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Resumo 

As infeções bacterianas são consideradas a principal causa de mortalidade neonatal, 

estimando-se que causem 629.700 mortes por ano. O Streptococcus agalactiae, também 

designado por Estreptococos do Grupo B (SGB), e a Escherichia coli (E. coli) são os 

responsáveis pela maioria das infeções neonatais. As estratégias preventivas 

antimicrobianas, baseadas na profilaxia intrapartum com antibióticos, contribuíram para a 

redução da incidência das doenças causadas por SGB mas não levaram à sua irradicação. 

Este tratamento contribuiu ainda para o aumento da prevalência de infeções bacterianas 

causadas por bactérias Gram-negativas, como as causadas por E. coli. Assim, é essencial o 

desenvolvimento de novas terapias contra estes dois patogénios. Esta tem sido a 

preocupação do nosso grupo de investigação que nos últimos anos desenvolveu uma vacina 

experimental contra infeções causadas por SGB baseada na gliceraldeído-3-fosfato 

desidrogenase (GAPDH) desta bactéria. Contudo, esta proteína é altamente conservada e, 

embora tenhamos provado que os anticorpos produzidos contra a GAPDH bacteriana não 

reconhecem a humana, é necessário avaliar o impacto da vacina sobre a colonização inicial 

do tracto gastrointestinal dos recém-nascidos pelos comensais.  

Este foi o primeiro objetivo deste trabalho, ou seja, avaliar o impacto da vacina 

baseada na GAPDH de SGB sobre a microbiota do tracto gastrointestinal de ratinhos recém-

nascidos. Como segundo objetivo, caraterizamos a resposta imunitária inata de ratinhos 

recém-nascidos usando um modelo, por nós desenvolvido, de infeção oral com E. coli. 

Para atingir o primeiro objetivo, fêmeas de murganhos BALB/c foram distribuídas em 

3 grupos. Num dos grupos as fêmeas foram imunizadas com uma suspensão de GAPDH 

recombinante usando hidróxido de alumínio (Alhydrogel) como adjuvante (grupo vacinado 

com GAPDH), noutro grupo, foram injetadas com uma suspensão de PBS e hidróxido de 

alumínio (grupo “sham”-vacinado) e no terceiro grupo, as fêmeas não receberam qualquer 

tipo de tratamento (grupo controlo). Quando os níveis de anticorpos IgG anti-GAPDH 

estavam elevados, as fêmeas foram postas a cruzar. Contrariamente ao esperado, os 

murganhos recém-nascidos de mães vacinadas com a GAPDH, apresentaram taxas de 

mortalidade mais elevadas do que os nascidos nos outros dois grupos de animais. Para 

compreender o que estava a acontecer, avaliamos a presença de bactérias no tracto vaginal 

das fêmeas dos três grupos experimentais após o nascimento das crias. Os resultados 

mostraram que a maioria das fêmeas apresentava colonização com as seguintes bactérias, 
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Staphylococcus aureus, E. coli e Staphylococcus xylosus. Após análise cuidadosa dos 

resultados, chegou-se à conclusão de que a mortalidade das crias estava relacionada com a 

presença de S. aureus no tracto vaginal das fêmeas vacinadas com GAPDH. Esta 

observação é particularmente importante, uma vez que tem sido reportada a presença desta 

bactéria no tracto vaginal de mulheres adultas saudáveis. Contudo, mais estudos são 

necessários para esclarecer a razão pela qual morrem as crias de mães vacinadas com 

GAPDH quando o seu tracto vaginal está colonizado com S. aureus.  

Relativamente ao segundo objetivo, começamos por desenvolver um modelo de 

murganho que mimetizasse a via natural de infeção. Para isso, murganhos BALB/c recém-

nascidos e com menos de 24 horas de vida foram oralmente infetados com a estirpe K1 de 

E. coli. Os animais foram sacrificados em intervalos de tempos definidos e o sangue, o baço, 

o fígado, os pulmões e o cérebro, foram usados para a quantificação de bactéria e de 

citocinas e quimiocinas. Foi ainda avaliado o recrutamento de macrófagos e neutrófilos para 

o fígado e para os pulmões. Os resultados mostraram uma rápida disseminação da bactéria 

em todos os órgãos analisados 30 minutos após a inoculação oral da E. coli K1. No entanto, 

a avaliação da resposta imunitária mostrou que a produção das citocinas pró-inflamatórias 

IL-1β, IL-6, TNF-α e das quimiocinas MIP2 e KC só era detetável ~6 horas após a infeção. 

Como seria de esperar, também o recrutamento de macrófagos e neutrófilos para o fígado e 

para os pulmões, só foi observado, ~6 horas após a infeção. Este atraso no desenvolvimento 

da resposta imunitária, ao contrário do observado nas infeções experimentais com SGB, não 

se deveu à produção inicial de IL-10, uma citocina anti-inflamatória. Em suma, demonstramos 

que a E. coli é capaz de rapidamente colonizar murganhos recém-nascidos que, no entanto, 

não desenvolvem uma resposta imunitária imediata ao patogénio. Assim, a caracterização 

dos fatores responsáveis pelo atraso no desenvolvimento da resposta imunitária será 

fundamental para desenvolver novos alvos terapêuticos. 

Em conclusão, na presente tese, descrevemos efeitos negativos da imunização 

materna com GAPDH, no caso do trato vaginal das fêmeas imunizadas se encontrar 

colonizado com S. aureus, e caracterizamos a resposta imunitária inata contra a estirpe K1 

de E. coli usando um modelo de murganho de infeção neonatal desenvolvido pelo nosso 

grupo de investigação. 

 

Palavras- chave: Septicemia neonatal; Estreptococos do Grupo B; Escherichia coli; 

GAPDH; vacina; IL-10; modelo de ratinho. 
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Abstract 

Bacterial infections are the major cause of neonatal mortality, with an estimated 

629.700 deaths per year. Group B streptococcus (GBS), a common designation for 

Streptococcus agalactiae, and Escherichia coli (E. coli) underpin the majority of life-

threatening infections in newborns. Preventive strategies based on maternal intrapartum 

antimicrobial prophylaxis have reduced, but not eradicated, the incidence of GBS-related 

diseases. Moreover, antibiotic treatment increased the prevalence of Gram-negative bacterial 

infections, particularly E. coli infections. Therefore, it is imperative to develop new strategies 

against the diseases caused by these two pathogens. In the past years, the development of 

an effective vaccine against GBS infection has been the major goal of our group. We identified 

GBS glyceraldheyde-3-phosphate dehydrogenase (GAPDH) as a promising vaccine target. 

However, this protein is highly conserved, and although we have proved that the antibodies 

raised against bacterial GAPDH do not recognize the human counterpart, we need to evaluate 

its impact on gut microbiota of the neonates. 

Therefore, in the present work, the first aim was to investigate if GBS GAPDH vaccine 

alters the gut microbiota, causing microbial dysbiosis. The second aim was to characterize 

the immune response of newborn mice to E. coli infection using a mouse model that mimics 

the infection in humans. 

For the first objective, female BALB/c mice were immunized with the recombinant 

GAPDH adjuvanted with Alhydrogel (GAPDH-vaccinated group), injected with PBS plus 

Alhydrogel (sham-vaccinated group) or left untreated (control group). When the levels of IgG 

antibodies anti-GAPDH were high, the male was paired. Unexpectedly, offspring from 

GAPDH-vaccinated mothers, presented high mortality rates comparatively to the ones born 

from sham- or control mothers. In order to understand what happened, the vaginal bacterial 

burden was determined and compared among the females from the different groups, upon 

delivery by vaginal washouts. Almost all mice presented bacterial colonization and the 

bacteria were identified as being Staphylococcus aureus, E. coli and Staphylococcus xylosus. 

After a carefully analysis it was possible to correlate the mortality of the pups born from 

GAPDH-vaccinated mothers with the presence of S. aureus in vaginal tract. This is an 

important result since it has been reported a transient colonization with this bacterium on 

genital tract of healthy adults. However, further studies are needed to understand why pups 
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born from GAPDH vaccinated mother died if the vaginal tract of females is colonized with S. 

aureus.  

 Regarding to the second aim, we started by developing a mouse model that mimics 

the natural route of infection. For that purpose, newborn BALB/c mice, with less than 24 hours 

old, were orally infected with E. coli strain K1. Mice were sacrificed at specific time points and 

their blood, spleen, liver, lungs and brain were assayed for bacterial colonization and the 

levels of cytokines and chemokines. Moreover, the immune cell recruitment was analyzed in 

liver and lungs. The obtained results showed that bacterial infection was very promptly, with 

the observation of colonization in analyzed organs 30 minutes post-infection. However, the 

immune response was only observed ~6 hours post-infection through the production of the 

pro-inflammatory cytokines IL-1, IL-6, TNF-α and the chemokines MIP2 and KC. As expected 

from a canonical immune response and anticipated by the increased chemokine and cytokine 

production at the late time points, we have found neutrophil and macrophage recruitment to 

both lungs and liver at ~6 hours post-infection. Moreover, and in contrast with what was 

described for neonatal GBS infection, we did not detect any alteration in the production of the 

anti-inflammatory cytokine IL-10, early post-infection. So, IL-10 does not seem to be involved 

in the susceptibility to E. coli infection in neonates.  Overall, E. coli is able to rapidly colonize 

the neonatal mice but the host does not promptly develop an immune response. Therefore, 

understanding the reason for the delay in immune response activation is crucial to find and 

develop novel therapeutic targets. 

In conclusion, in this thesis, we described a negative effect of maternal immunization 

with GAPDH if the vaginal tract of the female is colonized with S. aureus and characterized 

the innate immune response against E. coli K1 infection using a neonatal mouse model 

developed by us.  

 

Keywords: Neonatal sepsis; Group B Streptococcus; Escherichia coli; GAPDH; 

vaccine; IL-10; neonatal mouse model. 

  



FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 

Group B Streptococcus and Escherichia coli 

IX 

 

Table of Contents 

Acknowledgments I 

Resumo V 

Abstract V 

Table of Contents IX 

Tables and Figures XIII 

Abbreviations XV 

1. Introduction 1 

1.1Neonatal Infectious Diseases 4 

1.1.1 Overview 4 

1.1.2 Neonatal immune system and susceptibility to infection 5 

1.1.2.1 Innate immunity 5 

1.1.2.2 Adaptive immunity 8 

1.2 Neonatal Bacterial Sepsis 10 

1.2.1 Pathology 10 

1.2.2 Epidemiology 11 

1.2.3 Etiology 12 

1.2.3.1 Group B Streptococcus 13 

1.2.3.2 Escherichia coli 13 

1.3 Neonatal GBS-related Diseases 15 

1.3.1 Risk Factors 15 

1.3.2 Transmission of GBS to Neonates 15 

1.3.3 Clinical Manifestations and Outcome 17 

1.3.4 Prophylaxis for Neonatal GBS Infections 18 

1.3.5 GBS Virulence Factors 20 

1.3.6 GBS Glyceraldehyde-3-Phosphate Dehydrogenase as a Virulence Factor 22 

1.3.7 The microbiome in early life: implications for health outcomes 24 

 



  X FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 
Group B Streptococcus and Escherichia coli 

  

 
1.4 Neonatal E. coli- related Diseases 26 

1.4.1 Transmission of E. coli to Neonates 26 

1.4.2 Clinical Manifestations and Outcome 27 

1.4.3 Prophylaxis for Neonatal E. coli Infections 27 

1.4.4 E. coli Virulence Factors 28 

2. Objectives 31 

2.1 Objectives 33 

2.2 Work Plan 34 

3. Materials and Methods 37 

3.1 Animals 39 

3.2 Ethics statement 39 

3.3 Purification of GBS recombinant GAPDH 39 

3.4 SDS-PAGE 40 

3.5 Maternal immunization with GBS rGAPDH 40 

3.6 Determination of rGAPDH-specific IgG and IgA antibodies 41 

3.7 Evaluation of bacterial colonization and bacterial identification 41 

3.8 Determination of anti-S. aureus, anti-E. coli, and anti-S. xylosus, IgG antibodies

 42 

3.9 Purification of anti-rGAPDH IgG antibodies 42 

3.10 Bacterial surface GAPDH detection 42 

3.11 Neonatal mouse model of E. coli infection 43 

3.12 Determination of cytokine and chemokine production 43 

3.13 Flow cytometry analysis 43 

3.14 Anti-IL10R treatment 44 

3.15 Multiple GAPDH sequence alignment 44 

3.16 Statistical analysis 44 

4. Experimental Results 47 

4.1 Impact of GAPDH-based vaccine on commensal microbiota 49 

4.1.1 Assessment of the bacterial GAPDH isoform homology 49 

4.1.2 Expression and purification of a recombinant GBS GAPDH 51 

4.1.3 Maternal levels of circulating rGAPDH-specific IgG antibodies 52 



FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 

Group B Streptococcus and Escherichia coli 

XI 

 
4.1.4 Analysis of neonatal outcomes following maternal immunization with GBS 

rGAPDH 53 

4.1.6 Evaluation of bacterial colonization in the vaginal tract 55 

4.1.7 Evaluation of anti-GAPDHGBS recognition of GAPDH on the surface of S. 

aureus, E. coli and S. xylosus 57 

4.2 Deciphering the innate immune response of neonates to Escherichia coli 59 

4.2.1 Animal survival of a newborn E. coli oral infection model 59 

4.2.2 Assessment of E. coli K1 colonization of orally infected neonatal mice 60 

4.2.3 Evaluation of cytokine production in response to E. coli K1 infection 62 

4.2.4 Assessment of chemokine production in response to E. coli K1 infection 64 

4.2.5 Evaluation of cell recruitment to infected organs in response to E. coli infection

 65 

4.2.6 Blocking IL-10 signaling does not reduce mortality in E. coli-infected pups 66 

5. Discussion 69 

6. Conclusions and Future Directions 79 

7. References 83 

 

 

 

 

 

 

 

 

 



  XII FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 
Group B Streptococcus and Escherichia coli 

  

 

  



FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 

Group B Streptococcus and Escherichia coli 

XIII 

 

Tables and Figures 

Figure 1| Under-five mortality declined in all regions of the world between 1990 and 2015 

(deaths per 1000 live births). 3 

Figure 2| Distribution of direct causes of neonatal deaths. 4 

Figure 3| Early life ontogeny of innate (humoral) and adaptive (cellular) immunity. 5 

Figure 4| Stages of pathogenesis of neonatal GBS infection. 16 

Figure 5| Incidence of Early- and Late-onset GBS disease in the Active Bacterial Core 

surveillance areas from 1989 to 2008. 19 

Figure 6| Summary of the main virulence factors of GBS. 20 

Figure 7| Structure of Streptococcus agalactiae glyceraldehyde-3-phosphate dehydrogenase 

holoenzyme. 23 

Figure 8| Pathogenic mechanisms of NMEC. 29 

Figure 9| Multiple GAPDH sequence alignment. 50 

Figure 10| SDS-PAGE analysis of GAPDH purified from E. coli BL21 (DE3) harboring 

pET28ΩgapC. 51 

Figure 11| rGAPDH-specific IgG titers of all treatment groups before mating and after delivery.

 53 

Figure 12| Neonatal mortality following maternal immunization with GBS rGAPDH. 54 

Figure 13| Bacterial colonization of immunized and control females. 56 

Figure 14| GBS rGAPDH specific IgG displays cross-reactivity with GAPDH on the bacterial 

surface of S. aureus and E. coli. 58 

Figure 15| Newborn mice survival upon oral infection with E. coli. 59 

Figure 16| E. coli K1 colonization of orally infected neonatal mice. 61 

Figure 17| Kinetics of cytokine production after neonatal E. coli K1 oral infection. 63 

Figure 18| Kinetics of chemokine production after neonatal E. coli K1 oral infection. 65 

Figure 19| Cell recruitment to the liver and lungs of pups after E. coli K1 challenge.  66 

Figure 20| Evaluation of the role of IL-10 in the mortality associated to E. coli K1 infection 

models. 67 

Figure 21| S. aureus evasion of immune system. 73 

Figure 22| Mechanism immunosuppression adenosines-mediated in monocytes. 77 

 



  
XIV 

FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 
Group B Streptococcus and Escherichia coli 

  

 
Table 1| Clinical Signs of Neonatal Bacterial Sepsis. 10 

Table 2| Characteristics of Early-onset and Late-onset Neonatal Sepsis. 11 

Table 3| Features of GBS disease in neonates. 18 

Table 4| GBS virulence factors. 22 

Table 5| Description of the results from Series A and C. 55 

Table 6| Resume table of bacterial colonization in vaginal tract and respective serum titer of 

IgG antibodies for the bacteria identified. 57 

  



FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 

Group B Streptococcus and Escherichia coli 

XV 

 

Abbreviations

A 

Ag - Antigen 

APC - Antigen presenting cell  

 

B 

BBB - Blood-brain barrier  

Beta-H/C - β-hemolysin/ cytolysin  

BsaB - Bacterial surface adhesion of GBS  

 

C 

CD - Cluster of differentiation  

CDC - Centers of Disease Control and 

Prevention  

CFU - Colony-forming units 

CNF - Cytotoxic necrotizing factor  

CNS - Central nervous system  

CPS - Capsular polysaccharides 

CS - Complement system  

 

D 

DC - Dendritic cell  

 

E 

E. coli - Escherichia coli 

EOD - Early-onset disease  

EOS - Early-onset sepsis  

ESBL- Extended-spectrum β-lactamase  

 

F 

FbsA - Fibrinogen-binding protein A  

FbsB - Fibrinogen-binding protein B  

 

G 

GBS - Group B Streptococcus  

GAPDH - Glyceraldehyde-3-phosphate 

dehydrogenase  

 

H 

HvgA - Surface-anchored hypervirulent 

adhesin 

 

I 

IAP - Intrapartum antibiotic prophylaxis  

IFN - Interferon  

IL - Interleukin 

IL-10R - IL-10 receptor  

Ig - Immunoglobulin  

 

L 

Lmb - Laminin-binding protein  

LOD - Late-onset disease  

LOS - Late-onset sepsis  

LPS - Lipopolysaccharide  

LRR - Leucine-rich repeat  

 



  2 FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 
Group B Streptococcus and Escherichia coli 

  

 

XVI 

M 

MBL - Mannose-binding lectin  

MHC - Major histocompatibility complex  

mRNA - Messenger ribonucleic acid 

MyD88 - Myeloid differentiation primary-

response protein 88 

 

N 

NF-kB - Nuclear factor kappa-light-chain-

enhancer  

NK - Natural killer  

NMEC - Neonatal meningitis-associated E. 

coli  

 

O 

OmpA - Outer membrane protein A  

 

P 

PAMP - Pathogen-associated molecular 

pattern 

PBS - Phosphate buffer saline 

PND - Postnatal day 

PRR - Pattern-recognition receptors  

 

R 

rGAPDH - Recombinant GAPDH  

 

 

S 

Sbi - Staphylococcal binding 

immunoglobulin 

S.c. - Subcutaneously  

SEPEC - Sepsis-causing E. coli  

SpA - Protein A 

SPF - Specific pathogen free 

Srr - Serine-rich repeat protein  

ST- Sequence type  

 

T 

Th - T helper  

TLR - Toll-like receptor 

Treg - Regulatory T cells  

 

V 

VLBW - Very low birth weight  

 

W 

WHO - World Health Organization 

 

 







FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 

Group B Streptococcus and Escherichia coli 

1 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  2 FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 
Group B Streptococcus and Escherichia coli 

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 

Group B Streptococcus and Escherichia coli 

3 

 
 

Every year, more than 130 million babies are born worldwide. However, approximately 

6 million infants under age five die, and of these almost 3 million die within the first twelve 

months of life1.  

In the past 25 years, major global efforts have been made in order to reduce child 

mortality, saving millions of lives. The number of under-five deaths worldwide declined from 

12.7 million in 1990 to 5.9 million in 2015, and the number of neonatal deaths dropped from 

5.1 million to 2.7 million2.   

 

Figure 1| Under-five mortality declined in all regions of the world between 1990 and 2015 (deaths per 1000 live births). Adapted 

from Levels & Trends in Child Mortality Report (2015)2. 

 

The decline observed in child mortality is a result of the implementation of children 

survival interventions, socioeconomic development, as well as the discovery of several 

chemical compounds, able to treat many diseases involved in death of infants. However, 

despite substantial improvements, this progress is insufficient due to therapy resistance 

and/or inefficacy after long-term usage3–5.  
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1.1 Neonatal Infectious Diseases 
 

1.1.1 Overview 

Newborns, especially preterm infants, face complex immunological challenges during 

their first months of life. Given that their innate and adaptive immunity are not fully developed, 

newborns are particularly vulnerable to a broad range of pathogens6. This is critical because 

during delivery, newborns pass from a “sterile” compartment to an extremely contaminated 

environment in the outside world6.   

Infectious diseases occur more frequently in the neonatal period than at any other time 

of life and different pathogens such as bacteria, fungi, parasites or viruses are responsible for 

the majority of newborn morbidity and mortality 7,8. Globally, severe neonatal infections are 

responsible for 36% of the total burden of newborn deaths (Figure 2)9.  

 

 

Figure 2| Distribution of direct causes of neonatal deaths (Based on registration data for 45 countries and modelled estimates 

for 147 countries)9. 

 

Most infectious-related neonatal deaths are due to bacterial sepsis, neonatal tetanus, 

respiratory infections, diarrhea, and others clinical patterns.  These diseases are intrinsically 

related to the health of the mother and the equality of medical assistance provided during and 

after pregnancy10,11.  

Neonatal deaths might occur early in the neonatal period, within the first week of life. 

Mainly of the neonatal infections that occurs in the first 72 hours of life are due to maternal 

intrapartum transmission of invasive organisms, while infections appearing late in the neonatal 
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period,  from 8 to 28 days after birth, are attributed to pathogens acquired postnatally12,13 . 

Although many neonatal infections are successfully prevented or treated, others remain 

impervious to intervention14. 

 

1.1.2 Neonatal immune system and susceptibility to infection  

 In utero, the fetus exposure to foreign antigens is limited and the intrauterine 

environment demands that their immune system must remain tolerant to maternal alloantigens 

until birth15,16. During gestation and after birth, organs undergo a gradual age-dependent 

development (ontology) and the immune system is no exception (Figure 3)17,18. At birth, the 

innate and the adaptive immune system are not fully developed. It has been demonstrated 

that  a set of key differences compared to adults (thoroughly reviewed by Simon et al.)16 are 

responsible for the increased susceptibility of newborns to severe and overwhelming bacterial, 

fungal and viral infections13,19. The following subsections identify some differences of the 

immune system of newborns in comparison to that of the older child and adults, focusing on 

those that predispose neonates to bacterial infections. 

 

 

Figure 3| Early life ontogeny of innate (humoral) and adaptive (cellular) immunity. Adapted from Goenka and Kollmann (2015)18. 
 
 

1.1.2.1 Innate immunity 

 The innate immunity is the first line of defense of the immune system. Due to the 

reduced alloantigen exposure in utero and the limitations of the neonatal adaptive immunity 

(explained bellow), newborns mostly rely on their innate immunity to face microbial 

infections20,21. The response to microbial agents is initiated by soluble factor or by germline-

encoded pattern-recognition receptors (PRRs) which recognize signature molecules of 
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pathogens, known as pathogen-associated molecular patterns (PAMPs)22. After pathogen 

recognition, antigen presenting cells (APCs) phagocyte and present on their cell surface 

antigens of the invader in the context of major histocompatibility complex (MHC). In addition 

to APCs (dendritic cells (DCs) and macrophages), other effector innate cells such as 

neutrophils and natural killer (NK) cells help to stop the infectious agent, while bridging to the 

adaptive immunity. Several differences in the levels of soluble factor, in the activity of PRRs 

and in the functionality and levels of effector cells underpin the infectious vulnerability of 

neonates. 

Soluble factors. In the neonatal plasma, the concentration of complement proteins and 

complement mediated opsonic capabilities are decreased, when compared with adult levels23.  

The components of the complement system (CS), which are not transferred from the mother 

and are synthetized endogenously from 20 weeks gestation, reach at birth only 10-80% of the 

normal adult levels24. In fact, functional assays indicate that the neonatal CS present 

diminished opsonizing, chemotaxic and lytic activities, which is even more evident in 

preterms24. Furthermore, mannose-binding lectin (MBL), a soluble protein that binds to 

pathogens and activates both the CS and the phagocytosis by neutrophils and macrophages, 

has reduced levels in neonates (50-75% of those in adults) which increases the incidence of 

nosocomial bacterial sepsis among newborns25.  Moreover, some pathogens are able to 

circumvent the complement activation. In the alternative pathways, C3 activation can be 

suppressed by the binding of factor H in, which is promoted by the sialic acid residues present 

in bacteria such as Group B Streptococcus (GBS) and Escherichia coli K126. Altogether, these 

limitations in the CS most likely underpin the susceptibility of neonates to extracellular bacteria 

during the first days of life.  

Apart from the CS, it is possible to find other molecules that also present aberrant 

levels during the first weeks of life. Namely, adenosine levels are relatively high in neonates 

and infants compared to adult levels, which through leukocyte adenosine receptors results in 

increased intercellular cyclic adenosine monophosphate (cAMP), thus suppressing the 

expression tumor necrosis factor alpha (TNF-α) and interleukin (IL)-12p70 and inducing the 

production IL-6, a T helper (Th) 2/Th17-polarizing cytokine27.  

 

Pattern-recognition receptors. To date, many classes of PRRs have been identified, 

including the Toll-like receptors (TLRs), Nucleotide-binding oligomerization domain (NOD)-

like receptor (NLRs) and the Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs). TLRs 
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were the first PRRs to be identified and the most well-characterized, with thirteen TLRs 

identified, ten of which are expressed in humans22,28,29. These receptors can be expressed at 

the cell surface or associated with intracellular vesicles of many innate immune effector cells, 

such as neutrophils, macrophages and DCs30,31. Each TLR can recognize different type of 

PAMPs derived from several pathogens32. The expression of TLR and their adaptor proteins 

in newborns are equivalent to the expression in adult, but the activation of these receptors 

appears to be reduced32. Recent study showed that TLR4-mediated NF-κB-dependent 

activation of neonatal monocytes and macrophages is depressed33. Neonatal cord blood 

leukocytes have an increased TLR-mediated production of IL-6 and IL-10 as compared to 

adults34,35. This results in decreased Th1-polarizing inflammatory responses36. Overall, the 

TLR signaling in newborns contribute to the increased susceptibility to infection in the early 

period of life37.  

 

Innate cells. The activation of TLR signaling cascades culminate in neutrophils 

recruitment, macrophage activation and induction of interferon (IFN)-stimulated genes, 

resulting in direct killing of the pathogens. Moreover, the activation of these signaling 

pathways leads to DCs maturation contributing to the induction of the adaptive immunity31. 

However, in comparison to the adult counterparts neonatal DCs produce anti-inflammatory 

cytokines (e.g. IL-10), thus possibly leading to a decrease T cell activation38. Another study 

provided evidences that the neonatal DC system is immature39. Even though the number of 

peripheral neutrophils surpass the normal adult blood levels, they show impaired chemotaxis 

and responsiveness to inflammatory signals, limited adhesion to endothelial cells and reduced 

bactericidal functions38,40. These deficits are more dramatic in preterms, because they have 

lower immunoglobulin (Ig) G levels in their serum and complement components. In addition, 

neonatal neutrophils produce fewer neutrophil extracellular traps (NETs), which are one of the 

critical mechanisms by which these cells localize and contain extracellular pathogens41. As a 

result, neonates, and in particular preterm infants, possess a weakened neutrophil 

contribution to immunity, which increases their susceptibility towards bacterial infections42. 

Although neutrophils are more proficient in ingesting and killing pyogenic bacteria, resident 

macrophages are the initial line of phagocyte defense against tissue pathogens. Despite being 

sparse, a study in humans showed that lungs contain few macrophages until shortly before 

term, while in healthy monkeys were shown to have their numbers of lung macrophages 

increased to adult levels by 24 to 48 hours after birth43,44. A study found that, although the 

ability of neonatal monocyte-derived macrophages (monocytes cultured in vitro) to 
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phagocytose GBS and other bacteria through receptors for the CS or IgG, their ability to kill 

GBS was impaired as compared to cells from adults. In fact, neonatal monocyte-derived 

macrophages failed to respond to IFN-, which impaired the production of superoxide anion, 

crucial for the microbicidial activity45.  

 Overall, the innate phagocyte function is impaired in the neonate as compared to 

adults, with reduced TLR4 expression and impaired innate signaling pathways that results in 

the promotion of a Th2-polarizing and anti-inflammatory responses34,46,35,47. This leads to 

deficient tissue repair and diminished phagocytosis and bioactive molecules secretion, 

enabling the emergence of potential pathogens.  

 

1.1.2.2 Adaptive immunity 

The adaptive immune system consists of cell and antibody-mediated responses, and 

the ontogeny of adaptive immunity in early life is still understudied when compared to the 

knowledge acquired for the neonatal innate immunity.  

 

T cells. T cells develop in the thymus, the mature single cluster of differentiation (CD) 

4+ and CD8+ T cells being first detected in the thymus at week 15 and abundant in circulation 

before birth48,49. Nevertheless, as a consequence of the fetal life, where the non-self antigens 

(Ags) are mostly limited to non-inherited maternal alloantigens, neonatal T cells are 

functionally different from their adult counterparts. For example, although fetal naive CD4+ T 

cells respond strongly to alloantigens, they are primed to shift towards a regulatory T cells 

(Treg) profile (Foxp3+ CD25+) via tumor growth factor-beta (TGF-β) production, which favors 

immunosuppression mechanisms50. In fact, peripheral Treg account for about 3% of total 

CD4+ T cells at birth and since these cells are present in neonates for an extended period of 

time, they partially explained the observed anti-inflammatory profile of immune system of 

newborns51,52. Another study provided evidence that recent thymic emigrants (newly produced 

T cells) have an impaired Th1 function, despite being abundant the periphery of human 

infants, which might contribute to the susceptibility of infants to Mycobacterium tuberculosis 

and other intracellular pathogens53. 

 

B cells. Comparable to T-cells, despite the high number of B-cells at birth, 

approximately 95% of neonatal B-cells are immature, and the levels of memory B-cells are 

very low-probable due to the limited antigen exposure in utero54,55.  
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Transitional B cells (newly produced in the marrow) can be found in the peripheral 

circulation during early infancy, they are functionally limited as compared to more mature 

naive B cells56. In addition, the lower expression of stimulatory molecules that bridge B and T 

cells (e.g. CD40 ligand) is a common trait of preterm and neonatal B cells57. The neonatal 

antibody responses are delayed, diminished and less persistent as compared to the response 

in adults20,58. Moreover, the neonatal B cells have fewer somatic hypermutation compared 

with adult B cells, which limits the affinity maturation of antibodies20,58. As the passively-

acquired antibody levels fall, the active production of antibodies by newborns increases over 

the first year of life. However, the functionally diversification of the IgG antibody repertoire via 

somatic mutation is only reached later in infancy58. 

Overall, many of the immune system differences described above persist only during 

the first days or weeks of life. Although, instead of being simply immature, the neonatal 

immune system, namely the innate immune cells, are committed to a pattern of cytokine 

expression which in response to pathogenic challenges is different from the adult immune 

system.   
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1.2 Neonatal Bacterial Sepsis 

1.2.1 Pathology  

 Neonatal sepsis remains a common and serious problem worldwide, especially 

between very low birth weight (VLBW) preterm infants13,59. Neonatal sepsis is recognized as 

clinical syndrome, characterized by bacterial infections with systemic involvement during the 

neonatal period (Table 1)60,61. Meningitis is normally associated as a sequelae of neonatal 

sepsis and, as a result, share a common cause and pathogenesis61. 

 

Table 1| Clinical Signs of Neonatal Bacterial Sepsis. Adapted from Infectious Diseases of the Fetus and Newborn Infant, 8th 
Edition (2014) 19. 

Clinical Signs 

Abdominal distention Hyperthermia 

Anorexia Hypothermia 

Apnea Irritability 

Cyanosis Jaundice 

Diarrhea Lethargy 

Hepatomegaly Vomiting 

 

Based on the timing of infection and on the presumed mode of transmission, neonatal 

sepsis can be divided into early-onset sepsis (EOS) and late-onset sepsis (LOS). This 

distinction has clinical relevance since EOS develops within the first three days of life and is 

mainly due to maternal intrapartum transmission of invasive organisms, while LOS manifests 

between three days to three months after birth and is caused by pathogens acquired 

postnatally59,62–64.  

An early and precise diagnosis of neonatal sepsis is not always easy to attain65. The 

clinical manifestations are non-specific and often evolve rapidly into a generalized and severe 

septic process that compromises the clinical state of untreated infants, which might culminate 

in life-threatening consequences65. 

Infants with EOS typically present fulminant and systemic illness without a defined 

focus of infection. The reported EOS mortality rate fluctuates between 3-50% (Table 

2)59,62,65,66. Normally, these infants have a history of obstetric complications that include 

premature or prolonged rupture of maternal membranes, preterm labor, peripartum maternal 
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fever and chorioamniotitis59,61,62,65. On the other hand, infants with LOS manifest a gradual 

disease development and multiple nidus of infection (Table 2)61,63,64. Bacteria responsible for 

LOS include those acquired from the maternal genital tract and also those attained after 

delivery either from human contact or from contaminated hospital equipment, where 

prolonged intensive care is needed. In addition, the LOS mortality rate remains high, varying 

between 2-40% worldwide61,63,64. 

 

Table 2| Characteristics of Early-onset and Late-onset Neonatal Sepsis. Adapted from Infectious Diseases of the Fetus and 
Newborn Infant, 8th Edition (2014)19.  
 

Characteristic Early-onset Sepsis Late-onset Sepsis 

Time of Onset (days) 0-3 3-90 

Complications of pregnancy 

and/ or delivery 
+ +/- 

Source of Organism Mother’s  genital tract 
Mother’s  genital tract;  

Postnatal environment 

Clinical Presentation Fulminant; Multisystem; 
Gradual development; 

Focal; 

Mortality Rate (%) 3-50 2-40 

 

1.2.2 Epidemiology  

 Worldwide, the reported incidence of culture-proven neonatal bacterial sepsis varies 

from less than 1 to 10 cases per 1000 live births59,67–72.  

Most data evidence derives from developed countries73,74. The incidence depends on 

geographic area and might vary from country to country, as well as within the same 

country73,74. It is estimated that the impact of neonatal sepsis in developing countries is three 

times higher than in developed nations, which might be explained by cultural practices, 

malnutrition, pour-housing, lack of  access to health care and poor socioeconomic status of 

the latter73,74. 

 In industrialized countries, neonatal bacterial sepsis incidence is less than 5 per 1000 

live births75. A study conducted throughout United States reported an estimated incidence of 

neonatal sepsis from 0.77 to 1 per 1000 live births76,77. In another study focused in neonatal 

sepsis in United Kingdom estimates an incidence from 0.9 to 3 per 1000 live births78.  
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Of note, the World Health Organization (WHO) estimates that there are 5 million 

neonatal deaths per year and that approximately 99%, occurs in developing countries9,75,79. 

Neonatal sepsis is responsible for 30- 50% of neonatal mortality80.  

A study conducted in Asia reported an incidence of neonatal sepsis of 7.1 per 1000 

live births70. Others studies reported an incidence of 6.5 per 1000 live births in Africa and, 3.5 

per 1000 live births in South America and the Caribbean71,72. 

The incidence and mortality are significantly higher when VLBW preterm infants are 

considered only. Globally, preterm with a birth weight of less than 1000 g have an estimated 

incidence of 26 deaths per 1000 live births while the incidence in preterm with a birth weight 

between 1000 and 1500 g is 8 deaths per 1000 live births77.  

 

1.2.3 Etiology 

 The diversity of organisms that promote neonatal sepsis varies between different 

region of the world due to the distinctive patterns of antibiotic use and changes in lifestyle81–

83. Historically, the organisms associated with neonatal sepsis have changed over time. 

Overall, this disease can be caused both by Gram-positive and Gram-negative bacteria84. 

Some studies indicate that GBS and Gram-negative enteric bacilli, mainly E. coli, remain the 

most frequent pathogens involved in neonatal sepsis84. 

 Nevertheless, the etiology differs between EOS and LOS. The organisms most 

frequently involved in EOS are GBS and E. coli for both term and preterm infants. Together, 

these organism account for approximately 70% of EOS cases59.  

 GBS emerged as the leading cause of EOS in 1970 and remains so among term 

infants, accounting for almost 40% of EOS cases85. However, the incidence of GBS has 

declined by 80% since the Centers of Disease Control and Prevention (CDC) prevention 

guidelines were first published86. At the same time, with widespread use of intrapartum 

antibiotic prophylaxis (IAP) for GBS, Gram-negative enteric bacteria, predominantly E. coli, 

have become the leading cause of EOS in the preterm population. E. coli accounts for 

approximately 34% of EOS cases in preterms77,87,88.  

Although being less prevalent, other organisms might cause EOS, including 

Streptococcus pneumoniae, Enterococcus spp., Staphylococcus aureus, Haemophilus 

influenza, Enterobacter spp. and Listeria monocytogenes77,84,89,90. 
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 In contrast, the majority of bacterial isolates from blood cultures of neonates with LOS 

were positive for coagulase-negative staphylococci (CoNs), Staphylococcus aureus, 

Enterococci, GBS, E.coli, Klebsiella spp,, Enterobacter spp. and Pseudomonas spp.91  

 

1.2.3.1 Group B Streptococcus 

 Group B Streptococcus, a common designation for Streptococcus agalactiae, is a 

Gram-positive β-hemolytic diplococcus bacterium92,93. The first isolation of a streptococcal 

strain with properties corresponding to GBS was reported in 1887 by Nocard. In 1920, GBS 

was recognized as the etiological agent of bovine mastitis92,94.  

Only in the 30’s, Rebecca Lancefield, based on the serological cross-reactivity to the 

cell wall carbohydrate antigens, divided the hemolytic streptococci isolated from human into 

five groups (A, B, C, D and E) where S. agalactiae was the only specie belonging to the 

serogroup B93. In the same decade, GBS was isolated for the first time as a colonizing bacteria 

in pregnant women and begun to be recognized as potential human pathogen93. The first fatal 

cases of postpartum infections due to GBS were reported in 1938, while the first correlation 

to neonatal sepsis and meningitis was described in 194795,96. However, only in 1960 the 

problems caused by GBS in peri- and neonatal period became evident. Eickhoff et al. claimed 

that GBS was responsible for 25% of neonatal sepsis in their hospital and that this organism 

was often isolated from women with postpartum endometritis97. Thereafter, GBS emerged as 

the leading cause of neonatal infections in North America and Europe98.  

Lancefield’s original serologic classification was achieved by procedures that resulted 

in degraded antigens. Eighty years later, new techniques were employed and large molecular 

mass polysaccharides were isolated containing an additional antigenic determinant, sialic 

acid, making it possible to differentiate GBS immunochemically in ten capsular types, based 

on their type-specific polysaccharides (Ia, Ib, II, III, IV, V, VI, VII, VIII, and IX)99–101. 

Despite the improvements in diagnosis and the introduction of IAP, GBS remains the 

leading cause of neonatal infections (0.3 to 3 per 1000 live births) with an associated mortality 

rate of 10%102–105. In addition, approximately 25-50% of surviving infants experience 

permanent neurologic sequelae such as mental retardation, cerebral palsy and seizures102–

105. 

1.2.3.2 Escherichia coli  

 E. coli is an oxidase-negative, Gram-negative, rod-shaped bacterium capable of 

growing both aerobically and anaerobically106. The first report of isolated slender short rods 
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dates back to the year of 1885107. However, only in 1954, after many synonyms and iterations, 

E. coli was fully recognized and described108.  

 Through the years, E. coli has been known as a commensal of the gastrointestinal 

tract of warm-blooded animals and human digestive tract109. As a commensal it lives in 

mutually beneficial association with host. However, this microorganism is also one the most 

common animal and human pathogens, with some of their strains being responsible for a 

broad spectrum of diseases110.  

 Based on the type of virulence factor and host clinical symptoms, E. coli strains were 

classified into pathogenic types, seven enteric E. coli pathotypes and three extraintestinal E. 

coli pathotypes strains have been described109,111,112.  

 Sepsis-causing E. coli (SEPEC) and neonatal meningitis-associated E. coli (NMEC)  

are two pathotypes usually implicated in extraintestinal infections, as the major cause of 

Gram-negative neonatal sepsis and meningitis with an associated mortality rate that fluctuates 

between 15-40%67,68,111–113. As mentioned previously, E. coli is considered the second most 

common cause of neonatal sepsis in term infants and the most frequent cause of sepsis in 

preterm infants, especially in VLBW preterms (5,09 per 1000 live births)68,114. Moreover, E. 

coli underpins 33,4% of all episodes of EOS in VLBW preterm infants87.  Among the different 

E. coli strains, those expressing the K1 capsule antigen have been associated with the 

development of neonatal sepsis and meningitis, as well as with increased risk of mortality 

when compared to K1 negative strains115.  
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1.3 Neonatal GBS-related Diseases 
 

1.3.1 Risk Factors 

 GBS is a commensal organism that is able to primarily colonize the urogenital and 

gastrointestinal tracts of more than 30% of the healthy population and, in particular, 25-40% 

of healthy women are asymptomatically colonized116–118. Furthermore, it is estimated that up 

to 30% of pregnant women are chronic, transient or intermittently colonized with GBS in their 

vaginal tract and/or rectum, increasing up to 50-70% the risk of transmitting this organism to 

their newborn infant during the perinatal period119–121. Therefore, GBS maternal colonization 

is the primary risk factor for the development of neonatal diseases in the first week of life122. 

 In addition, the risk of the neonate to acquire this bacterium by the vertical route is 

directly correlated with the density of mother’s colonization123. Prolonged rupture of 

membranes, prematurity, maternal age inferior to 20 years, black race and intrapartum fever 

are among the risk factors associated with neonatal GBS infections59,104,124. 

 

1.3.2 Transmission of GBS to Neonates 

 The presence of GBS in the maternal genital tract at birth is the main determinant of 

colonization and infection of the newborn123. Vertical transmission occurs when bacteria 

ascend into the uterus or when the neonate passes through the colonized birth canal (Figure 

4)125–127.  
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Figure 4| Stages of pathogenesis of neonatal GBS infection. Adapted from Molecular pathogenesis of neonatal group B 

streptococcal infection: no longer in its infancy (2004)126. The illustrations used in this image were created by Amanda Montanez. 

 

Intrauterine infection of the fetus occurs either by the GBS ascension to the amniotic 

sac by translocation through intact membranes or by fetal aspiration of contaminated 

fluids125,126. This can lead to placental membrane rupture resulting into premature deliveries 

and stillbirths128. Otherwise, the newborn can acquire the bacteria during delivery by aspiration 

or ingestion of infected maternal vaginal secretions125,126. Transmission rates range from 29% 

to 85%, with a mean of 50% infants born from women who have positive GBS cultures127. 

Other sources of GBS colonization have been suggested. Horizontal transmission from 

hospital or community sources to neonates is an important but much less common mode of 

GBS transmission129. Cross-contamination from maternally infected to uninfected neonates 

can also occur through the nursery personnel129,130. 

 

 

 



FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 

Group B Streptococcus and Escherichia coli 

17 

 

1.3.3 Clinical Manifestations and Outcome 

 Neonatal GBS diseases have been traditionally classified as early-onset disease 

(EOD) and late-onset disease (LOD) based on timing of infection and disease manifestation 

(Table 3)131.  

EOD manifests in the first 7 days after birth and accounts for 60-70% of all GBS 

neonatal illness. The bacteria can spread into the bloodstream and the disease can rapidly 

progress and present clinical signs, typically pneumonia (10-15%) or sepsis (80-85%), which 

appear within the first 12-48 hours (Figure 4)59,122,131,132. Though less frequently, EOD can 

evolve into meningitis (5-10%)132. Although the case-fatality ratio of EOD has diminished from 

50% in 1970 to values up to 10%, there is still much to be done in order to sustain this positive 

trend, in response to the recent overwhelming concern with therapy resistance131,133. 

LOD occurs after the first week of life until the first 90 days, and is characterized by 

sepsis (65%) and a high incidence of meningitis (25-30%) (Figure 4)131,134,135.  The mortality 

rate of LOD (1-6%) is lower than that of EOD. However, the morbidity is high, with 25-50% of 

neonates that survive GBS infection suffering serious complications including developmental 

disabilities, hearing loss, seizure disorder, and speech delay131,134,135.  

As mentioned previously, GBS can be differentiated immunochemically into ten 

serotypes (Ia, Ib, II-IX), based on their immunogenic capsular polysaccharides (CPS)99–101. 

The distribution and prevalence of these serotypes varies regionally. GBS serotype Ia and III, 

following by Ib and V are responsible for the majority of EOD132,136. Relatively to LOD, the 

majority of the cases have been associated with GBS serotype III137.  In addition, a singular 

hypervirulent serotype GBS clone that belongs to bovine-derived sequence type (ST) 17, has 

been linked with the majority cases of meningitis due to its rapid dissemination and expression 

of a ST-17-specific surface-anchored protein, the hypervirulent GBS adhesion  (HvgA) 

protein, that enhances GBS adherence and translocation through the intestinal epithelium and 

blood-brain barrier (BBB)98,138,139. 
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Table 3| Features of GBS disease in neonates. Adapted from Group B Streptococcal Infections (2011) 127 

Feature Early-onset (<7 days) Late-onset (7-90 days) 

Median age at onset (days) 1 37 

Maternal obstetric complications Frequent Preterm delivery 

Common manifestations 

Sepsis (80-85%) 

Pneumonia (10-15%) 

Meningitis (5-10%) 

Sepsis without focus (65%) 

Meningitis (25-30%) 

CPS types isolated Ia, II, III, V Ia, III, V 

Mortality rate (%) 3-10 1-6 

 

 

1.3.4 Prophylaxis for Neonatal GBS Infections 

 By the late 1990s, CDC in cooperation with both American Academy of Pediatrics and 

American Congress of Obstetricians and Gynecologist, published guidelines for IAP  that 

many countries have adopted140. Nowadays, IAP is the most widely used strategy for GBS 

prevention and is applied after the screening approach for GBS identification or by 

identification of clinical risk factors (prematurity, prolonged rupture of membranes, intra-

amniotic infection, maternal temperature of  ⩾38 °C during pregnancy and GBS isolation at 

any time during the pregnancy). Therefore, following these recommendations all pregnant 

woman should be screened between 35 and 37 weeks gestation for GBS vaginal and rectal 

colonization86,141,142. In addition, both approaches recommend antibiotic administration during 

labor to women who were GBS positive at the screening time and/or presenting one of the 

clinical risk factors mentioned above86,141,142. 

 In 2002, these guidelines were reviewed and later, in 2010, a new document was 

published with a reinforcement of some keypoints140,143. Nevertheless, the foundations 

remained unchanged. The recommended antibiotics for IAP are penicillin and ampicillin and, 

for those who are allergic to β-lactams is recommended to take cefazolin, clindamycin or 

erythromycin140. Despite the success of this strategy in reducing GBS-induced EOD over the 

past 20 years, with US reporting a decay of more than 80% in the incidence of EOD in 2013, 

the incidence of GBS-induced LOD, stillbirths or premature births remained fairly stable 

(Figure 5)144–148. 
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Figure 5| Incidence of Early- and Late-onset GBS disease in the Active Bacterial Core surveillance areas from 1989 to 2008140. 
 

 The antibiotic approach present several limitations, side effects and more noteworthy 

the emergence of antibiotic-resistance strains147. The resistance is mainly observed against 

clindamycin and erythromycin, US and Canada having reported a clindamycin resistance 

between 3-21% and an erythromycin resistance of 5-29% in GBS invasive isolates149,150. 

Recently, also in US, was reported an increased prevalence of community extended-spectrum 

beta-lactamase (ESBL) also observed across the globe, including Europe, South America and 

Asia, with 36% of all E. coli infections in that study being caused by community-acquired ESBL 

produces151,152.  

Additionally, antibiotic exposure closer to the time of delivery have been linked with a 

reduction in the diversity and composition of intestinal microbiota on mother and more 

importantly on the infant, delaying the appearance of beneficial bacteria and interfering with 

the development and maturation of infant’s immune system153,154. These alterations can lead 

to an increased susceptibility to develop LODs, asthma, atopic dermatitis, allergic diseases, 

rheumatoid arthritis and autoimmune diseases155.  

Overall, the long-term consequences of IAP reinforce the need for an effective 

alternative treatment against GBS infections. Maternal vaccination represents the most 

attractive strategy for GBS disease prevention since it would induce the production of 

Before national 
prevention 

 policy 

Transition Universal 
screening 
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antibodies that could cross the placenta and provide protection in the newborn against this 

infection156.   

 

1.3.5 GBS Virulence Factors 

 The development of GBS disease reflects successful bacterial colonization of the 

vaginal epithelium, penetration of placental or host tissues, resistance and evasion of host 

immune defenses and resistance or adaptation to antibiotic treatments157. In overcoming 

these obstacles, GBS expresses a diverse set of virulence factors that mediate specific host-

cell interactions and interfere with immune clearance mechanisms (Figure 6). 

 

Figure 6| Summary of the main virulence factors of GBS. Adapted from The Pathogenesis of Streptococcal Infections: from tooth 

decay to meningitis (2003)158. 

 

The first and crucial step in GBS colonization is adhesion. Adhesion factors are 

expressed on GBS surface allowing the binding to extracellular matrix proteins of colon and 

genital tract epithelial, which promotes GBS invasion by disruption of the epithelial cell layer 

or by modulation of the epithelial cytoskeleton and the junctional protein assembly (Table 

4)159–161. Some of GBS virulence factors include: adhesion factors that bind to immobilized 

and soluble fibrinogen such as fibrinogen-binding protein A (FbsA), that mediates adhesion, 

and fibrinogen-binding protein B (FbsB), that promotes GBS invasion of host cells162,163, 

laminin-binding protein (Lmb) which appears to intervene in GBS pathology by facilitating  

GBS translocation across the intestinal epithelium and BBB; bacterial surface adhesion of 

GBS (BsaB), which contributes to GBS invasion and promotes colonization of GBS in biofilms; 
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streptococcal C5a-peptidase (ScpB), which binds to fibronectin and is responsible for 

inactivating the neutrophil chemoattractant of the human complement C5a; serine-rich repeat 

protein (Srr) 1 which binds to keratin 4 and fibrinogen; Srr-2 which binds to both plasminogen 

and fibrinogen; and GBS surface protein containing the leucine-rich-repeat (LRR) motifs that 

binds to human lung and cervical epithelial cells164–171. In addition, another group of GBS 

adhesion factors, including GBS alpha C proteins and Srr proteins, is characterized by the 

highly conserved LPxTG (Leu–Pro–X–Thr–Gly) motif at the C-terminus. LPxTG is cleaved 

between Thr and Gly by the transpeptidase sortase A which covalently binds GBS to the cell 

wall promoting colonization and invasion172–174. 

Nevertheless, GBS possess additional structures involved in adhesion called pili, 

filamentous cell surface appendages105,175. GBS pili are constituted by three subunits, a 

backbone protein (PilB), essential for pilus assembly, a pilus-associated adhesion (PilA) and 

PilC that anchorite the protein assembly to the cell wall105,175. PilA promote GBS adherence 

to the vaginal and brain endothelium105,175. GBS ST-17 expresses a specific virulence factor, 

the HvgA139,176. Similar to pili, HvgA mediates both colonization and invasion in the intestine 

and confers meningeal tropism in neonatal mice139,176. 

 GBS translocation across the epithelial barrier is further facilitated by the virulence 

factor β-hemolysin/ cytolysin (β-H/C), a pore-forming toxin, which is crucial for maternal-fetal 

barriers disruption and subsequent vertical transmission of GBS to the fetus in vivo177,178. 
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Table 4| GBS virulence factors. Adapted from Understanding the regulation of Group B Streptococcal virulence factors (2009)179. 

 

 

Another important virulence factor is the glycolytic enzyme glyceraldehyde-3-

phosphate dehydrogenase (GAPDH)98,180,181. This protein is able to bind lysine residues of the 

host plasminogen, converting them into plasmin by host-derived activators, thereby conferring 

to GBS the ability to degrade extracellular matrix barriers180,181. This modification supports 

tissue penetration and also disrupts the tight junctions of human brain microvascular 

endothelial cells, facilitating GBS invasion of the central nervous system (CNS), contributing 

to the establishment of meningitis182. 

 

1.3.6 GBS Glyceraldehyde-3-Phosphate Dehydrogenase as a 

Virulence Factor 

 GAPDH (EC 1.2.1.12) is a highly conserved cytosolic enzyme which plays an 

important role in the glycolytic pathway for energy metabolism. The structure of the GAPDH 

from GBS is shown in Figure 7. This enzyme catalyzes the oxidative phosphorylation of d-
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glyceraldehyde 3-phosphate into 1,3-bisphosphoglycerate using nicotinamide adenine 

dinucleotide (NAD) or nicotinamide adenine dinucleotide phosphate (NADP) as a 

cofactor183,184. In addition to the cytoplasmic form, recently was identified a surface localized 

form of GAPDH in several microorganisms like bacteria, protozoans and fungi183,184. 

Moreover, GAPDH has been associated with several processes of bacterial pathogenesis 

such as adherence, evasion, apoptosis and other alternative functions185–188.   

 

Figure 7| Structure of Streptococcus agalactiae glyceraldehyde-3-phosphate dehydrogenase holoenzyme. PDB reference: GBS 

GAPDH, 4qx6. 

 

Our group have identified GBS GAPDH as an essential virulence factor for bacterial 

pathogenesis189.  

Furthermore, our group demonstrated that the extracellular form of GAPDH acts as an 

immune-modulatory protein facilitating colonization. The GBS GAPDH was able to induce a 

polyclonal activation and differentiation of B cells, as well as an early production of anti-

inflammatory cytokine IL-10, which inhibited the development of an effector immune response 

against GBS, highlighting the important role of GAPDH as a virulent factor for the bacterium190. 

In addition, when adult mice were infected with a GAPDH-overexpressing GBS strain, their 

livers were significantly more colonized, than those of mice infected with the wild-type strain190.  

It has also been demonstrated in neonates mice that GBS recognition through TLR2 

or GAPDH induce an early-production of host IL-10191. This cytokine production prevents 

neutrophil recruitment into infected organs and, consequently, the bacterium is not clear189,191. 

In the absence of TLR2, or using antibody neutralization of GAPDH or IL-10 receptor (IL-10R) 

in neonates, the influx of neutrophils was reestablished towards the sites of infection, allowing 

GBS clearance and the resolution of infection189,192. These results allowed our group to 

conclude that neonatal susceptibility to GBS infection derived from their tendency to early 
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produce IL-10 after infection and these effect was mediated by GAPDH, making these protein 

a potential therapeutic target. 

Maternal vaccination with recombinant GAPDH (rGAPDH), or passive immunization 

of neonates with IgG anti-GAPDH antibodies, confers protection to the offspring in a mouse 

model of lethal GBS infections. The mechanism involved in the reported results is the 

blockage of GAPDH modulatory effect on the neonatal immune system, once the anti-GAPDH 

F(ab’) 2 fragments were as effective in enhancing neonatal survival and bacterial clearance 

as whole antibodies189. More recently, our group also showed that the vaccine is safe and 

stable and was effective to protect susceptible and diabetic adult mice against GBS 

infections193. 

The observed efficiency of this vaccine, associated to the fact that GAPDH is a 

glycolytic enzyme structurally conserved and metabolically essential for bacterial growth, 

makes it a powerful candidate for the development of a universal human vaccine against GBS 

infections. However, given the ubiquity of GAPDH, a GAPDH-based vaccine has also the 

potential to recognize commensals, particularly in the neonatal period delaying the gut 

colonization. 

1.3.7 The microbiome in early life: implications for health outcomes 

During early life, there are major changes in the composition of the intestinal 

microbiota194,195. The assembly of the human gut microbiota begins during birthing, being the 

mother’s vaginal and fecal microbiota the most important source of inoculum followed by 

microorganisms from the external environment194,195. The initial microbiota evolves over time, 

adapting to the physicochemical and biological characteristics of each body site, and since 

the intestinal environment of neonates shows a positive oxidation/reduction potential, at birth, 

the gastrointestinal tract is colonized first by facultative aerobes microorganisms, 

predominately Lactobacillus species196,197. Gradually, the consumption of oxygen by these 

bacteria changes the intestinal environment into a more-reduced one, allowing the 

subsequent growth of strict anaerobes, such as Bifidobacterium, Bacteroides and 

Clostridium197–200. Microbial diversity continues to increase until the cessation of weaning 

when the microbiota becomes similar to that of the adult200–202. Bifidobacteria and lactobacilli 

are considered the most important health-beneficial bacteria for the human host196,197. 

 The gut microbiota plays an important role in human health by providing a barrier for 

colonization of pathogens, by exerting important metabolic functions and also by stimulating 
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the development of the immune system203. A balanced relationship between the host’s 

microbiota and the immune system is essential for a homeostatic response towards 

pathogenic challenges and to prevent aberrant inflammation204,205. The neonatal innate 

immune system of the newborns, as mentioned previously, is biased against Th1-cell-

polarizing cytokines to avoid potentially harmful pro-inflammatory responses, allowing 

microbial homing and colonization. Hence, following numerous pathogenic encounters, often 

in an age-dependent manner, there is a transition from Th2 toward Th1 polarization206–208. 

However, as stated above this type of immune response makes newborns more susceptible 

to opportunistic pathogenic attacks206–208. 

 Several studies have reported that dysbiosis (an altered balance in the composition of 

the commensal microbiota) in newborns gut promote a strong Th1 bias, pushing the immune 

system to a pro-inflammatory state, promoting tissue damage, impaired infection resolution 

and tissue repair, unsettling the normal immune regulation, potentially leading to long-term 

consequences such as obesity, psoriasis, allergy and autoimmune diseases200,209. In addition, 

it is well known that colonization in the early days after birth is influenced by several factors 

that include the gestational age (preterm versus full-term), the mode of delivery (vaginal 

versus caesarean section), feeding choice (breast versus formula feeding), hospitalization 

after birth and antibiotic use210. 

 The introduction of universal screening for GBS and consequent IAP which followed 

CDC updated guidelines has shown a clearly advantage in the prevention of GBS 

infections144–148. Despite the clinical benefit of IAP, however, little is known in how it affects 

neonatal bacterial gut colonization and whether alterations of gut microbiota related to IAP 

could result in long-term consequences in terms of health and disease211. Most previous 

studies on this topic report a significant gut microbiota disruption following antibiotic treatment 

at birth, including microbiota diversity and altered taxonomic distribution persisting for up to 8 

weeks212–214. Other study show a decrease of vertical transmission of lactic acid bacteria from 

IAP-treated mothers215. Recently, Aloisio et al. reported lower bifidobacteria counts 7 days 

after maternal IAP for GBS199.  

 In light of evidence that infant gut microbiota dysbiosis may be detrimental to the 

development of neonatal metabolic and immune systems, GAPDH, known as a high 

conserved enzyme between bacteria, could present cross-reactivity with the commensal 

microbiota. Additional studies on the short- and long-term impact of anti-GAPDH IgG 

antibodies on newborn’s microbiota are needed due to the highly relevant potential usage of 

this antigen as a target for a vaccine against GBS infections.  
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1.4 Neonatal E. coli- related Diseases 
  

In the past decades, the epidemiology of neonatal sepsis have changed, several 

studies having reported increasing rates of E. coli neonatal sepsis, especially among preterm 

infants84,87,114,216. The widespread use of IAP raised the concern about the potential for risk of 

non-GBS EOS217. Some of these concerns were recognized when several centers reported 

the emergence of E. coli over GBS as the predominant microorganism responsible for EOS, 

as well as initiation87,218,219. 

 

1.4.1 Transmission of E. coli to Neonates  

 E. coli is a normal colonizer of the human gastrointestinal tract, but also a prevalent 

microorganism in the maternal birth canal, and most infants are colonized in the lower 

gastrointestinal or respiratory tracts during or just before delivery220,221. Although E. coli is 

largely regarded as commensals, some isolates have the potential to cause severe human 

infections222. The developing of these overwhelming diseases in the neonates depends of the 

virulence of the pathogen as well as the risk factors in both the mother and the infant223. The 

mode of E. coli transmission to neonates may be either transplacental or directly through 

aspiration of E. coli during delivery221,223,224. Therefore, as already described for GBS neonatal 

infections, E. coli vaginal colonization of pregnant women seems to be an important step for 

vertical transmission. The presence of this bacterium in vaginal tract was detected in 13–15% 

of pregnant women225. However, not all E. coli strains are involved in pregnancy complications 

or cause neonatal infections, the pathogenicity of these microorganism is correlated with the 

presence of numerous virulence factors224,226. It is known that strains possessing the K1 

capsular polysaccharide antigen (K1+) are able to adapt and colonized mother’s vagina or 

rectum and therefore play an important role in transmission of these diseases to the 

newborn223. In addition, there are many vectors of E. coli spread such as the newborns 

colonized that can spread these microorganism to other babies that might not be infected and 

also the nursing staff with the air and equipment acting as additional reservoirs of infecting 

strains220. 
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1.4.2 Clinical Manifestations and Outcome 

 In the past years, the incidence of neonatal E. coli infectious has increased being  

responsible for about 24-29% of all EOS cases68. Moreover, as mentioned above, NMEC and 

SEPEC are the most common cause of Gram-negative neonatal sepsis and meningitis with 

an associated mortality rate that fluctuates between 15-40%67,68,111–113.  These  microorganism 

have been progressively recognize as the most frequent cause of sepsis in preterm infants, 

especially  in VLBW preterms, due to an increase in preterm births and in the survival of VLBW 

preterms68,114. Therefore, E. coli is responsible of 33,4% of all episodes of EOS in VLBW 

preterm infants87.  In 2008, US report an incidence of E. coli EOS in VLBW infants of 10 per 

1000 live births and an incidence of E. coli LOS in VLBW infants of 21 per 1000 live births114. 

As mentioned above, NMEC and SEPEC are the most common cause of Gram-

negative neonatal sepsis and meningitis with an associated mortality rate of 15-40%67,68,111–

113. The K1 capsular antigen is present in 81% of NMEC and 60% of SEPEC strains224,227. 

Infants with meningitis caused by K1 strains had significantly higher mortality and 

morbidity rates than infants with meningitis caused by non-K1 E. coli strains228. The 

pathogenesis of E. coli K1 infection is theorized to begin with bacterial penetration of the 

gastrointestinal epithelium and passage to the bloodstream. Efficient transcytosis of 

gastrointestinal epithelial cell monolayers by the pathogen has been documented in several 

reports in neonatal rat models229–232. The ability of these strains to induce a systemic infection 

was showed to be age-dependent since pups with two days old were  significantly more 

susceptible to bacterial invasion that pups with nine days old231. 

 

1.4.3 Prophylaxis for Neonatal E. coli Infections 

 Regardless of the current therapeutic regiment for neonatal GBS diseases, there are 

no specify guidelines to treat neonatal E. coli associated pathology59. Although the clinical 

approaches are selected empirically based on the etiologic pathogens, even before bacterial 

identification, usually ampicillin and gentamicin are the therapeutic agents selected. 

Moreover, only after bacterial identification in blood and cerebrospinal fluid the initial treatment 

is complemented68,233. In case of E. coli infection confirmation, cephalosporins are introduced 

in the initial clinical approach. Despite the use of these therapeutic agents, they did not income 

any significant impact in the mortality and morbidity rates associated with neonatal E. coli 

infections in the last decades68,233. Actually, the fatality rate of E. coli infected infants have 

stabilized in approximately 30%. Furthermore, due to an emergence of E. coli ampicillin-
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resistant strains there is estimated that neonatal E. coli infections prevalence it will continue 

to increase. Several countries have reported the appearance of particular strains, able to 

produce an ESBL conferring resistance to almost all β-lactam antibiotics such as 

cephalosporins68,234,235.  

 

1.4.4 E. coli Virulence Factors 

 The development of E. coli caused disease is dependent of the success of bacterial 

colonization and evasion of host immune defenses. E. coli expresses a diverse set of virulence 

factors that mediate bacterial invasion, survival and replication within host cells. Specifically, 

NMEC and SEPEC typically share many virulence factors that promote: the colonization of 

host surfaces, avoidance and/or subversion of host defense mechanisms, invasion and/or 

injury of tissues and the initiation of inflammatory responses. Several highly regulated 

virulence factors contribute to this complex pathogenesis, including K1 capsule, 

lipopolysaccharide, alpha-hemolysin, fimbrie, cytotoxic necrotizing factor (CNF) 1, outer 

membrane protein A (OmpA), brain endothelium invasion proteins (Ibe), arylsulfatase-like A 

(aslA) and increased serum survival protein (Iss)109. 

In spite of the occurrence of E. coli sepsis has increased in recent years, there are few 

reports detailing the mechanisms of SEPEC pathogenesis236.  In contrast, NMEC 

pathogenesis have been extensively study since that is the most frequent cause of Gram-

negative-associated meningitis in newborns with a fatality rate that can approach 40%, and 

usually the survivors are burdened with severe neurological sequelae109,235,237.  

The NMEC pathogenesis is complex, as the bacteria must enter into the bloodstream 

through the gastrointestinal tract and eventually cross de BBB into the CNS, resulting into 

meningeal inflammation (Figure 8)238. The progression of disease is dependent on high 

bacteremia and, therefore, protection from the host immune system is essential. The K1 

capsule and OmpA of E. coli play an important role238. Furthermore, some reports show that 

NMEC interacts and invade macrophages and monocytes preventing the apoptosis and 

chemokine release by these cells, and at the same time, providing a replicative niche before 

dissemination back into the bloodstream239,240. This allows the generation of sufficient bacteria 

to cross the BBB239,240. It also reported that NMEC is able to inhibit the DC maturation241.  
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Figure 8| Pathogenic mechanisms of NMEC. Adapted from Molecular mechanisms of Escherichia coli pathogenicity (2010)242. 
 

The attachment of NMEC to BBB, a tight barrier composed by brain microvascular 

endothelial cells, is mediated by FimH of the type 1 pili that bind to CD48 and by OmpA which 

bind to its receptor ECGP96, on the surface of brain microvascular endothelial cells243,244. 

These processes are essential before initiation of invasion once that these interactions leads 

to increase  intracellular Ca2+ stimulating actin rearrangements243,245. Furthermore, invasion 

processes involves CNF1 that bind to 67kDa laminin receptor (67LR), CNF1 deaminates Rho-

family GTPases that are associated with myosin rearrangements which are crucial to invasion 

of NMEC246–248. In addition, K1 capsule also has a role in invasion process by preventing 

lysosomal fusion allowing the delivery of live bacteria across the BBB249. Together, these 

mechanisms allow NMEC to penetrate the BBB and gain access to the CNS, where they 

cause inflammation and neural damage. 

Overall, there are several reports that focus their studies in neonatal E. coli meningitis 

but only few reports focus on neonatal E. coli sepsis. Therefore, how the neonate immune 

system responds to E. coli reaming to be further elucidated. 
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2. Objectives 
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2.1 Objectives 

  

GBS and GBS-related diseases have been the focus of extensive studies for our group 

in the past years. In this regard, we have proved that GAPDH is a valuable GBS vaccine 

candidate to prevent neonatal and adult GBS-related diseases. Nonetheless, the high 

similarity of GAPDH among microorganisms has been a concern since that GAPDH-based 

vaccine could present cross-reactivity with several bacteria such as the commensal 

microbiota. Neonatal colonization by microbes begins immediately after birth and is influenced 

by several factors such as gestational age, mother’s microbiota and exposer to antibiotics 

which could be deleterious to the newborns. Because alterations in the microbiota 

composition have impact on health, the safety of our vaccine must be tested for microbiota 

colonization. Therefore, one of the main goals of the present work was to investigate the 

impact of anti-GAPDH antibodies on the establishment of commensal microbiota in the 

neonatal gut. 

In addition to GBS-related neonatal pathologies, an increase of E. coli-related neonatal 

diseases has been observed, partially due to the current intrapartum antibiotic therapies. 

Though, it is imperative to understand the immune response of neonates to this pathological 

bacterium in order to develop new strategies that can prevent, diagnose, and treat the 

infection of neonates. Bearing that in mind, the second goal of this work was the development 

of a mouse model of neonatal E. coli infection that could be used to characterize the immune 

response of newborns to the infection.  

To reach these two main goals, specific objectives were defined in a sequence of 

different tasks, as described in the next section. 
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2.2 Work Plan 

  

Focused on neonatal bacterial infections, the present dissertation can be divided in 

two main parts: one part aiming at assessing the possible side effects of a GBS targeted 

therapy upon neonatal microbiota; and a second part towards the development of a mouse  

model of neonatal E. coli infection. 

 To evaluate the cross-reactivity of rGAPDH vaccination with the GAPDH from  

microbiota we plan on i) evaluating the GAPDH homology between GBS and selected 

commensal microorganisms by the alignment of the primary protein sequences,  ii) purifying 

GBS rGAPDH and iii) initiating the maternal immunization protocol. After confirming a 

successful progeny immunization with rGAPDH-specific IgG antibodies, we intend to assess 

and compare the gut microbiome of the immunized offspring to those of the control groups 

(sham-vaccinated and untreated control groups), at different postnatal days (PND) (PND1-

30) and during adulthood (2-4 months old mice). DNA will be extracted and purified, and the 

V3V4 region of the 16S rRNA gene will be amplified and sequenced. Finally, we plan on 

verifying the impacts of GAPDH maternal vaccination on the development of neonatal immune 

system, which might be a consequence of microbiota alterations. 

 In the second part of this work, we plan on i) developing of a mouse model of neonatal 

E. coli infections and ii) characterizing the innate immune response to E. coli infection. To 

mimic the natural route of infection in humans, newborn BALB/c mice will be orally infected 

with E. coli K1 and sacrificed at specific time points. Afterwards, we intend to analyze bacterial 

colonization in several organs, to quantify the production of anti- and pro-inflammatory 

cytokines and chemokines, and to evaluate phagocyte recruitment to the infected organs. 
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3. Materials and Methods 
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3.1 Animals 

Six- to eight-week-old male and female BALB/c mice were purchased from Charles 

River. All animals were kept at the Instituto de Ciências Biomédicas Abel Salazar animal 

facilities during the time of the experiments. Mice were housed in Techniplast ventilated 

polycarbonate cages under negative pressure with hardwood bedding and provided with 

Mucedola Diet and fresh tap water, ad libitum, throughout the study. The temperature was 

maintained between 21–23˚C and the relative humidity at 50% ± 20% with a 12-hours 

light/dark cycle.  

 

3.2 Ethics statement 

 All procedures were performed in strict accordance with the recommendations of the 

European Convention for the Protection of Vertebrate Animals used for Experimental and 

Other Scientific Purposes (ETS 123) and 2010/63/EEC Directive and Portuguese rules (DL 

113/2013). All animal experimental protocols were approved by the competent national 

authority Direcção Geral de Alimentação e Veterinária (DGAV), and by the local Animal 

Ethical Committee. All animal experiments were planned in order to minimize mice suffering 

and to reduce the number of animals used.  

 

3.3 Purification of GBS recombinant GAPDH 

 E. coli BL21 (DE3) strain (Novagen) transformed with the recombinant plasmid 

pET28agapC (Novagen) was used for the production of rGAPDH from GBS. Standard 

recombinant techniques were used as described in Madureira et al. (2007)190. Briefly, the 

gapC gene (gbs1811; http://genolist.pasteur.fr/SagaList/) was amplified by PCR in its entirety 

from Streptococcus agalactiae chromosomal DNA with the primers GAP-NcoI 

(CCccatggTAGTTAAAGTTGG) and GAP-XhoI (CCCctcgagTTTTGCAATTTTTGC). The NcoI 

site of the forward primer included the ATG translational start site of gapC, whereas the XhoI 

site of the reverse primer was used to remove the stop codon. This 1021-bp long DNA 

fragment was digested with NcoI and XhoI restriction enzymes and cloned into pET28a 

linearized with the same enzymes to produce a rGAPDH containing a carboxylic histidyl tag. 

E. coli BL21 (DE3) cells were transformed with the resulting recombinant plasmid 

(pET28agapC). E. coli BL21 (DE3) transformed strain was grown in Luria-Bertani media with 

kanamycin 50μg/mL (Sigma) at 37 ⁰C under agitation (80 rpm) until optical density at 600 nm 
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was ~0,800 nm. Isopropyl-β-D thiogalactopyranoside (IPTG) 1M was added to induce the 

expression of rGAPDH for 3 h at 20⁰C, with agitation, after which the bacteria was collected 

by centrifugation and ressuspended in 10mM imidazole phosphate buffer (Sigma). Samples 

were incubated on ice for 1 hour with 100 µg/ml lysozyme. After sonication (10 times for 30 

seconds), the insoluble fraction was removed by centrifugation, at 3500 g for 15 minutes (min), 

at 4 oC. The supernatant was filtered in a vacuum system through a 1.2, 0.45, and 0.2 M 

pore size filter (Millipore), and applied to a His-trap column (GE Healthcare Life sciences). 

rGAPDH was eluted with 300mM imidazole under native conditions. The eluent was 

concentrated by vacuum dialysis in Amicon® Ultra Centrifugal Filters (Merck Millipore), with a 

cut-off of 10 kDa, and equilibrated in phosphate buffer saline (PBS) buffer before endotoxin 

removal on a polymixin B column, following the Thermo Scientific protocol. Only endotoxin-

free fractions, as assessed by the limulus test (E-toxate; Sigma-Aldrich), were used. Protein 

content of the different samples was determined by the method of Lowry. 

 

3.4 SDS-PAGE 

 Two point five micrograms of protein were resuspended in loading buffer (20% 

glycerol, 10% SDS, 0.1% bromophenol blue), incubated for 5 min at 95 ºC and loaded onto a 

10% polyacrylamide gel for electrophoretic separation at 22 mA. Purified rGAPDH produced 

a single band of approximately 46 KDa on SDS-PAGE analysis. 

 

3.5 Maternal immunization with GBS rGAPDH 

 rGAPDH was used for maternal immunization assays. Female BALB/c mice were 

injected subcutaneously (s.c.) three times, in a 3-week interval period, with 200 µL of a 

preparation containing 25 µg of rGAPDH in a 1:40 PBS/ Alhydrogel suspension (Aluminium 

hydroxide Gel). The sham-immunized control animals received 200 μL of a 1:40 PBS/ 

Alhydrogel suspension. The untreated control animals received 200 μL of PBS.  Blood was 

collected by facial vein puncture, 7 days after the last immunization. Upon confirmation of high 

levels of rGAPDH-specific IgG antibodies, female and male BALB/c mice were paired. When 

pregnancy was confirmed, the female was separated and housed individually until delivery.  

Upon birth, blood samples were collected for the same evaluation made before mating. 

Vaginal samples were collected, by performing three consecutive washes with 50 µL of sterile 
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PBS, on days 1, 3, and 7 after birth. Serum and vaginal samples were stored at -80 °C until 

analysis. Three independent series of experiments (Series A, B, C) were created. Series A: 

Sham-vaccinated (n=2), rGAPDH- vaccinated (n=2), Untreated (n=1); Series B: Sham-

vaccinated (n=2), rGAPDH- vaccinated (n=2), Untreated (n=2); Series C: Sham-vaccinated 

(n=2), rGAPDH- vaccinated (n=5), Untreated (n=2).  

 

3.6 Determination of rGAPDH-specific IgG and IgA antibodies  

Anti-GAPDH specific antibody levels in serum samples and vaginal washouts fluids 

were measured by Enzyme Linked Immunosorbent Assay (ELISA). Briefly, after overnight 

incubation with rGAPDH (5 μg/ml), the plates were washed and blocked with 1% BSA (Sigma) 

in PBS for 1 h at 37 °C. Blocking was followed by incubation of either vaginal wash fluids and 

serum serially diluted with PBS containing 1% BSA, with an initial dilution of 1:4 or 1:30, 

respectively. The amount of antibody was quantified following 1 hour incubation with a 

horseradish peroxidase-conjugated goat anti-mouse IgA, and IgG (SouthernBiotech) diluted 

in PBS containing 1% BSA. Colorimetric detection was achieved with the use of the o- 

phenylenediamine substrate solution (Sigma). A stop solution (10% SDS) was added after 10 

minutes to stop the chromogenic reaction, and the plate was read immediately at 450 nm in a 

micro plate spectrophotometer (Thermo Multiskan Ex). Serum titers were determined as the 

minimal serum dilution necessary for the lost absorbance signal. Values with an OD450nm > 

0.100 were considered positive. The antibody levels in the vaginal samples, were defined as 

the reciprocal of the highest dilution resulting in an OD450nm >0.100.  

 

3.7 Evaluation of bacterial colonization and bacterial identification 

To assess the vaginal bacterial colonization upon birth, vaginal washed fluids were 

serially diluted on PBS, plated on Todd-Hewitt (TH) (Difco Laboratories) agar and incubated 

overnight at 37°C. Bacteria isolated from the female mice vaginal tract were sent to 

Laboratório de Microbiologia e Tecnologia Alimentar based in Instituto de Ciências 

Biomédicas Abel Salazar (ICBAS) for bacterial identification.  
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3.8 Determination of anti-S. aureus, anti-E. coli, and anti-S. xylosus,    

IgG antibodies 

 Bacteria found in vaginal washed fluids of female BALB/c mice (S. aureus, S. xylosus 

and E. coli) were grown at 37 °C in TH broth (Difco Laboratories) until mid-log phase (OD600nm 

~ 0.800), after which they were aliquoted in TH medium with 50 % glycerol and stored at -80 

°C (New Brunswick Scientific Ultra Low Temperature Freezer U570 Premium). Before use, a 

portion of the frozen bacteria was inoculated into TH broth (pre-culture), and incubated at 37 

°C overnight. Thereafter, bacteria was diluted 1:100 in fresh TH broth and grown at 37 °C until 

mid-log phase (OD600nm ~ 0.800). Bacterial suspensions were centrifuged for 7 minutes at 

3500 g and washed twice with PBS, before adjusting OD600nm to 0.450 nm (Jenway 6300 

Spectrophotometer). Finally, bacteria were fixated with isopropanol. Additionally, the serum 

titer of IgG antibodies for the identified bacteria was analyzed by ELISA, as described above. 

For this analysis, ELISA microtiter plates were coated overnight with 1x107CFU/mL of fixated 

bacteria.  

 

3.9 Purification of anti-rGAPDH IgG antibodies 

For the purification of anti-rGAPDH or control IgG antibodies, serum samples from 

immunized or control mice, respectively, were pooled and applied on a Protein G HP affinity 

column (HiTrap, GE Healthcare Bio-Sciences AB), according to manufacturer’s instruction. 

Purified IgG antibody fractions were further equilibrated in PBS, quantified by the Lowry 

method and stored at -80 °C in frozen aliquots. 

 

3.10 Bacterial surface GAPDH detection 

 S. aureus, E. coli and S. xylosus were grown and fixated as described above. 1×107 

cells of each bacterium were diluted in PBS and incubated with anti-mouse CD16/32 Fc block 

(clone 2.4G2), (1:100). After that, samples were incubated for 20 minutes at 4 ºC with mouse 

anti-rGAPDH IgG (1:50) in PBS+ 1% BSA, followed by a 20 minute incubation with FITC-

conjugated goat anti-mouse IgG antibody (1:100). As control, we used bacteria in which the 

anti-rGAPDH incubation was omitted. Cells were then washed, recovered in FACS Buffer 

(PBS; 1% BSA; 2mM sodium azide), and analyzed using an Epics XL cytometer (Beckman 

Coulter). Data were analyzed with FlowJo software (TreeStar). 
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3.11 Neonatal mouse model of E. coli infection  

The extraintestinal pathogenic E. coli (ExPEC) IHE3034, belonging to the serotype 

O18:K1:H7, ST95, associated with neonatal meningitis251, was grown at 37 °C in TH broth 

until mid-log phase (OD600nm ~ 0.800). The bacterial suspensions were centrifuged for 7 

minutes at 3500 g and then washed twice with PBS before adjusting OD600nm to 0.450 nm 

(Jenway 6300 Spectrophotometer), corresponding to 2 x 108 CFU/mL. 

Neonatal (< 24 h old) BALB/c mice were infected orally with 2x106 CFU of E. coli 

IHE3034 in 10μL of PBS. Littermate controls received the same amount of PBS. Newborns 

remained with their mothers during the course of experiment and were assessed daily. 

Neonatal monitoring was maintained until any of the humane points (lethargic, darker red 

colour and with no observable milk spot) was observed, after which animals were euthanized. 

Survival curves were determined over a 15 days’ experimental period. Blood was collected by 

facial vein puncture after anesthesia with isoflurane (IsoFlo® Esteve). Liver, spleen, lungs, 

and brain of infected pups were aseptically harvest, at specific time points. Liver and lungs 

were weighted and divided prior to homogenization, a fraction of the organs being used for 

flow cytometry analysis. To quantify the bacterial load, organs were homogenized (VWRTM 

Pellet Mixer) in PBS, serial diluted, plated on TH agar and incubated overnight, at 37 °C. 

 

3.12 Determination of cytokine and chemokine production  

Organ homogenates were incubated on ice for 10 min with 1:1 lyses buffer (200 

mM Tris; 300 mM NaCl; 2% Triton X-100; pH=7.4), centrifuged at 14 000 rpm (UEC Micro 

14/B centrifuge) and the supernatants stored at -80 °C until analysis.  IL-6, TNF-α, IL-1β, 

IL-10, MIP-2 and KC were quantified by ELISA according to the manufacturer´s 

instruction. ELISA Kits were obtained from eBioscience, excepting IL-10 which was from 

R&D Systems. 

 

3.13 Flow cytometry analysis 

Neutrophil and macrophage recruitment to liver and lungs of infected pups was 

evaluated by flow cytometry analysis. Briefly, 0.5, 1, 3, 6, 12, 18, 24, and 48 hours after 

E. coli infection, the liver and lungs were removed, gently homogenized in PBS, and 

passed through glass wool to remove cellular aggregates. Anti-mouse CD16/32 (clone 
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2.4G2) was added to each sample to block Fc receptors. FITC anti-mouse CD45 antibody 

(clone X; BD Pharmingen) was used for leukocyte detection. Neutrophils were identified 

by biotin anti-mouse Ly6G (clone 1A8; BD Pharmingen) plus streptavidin-PECy5 (BD 

Pharmingen) staining and macrophages were identified by PE anti-mouse F4/80 (clone 

BM8; Biolegend) staining. Cell number was evaluated using micro particle size standard 

based on polystyrene with 10 μm (Sigma Aldrich). Fluorescence was analyzed using an 

Epics XL cytometer (Beckman Coulter), and data were analyzed with FlowJo software 

(TreeStar). 

 

3.14 Anti-IL-10R treatment 

BALB/c pups with less than 12 hours were injected intraperitoneally (i.p) with 60 μg of 

anti-mouse IL-10R monoclonal antibody (mAb) (1B1.3a, Schering-Plough Corporation), 12 

hours prior to E. coli infection. Control animals received the same amount of control isotype 

IgGs. Pups from each litter were randomly assigned to control or to experimental groups, 

marked, and kept with their mother. 

 

3.15 Multiple GAPDH sequence alignment 

 GAPDH sequences were obtained from GenBank for the isoforms belonging to GBS 

NEM316 (GenBank: CAD47470.1), Bacteroides fragilis (GenBank: AKA50970.1), Escherichia 

coli (GenBank: KGM81968.1), Bifidobacterium longum (GenBank: BAP83805.1) and 

Lactobacillus acidophilus (GenBank: AJP46129.1). Sequence alignment was made the 

multiple sequence programs Clustal Omega and the analysis of the result in the software 

Aline. 

 

3.16 Statistical analysis 

All statistical analyses were performed in GraphPad Prism version 5.0 for Windows 

(GraphPad Software, San Diego, California). The level of significance of ELISA and flow 

cytometry data was determined by One-way ANOVA with Multiple Comparison Test with 95% 

of confidence was used to analyze the differences between all groups. In the case of ratios, 

the values were normalized using the formula: Arcsin (√(Value/100)) x 180/π, previous to 



FCUP/ICBAS 
Exploring the immunobiological basis of prospective strategies towards two human neonatal pathogens: 

Group B Streptococcus and Escherichia coli 

45 

 
statistical analysis. Differences were considered to be significant at p<0.05 and extremely 

significant at p<0.001. 
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4. Experimental Results 
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4.1 Impact of GAPDH-based vaccine on 

commensal microbiota 

4.1.1 Assessment of the bacterial GAPDH isoform homology 

Currently, most vaccines under investigation are based on highly purified recombinant 

proteins or subunits of pathogens251. An ideal vaccine candidate would target a highly 

conserved protein, essential for bacteria survival, thus decreasing the probability of suffering 

mutations due to selective pressure252. GAPDH from GBS fills the requisites mentioned 

above, and therefore is a promising vaccine candidate for the prevention of GBS-related 

neonatal diseases.   

 However, as stated before, GAPDH is an enzyme highly conserved among different 

bacteria. It is therefore rationale to hypothesize  that antibodies raised against GBS GAPDH, 

cross-react with the enzyme present in phylogenetically related commensal bacteria, 

interfering with the initial colonization of the neonate’s microbiome153,154. 

We therefore, started by evaluating in silico the similarity of the GAPDH of GBS with 

the ones from others relevant commensal microorganisms. For that purpose, we selected four 

different bacteria that have been reported as the first microorganisms to colonize the gut of 

both mice and human after birth, namely Bacteroides fragilis, E. coli, Bifidobacterium longum 

and Lactobacillus acidophilus229,253. To examine the amino acid homology between the 

different GAPDH isoforms, the protein sequence of gapC (GBS NEM316; GenBank: 

CAD47470.1), gapC (B. fragilis; GenBank: AKA50970.1), gapC (E. coli; GenBank: 

KGM81968.1), gapC (B. longum; GenBank: BAP83805.1) and gapC (L. acidophilus; 

GenBank: AJP46129.1) GAPDH were aligned using the multiple sequence programs Clustal 

Omega and Aline (Figure 9). 
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Figure 9| Multiple GAPDH sequence alignment. The amino acid sequences of GAPDH isoforms from GBS, Bacteroides 

fragilis, Escherichia coli, Bifidobacterium longum and Lactobacillus acidophilus were aligned and analyzed for similarity. Residues 

represented in orange income that residues are equal in all GAPDH isoforms. Residues depicted in yellow, white green, dark 

green and without color income that only four out of five residues, three out of five residues, two out of five residues and zero 

residues are similar, respectively.  
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 As expected, the GAPDH is highly conserved in different intestinal commensal 

bacteria. B. fragilis gapC GAPDH presented the lowest percentage of homology to the GBS 

gapC GAPDH (48.62 %). E. coli gapC GAPDH shares 58.36 % of similarity with GBS gapC 

GAPDH while B. longum gapC GAPDH shares 54.93%. Among the analyzed bacteria, L. 

acidophilus is the most phylogenetically closer to GBS, both belonging to the same phylum 

and class. As a result, it is not surprising that the highest degree of homology detected was 

between the L. acidophilus gapC GAPDH and the gapC GAPDH of GBS (59.46 %). 

4.1.2 Expression and purification of the recombinant GBS GAPDH 

  In order to investigate the potential side effect of maternal GAPDH vaccination with 

commensal bacteria, we started by purifying recombinant GAPDH. E. coli BL21 (DE3) 

harboring the recombinant plasmid pET28ΩgapC was used to produce high levels of rGAPDH, 

containing a COOH-terminal histidyl tag to facilitate the purification step, with the use of a 

nickel-chelating column. An SDS-PAGE analysis demonstrated that the recombinant protein 

purified had the described size for rGAPDH, of approximately 46 kDa, and the degree of purity 

required for the vaccination assays (Figure 10). 

 

 

Figure 10| SDS-PAGE analysis of GAPDH purified from E.coli BL21 (DE3) harboring pET28ΩgapC. rGAPDH was loaded 

at a concentration of 2,5 µg/well. The gel was stained with silver nitrate. Sizes of relevant protein ladder bands are highlighted. 
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4.1.3 Maternal levels of circulating rGAPDH-specific IgG antibodies  

 Maternal vaccination aims at providing protection to the newborn through vaccine-

induced maternal antibodies transfer, via placenta to the fetus and in colostrum and breast 

milk, from mother to their progeny254. Placental transfer of maternal immunoglobulin is 

restricted to IgG255. Upon birth, antibody protection, including IgG, IgA and IgM, is delivery 

through breast-feeding during the neonatal period255. It has been described that ingested 

maternal IgG may at least partly resist digestion in the neonatal intestinal tract and can be 

retro-transported from plasma into intestinal lumen via neonatal Fc receptor (FcRn)-mediated 

pathway, protecting neonates from enteric infections256,257.  

In order to assess the impact of GAPDH maternal vaccination on commensal 

microbiota, female BALB/c mice were immunized with rGAPDH (GAPDH-vaccinated) in PBS-

Alhydrogel suspension (Aluminium hydroxide Gel). Control animals received PBS-Alhydrogel 

suspension (Sham-vaccinated) or were untreated (Untreated). Three independent series of 

experiments were performed (Series A, B, C). One week after the last administration, blood 

samples were collected, in order to evaluate serum IgG antibodies specific for rGAPDH, and 

females were mated (to be guaranty that the vaccination did not occur during pregnancy). 

This vaccination protocol enables protection against both in utero exposure and also exposure 

during birth.  

All GAPDH-immunized mice, from the three independent series, presented high levels 

of antigen-specific IgG antibodies (Figure 11) before the mating. One day upon birth, blood 

samples were also collected in order to assure sustained specific-IgG levels.  Despite the 

levels of antibodies were lower, than the ones before mating, after delivery rGAPDH-specific 

IgG antibodies remained high (Figure 11), indicating maternal transference of these 

antibodies to their offspring. The immunized females from series A presented the highest 

levels of rGAPDH-specific IgG antibodies, before mating, when compared with the same 

treatment group in series B and C (Figure 11, panel A, B and C). 
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Figure 11| rGAPDH-specific IgG titers of all treatment groups before mating and after delivery. Female BALB/c mice were 

immunized s.c. with rGAPDH (25 µg/mL) in 1:40 PBS-Alhydrogel (rGAPDH- vaccinated), 1:40 PBS- Alhygrogel suspension 

(Sham-vaccinated) or left untreated (Untreated) three times, with a three week interval. Blood samples were collected 7 days 

after the last immunization, and rGAPDH-specific IgG antibodies were determined by ELISA. The ELISA plates were coated with 

GBS rGAPDH (5 µg/mL) and revealed with goat anti-mouse IgG-HRP (1:1000). Titers are represented as the minimal serum 

dilution necessary to detect an absorbance signal. (A, B and C) Three different series of experiments were performed. Bars 

indicate mean value in each group. Series A: Sham-vaccinated (n=2), rGAPDH- vaccinated (n=2), Untreated (n=1); Series B: 

Sham-vaccinated (n=2), rGAPDH-vaccinated (n=2), Untreated (n=2); Series C: Sham-vaccinated (n=2), rGAPDH-vaccinated 

(n=5), Untreated (n=2). BDL, below detection limit. 

 

 

4.1.4 Analysis of neonatal outcomes following maternal 

immunization with GBS rGAPDH    

 After assuring the presence of specific antibodies against GAPDH in vaccinated 

mothers after delivery, we intended to assess the impact of maternal vaccination in the 

microbiome composition of neonatal mice  

The results obtained from series B were excluded from this analysis, being only shown 

the data from series A and C. This was due to the observation of a high mortality rate, in all 

groups tested, which were found to be stress-related, as the animal house facility experienced 

some environmental and temporary problems.  

D 
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Surprisingly, and in contrast to our previous results, pups born from GAPDH 

vaccinated mothers present worse outcomes than the ones born from sham-vaccinated or 

untreated mothers. This result was more pronounced in series A (Figure 12). As shown in 

Figure 12 A, almost all pups born from rGAPDH–vaccinated mothers in series A, died in the 

first 2 days after delivery. In series C, the overall outcomes weren’t as severe as in series A 

but  the mortality observed among the offspring came from only the ones born from one  

GAPDH–vaccinated mother, in which four out of eight offspring died in the first 2 days of life 

(Figure 12 B and Table 5). The untreated group showed no mortality whatsoever while the 

sham-vaccination promoted a reduced lethality when compared to that of the rGAPDH–

vaccinated group (Figure 12 B and Table 5). Moreover, we observed non-viable pups 

(newborn that died before birth or shortly after delivery), in the GAPDH–vaccinated group of 

series A, but this was not observed in series C (Figure 12 B and Table 5). 

 

  

Figure 12| Neonatal mortality following maternal immunization with GBS rGAPDH. Survival curves of neonatal mice born 

from rGAPDH-vaccinated and Sham-immunized mice, in two independent series of experiments (A and B). Female BALB/c mice 

were immunized s.c. with rGAPDH (25 µg/mL) in 1:40 PBS-Alhydrogel (rGAPDH- vaccinated), 1:40 PBS- Alhygrogel suspension 

(Sham-vaccinated) or left untreated (Untreated) three times, with a three week interval.  One week upon the third immunization, 

females were mated and allowed to deliver by spontaneous partum. The pups were monitored daily, and remained with their 

mothers during the course of experiment. Survival curves were determined. Results represent data pooled from Series A: Sham-

vaccinated (n=8), rGAPDH-vaccinated (n=9), Untreated (n=9) and Series C: Sham-vaccinated (n=10), rGAPDH-vaccinated 

(n=24), Untreated (n=7).  
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Table 5| Description of the results from Series A and C. 

 

4.1.6 Evaluation of bacterial colonization in the vaginal tract 

After the unexpected mortality observed among the pups born from GAPDH- 

vaccinated mothers, we next attempt to understand the reasons behind the mortality rates. 

Since the pups could be died from an infection transmitted from its mother, the vaginal 

bacterial burden was determined and compared among the females from the different groups, 

upon delivery by vaginal washouts258. As shown in figure 13 (A and B), almost all tested 

animals from different groups presented bacterial colonization. This was surprising because 

the animal house facility where animals were kept is specific pathogen free (SPF) conditions, 

and previous data from our laboratory from a mouse model of vaginal GBS infection, did not 

made such observation. The bacteria were thereafter sent to the Laboratório de Microbiologia 

e Técnologia Alimentar, at ICBAS, for identification. The obtained results identified the 

Staphylococcus aureus, E. coli and Staphylococcus xylosus (Table 6) as the colonized 

bacteria. After analysis of the results obtained from the two series, it was possible to correlate 

the higher mortality rates found in offspring from GAPDH-vaccinated mothers with the 

presence of S. aureus in vaginal tract. Moreover, the mortality seems to be not dependent of 
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the amount of bacteria present in the vaginal mucosa since as shown in Table 5, the sham-

vaccinated mother (from series A) presented higher bacterial levels than the GAPDH-

vaccinated mother. 

These results suggest that the pups born from sham-vaccinated or untreated mothers 

are more resistant to animal husbandry related infection than pups born from GAPDH-

vaccinated mothers. This could be associated with the presence of anti-bacteria antibodies in 

the progenitors’ serum that would be transferred into their offspring. In order to test that 

hypothesis, we quantified the serum levels of IgG specific for the three identified bacteria, by 

ELISA. As shown in Table 6, in series A, higher levels of anti-S. aureus IgG antibodies were 

detected in the serum of GAPDH-vaccinated mothers compared to untreated or sham-

vaccinated mothers. In addition, almost all GAPDH-vaccinated females from both series 

present high IgG level against E. coli. 

 

 

Figure 13| Bacterial colonization of immunized and control females. (A) Females bacterial colonization from Series A, (B) 

Females bacterial colonization from Series C Female BALB/c mice were immunized s.c. with rGAPDH (25 µg/mL) in 1:40 PBS-

Alhydrogel (rGAPDH- vaccinated), 1:40 PBS- Alhygrogel suspension (Sham-vaccinated) or left untreated (Untreated) three 

times, with a three week interval. One day upon birth, the number of bacteria colony-forming units (CFU) in vaginal tract was 

determined, by vaginal washouts with PBS. Each point represents an individual mouse. 
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Table 6| Bacterial colonization in vaginal tract and respective serum titer of IgG antibodies for the bacteria identified.  

 

 
 
The serum titer of IgG antibodies for the bacteria identified was analyzed by ELISA. ELISA plates were coated with bacteria 

(1x107CFU/mL) and revealed with goat anti-mouse IgG-HRP (1:1000). Serum samples used for ELISA were diluted 1:30 in PBS+ 

1%BSA. Values are represented as OD450nm. Series A: Sham-vaccinated (n=2), rGAPDH-vaccinated (n=2), Untreated (n=1); 

Series C: Sham-vaccinated (n=2), rGAPDH-vaccinated (n=5), Untreated (n=2).  

 

 

4.1.7 Evaluation of anti-GAPDHGBS recognition of GAPDH on the 

surface of S. aureus, E. coli and S. xylosus 

Because the mortality of the pups observed in the GAPDH-vaccinated group seems 

to correlate with a particular bacterial infection, we proceeded to the evaluation of cross-

reactivity of anti-GAPDH IgG towards the three bacteria identified in female vaginal tract, S. 

aureus, E. coli and S. xylosus. By flow cytometry analysis we found that the antibodies raised 

against the GBS GAPDH bound to the surface of S. aureus and E. coli, being the recognition 

more pronounced with the later bacterium (Figure 14). In relation to S. xylosus no cross-
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reactivity was observed (Figure 14). This data can hint into possible side-effect of the maternal 

GAPDH immunization protocol upon S. aureus infection. 

 

 

Figure 14| GBS rGAPDH specific IgG displays cross-reactivity with GAPDH on the bacterial surface of S. aureus and E. 

coli. Bacteria were incubated with mouse fluorescently-labelled anti-rGAPDH IgG antibodies (α-GAPDH green histogram), 

fluorescently-labelled mouse IgG control (IgG control grey histogram), or left unstained (unstained grey dotted histogram), 

followed by fluorescence activated cell sorter (FACS) analysis. 

 
 

More studies will be done to clarify why pups born from GAPDH vaccinated mother 
died if the vaginal tract of females is colonized with S. aureus. 
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4.2 Deciphering the innate immune response of 

neonates to Escherichia coli 

4.2.1 Animal survival of a newborn E. coli oral infection model 

As stated before, E. coli is a common cause of neonatal sepsis and meningitis, 

especially among preterm and VLWB preterm84,87,114,216. The high mortality and morbidity rates 

reported for these neonatal infections, as well as the emergence of E. coli antibiotic-resistant 

strains, reinforces the need for new therapeutic approaches68,234,235. In this regard, the 

understanding of how E. coli interacts and evades the host immune system to establish 

infection is of much importance. 

Several animal models have been developed, however they presented several 

limitations, being therefore unsatisfactory231,259,260. To overcome these limitations, and to 

further characterize the neonatal immune response to E .coli infection, our group developed 

a new model by adapting a previous established rat model of oral infection, which parallels 

the natural route of E. coli infection, to neonatal mice231,259,260. 

To assess whether the model of oral infection would mimic the natural route of E. coli 

infection in human newborns, BALB/c pups with less than 24 hours were orally infected with 

E. coli K1. As seen in Figure 15, approximately 43% of pups orally infected died after birth. 

Upon postnatal day (PND) 5, no more deaths were registered (Figure 15). 

 

 

Figure 15| Newborn mice survival upon oral infection with E. coli. BALB/c pups with less than 24 hours were orally infected 

with 2x106 CFU of E. coli IHE3034 in 10µL. Newborns remained with their mothers during the course of experiment and were 

assessed twice a day. The newborns were monitored until any of the humane points defined (lethargic, darker red colour and 

with no observable milk spot) was observed. The numbers between parentheses represent the number of animals that survive 

versus the total number of infected animals. Results represent data pooled from three independent experiments. 
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4.2.2 Assessment of E. coli K1 colonization of orally infected 

neonatal mice 

 The mode of E. coli transmission to neonates may be either transplacental or directly 

through aspiration of E. coli during delivery221,223,224. The aspiration or ingestion of infected 

maternal vaginal secretions during delivery facilitates the bacterial invasion of lung epithelia 

or the gastrointestinal tract, leading to an infection that might reach the bloodstream and 

disseminate through neonate’ system125,126. We were interested in evaluated if our mode of E. 

coli infection was able to rapidly lead to bacterial colonization similar to what happens in 

humans. 

 The evaluation of bacterial load made at 0.5, 1, 3, 6, 12, 18, 24 and 48 hours after E. 

coli infection showed that all organs and blood of neonatal mice were colonized (Figure 16). 

As soon as 30 minutes post-infection it was possible to detected bacterial colonization in the 

lungs, one of the first organs to be infected as a consequence of the infection route, and in 

the bloodstream, showing that bacteria is able to easily spread throughout the newborn’ body 

which might explain the observed colonization in the liver, spleen and brain. This pattern of E. 

coli colonization was maintained for at least 18 hours. These observations are consistent with 

human pneumonia, sepsis and meningitis reports for E. coli neonatal infections8,69,112–114. This 

is the first time that a neonatal E. coli systemic colonization was analyzed within the first 24 

hour post-infection. 
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Figure 16| E. coli K1 colonization of orally infected neonatal mice. (A) Lung, (B) blood, (C) liver, (D) spleen and (E) brain E. 

coli K1 colonization at 0.5, 1, 3, 6, 12, 18, 24 and 48 hours post-infection. Neonatal BALB/c mice with less than 24 hours old 

were infected orally with 2x106 CFU of E. coli IHE3034 in 10μL of PBS, the littermate controls receiving the same amount of PBS 

(0h). Newborns remained with their mothers during the course of experiment. Blood was collected by facial vein puncture after 

anesthesia with isoflurane. Liver, spleen, lungs, and brain of infected pups were aseptically harvest at indicated time points and 

homogenized in PBS. Blood and organs were serial diluted in PBS, plated on Todd–Hewitt agar and incubated overnight at 37 

˚C. 30 min (n=6); 1 h (n=10); 3 h (n=13); 6 h (n=15); 12 h (n=12); 18 h (n=14); 24 h (n=14); 48 h (n=5). One-way ANOVA with 

Tukey's multiple comparisons test between timepoints and one sample t-test for comparison with control (theoretical mean = 0) 

*p<0.05; **p<0.01; ***p<0.001. Control values were not detectable, hence their exclusion from the graphics 
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4.2.3 Evaluation of cytokine production in response to E. coli K1 

infection 

 The balance between anti- and pro-inflammatory cytokines, as well as the timing of 

their production, plays a crucial role during infection261.  
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Figure 17| Kinetics of cytokine production after neonatal E. coli K1 oral infection. (A) Lung and (B) liver IL-1β, TNF-α, IL-

6 and IL-10 levels 0.5, 1, 3, 6, 12, 18, 24 and 48 hours post-infection. Neonatal BALB/c mice with less than 24 hours old were 

infected orally with 2x106 CFU of E. coli IHE3034 in 10μL of PBS, the littermate controls received the same amount of PBS (0h). 

Newborns remained with their mothers during the course of experiment. Liver and lungs were harvest at indicated time points, 

homogenized in PBS and lysed with appropriate buffer. Cytokine production was assessed by ELISA. 0 h (n=28); 30 min (n=6); 

1 h (n=10); 3 h (n=13); 6 h (n=15); 12 h (n=12); 18 h (n=14); 24 h (n=14); 48 h (n=5). One-way ANOVA with Tukey's multiple 

comparisons test *p<0.05; **p<0.01; ***p<0.001. Statistic presented for each timepoint represents a comparison with controls 

(0h).  
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Therefore, the production of cytokines was assessed in liver and lungs of infected 

neonatal mice at the same time-points mentioned above. Despite the early colonization of 

both liver and lungs of infected newborns (Figure 17), only 6 hours after infection was detected 

an increase in the levels of pro-inflammatory cytokine IL-6, IL-1β and TNF-α (Figure 17 A, B). 

Cytokine production was more prominent in lungs than in the liver. In addition, an increase in 

the level of IL-10 was detected in lungs, 24 hours post-infection, which seems to be the 

response to the early production of pro-inflammatory cytokines. On the other hand, IL-10 

production dropped in the liver between the first and the third hours post-infection, which might 

have helped the bacterial proliferation in this organ. 

 

4.2.4 Assessment of chemokine production in response to E. coli K1 

infection 

 Acute inflammation is a complex process characterized by the coordinated movement 

of effector cells to the inflammation site as well as the exit of immune cells from the periphery 

to the draining lymphoid organs to initiate the immune response262,263. Such a coordinated 

movement of cells requires the expression of inflammatory chemokines262,263. Since we were 

interested in understanding the infectious process of E. coli in newborns, we evaluated the 

chemokine levels in the lungs and liver of infected neonatal mice at the same time points 

mentioned previously. The production of chemokines was mainly observed at later time 

points, until 3 h after E. coli infection, although no statistical significance was observed in 

comparison to controls (Figure 18 A and B). Of note, the production of MIP-2 in liver and KC 

in lungs was detected at early timepoints, although these levels were not statistically relevant 

when compared with controls.  
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Figure 18| Kinetics of chemokine production after neonatal E. coli K1 oral infection. (A) Lung and (B) liver MIP-2 and KC 

levels at 0.5, 1, 3, 6, 12, 18, 24 and 48 hours post-infection. Neonatal BALB/c mice with less than 24 hours old were infected 

orally with 2x106 CFU of E. coli IHE3034 in 10μL of PBS, the littermate controls received the same amount of PBS (0h). Newborns 

remained with their mothers during the course of experiment. Liver and lungs were harvest at indicated time points, homogenized 

in PBS and lysed with appropriate buffer. Chemokine production was assessed by ELISA. 0 h (n=28); 30 min (n=6); 1 h (n=10); 

3 h (n=13); 6 h (n=15); 12 h (n=12); 18 h (n=14); 24 h (n=14); 48 h (n=5). One-way ANOVA with Tukey's multiple comparisons 

test *p<0.05; **p<0.01; ***p<0.001. Statistic presented for each timepoint represents a comparison with controls (0h). 

 
 

4.2.5 Evaluation of cell recruitment to infected organs in response to 

E. coli infection 

Neutrophils and macrophages are well established as two of the major players during 

acute inflammation. They are typically the first immune cells to be recruited to an inflammatory 

site and are capable of eliminating pathogens by multiple mechanisms15,264. Therefore we 

assessed the number of neutrophils and macrophages recruited to infected organs after E. 

coli challenge at the same time points previously mentioned. Erythrocytes and epithelial cells 

were excluded by gating from the analysis cells positive for CD45 (leukocytes), Ly6G 

(neutrophils) and F4/80 (macrophages). The number of neutrophils and macrophages 

recruited to liver and lungs of neonatal infected mice remained at similar levels of controls 
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with a slight tendency to decrease in the first hour’s post-infection (Figure 19). After 3 hour 

post-infection the number of macrophages recruited to both liver and lungs increase until 12 

hours post-infection. However, neutrophil recruitment to liver and lungs remained stable and 

no statistically different when compared with controls, although it is possible to observe a 

tendency of increased immune cell recruitment between the first and third hour of infection. 

 

 

Figure 19| Cell recruitment to the liver and lungs of pups after E. coli K1 challenge. (A) Total number of C45 cells, Ly6G+ 

cells (neutrophils) and F4/80+ cells (macrophages) per liver and (B) Total number of C45 cells,  Ly6G+ cells (neutrophils) and 

F4/80+ cells (macrophages) per lung. FITC anti-mouse CD45 was used for leukocyte detection, neutrophils were identified by 

biotin anti-mouse Ly6G plus streptavidin-PECy5 staining and macrophages were identified by PE anti-mouse F4/80 staining. 

Cell number was evaluated using micro particle size standard. Fluorescence was analyzed using an Epics XL cytometer, and 

data were analyzed with FlowJo software. 0 h (n=28); 30 min (n=6); 1 h (n=10); 3 h (n=13); 6 h (n=15); 12 h (n=12); 18 h (n=14); 

24 h (n=14); 48 h (n=5). One-way ANOVA with Tukey's multiple comparisons test *p<0.05; **p<0.01; ***p<0.001. Statistic on the 

top of each timepoint represents a comparison with controls (0h). 

 
 

4.2.6 Blocking IL-10 signaling does not reduce the mortality in E. 

coli-infected pups 

 Is has been proposed that GBS modulates the neonatal immune response by inducing 

an early production of the anti-inflammatory cytokine IL-10, which inhibits the pro-

inflammatory response and neutrophil recruitment to infected organs189. In order to determine 

the potential role of IL-10 in E. coli-induced mortality in the model used in this study, IL-10 
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signaling was blocked before E. coli K1 challenge. As shown in Figure 20, no statistical 

difference between the percentage of survival of controls and mice treated with anti–IL-10R 

mAb was detected. In fact, treated mice presented a higher mortality rate than the untreated 

control mice. 

 

 
Figure 20| Evaluation of the role of IL-10 in the mortality associated to E. coli K1 infection models BALB/c pups with less 

than 12 hours were injected i.p. with 60 μg of anti–IL-10R mAb or control IgG 12 hours prior infection with 2x106 CFU of E. coli 

IHE3034. Newborns remained with their mothers during the course of experiment and were assessed twice a day. A 

monetarization of newborns was maintained until any of the humane points (lethargic, darker red colour and with no observable 

milk spot) was observed, after which animals were euthanized. Numbers in parenthesis represent surviving pups 15 days after 

infection versus the total number of infected pups. Results represent data pooled from three independent experiments. 

 

 

The above results showed that E. coli rapidly colonized the neonatal mice but the host 

does not rapidly develop an immune response. Therefore, further studies will be done to 

understand the reason for this delay, which is important for the development of novel 

therapeutic targets. 
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5. Discussion 
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 Bacterial infections are the major cause of neonatal mortality, with an estimated 

629.700 deaths per year2. GBS is the leading cause of life-threatening neonatal bacterial  

infections97. The development of new preventive therapies is of upmost relevance, with 

maternal vaccination being among the most attractive strategies to prevent GBS-induced 

diseases265. We previously identified the extracellular form of the GAPDH as a valuable 

universal and safe GBS vaccine candidate189–191. In addition to its key role in glycolysis, 

GAPDH has been described as having other functions 183,184. Indeed, several reports have 

showed that GAPDH holds promise as a good vaccine candidate for protection against 

different pathogens due to the surface location, role in bacterial virulence, ability to bind 

several extracellular matrices and capacity to modulate the host-immune responses185–188.   

 GAPDH is a highly conserved enzyme between bacteria, which suggests that a 

GAPDH-based vaccine developed for one microorganism could target several bacteria266. For 

instance, a GAPDH-based immunization strategy against Aeromonas, Edwarsiella and Vibrio 

species (fish pathogens) induced cross protection (ranging from 62% to 78%) against five 

other microorganisms267. On the contrary, others reported that a GAPDH-based vaccine for 

Streptococcus dysgalactiae, a mastitis causative agent, failed to confer protection against  

Streptococus uberis due to minimal amino acid differences between the GapC (GAPDH) of 

both bacteria268,269. In the case of a GAPDH-based maternal vaccine, newborns would have 

circulating antibodies targeting this protein during their microbiota initial colonization period. 

Thus, it is not known if these antibodies recognize the microbiota of the neonates interfering 

with the initial gut colonization that showed to be beneficial for the health of the infant. 

Therefore, the study of the impact of this vaccine on microbiota of the offspring deserves a 

careful investigation and is mandatory before the vaccine would be tested in clinical trials. For 

that reason, one aim of this work was to investigate the possible impacts of the maternal GBS 

rGAPDH vaccine in gut microbiota of the neonates, which could be deleterious to the newborn 

pups.  

The study was initiated by the alignment of the GAPDH protein sequences using 

Clustal Omega. A high degree of homology between GBS and commensal microorganisms, 

namely Bacteroides fragilis, Escherichia coli, Bifidobacterium longum and Lactobacillus 

acidophilus was observed, reinforcing the possible side effects of the maternal immunization 

protocol. The maternal immunization protocol used induced high levels of GAPDH-specific 

IgG antibodies prior to mating and after birth. Moreover, anti-GAPDH IgA and IgG antibodies 

were also detected in the vaginal mucosa of GAPDH-vaccinated mothers (data not shown). 

Unexpectedly, in 2 independent series of experiments performed, a dramatic mortality rate 
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among newborns born from GAPDH-immunized mothers was observed. This results are in 

contrast  to previous studies using the same immunization strategy189. Therefore, the vaginal 

colonization of these females was analyzed. The results obtained showed that they are 

colonized with S. aureus, E. coli and S. xylosus, which is rather surprising, since the animal 

house facility is certified as being SPF. The major finding of these results was that the higher 

mortality rates came from pups born from GAPDH-vaccinated mother that present vaginal 

colonization with S. aureus. This results was unexpected since maternal vaccination with GBS 

GAPDH not only did not conferred protection (as would be expected if GBS GAPDH would 

target S. aureus GAPDH), but rather increased the neonatal susceptibility to S. aureus. One 

possible explanation for the observed results could be the presence of anti-bacteria antibodies 

in the serum of the sham-vaccinated or untreated groups that might protect their offspring. 

However, data from the series A showed that this was not the case, as the GAPDH-vaccinated 

group presented high levels of IgG specific to S. aureus. Moreover, in series C the outcomes 

weren’t so severe and the specific bacterial-levels on those females were much lower than in 

series A. It is worth mentioning that one female from series C which progeny presented 50% 

in mortality, did not present elevated IgG levels against S. aureus. This last result could be 

explained if the vaginal infection was recent, not allowing therefore for high levels of IgG, and 

rather high IgM, which does not cross the placental barrier. In fact, the outcomes observed in 

its progeny, tough not being desired, weren’t as severe as those from series A. Another aspect 

is that antibodies rose against GBS GAPDH recognize bacterial surface of S. aureus, and E. 

coli. 

 S. aureus has several virulence factors that can compromise the effectiveness of 

phagocytes, lysis by neutrophils, neutralize antimicrobial defensin peptides and inhibit 

opsonization by antibody and complement, among others270–273. Furthermore, S. aureus 

express several types of superantigens that disrupt a normal humoral immune response and 

lead to immunosuppression270–273. One hypothesized to explain the observed results could be 

that S. aureus has taken advantage of maternal IgG transference to offspring to promote 

microorganism evasion of newborns immune system, in a mechanism mediated by 2 virulence 

factor, protein A (SpA) and Staphylococcal binding immunoglobulin (Sbi). IgG plays an 

essential role in the humoral immune response to bacterial infections by facilitating the 

pathogen recognition by phagocytic leukocytes and also by activating the classical 

complement pathway leading to additional bacteria opsonization 274. S. aureus utilizes multiple 

strategies to evade IgG-mediated immune functions. SpA is an abundant wall-anchored 
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surface protein that binds the Fcγ portion of IgG, coating the bacterial surface with these 

immunoglobulins that are in the incorrect orientation to be recognize by the neutrophil Fc 

receptor275,276. This hinders phagocytosis. SpA also acts as a B-cell superantigen through 

interactions with the heavy-chain variable part of Fab fragments provoking an unspecific 

clonal expansion and subsequent cell death276. Strains of S. aureus deficient in SpA are more 

efficiently phagocytosed by neutrophils in vitro and show decreased virulence in several 

animal infection models277. Recently, a second binding protein for immunoglobulins, Sbi, has 

been described as a novel evasion factor that interferes with opsonophagocytosis and 

complement activitation275,278,279. Sbi can be found in association with the cell envelop and 

promptly interacts with Fc region of IgG and complement factor C3, promoting its futile 

consumption in the fluid phase280. Moreover, it was reported that it is possible that SpA and 

Sbi act synergistically to impact bacterial clearance allowing bacterial proliferation and 

consequently exacerbated inflammatory response that characterized S. aureus infections280. 

 

Figure 21| S. aureus evasion of immune system. Two immunoglobulin binding molecules expressed by S. aureus, staphylococcal 

protein A (SpA) and S. aureus binder of immunoglobulin (Sbi), inhibit opsonophagocytic clearance of the pathogen. In addition, 

these proteins have been proposed to block the normal function of B cells, either by inducing B cell apoptosis or by inhibiting 

receptor interaction of complement factor C3. Adapted from Kim, Hwan et al. (2012)274. 

 

Although we have not analyzed neonatal anti-GAPDH serum levels in this study it is 

well known that vaccinated mothers transfer antibodies to offspring. As a result, we could 

hypothesize that the presumable higher amounts of IgGs in pups born from GAPDH-

immunized females facilitated the immune evasion of S. aureus (but not other bacteria such 

as E. coli and S. xylosus) through SpA and Sbi (as shown above) leading to increased 
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mortality. This is supported by the lack of mortality among pups born from sham-vaccinated 

or untreated females. However, we must prove that pups are died due to high load of S. 

aureus and further studies need to be performed to better access this theory. If correct, this 

hypothesis will demand an extensive investigation of possible side effects of the anti-GAPDH 

of GBS not only on microbiota, but also on the potentiation of infectious pathogens, especially 

S. aureus since several studies have reported transient colonization of axillae, vulva, anus, 

pharynx, nares and vagina with S. aureus in 30-50% of healthy adults281. More recently, this 

microorganism emerged has a colonizer of genital tract alerting to the possible increased risk 

for vertically transmission to neonates resulting in early-onset infections and dramatic 

outcomes282. 

In the present study we also characterized the immune response of neonatal mice 

infected with E. coli strain K1. This bacterium is the second most common cause of neonatal 

infections, with a mortality rate that fluctuates between 15-40%67,68,111–113. Despite the use of 

antibiotic therapeutic approaches in the clinic, the mortality and morbidity rates associated 

with neonatal E. coli infections remained high, with the emergence of E. coli-resistant strains 

being frequently detected pregnant women E. coli isolates 68,225,233–235. Altogether, these 

evidences reinforce the need for new preventive strategies against E. coli neonatal infections. 

Since the understanding and characterization of the immune responses to E. coli infection is 

essential to the development of new therapeutic strategies, we characterized the neonatal 

immune response to E. coli infection in a mouse model of infection developed by us. In our 

model the neonatal mice were orally infected in order to mimics the route of infection in human 

newborns. Of note, the mortality rate observed in our model was similar to that observed in 

human. Importantly, this mouse model of infection might be used in additional investigations 

to assess E. coli-related pathologies (e.g. neonatal sepsis, meningitis) which were not the 

focus of the present work. 

The progression of the infection in terms of bacterial spread and immunologic 

response were characterized at early times after oral E. coli infection.  To our knowledge, this 

is the first study that examines the neonatal immune response to E. coli infection in mice 

newborns with less than 24 hour of life. In the past years, other groups have use oral and 

gastric rat models to investigate neonatal E. coli infections231,259,260.  However, these models 

presented several limitations that increased the need of a new model to overcome the 

obstacles presented231,259,260. A mice model was already created were 3 and 5 days old mice 

were used283. However, they were unable to induce bacteremia and mortality in mice since E. 
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coli was rapidly cleared from the circulation and the animals recovered from the infection283. 

The lack of mortality and bacterial recovery on mice model of Pluschke et al. probably was 

due to the age of animals used. An age-dependency seems to be related with neonatal E. coli 

susceptibility due to the low level of maturation of intestinal mucus barrier, a reduced 

esophageal motility and luminal clearance when compared with adults which can contributed 

to enhance newborns vulnerability to E. coli K1 colonization and invasion.  

As soon as 30 minutes after E. coli infection, bacterial colonization was observed in 

the lungs, one of the first organs infected as a consequence of the infection route. Of note, 

during infections it was observed the formations of small bubbles in nostrils. Also the 

bacterium was observed in the bloodstream as soon as 30 min colonization.  E. coli easily 

spreads throughout the newborn’ body, since colonization in the liver, spleen and brain were 

observed. This pattern is maintained for at least 18 hours. These observations are consistent 

with human pneumonia, sepsis and meningitis reports for E. coli neonatal infections 8,69,112–

114.  

This early and extensive pattern of colonization might be explained by the observed 

delayed in the production of pro-inflammatory cytokines IL-6, IL-1β and TNF-α and 

chemokines KC and MIP-2, which were only detected 6 h after the infection. This might also 

underpin the delayed recruitment of neutrophils and macrophages to infected organs. 

Reduced levels of macrophages and neutrophils were associated to increased E. coli 

colonization239,284,285. On the other hand, a study conducted with a neonatal model of 

intranasal E.coli infection show that the depletion of neutrophils was related with E. coli 

resistance285. Further studies should elucidate the role of particular phagocytes in E. coli 

infections. As mentioned previously, in neonatal GBS infection, GBS modulates the neonatal 

immune response by inducing an early production of the anti-inflammatory cytokine IL-10, 

which inhibits the pro-inflammatory response and neutrophil recruitment to infected organs189. 

Some studies have reported a protective role of IL-10 in E. coli infections. However, in our 

model the delay in the development of the innate immune response was not due to the 

presence of IL-10, since alterations in the production of this immunosuppressive cytokine 

were not detected at early times after infection. Furthermore, the blockage of IL-10 signaling 

by anti-IL-10R antibodies did not show any statistical difference between the percentage of 

survival of controls and mice treated with anti–IL-10R mAb and controls. Therefore, other 

mechanisms should be involved in the delay of immune response observed in neonatal mice 

after oral infection with E. coli. One candidate could be adenosines. 
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Newborns in their early life faces numerous challenges since that in utero, the fetus 

exposure to foreign antigens is limited and after birth organs undergo a gradual age-

dependent development15,16,17,18. At birth, the innate and the adaptive immune system of 

newborns are not fully developed, being responsible for the increased susceptibility of 

newborns to serious bacterial infections13,19.  Furthermore, there appears to be a consensus 

that neonate immune system  is shifted to immunosuppressive regulators production, as well 

as the timing of their production, playing  a crucial role during infection261. Adenosines are 

other to immunosuppressive regulators that could be found in relatively high concentrations 

in newborn plasma. Some studies reported these molecules has an endogenous purine 

metabolites with immunomodulatory properties286. Adenosines are able to inhibit TLR2-

mediated TNF-α production through the activation of A3 adenosine receptors on neonatal 

mononuclear cells with IL-6 and IL-10 production287–289.  The role of adenosines was already 

reported to Legionella pneumoniae, Trypanossoma cruzi and E. coli infections, namely in E. 

coli peritonitis model where the authors show a down-regulation in adenosines-degrading 

enzymes and at the same time an up-regulation of CD73 and CD39 (ecto-nucleotidases 

expressed in leukocytes and other host cells responsible for extracellular ATP metabolization 

which leads to extracellular adenosines accumulation)290–292. Therefore, we might speculate 

that in our mice model, E. coli K1 could induce the up-regulation of CD39 in macrophages 

(expressed in both mice and human) allowing the accumulation of adenosines in order to 

avoid excessive inflammation responses and the rapid bacterial clearance293–295. 

Nevertheless, complementary studies need to be performed to better access this hypothesis. 
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Figure 22| Mechanism immunosuppression adenosines-mediated in monocytes. High concentrations of adenosine in neonatal 

blood plasma act through adenosine A3 receptors on neonatal mononuclear cells to induce high intracellular concentrations of 

cyclic AMP (cAMP) leading to a downstream cascade that culminate in inhibition of TLR2-mediated TNF-α production while 

preserving production of IL-6. Adapted from Levy, Ofer et al. (2007)15.  

 
  Overall, E. coli is able to rapidly colonize the neonatal mice but the host does not 

promptly develop an immune response. Understanding the reasons leading to the delayed 

pro-inflammatory molecules production and immune cell recruitment is a key to finding novel 

therapeutic targets. In that direction, the infection model developed by our group and 

characterized in this study might be employed in future investigations towards the 

development of new E. coli targeted therapies. 
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6. Conclusions and Future Directions 
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 The first part of the dissertation, aiming at assessing the impact of GAPDH maternal 

vaccination on neonatal commensal microbiota, was affected by external constraints (i.e 

bacterial contamination and stress). In these conditions, the obtained result was contrary to 

previous results from our group. Thus, the maternal vaccination protocol with rGAPDH 

resulted in high mortality rates among the progeny if the vaginal tract of the female was 

colonized with S. aureus. Face with this unexpected result, we are now trying to understand 

why this occurs. Ongoing immunizations with a new batch of rGAPDH, and performed the 

experiments in a different house facility, will help to clarify these results. In addition, we will 

study the potential impact of the GAPDH maternal vaccination on the gut microbiota of the 

newborn pups. To evaluate the potential detrimental effect upon commensals, the neonatal 

gut microbiome will be assayed by genome sequencing and results compared between all 

experimental groups, at different postnatal days and also during adulthood. Finally, we plan 

on verifying impacts on the development of neonatal immune system following the 

immunization protocol, which might be a consequence of microbiota alterations. These 

experiments will be crucial to attest the safety to a clinical application of the vaccination 

therapy.  

 In the second part, the development of new mouse model of neonatal E. coli infection 

opens new windows for its use in future investigations for the identification of new E. coli 

targeted therapies. The results obtained showed that E. coli is able to rapidly colonize the 

neonatal mice but the host does not promptly develop an immune response. Therefore, 

understanding the reasons for the delay in immune response activation will be crucial to find 

and develop novel therapeutic strategies. Having learnt that the immunosuppressive IL-10 is 

not involved in the delayed immune response, we plan on evaluating the role of adenosines 

as possible modulators of immunity in early neonatal life.   

 

Altogether, the success of these lines of research will shorten the path toward effective 

therapies which will fight back the overwhelming neonatal infections caused by GBS and E. 

coli that continue to affect millions of babies worldwide. 
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