vagal afferents has been demonstrated to play a key role in airway defences and 724 

are extremely sensitive to a wide range of proinflammatory molecules, such as IL-1, IL-6 and TNF-α  725 

(Prescott et al., 2020). During infection, the release of such molecules stimulates vagal afferent 726 

signalling, which can be traced to crucial regions that regulate breathing such as the nucleus of the 727 

solitary tract (NTS) (Marvel et al., 2004). TLR4 mRNA and protein is expressed in the rat nodose 728 

ganglion, another potential site of inflammatory-induced afferent vagal nerve stimulation (Hosoi et 729 
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al., 2005). A recent study in mice has reported that jugular ganglia express TLR4 gene and protein 730 

and TLR4 is selectively involved in stimulating the release of calcitonin gene-related peptide CGRP 731 

from a subset of vagal afferents (Jia et al., 2021). TLR4 has also been identified in the carotid body in 732 

adult human, rat and mice and the rat petrosal ganglia which signals directly to the NTS (Fernández 733 

et al., 2011; Mkrtchian et al., 2012). 734 

Whilst the brain was originally proposed to have immune privilege there is evidence of TLR 735 

expression in glia cells within the central nervous system but also direct entry of cytokines from the 736 

periphery into the brain across the BBB by a saturable transport mechanism such as RAGE, the 737 

interaction of peripheral cytokines with the circumventricular organs which lack the BBB and 738 

peripheral  immune-mediated activation of afferent neurons within the vagus nerve (Katsuura et al., 739 

1990; Ek et al., 1998). Toll-like receptors have also been identified centrally in the nucleus of the 740 

solitary tract and parventricular nucleus (PVN); these receptors have the capacity to modulate 741 

cardio-respiratory control. In the paraventricular nucleus of the hypothalamus, regulation of TLR1 742 

and 2 in neonatal mice brains after hypoxia has been proposed to play a crucial role in neonatal 743 

brain injury (Stridh et al., 2011). The function of TLR2 immunoreactive neurons in PVN is unknown 744 

however it is speculated that they may participate in the neuroendocrine response of the 745 

hypothalamus and may act as sensors for incoming inflammatory signals.  746 

7.2 Toll-like receptors and inflammatory lung disease 747 

Alterations in the TLR pathway has been associated with many neonatal respiratory diseases. 748 

Polymorphisms in the TIRAP gene have been suggested to be associated with severity of BPD among 749 

preterm neonates (Malash et al., 2016). Furthermore, a study performed in children aged 2-4 years 750 

old, demonstrated that single-nucleotide polymorphism within TIRAP adaptor protein S180L was 751 

associated with susceptibility to recurrent pneumococcal lower respiratory tract infections, 752 

suggesting that carriage of TIRAP S180L heterozygous trait decreases the likelihood of recurrent 753 

infection (Siebert et al., 2018). A study conducted in infants with severe respiratory syncytial virus 754 

(RSV) bronchiolitis reported that TLR4 expression in neutrophils from bronchoalveolar lavage fluid 755 

and blood was higher in preterm babies compared to term babies. Conversely, preterm and term 756 

infants suffering from RSV had diminished TLR 4 expression compared with healthy control infants. 757 

The inverse association of severe respiratory bronchiolitis with TLR4 expression, supports an 758 

important role of TLR4 in eliminating the virus (Halfhide et al., 2009), though other TLRs likely play a 759 

role. Preconditioning in mice pre-exposed to CpG oligodeoxynucleotides (TLR9 ligand) was 760 

associated with increased circulating APCs, which protected the animal against subsequent neonatal 761 

RSV infection (Yamaguchi et al., 2012). TLR expression in the respiratory mucosa has been reported 762 
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to be associated with several diseases such as lung cancer and chronic obstructive pulmonary 763 

disease (COPD). In human non-small cell lung carcinoma, higher mRNA expression of TLR1-3 and 5-8 764 

were significantly associated with increased cell survival and thus improved disease outcomes 765 

(Bauer et al., 2017). TLR4 is negatively associated with COPD outcome as the mRNA expression is 766 

reported to increase in the bronchial mucosa of patients with severe COPD associated with 767 

increased bronchial inflammation and airflow obstruction (Di Stefano et al., 2017).  Both the 768 

upregulation of TLRs in the lungs under septic states, together with the suggested protective 769 

function of TLRs during inflammation, reveals the complexity of these receptor signalling pathways 770 

and their control of inflammation. However, further research of their role in respiratory 771 

inflammation and repair will offer opportunities for novel therapeutic strategies to combat sepsis- 772 

induced respiratory failure in premature infants. 773 

7.3 Toll-Like receptors and cardiovascular dysfunction 774 

There is evidence that TLR signalling is implicated in cardiovascular dysfunction in the neonate and 775 

many adult cardiovascular inflammatory diseases. As previously discussed, TLR expression occurs 776 

along the vasculature, in cardiac tissue and at levels of the brainstem involved in cardiovascular 777 

control. In preterm fetal sheep systemic in utero GN infection induced myocardial inflammation 778 

(hypotension, tachycardia and cardiac hypoxia) within 72 hours of exposure, by activation of TLR2 779 

and TLR4 on cardiomyocytes (Seehase et al., 2011). This study implicates cardiomyocyte TLR2 and 780 

TLR4 dysregulation in the fetal cardiac dysfunction. Alternatively, an in vitro study in neonatal rat 781 

ventricular myocytes showed that TLR2 inhibited hydrogen peroxide-induced nuclear translocation 782 

of NF-κB and activator protein 1 (AP1) suggesting that TLR2 contributes to the increased survival of 783 

cardiac myocytes during oxidative stress (Frantz et al., 2001). Remodelling of cardiomyocytes has 784 

been associated with an upregulation of PRRs that trigger host inflammation through inflammasome 785 

activation (Wu et al., 2017).  A study by Li et al. (2018) utilised a model of cardiac hypertrophy, 786 

neonatal mouse cardiomyocytes stimulated with phenylephrine (α1 adrenoceptor agonist), mouse 787 

hearts with deficiency in NLRP3 (a member of the NOD-like receptor family) demonstrated an 788 

upregulation of TLR4 mRNA expression. In NLRP3 knockout mice, TLR4 inhibition ameliorated cardiac 789 

dysfunction, suggesting that NLRP3 is a negative regulator of cardiomyocyte remodelling and might 790 

have a role as a therapeutic target for heart failure (Li et al., 2018). A study conducted in human 791 

coronary artery endothelial cells treated with atorvastatin (ATV; an inhibitor of enzyme 792 

hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase, critical in lipid metabolism) demonstrated 793 

inhibition of TLR2 protein expression in a time- and dose-dependent manner by a mechanism that 794 

involves casein kinase-2 and SP1 phosphorylation. This suggests that ATV administration is 795 
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atheroprotective by controlling the over-expression of proinflammatory endothelial TLR2 protein 796 

expression (Bertocchi et al., 2011). In preterm fetal sheep, gardiquimod (GDQ) a TLR7 agonist, 797 

modulates fetal physiological adaptation after severe asphyxia and was associated with transient 798 

tachycardia followed by sustained hypertension that persisted well after GDQ (Cho et al., 2019). 799 

Conversely, GDQ was previously reported to protect against hepatotoxicity in liver injury induced by 800 

sepsis in mice through suppression of oxidative stress and IL-6 (Guo et al., 2017).  801 

 802 

Overall, the studies presented reveal early life expression of TLRs in cardiac tissue and such 803 

expression is upregulated during infection. In the present review, suppression of the TLR4 pathway 804 

was discussed as crucial in preventing an exacerbation of the inflammatory state. These studies also 805 

indicate that expression of TLR2 and TLR4 in cardiomyocytes induces oxidative stress mediated 806 

damage but protects against infection.  807 

Local inflammation mediated by TLR expression might be an important factor in sepsis progression, 808 

particularly if DAMPs act as either endogenous ligands or signalling enhancing complexes (Tsan & 809 

Gao, 2004). TLR4 has been proposed to bind endogenous ligands or so called ‘alarmins’, including 810 

heat shock proteins (HSP) and high mobility group box 1 protein of fibronectins, though further 811 

research is required in this area (Yang et al., 2016). Nonetheless, it is known that alarmins released 812 

in a hyperoxic environment modulate TLR4 signalling. In a recent study by Mian et al (2019), the 813 

authors demonstrated that administration of a TLR4 antagonist to rats exposed to hyperoxia (80% 814 

oxygen from postnatal day 3 to 10) prevented neonatal hyperoxia-induced left ventricular 815 

hypertrophy and dysfunction (Mian et al., 2019). Moreover, in this study TLR4 was reported to be 816 

upregulated in cardiomyocytes at day 10 in hyperoxia exposed animals, suggesting that neonatal 817 

exposure to high oxygen activates TLR4 and protects against cardiorespiratory dysfunction. In 818 

addition, extracellular HSP (ex-HSP) is released from damaged cells and stimulate APCs and the 819 

release of cytokines. These molecules can bind TLR2, 3, 4 and 9. One example is ex-HSP90 that 820 

mediates the ability of associated innate ligands such as LPS to initiate a signalling network (Taha et 821 

al., 2019). In summary, there is evidence that TLRs are vital for cardiorespiratory homeostasis in 822 

neonates and alteration in TLR expression in the heart could severely affect cardiovascular function 823 

and contribute to increased morbidity and mortality associated with neonatal infection. 824 

8. Translational Opportunities in Neonatal Immunology 825 

The mechanisms by which the innate immune system recognises and responds to infection has been 826 

the focus of an extensive body of research. It is now clear that many PAMPs activate TLRs which 827 

through intracellular signalling and effective crosstalk, induce immune responses and rapid feedback 828 

control to fight invading pathogens and facilitate repair and regeneration in a variety of tissues 829 
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(Figure 5). Sufficient functional expression of TLRs is required to quickly curb the infection and elicit 830 

a number of protective functions. TLR-mediated induction of cytokines to mount a rapid recruitment 831 

of immune cells to quickly identify, sequester and eradicate the pathogen. Cytokines help to raise 832 

the alarm and isolate the pathogen, and inflammation is generally contained within the local 833 

environment. As previously discussed, TLR expression and cytokine production differs between 834 

newborn infants and adults (Pettengill et al., 2016). Simultaneous increases in both pro-835 

inflammatory cytokines and importantly, anti-inflammatory cytokine production such as, IL-4, IL-10, 836 

IL-11 and IL-13 help to control inflammation by countering the actions of the pro-inflammatory 837 

cytokines and promoting resolution of the inflammatory response (Ng & Lam, 2012). However, an 838 

overproduction and over activation of immune cells result in exaggerated cytokine response or 839 

“cytokine storm” and increased mortality in humans. While cytokine storms are often associated 840 

with viral infections, very high cytokine concentrations in serum and cerebrospinal fluid samples 841 

after development of bacterial-induced sepsis with S. aureus and Staphylococcal endotoxins was 842 

reported to be associated with sudden infant death (Vennemann et al., 2012). In neonates, the 843 

reduction of excessive inflammation could minimise mortality and decrease the frequency and 844 

intensity of devastating post-sepsis damage, including chronic lung disease (Philip, 2009) and white 845 

matter damage (Falck et al., 2018), which may enhance longer term outcome. The risk of death 846 

following infection is highly increased in the preterm neonate potentially due to specific immune 847 

impairments as previously highlighted. In this section, we will review the evidence for putative 848 

therapeutics in the treatment of neonatal infection and illustrate examples of vaccine therapy, 849 

clinical trials, administration of surfactant proteins, and the potential role of cytokines as neonatal 850 

biomarkers.  851 

 852 

8.1 TLR-based therapeutics 853 

Modulation of the TLRs and associated pathways offer opportunities to improve pathogen 854 

recognition and/or temper the inflammatory response to improve neonatal outcomes. To date, two 855 

allergy vaccines containing TLR agonists have been investigated in clinical trials: Pollinex Quattro and 856 

AIC, which contain a TLR4 agonist and a CpG motif activating the TLR9 cascade, respectively (Aryan & 857 

Rezaei, 2015). This immunotherapy is known to increase allergen-specific IgG antibody levels and 858 

dampen the IgE response during allergen exposure (Rosewich et al., 2013). Another TLR stimulating 859 

vaccine is the Bacillus Calmette-Guérin (BCG), a live attenuated strain of Mycobacterium bovis with 860 

TLR2/4 agonist activity. A study performed in Guinea-Bissau has reported an association with the 861 

improvement in survival in very low body weight neonates compared to those that did not receive 862 
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the vaccine (Roth et al., 2004); unfortunately, some developed countries have now excluded BCG’s 863 

from their vaccination schemes which likely imparts non-specific immune benefits.  864 

Benefits of administration immune adjuvants that stimulate specific TLR (e.g. Resiquimod and LPS) 865 

have been demonstrated in a neonatal mouse model predisposed to poor sepsis outcome (Wynn et 866 

al., 2008). A recent study by Yang et al. (2019) has reported that monophosphoryl lipid A (MPLA), a 867 

TLR9 neutrophil agonist, protects against fatal bacterial sepsis in mice through the process of 868 

inflammatory preconditioning, which occurred in the setting of a low-dose bacterial challenge by 869 

enabling TLR9 membrane translocation and signalling. Moreover, this study suggested that depletion 870 

of TLR9 in tlr9-/- mice largely eliminated the neutrophil-mediated inflammatory preconditioning 871 

effect in this sepsis model (Yang et al., 2019). VTX-294, a novel TLR8 agonist, was demonstrated to 872 

induce the expression of TNF-α and IL-1β by leukocytes by acting in combination with MPLA 873 

(Dowling et al., 2013). Morris & Surendran, (2016) have advocated the need to develop novel 874 

adjuvants and the key may be to stimulate multiple TLR pathways, particularly TLR7 & 8 which are 875 

active in neonatal infants (Krumbiegel et al., 2007; Philbin et al., 2012).  876 

Whilst stimulation of TLR9 has been shown to act via effective preconditioning, stimulating TLR2 and 877 

TLR4 do not work in a similar manner. Injection of PAM (a TLR2 agonist) or LPS (a TLR4 agonist) alone 878 

results in neuro-inflammatory alterations that have been reported to sensitise the immature brain to 879 

brain HI injury when injected systemically (Falck et al., 2017). Teasing apart the different 880 

mechanisms and environments in which tolerance versus sensitisation occurs will be important to 881 

advance TLR-based therapies. Interestingly in the study by Falck et al., (2017), hypothermia 882 

treatment was highly neuroprotective after PAM induced brain injury, potentially highlighting the 883 

usefulness of neonatal therapeutic hypothermia, but this therapy is currently limited to term infants 884 

only with moderate to severe hypoxic ischemic encephalopathy.  885 

A clinical trial using a single dosage of 180mg of Ticagrelor (a P2Y12 receptor antagonist) in healthy 886 

individuals, reported reduced platelet-monocyte complex formation associated with an increase in 887 

pro-inflammatory cytokines in blood exposed to a TLR2 agonist, but a decrease in these cytokines in 888 

blood exposed to LPS, TLR 4 agonist (Tunjungputri et al., 2015). These finding suggest that it is 889 

important to examine the therapeutic strategies to a variety of PAMPS as they may reveal opposing 890 

effects depending on the stimulus.  891 

Biopharmaceutical research should consider immune development status during TLRs-based drug 892 

discovery. Variations likely exist in both the nature and intensity of simulated infection in different 893 
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populations. For novel drug therapies it will be important to demonstrate both improved survival in 894 

preclinical models of acute neonatal sepsis and positive long-term outcomes.  895 

8.2 Antioxidants 896 

Neonatal response to infection is influenced by an altered redox environment. Diminished 897 

production of antioxidants during neonatal development in the presence of infection may lack the 898 

inflammatory suppression necessary to keep the system in check. Supplemental antioxidants have 899 

been studied as a means of preventing the accumulation of ROS in premature babies. In the brain, 900 

oxidative stress is a primary risk factor for neuronal damage in premature newborns and therefore 901 

of high clinical relevance (Panfoli et al., 2018).  902 

A study by Sevastiadou et al. (2011) showed that glutamine, an amino acid with immunomodulatory 903 

properties acts to mediate inflammation by decreasing the expression of oxidative stress-related 904 

genes and has suggested beneficial effects on intestinal integrity and the overall incidence of NEC 905 

and septicemia in preterm infants (Sevastiadou et al., 2011). Several additional studies have 906 

reported the benefits of glutamine supplementation in preterm babies, such as early improvement 907 

in liver function and increase in head circumference growth during the first year of life (Wang et al., 908 

2013; Kieviet et al., 2014). To determine if there is an effect of glutamine on TLRs, a study performed 909 

in adult patients in critical care demonstrated that daily glutamine supplementation lasting 5 days 910 

did not increase the expression of TLR2 and TLR4 in peripheral blood monocytes (Pérez-Bárcena et 911 

al., 2008). However, glutamine mediates a decrease in proinflammatory cytokines (Aosasa et al., 912 

1999) and an increase in the levels of glutathione and the oxidative capacity (Amores-Sánchez & 913 

Medina, 1999). However, studies still cannot infer if this modulation involves the TLR pathway.  914 

Vitamin D is a potent modulator of both innate and adaptive immune system by activation of 915 

monocytes/macrophages and is involved in the clearance of pro-oxidants. A study conducted in 916 

healthy adults shows that regulation of vitamin D receptor (VDR)-mediated TLR2/1 signalling is 917 

multifactorial, involving epigenetic modulation by the methylation of VDR key regulatory sites and 918 

genetic variation by the regulated translation of TIRAP proteins (Meyer et al., 2017). In a review, 919 

Pludowshi et al., (2018) discuss the emergence of Vitamin D deficiency in recent years and the 920 

establishment of dietary supplementation in various countries such as Ireland, Canada, United 921 

Kingdom and USA. 5 micrograms of vitamin D is the recommended daily dose for new-borns during 922 

the first 12 months, however premature infants may require higher doses (Pludowski et al., 2018). 923 

There is a dearth of studies focusing on the cooperation between TLRs and antioxidants during early 924 

life and this area should be explored in future studies. 925 
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8.3 Breast milk 926 

Breast milk has been championed in the last 20 years for its extensive benefits in disease prevention. 927 

Studies by deBouder (2003, 2006) illustrate the bioactive components of breastmilk on immune 928 

modulation in the first few days after birth. Others have provided evidence of enhanced microbiota 929 

diversity and richness in the gut interacting with TLRs and is protective of conditions such as NEC. A 930 

major avenue of research at the moment is unpacking the bioactive cargo within exosomes present 931 

in colostrum including coding RNA (mRNA) and non-coding RNA (ncRNA), such as miRNA and long 932 

non-coding RNA (lncRNA) (LeBouder et al., 2006; Jiang et al., 2021). These miRNAs contained within 933 

porcine milk have been demonstrated to attenuate TLR4 response to LPS (Xie et al., 2019). Further 934 

research on this rich fluid holds promise for novel therapeutic strategies aimed at modulating early 935 

life immunity. However, the interference from maternal antibodies carried to the baby via breast 936 

milk is one of the challenges of the administration of vaccines in neonates as well as the use of novel 937 

vaccines (Morris & Surendran, 2016).  938 

8.4 Probiotic supplementation 939 

Colonisation of the neonatal gut can be severely compromised in the neonatal intensive care setting. 940 

Probiotic administration decreases the risk of severe NEC in preterm infants (Morgan et al., 2020). 941 

Examining probiotic supplementation from pregnancy week 36, Forsberg and colleagues collected 942 

postnatal mononuclear cells at birth, 2, 12 and 24 months and examined TLR2 signalling. mRNA 943 

expression of TLR2 was unaltered in the probiotic supplementation cohort, at 12 months infants had 944 

decreased LTA induced IL-6 response. This suggests that decreased responses to TLR2 in probiotic-945 

treated babies seem to be dependent on factors downstream of TLR mRNA expression (Forsberg et 946 

al., 2014). This strategy of maternal probiotic administration that has not yet been explored in 947 

humans (Grev J, 2018). Clinical studies and interventional trials are key to explore novel ways to 948 

prevent and treat infection and related morbidity in the neonatal population. A trial testing the 949 

efficacy of a probiotic containing a mix of 8 strains of bacteria in sepsis prevention in neonates is 950 

currently recruiting participants (Sinha et al., 2021). Another new trial is assessing the benefits of 951 

multi-strain probiotic product in the prevention of multi-drug resistant bacterial infection. 952 

Moreover, previous trials using synbiotics (mixture of probiotics and prebiotics) report significant 953 

beneficial effects in the treatment arm in the prevention of neonatal sepsis (Panigrahi et al., 2017).  954 

 955 

Further investigations are required to understand the tissue, organ, cellular patterns of TLR 956 

expression and receptor turnover during the neonatal period and in response to infection. We need 957 

to investigate how common drugs utilised in the NICU such as supplemental oxygen and caffeine 958 
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modify the immune response. We need to clarify to what extent neonatal infection is modulated by 959 

TLR-mediated cytokine release, establish if preconditioning lessons mortality, and if immunological 960 

patterns persist into later life. Cytokines bind to their specific receptor and can activate the intrinsic 961 

apoptotic pathway (such as IL-1β) or promote cell survival (such as IL-2) (Kelly et al., 2002; Grunnet 962 

et al., 2009). Furthermore, novel biomarkers of sepsis and those at risk of sepsis need to be 963 

identified and validated to allow for timely stratification and identification of vulnerable infants 964 

(Buhimschi et al., 2007). 965 

 966 

Perspectives and Significance 967 

The TLR superfamily recognises conserved molecular patterns expressed by bacteria and amplifies 968 

the downstream inflammatory and defensive response of the host to aid elimination of the 969 

pathogen. Evidence shows that TLRs are constitutively expressed on many cell types across tissues 970 

such as brain, lung, heart, and gut, in addition to circulating immune cells. TLR signalling cascades 971 

include accessory, adaptor proteins and second messengers that promote intracellular stabilisation 972 

of NFκB, and sequential release of TNF-α, a cytokine that contributes to feedback regulation of the 973 

receptor. As basal TLR expression fluctuates from early to adult life, in new-borns, TLR2 and 4 974 

expression have been reported to increase from early life to late development, thus being 975 

developmentally regulated. An understanding of this regulation is important to better appreciate the 976 

vulnerability of new-borns to infection, which is also modulated in a sex-dependent manner. We 977 

have described that TLR expression can be positively or negatively regulated and can affect the 978 

expression of antioxidants influencing cell damage and inflammation. Furthermore, the importance 979 

of controlling the redox state in early life supports the development of antioxidant-based therapies, 980 

especially during the neonatal period where the prevention of the formation of dangerous ROS is 981 

critical. In conclusion, the immune response to bacterial infection depends on the prompt 982 

recognition by TLRs and subsequent upregulation of their expression as these influence 983 

cardiorespiratory function and impact on the severity of many neonatal conditions. Future studies 984 

should focus on expanding the current understanding of neonatal immunity, bringing insight into the 985 

molecular mechanisms underpinning the development of neonatal sepsis and neonatal cellular 986 

damage and delineating signalling networks.  In addition, we should focus not only on the 987 

development of novel therapeutic strategies but also the identification of early biomarkers to 988 

facilitate protection with a consideration of personalised sex-specific approaches.  989 

 990 

  991 
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Figure 1. Localization of TLR expression and intracellular signalling.  1716 

TLRs are mainly transported to their final destination in the plasma membrane, however 1717 

receptors such as TLR3, 7, 8 and 9 are located in the endosome membranes. All these 1718 

receptors activate NFKB to upregulate the expression of pro-inflammatory cytokines in the 1719 

nucleus. IKN3 pathway is activated upon microbial infections that act on TLR4 and TLR3. 1720 

Inflammation is also mediated by a class of proteins called DAMPs, endogenous danger 1721 

molecules that are released from dying or damaged cells. Multiple damps such as serum 1722 

amyloid A, heat shock protein 60 and 70, neutrophil elastase and fibronectin have been 1723 

reported to interact with TLR4 and TLR2 to activate the innate immune system. Created with 1724 

BioRender.com. 1725 

 1726 

Figure 2. Toll-like receptors and their expression in multiple cell types 1727 

Activation of distinct signalling TLRs pathways is cell-type specific, ranging from 1728 

neuroprogenitor to epithelial cells that are part of the central nervous system or respiratory 1729 

mucosal immune system, respectively. For example, endothelial cells that constitute the 1730 

mucosa barrier of the respiratory tract express both TLR4 and the co-receptor TLR2/6 that 1731 

play a crucial role in defence against Gram-negative and Gram-positive bacteria. Neuronal 1732 

cells are the only type of cells that express all 10 TLRs and both microglia and astrocytes 1733 

have been described to express a wide range of these receptors.  1734 

(Frantz et al., 2001; Lathia et al., 2008; Petrikin et al., 2010; Kaul et al., 2012; Scheffel et al., 1735 

2012; Castro-Manrreza & Montesinos, 2015; Yang et al., 2016; Faksh et al., 2016; Jiang et 1736 

al., 2018; Price et al., 2018; Doreste et al., 2020). Created with BioRender.com. 1737 

 1738 

Figure 3. TLRs feedback regulation during sepsis. TLRs positive feedback control is mediated 1739 

through the transcription factor NFκB that interacts with Sp1 and STAT5 elements to 1740 

upregulate mRNA and protein levels of TLRs.  In contrast, soluble(s) receptors correlated 1741 

positively with TNF-α and inhibit mediated TNF-α and CD14 signalling, modulating 1742 

negatively TLRs expression. Created with BioRender.com.    1743 

 1744 
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 1745 

Figure 4. TLR2 transcriptional regulation is mediated through methylation of CpG islands. 1746 

TLR2 is epigenetically regulated by hypermethylation of the promoter that silences gene 1747 

expression, while hypomethylation activates transcription with aggravation of the 1748 

proinflammatory response. Created with BioRender.com. 1749 

 1750 

Figure 5. Overview of the development of neonatal sepsis and TLRs cooperation in infants. 1751 

Effective mediated crosstalk by TLRs is responsible for priming the innate immune response 1752 

in many tissues upon infection. It is now clear that many PAMPs activate TLRs that actively 1753 

modulate crucial body functions in neonates, such as respiratory, intestinal and 1754 

cardiovascular through effective regulation of the antioxidant response and gene 1755 

expression. Created with BioRender.com. 1756 

 1757 

Figure 6. Toll-like receptors on the lung mucosa 1758 

Studies have reported the expression of TLRs in a variety of cells present in the lung mucosa 1759 

and alveoli (Type and II pneumocystis and macrophages). However, there is a paucity of 1760 

investigation in specific cells present in the respiratory epithelium, such as the secretory, 1761 

goblet and stem cells. (Ritter et al., 2005; Go et al., 2014; Butcher et al., 2018). Created with 1762 

BioRender.com. 1763 
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