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ABSTRACT 

 

Background: The incidence of chronic inflammatory diseases including allergy and 

autoimmunity has risen dramatically in industrialized countries over the last few 

decades. Similar trends are now being observed in human populations transiting from 

traditional to more modern or ‘westernized’ lifestyles; suggesting that a traditional 

environment and/or lifestyle is protective. Accordingly, there is increasing evidence that 

environmental exposures in early life, including prenatal life, can affect the course of 

early immune development and hence risks for the development of immunological 

disease. Still, relatively little is known about neonatal immune function and the process 

of early immune development in children born under traditional lifestyle conditions and 

how this compares to children born in modern environments.  

Hypotheses: In line with the ‘hygiene hypothesis’, we expected to find evidence of 

enhanced immuno-regulatory mechanisms in neonates born in traditional compared to 

modern environmental settings. Furthermore, we hypothesized that the trajectory of 

early immune development in traditional populations might differ from that reported for 

westernized populations, and is influenced by relevant in utero exposures such as the 

microbial experience of the mother during pregnancy. 

Methods: Cord blood mononuclear cells (CBMC) collected from neonates born under 

traditional (Papua New Guinea; PNG) and modern living conditions (Australia; AUS) 

were quantitatively and qualitatively compared for differences in T regulatory (Treg) 

cells, T-helper (Th) cells and antigen presenting cells (APC). When PNG infants were 

aged between 1-18 months old they were followed-up once more and innate immune 

responses to a range of Toll-like (TLR) and NOD-like receptor (NLR) ligands were 

measured using whole blood assays. Lastly, multivariate linear regression was used to 

explore associations between a number of prenatal risk factors such as maternal 
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intestinal parasite infections and substance use (beer consumption, tobacco smoking or 

betel nut chewing) and innate immune responses in the PNG birth cohort.  

Results: The frequency of Treg cells was found to be higher in CBMC of AUS 

compared to PNG newborns; however, their suppressive function was qualitatively 

similar. CD4+ Th cells from PNG newborns proliferated less and at a slower rate in 

response to an APC-dependent mitogen than AUS counterparts; an effect that was 

attributed to differences in APC rather than T cell function. Moreover, monocytes from 

PNG compared to AUS newborns exhibited higher baseline levels of activation and 

inhibitory markers, produced more cytokine in the ‘resting’ state, processed less antigen 

and were less or non-responsive to stimulation in vitro. Patterns of innate immune 

development in PNG infants differed from that described in the literature for infants 

born in high-income countries, including maintained or rising (rather than declining) IL-

10 responses, and declining or constant (rather than rising) TNF-α responses with 

increasing age in infancy. A new and interesting observation was that inflammatory 

responses (IL-1β, CXCL8) to the vaccine adjuvant ‘alum’ decreased with age in infancy 

in our PNG study infants. Substance use and maternal intestinal infections were 

associated with different and independent effects on neonatal and infant innate 

immunity. Of the intestinal parasites diagnosed, the largest effects were found for 

Giardia lamblia which was associated with enhanced neonatal responses, particularly 

IL-10, to a range of innate stimuli. Although IL-12 responses were generally low in 

neonates, responses to Alum were enhanced and to TLR3 stimulation decreased if 

mothers had smoked, and were lower in response to TLR4 and AIM2 agonists when 

mothers had chewed betel nut. Furthermore, in infancy innate inflammatory responses 

were enhanced if mothers chewed betel nut (TLR3-IL-1 and TLR4-IFN-) or reduced 

if they consumed beer (TLR3-IL-1 and TLR4-induced IL-1 and IL-6) during 

pregnancy.   
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Conclusions: In line with findings in animal models that in utero exposures alter fetal 

innate immune development, the studies included in this thesis report major differences 

in APC phenotype and function in human neonates born under diverse environmental 

exposures. We suggest that in children born in traditional environments, fetal APC are 

conditioned in utero to become functionally quiescent; potentially an important 

immuno-regulatory mechanism that protects against the development of harmful 

inflammatory responses in early life. Furthermore, this study supports the hypothesis 

that prenatal environmental exposures can influence the developing immune system in 

utero, with long-lasting consequences on postnatal immune function; this may explain 

variation in patterns of early immune development in geographically diverse 

populations and their differing susceptibilities to chronic inflammatory disease in later 

life. 
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1.1 INTRODUCTION 

  

Infections due to microbial and parasitic pathogens are a leading cause of morbidity and 

mortality worldwide. Attempts to limit the spread of communicable diseases via the 

development of vaccines, as well as through education, improved hygiene and 

sanitation, have not equally disseminated throughout geographically diverse 

populations. Additionally, younger age groups are at greatest risk: each year an 

estimated 10.6 million children under the age of five years die from infectious diseases, 

of which 4 million occur during the first four weeks of life. 99% of these neonatal 

deaths take place in developing countries [1, 2].  

Meanwhile, in industrialized countries, the prevalence of chronic inflammatory 

diseases such as allergy and autoimmunity has rapidly escalated during the last few 

decades. A similar trend is now emerging in populations of the developing world that 

have recently started to transit to a more western lifestyle [3-5], suggesting that a 

traditional environment and lifestyle is protective.  

Furthermore, there is increasing evidence that the risk for such diseases is to a 

certain extent determined by environmental factors influencing prenatal and early 

postnatal immune development [6-9]. Yet, our knowledge of neonatal immune function 

and postnatal immune development is in general limited and mostly derived from 

populations living in western societies; very little is known about how this compares to 

those born in traditional societies.  

 Here, the burden of chronic inflammatory diseases as a major worldwide health 

issue will be addressed; followed by our current understanding of immune function at 

different developmental stages – particularly birth versus adulthood - as predominantly 

studied in western populations; and lastly, the available evidence that several traditional 
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environmental and lifestyle factors influence in utero immune development such that 

the risk for chronic inflammatory disorders is reduced. 

 

1.2 CHRONIC INFLAMMATORY DISEASE 

 

The term ‘chronic inflammatory disease’ encompasses a broad range of diseases 

associated with inappropriate immune responses to self (auto-antigens) or innocuous 

environmental antigens (allergens), that result in chronic and pathological inflammation 

in the host. These are generally classed as autoimmune diseases, which include 

inflammatory bowel disease (IBD; Crohn’s disease or ulcerative colitis), multiple 

sclerosis (MS), systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and type 

1 diabetes (T1D); or allergic diseases, such as atopic asthma, allergic dermatitis and 

rhinitis. The aetiology of many of these conditions is not yet completely understood, but 

thought to be complex, multi-factorial and to involve both genetic and environmental 

factors [10, 11]. Interestingly, children with autoimmune conditions such as IBD have 

an elevated risk for other immune-mediated diseases including atopy (and vice versa), 

suggesting that common aetiologic mechanisms operate in a number of different chronic 

inflammatory conditions [12-14]. 

 

1.2.1 Geographical distribution of chronic inflammatory disease 

 

Allergic and autoimmune diseases are a major health issue worldwide. These diseases 

initially emerged in industrialized countries and have progressively increased to an 

‘epidemic’ scale over the last 50 years. In Australia (AUS), New Zealand, Western 

Europe and North America, approximately 15-30% of children suffer from allergic 

disease [15-18] and at least 40% of the total population is thought to be affected at some 
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stage of life [19-21]. Food allergies in particular have increased during the last 10-15 

years [22, 23], with currently greater than 10% of one-year old AUS infants known to 

have at least one food allergy [24]. In parallel, the incidence of autoimmune conditions 

such as T1D and IBD has also risen in these settings, particularly in younger age groups 

[25, 26].  

 More recently, chronic inflammatory diseases have begun to emerge in 

populations of the developing world that are starting to become industrialized and adopt 

more modern lifestyles, including parts of Latin America, South Africa and Eastern 

Europe [4, 5, 27-30]. However, in certain populations still living very traditional 

lifestyles, the incidence of chronic inflammatory diseases currently remains low. For 

example, in a recent study of a Papua New Guinean (PNG) population living in 

traditional mountain village, no atopic disease could be detected, but in a nearby less 

isolated PNG coastal village just beginning to undergo westernization, 7% of the 

population was diagnosed with atopic disease [3]. This suggests that despite having the 

same genetic background, this population becomes increasingly susceptible to disease in 

line with modern environmental changes. A similar effect was observed in Finland 

which has a sixfold higher incidence of T1D compared to the bordering Karelian 

Republic of Russia, despite also sharing the same genetic background [31].   

 

1.2.2 Environmental influences on early immune development as a determinant 

of chronic inflammatory disease 

 

There is increasing evidence that immune function at birth [32-35], as well as postnatal 

patterns of immune development differ in children that go on to acquire allergic disease 

compared to those that do not [34, 36]. Moreover, the prenatal and early postnatal 

immune systems exhibit developmental plasticity and are shaped by gene-environment 
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interactions [37, 38]. This suggests that susceptibility to allergies and other immune-

mediated diseases is determined, at least in part, by environmental factors influencing 

the process of early immune development, including while in utero. However, still little 

is known about the mechanisms by which this occurs. 

 Thus, in order to develop strategies to curb the growing epidemic of chronic 

inflammatory diseases worldwide, it will be crucial to gain a better understanding of the 

process of early immune development, and how traditional versus modern environments 

and lifestyles affect this process. 

 

1.3 GENERAL FUNCTIONS AND DEVELOPMENTAL 

CHARACTERISTICS OF THE IMMUNE SYSTEM 

 

The immune system involves numerous specialized cells which are responsible for 

detecting infectious microorganisms and executing their destruction and clearance. It 

consists of two segments: the innate and adaptive immune systems. In addition to 

pathogen eradication, components of both immune segments also participate in 

regulation of immune responses. Here, the general functions of the human immune 

system, and evidence of developmental differences, particularly at the point of birth is 

discussed.   

 

1.3.1 Innate Immunity 

 

The innate immune system provides a first line of defence against invading pathogens 

and other danger signals, and plays a pivotal role in the activation of adaptive immunity 

[39]. Cellular components include antigen presenting cells (APCs) such as 
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macrophages, monocytes, dendritic cells (DC), natural killer (NK) cells and B cells 

[40].  

 Although the innate immune system is generally considered to be non-specific, 

innate cells are able to recognise a set of highly conserved molecular signatures 

produced by micro-organisms known as pathogen-associated molecular patterns 

(PAMPs) via a group of germ-line encoded pattern recognition receptors (PRRs) [41]. 

Several classes of PRRs have been identified thus far, of which the toll-like receptors 

(TLRs) are the most studied. More recently, PRRs that detect PAMPs and danger-

associated molecular patterns (DAMPs) in intracellular cytosolic compartments have 

also been discovered, including nucleotide-binding oligomerization domain (NOD)-like 

receptors (NLRs) and cytosolic DNA sensors such as AIM2 (absent in melanoma-2) 

[39, 42-45].  

 

1.3.1.1 Pattern recognition receptors (PRR) 

1.3.1.1.1 Toll-like Receptors (TLRs) 

 

TLRs are a family of type I transmembrane proteins located either on the cell surface or 

intracellular/endosomal compartments of many cell types, but in particular on APCs, 

where they play a central role in orchestrating innate immunity via recognition of 

PAMPs on a wide variety of microbes and viruses (Table 1.1). In humans, there are ten 

known TLR family members that recognise a diverse array of microorganisms [46-48]. 

Well known TLR ligands include cell wall components such as lipopolysaccharide 

(LPS) found in gram negative bacteria (TLR4), as well as peptidoglycans, lipoproteins 

and lipopeptides found in gram positive bacteria (TLR2). A more comprehensive list of 

human TLRs and their ligands is summarized in Table 1.1.  
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Ligand binding initiates an intracellular signalling cascade that results in 

activation of nuclear factor (NF)-κB, mitogen-activated protein kinases (MAPK) and 

interferon regulatory factors (IRF), leading to the production of inflammatory cytokines, 

chemokines and/or adhesion molecules [43, 49]. Most TLRs use common signalling 

pathways, however some have their own distinct pathways [48, 50, 51] as shown in 

Figure 1.1 (and recently reviewed in more detail in [44, 47, 52]). Excessive production 

of inflammatory cytokines, sometimes referred to as “cytokine storm” leads to septic 

shock which is a prominent cause of death during bacterial infection [53]. 
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Table 1.1 Human TLRs: location, cell types and ligands [41, 43, 50, 54, 55]. Note: 
mDC = myeloid DCs, pDC = plasmacytoid DCs, NK = natural killer cells, ss = single 
stranded, ds = double stranded, RSV = respiratory syncytial virus. 
 
TLR Cellular 

localization 
Cell type Known ligand(s) Ligand source 

TLR1/2 Cell 
membrane 

mDCs, monocytes Triacyl lipopeptides e.g. 
Pam3cys 

Bacteria and 
mycobacteria 

Lipoproteins, lipopeptides, 
peptidoglycans, lipoteichoic 
acid (LTA) 

Gram positive 
bacteria 

Zymosan Fungi 

Lipoarabinomannan Mycobacteria 

Phenol-soluble modulin Staphylococcus

Glycosylphosphatidylinositol  P.  falciparium 
Heat Shock Protein (HSP) 70 Host 

TLR2 Cell 
membrane 

Monocytes, NK 
cells, mDCs, mast 
cells, T cells, 
epithelial cells 

Pneumolysin (also TLR4 
ligand) 

Streptococcus 
pneumoniae 

dsRNA, ssRNA Viruses TLR3 Endosome mDCs, NK cells, 
epithelial cells Polyinosinic-polycytidylic 

acid (PolyIC) 
West Nile 
virus 

Lipopolysaccharide (LPS) Gram negative 
bacteria 

HSP60, HSP70, fibronectin, 
hyaluronic acid, fibrinogen, 
heparan sulphate 

Host 
endogenous 
ligands 

Fusion protein (also TLR3 
ligand) 

RSV 

Taxol Taxus 
brevifolia 

TLR4 Cell 
membrane 

Monocytes, mast 
cells, neutrophils, 
T cells, epithelial 
cells, endothelial 
cells, B cells, 
macrophages, 
DCs 

Monophosphoryl lipid A 
(MPLA) 

Synthetic 
compound 

TLR5 Cell 
membrane 

Monocytes, NK 
cells, mDCs, 
epithelial cells 

Flagellin Flagellated 
gram negative 
and positive 
bacteria  

TLR6/2 Cell 
membrane 

Myeloid cells, 
mast cells, B 
cells, mDCs 

Diacyl lipopeptides Mycoplasma 

ssRNA Viruses TLR7 Endolysosome pDCs, B cells, 
eosinophils Imidazoquinoline (eg. 

Imiquimod) 
Synthetic 
compounds 

ssRNA Viruses TLR8 Endolysosome NK cells, T cells, 
myeloid cells, 
mDCs 

Gardiquimod (also TLR7 
ligand) 

Synthetic 
compound 

Unmethylated CpG DNA Bacteria and 
viruses  

TLR9 Endolysosome pDCs, B cells, 
NK cells 

Hemozoin bound to parasite-
derived DNA 

Malarial 
parasites 

TLR10 Cell 
membrane 

B cells, pDCs, 
mDCs 

Unknown Unknown 
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 Figure 1.1 TLR signalling pathways (image from [56]). In MyD88-dependent 
signalling (used by all TLRs except TLR3) IRAK4 and IRAK1 are recruited, 
followed by TRAF6, which then ubiquitinates TAK1, thus enhancing the ability 
of IKKα and β to phosphorylate and degrade IκB. This renders NF-κB free to 
translocate to the nucleus of the host cell and allow transcription of 
inflammatory cytokine genes. Additionally, in TLR7/8/9 signaling, activation of 
IRF-7 also results in transcription of type I IFNs and other IFN-inducible genes. 
In MyD88-independent signalling pathways, TRIF interacts with IKKi and 
TBK1 to phosphorylate IRF-3. IRF-3 then translocates to the nucleus and 
initiates transcription of IFN-β and other IFN-inducible genes. TRIF also 
triggers NF-κB activation through TRAF6 and RIP1. Note: IRAK = IL-1 
receptor-associated kinase; TRAF = TNF receptor associated factor; TAK = 
TGF-β-activated kinase; IκB = inhibitor of NF-κB; IKK = IκB kinases; NEMO 
= NF-κB essential modulator; IRF = IFN regulatory factor; TRIF = TIR domain-
containing adapter protein inducing IFN-β; IKKi = inducible IKK; TBK = 
TRAF family member-associated NF-κB activator-binding kinase; RIP = 
receptor-interacting protein. 
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1.3.1.1.2 NOD-like Receptors (NLR) 

 

NLRs sense microbial PAMPs and endogenous danger signals in the cytoplasm of 

mammalian cells [57]. In humans, 23 NLR-type proteins have been identified thus far, 

however most are not well characterised [41]. Known NLRs are broadly classified into 

‘Nodosome’ and ‘Inflammasome’ subfamilies [58]. 

 The most widely studied ‘Nodosome’ family members are NOD1 and NOD2, 

both involved in recognition of bacterial peptidoglycan [59-61], thereby activating pro-

inflammatory NF-κB and MAPK pathways (Figure 1.2) [58, 60, 62, 63]. Notably, 

human variants of NOD1 and NOD2 have been associated with an increased 

susceptibility to asthma, atopic eczema [64, 65] and IBD [66, 67]. While little is known 

about other ‘Nodosome’ family members, there are indications that some may signal via 

alternative pathways and have different functions (see Figure 1.2, and for further detail 

[68, 69]). 

 Alternatively, activation of certain NLRs (as well as other PRRs such as AIM2) 

leads to assembly of a multi-protein complex known as the ‘inflammasome’ [41]. The 

most widely studied is the NLRP3 (NALP3) inflammasome which is able to detect 

viral, bacterial and fungal PAMPs, endogenous stress-related danger signals, 

environmental pollutants and aluminium salts [41, 57, 70]. Inflammasome activation 

leads to catalysis of pro-caspase-1 yielding active caspase-1, which then cleaves 

inactive pro-IL-1 family cytokines to their active mature forms. Notably, the activation 

and secretion of these cytokines is thought to require an additional signal, such as TLR 

co-activation, which induces transcription and synthesis of pro-IL-1 cytokines in the 

first instance [57, 71]. Notably, inflammasome activation may also induce pyroptosis, 

eliminating intracellular pathogens via a rapid and inflammatory form of host cell death 

(Figure 1.2) [45]. 
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Figure 1.2 NLR receptors, associated signalling pathways and functions. 
NOD1/2 detect PAMPs to induce activation of NF-κB and MAPK pathways, 
resulting in pro-inflammatory cytokine production. Other NLRs (including 
NLRC4, NLRP1 and NLRP3) respond to a variety of PAMPs and DAMPs to 
activate the inflammasome complex and Caspase-1, which induces pyroptosis 
and/or cleaves pro-IL-1β and pro-IL-18 to their mature active forms for 
secretion into the extracellular space. Alternatively, other NLRs such as NLRC5 
can be shuttled into the nucleus to enhance transcription of genes associated with 
antigen presentation and adaptive immune recognition (adapted from Maekawa 
et al. [69]). 
 
 

  

 Interestingly, the immuno-stimulatory properties of aluminium salts (‘alum’), 

commonly used as vaccine adjuvants and widely approved for human use, was only 

recently discovered to be mediated via the NALP3 inflammasome (Figure 1.3) [72-76]. 

In addition to the release of mature IL-1β, IL-18 and IL-33, alum also stimulates the 

secretion of chemokines such as monocyte chemattractant protein (MCP) 1 (CCL2), 

macrophage inflammatory protein (MIP)-1α (CCL3), MIP-1β (CCL4) and CXCL8 (IL-
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8) that recruit inflammatory cells to the site of vaccination and further amplify the 

immune response [71, 77]. 

 

 

Figure 1.3 Activation of the NLRP3 (NALP3) inflammasome by aluminium 
salts occurs either directly, or indirectly by stimulating the production of uric 
acid, ultimately leading to the release of mature IL-1β, IL-18 and IL-33 [75]. 

 
 
 
 

1.3.1.1.3  Characteristics of PRR activation in newborns 

 

Immunological memory and adaptive immune responses are not well established at the 

time of birth. Thus host defence in newborns is reliant upon passively derived maternal 

antibodies to an extent, and more critically on innate immune responses [78, 79]. To-
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date, little is known about innate immune responses following PRR activation in 

newborns, however there are indications that these differ from that of an adult.  

 Following TLR activation, pro-inflammatory cytokine production including 

TNF-α, IL-12p70, IFN-γ and type I IFNs is impaired in the neonate, while production of 

IL-6, IL-10 and IL-23 is similar or higher than that of adults [80-88]. Others have also 

reported impaired LPS-induced expression of IFN-β and other IFN inducible genes 

[89]. This typical neonatal cytokine response predominantly stimulates T cells to 

differentiate into T helper (Th) 2 cells, rather than Th1 cells which, in the in utero 

environment, could be deleterious to the fetus for resulting in abortion or pre-term birth 

[90-92]. Gestational hormones including estradiol and progesterone (and other placental 

factors such as prostaglandin E2) are thought to prevent Th1-associated inflammatory 

cytokine production, potentially via inhibition of the NF-κB pathway; thus contributing 

to the relatively Th2-skewed nature of the neonatal immune response [78, 93]. 

Additionally, a high concentration of adenosine in neonatal blood plasma binds the A3 

adenosine receptor to enhance intracellular cyclic adenosine monophosphate (cAMP) 

concentrations twenty-fold; and cAMP has also been shown to inhibit pro-inflammatory 

cytokine production by interfering with phosphorylation of cell-signalling components 

[82]. Moreover, neonatal innate immune cells show a reduced expression of certain 

TLRs [92, 94] and downstream components of the TLR signalling cascades including 

CD14, MyD88 [95, 96], TRAF, MAPK, NF-κB and IRF-2, -5 and -7 [97], which may 

further contribute to this neonatal response profile.  

 Despite the large body of evidence to suggest that neonatal innate immune 

responses are somewhat impaired, a small number of studies have also reported that this 

can be overcome with appropriate stimulation. For example, activation of TLR-7/8 by 

the ligands resiquimod (R-848) or thiazoloquinoline (CLO75) provide a possible 

exception, and in contrast to other TLR pathways, can induce pro-inflammatory 
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cytokine responses in neonatal innate immune cells [83, 98, 99]. Additionally, Gold and 

colleagues demonstrated that CpG-stimulation of neonatal pDCs could overcome the 

intrinsic defect in IFN-α production and allow pDCs to produce adult-equivalent levels 

of IFN-α [100], although others have reported the opposite [80]. Moreover, it is 

noteworthy that neonatal DCs produce similar or higher levels of IL-23 in response to 

TLR stimulation compared to adults. This may favour the development of Th17 cells 

and compensate for the lack of IL-12 production and suboptimal Th1 stimulation in 

early life [101]. 

Differences in neonatal TLR-mediated cytokine responses have been reported in 

relation to maternal allergy [32], ethnicity and season of birth [102]; and children that 

developed allergy within the first 12 months of life were found to produce higher 

inflammatory cytokine responses at birth than those that did not [32]. Furthermore, 

gravida or the number of times a woman has been previously pregnant may affect 

neonatal TLR function, as well as infectious disease susceptibility [103]. Compared to 

multigravid pregnant women, primigravid pregnant women were found to have a higher 

risk of contracting P. falciparium (in malarial-endemic locations) and cord blood 

mononuclear cells (CBMC) produced significantly higher in vitro cytokine responses to 

TLR ligation [103, 104], including higher levels of IFN-γ, TNF-α and IL-10 in response 

to PolyIC [103]. 

Little is currently known about the ontogeny of innate immune pathways in 

early life, but there are indications that some TLR responses reach adult-like levels 

during infancy, while others continue to develop into childhood [105-107]. In addition, 

there is little or no human data available on responses to other types of PRRs such 

NLRs in early life. This includes responses to alum which, although widely used as a 

vaccine adjuvant in many neonatal and pediatric vaccines, has never been studied for its 

effects on NALP3 inflammasome responses in newborns or infants in any population. 
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Understanding the function of these in early life is likely to become an important new 

area of future research, in particular with respect to vaccine development. 

 

1.3.1.2 Antigen Presenting Cells (APC) 

 

APC are a pivotal link in the innate and adaptive arms of the immune system. The most 

potent APC are DCs (sometimes referred to as professional APCs), a group of 

specialized, bone marrow-derived cells [108]. It is thought that DC precursors migrate 

from the bone marrow into the blood and are distributed to non-lymphoid peripheral 

locations where they are likely to encounter incoming pathogens [120,121]. DCs are 

also found in lymphoid tissues where they maintain tolerance by processing self-

antigens and inducing auto-reactive T cell deletion or anergy [123], as well as 

differentiation of T regulatory (Treg) cells [11,119]. In humans, the most accessible 

source of APC for study is generally venous blood or in the case of neonates, cord blood 

samples.  

 

1.3.1.2.1 Human Blood DC Subsets 

  

Human blood DC represent ~1% of total peripheral blood mononuclear cells (PBMC) 

and are defined by the expression of major histocompatibility complex (MHC) class II 

(human leukocyte antigen (HLA)-DR) and the absence of markers designating other 

leukocyte lineages [109]. They are a heterogeneous population which have plasticity in 

terms of function, phenotype and lineage, but can be broadly classified into two subsets: 

(1) conventional or myeloid-lineage DCs (mDCs) and (2) CD11c-, CD123+ 

plasmacytoid DCs (pDCs) of the lymphoid lineage [42].  
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 Human blood mDCs can be further subdivided into CD1a+ CD11chigh blood DC 

antigen (BDCA)-1/CD1c+ and CD1a- CD11clow BDCA-3/CD141+ subsets representing 

approximately 0.6% and <0.05% of PBMCs, respectively [110]. The phenotypic 

differences for classification of these subsets are shown in Table 1.2. The precise role of 

mDC is not clear, however it is thought that they may circulate through the blood for 

detection of blood borne pathogens and/or act as a bystander DC pool for replenishment 

of tissue-residing DCs [111].  

 Human peripheral blood pDCs represent ~0.4% of PBMCs and are commonly 

referred to as the “natural type I IFN-producing cell” due to their unique ability to 

secrete significant amounts of IFN-α/β in response to viral or bacterial infections [110, 

112]. In contrast to mDC which express all TLRs, the TLR repertoire on pDC is mostly 

limited to TLR7 and 9 [42, 111-113]; pDCs can also be distinguished from mDC by 

their high expression of CD123, and lack of CD11c and other myeloid markers [114]. 
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 Table 1.2 Heterogeneity of human peripheral blood DCs (adapted from Sato 
 et al. [110])  
 

Conventional Plasmacytoid DC 
Subsets CD4+CD1a+CD11chigh CD4+CD1a-CD11clow CD303+ 

Lineage Myeloid Myeloid Lymphoid 

Phenotype   

CD1a ++ - - 

CD2 ++ - - 

CD4 ++ ++ ++ 

CD8 - - - 

CD11b + - - 

CD11c +++ ++ - 

CD13 ++ ++ - 

CD32 ++ - - 

CD33 ++ + - 

CD45RA - - ++ 

CD45RO + + - 

CD64 + - - 

CD116 ++ ++ - 

CD123 ++ var. +++ 

BDCA-1 ++ - - 

BDCA-2 - - ++ 

BDCA-3 - ++ - 

BDCA-4 - - ++ 

CD40 + + - 

CD80 + + + 

CD86 + + - 

MHCII +++ +++ ++ 

-, negative; +, low; ++, intermediate; +++, high; var., heterogenous.
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1.3.1.2.2 Role of DCs in Innate and Adaptive Immunity 

 

DCs are the central player in initiating innate and adaptive immune responses to a wide 

range of infectious agents. Peripherally distributed immature DCs are stationary, poorly 

immunogenic and produce little or no cytokines. They continuously sample the 

surrounding environment to capture antigen [113, 115]. The capture and processing of 

incoming antigens into fragments results in ‘maturation’ or ‘activation’, characterized 

by (a) altered cell morphology, (b) down-regulation of tissue-homing chemokine 

receptors (CCR2, CCR5) and up-regulation of lymph node-homing chemokine receptor 

CCR7, (c) loss of endocytic and phagocytic receptors, (d) the release of inflammatory 

cytokines, and (e) up-regulation of MHC and co-stimulatory molecules such as CD40, 

CD80 (B7-1) and CD86 (B7-2) [42, 110]. Functional differences in immature and 

mature DCs are illustrated in Figure 1.4. Maturation allows DCs to migrate to draining 

lymph nodes where they present antigen to naïve T cell populations [113, 116].  
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Figure 1.4 Differences in immature and mature DC function. Immature DCs 
efficiently capture antigens via macropinocytosis, receptor-mediated endocytosis 
and phagocytosis. Additionally, they express receptors which allow them to 
detect PAMPs, cytokines, chemokines and other stress signals. Following 
maturation, the DC interacts with naïve T cells via antigen presentation (signal 
1), co-stimulation (signal 2) and cytokine production (signal 3) leading to T cell 
priming and differentiation [113]. 

 

 

 Following arrival in the lymph nodes, DCs concentrate in the T cell-rich 

paracortical regions; and then activate and direct T cell differentiation by providing 

three signals: (1) ‘antigen presentation’ which involves cross linking of antigen-loaded 

MHC molecules on the DC surface with T cell receptors (TCR) [113, 117]; (2) ‘co-

stimulation’, whereby CD28 on the T cell surface interacts with CD80/86 expressed by 

DCs which, along with CD40-CD40L ligation, stabilizes the immunological synapse 

and results in clonal expansion, differentiation and activation of T cell effector functions 

[39, 42, 118]; and (3) ‘cytokine secretion’ which then directs T cell fate by controlling 

its differentiation [113, 119] (Figure 1.4). The particular adaptive immune responses 

initiated by activated DC vary and depend on the type of ligand, the strength of the 

signal, the DC subtype activated and the cytokines present in the microenvironment. 

Examples of potential CD4+ T lymphocyte differentiation pathways induced by DC are 
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shown in Figure 1.5. In addition, activated DCs may also stimulate innate lymphocytes 

such as NK, NKT and γδ T cells [39, 117, 119]. 

  In recent times, there has been escalating interest in the role of DC and other 

APC in mediating tolerance. It is now increasingly recognized that DC of variable 

phenotypes including those that are ‘immature’ or ‘mature’ are able to regulate immune 

responses under different conditions [120]. Regulatory DC subsets may augment Treg 

cells and/or directly dampen T cell responses by inducing anergy or apoptosis [121]. 

The production of soluble factors such as IL-10, TGF-β and indoleamine 2,3-

dioxygenase (IDO) [120, 122, 123] as well as inhibitory cell surface molecules such as 

immunoglobulin (Ig)-like transcripts (ILT) 3 and ILT4, are thought to be involved [124-

126]. Of note, ILT3 and ILT4 are also expressed and associated with regulatory 

function in other APC subpopulations including monocytes [127].  

 

 

 

 
 Figure 1.5 Maturation pathways of T cells induced by activated antigen-
 bearing DCs [128]. 
 

http://www.ncbi.nlm.nih.gov/pubmed/22243780�
http://www.ncbi.nlm.nih.gov/pubmed/22243780�
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1.3.1.2.3 Monocytes 

  

Human monocytes, which are generally distinguished by their expression of CD14, are 

important effectors of the innate immune response to microbial infections and play a 

key role in regulating inflammation [129]. They originate in the bone marrow from a 

myeloid progenitor also common to DCs [130] and under steady-state conditions, 

circulate in the bloodstream where they are generally short-lived. During infection or 

inflammation, monocyte survival is prolonged and they migrate from the blood to the 

tissues where their major role is to phagocytose infected and apoptotic cells, as well as 

to produce inflammatory cytokines and reactive oxygen species (ROS) [131]. 

Monocytes may also undergo further differentiation into either tissue macrophages or 

inflammatory DC (that are distinct from other DC subsets) [129, 132, 133]. 

 .  

1.3.1.2.4 Neonatal APC phenotype and function 

  

It has been hypothesized that defective APC function may contribute to enhanced 

infection susceptibility and suboptimal responses to vaccines in newborns. Compared to 

adult counterparts, cord blood monocytes and DCs were found to have a relatively 

immature phenotype with attenuated expression of activation markers such as CD40, 

HLA-DR, CD86 and CD80, even after stimulation with LPS [87, 91, 106, 134, 135]. In 

addition, cord DC express relatively low levels of chemokines including CXCL9, 

CXCL13, CCL18 and CCL24; have a reduced endocytic activity; provide suboptimal 

antigen presentation and/or co-stimulation; produce low levels of the pro-inflammatory 

cytokine IL-12, and induce much lower IFN-γ production from allogeneic CD4+ T cells 

[107, 134, 136-138]. Furthermore, neonatal monocytes have been shown to express 

lower levels of adhesion molecules such as CD62L [139] and to be relatively impaired 
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in their ability to secrete cytokines [137], to undergo phagocytosis [140] and to further 

differentiate into DC [138] compared to adult monocytes. Consequently, the 

immunogenic potential of cord APC and in particular their ability to induce Th1 cells is 

poorer as compared to adult APC [141, 142]. Deficiencies in the number and/or 

function of APC, that have been found to remain even at 12 months of age [142], are 

thus believed to play an important role in deficient T cell responses in early life. 

Further to this, it has been suggested that the relative functional immaturity of 

neonatal APC may even promote immunological tolerance following early postnatal 

immune challenges. For example, exposure of neonatal mice to killed bacteria or LPS 

was found to induce IL-10 producing tolerogenic DC [143, 144]; and suboptimal co-

stimulation and antigen presentation by immature neonatal DCs has been suggested to 

favour the development of Treg cells during the perinatal period [145, 146]. 

Additionally, it was recently shown that cord blood monocyte-derived DC treated with 

Mycobacterium bovis bacillus Calmette-Guerin (BCG) become semi-mature and 

produce higher levels of IL-10 than adult counterparts, consequently polarizing naïve T 

cells towards a tolerogenic phenotype [147]. Nevertheless, an immuno-regulatory role 

for human neonatal APCs has not yet been conclusively identified; in fact, findings 

from our laboratory indicate that vaccination with a pneumococcal conjugate vaccine at 

birth does not result in immunological tolerance, but in normal memory Th1 and Th2 

responses [148, 149]. Further studies are needed to clarify the specific conditions or 

exposures required by human neonatal APC to result in the induction of immunological 

tolerance. 

Variations in APC function in early life have been observed in relation to 

allergic disease development in later life. For example, the capacity to produce IL-12 at 

birth has been inversely associated with allergen-specific immune responses in later 

infancy [34]. Additionally, the maturation status of cord blood monocytes [35] and 
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number of circulating pDCs in infancy was also inversely associated with the 

development of atopic symptoms in later life [150]. Moreover, phenotypic and/or 

functional variations in neonatal APC likely exist between geographically diverse 

populations: one study comparing the composition of cord blood cell populations in 

Gabonese (Central African) and Austrian newborns found the former to have 

significantly higher percentages of monocytes and mDC, but a significantly lower 

proportion of pDC [151]. Additionally, previous studies from our laboratory have 

shown that APC priming with IFN- enhances BCG-induced pro-inflammatory 

responses including TNF-, IL-12p70, and in particular IFN- production to a 

significantly higher extent in AUS compared to PNG newborns [152].  

 

1.3.2 Adaptive Immunity 

 

The adaptive immune system is activated following signals from the innate immune 

system of pathogen invasion in the host. It is much slower to develop during a primary 

response, however has the capacity to remember antigenic challenges and to mount a 

faster, stronger attack upon subsequent challenges. Additionally, it has greater 

flexibility in recognition and destruction of pathogens owing to the ability for TCR and 

B cell receptor (BCR) genetic recombination; allowing T and B cells, respectively, to 

recognise an unlimited array of epitopes [118, 153]. 

 There are three phases involved in an adaptive immune response (Figure 1.6). 

The first, known as ‘priming or expansion’ involves T cell recognition of antigen 

presented by APC, followed by differentiation, cytokine secretion and proliferation 

[118, 154-156]. The second phase is ‘contraction’, whereby the number of expanded T 

cells during the peak of the response is reduced to 5-10% by mass apoptosis [157]. This 

generally coincides with pathogen clearance and is thought to be important for limiting 
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unnecessary tissue damage and to preserve the ability of the immune system to respond 

to new incoming pathogens [118, 158]. The third phase ‘memory’, involves long-term 

maintenance of surviving antigen-specific T cells, an antigen-independent process 

driven by pro-survival cytokines [118, 159, 160]. During secondary infection, memory 

T cells are able to quickly re-activate specific effector functions and proliferate into a 

recall effector cell population, independent of co-stimulation [118, 161-163].  

 

 

 
 Figure 1.6 The three phases involved in antigen-specific T cell responses: 
 priming/expansion, contraction and memory [118]. 
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1.3.2.1 Mediators of the Adaptive Immune Response 

 

The adaptive immune system consists of a number of specialised T and B effector cells 

which reside in lymphoid tissue and are naïve in the steady state. The T cell population 

is heterogenous and consists of a number of subpopulations which originate from either 

CD4+ or CD8+ lineages. Activated CD4+ T cells are classically thought to differentiate 

into Th1, Th2, Th17 or Treg subsets. Of important note, both human and murine T cells 

have been observed to produce non-classical patterns of cytokine response; and thus, it 

is now increasingly thought that such a classification system is oversimplified, possibly 

extremes of the potential response spectrum [164, 165].  

 

1.3.2.1.1 T helper (Th) cell subsets 

  

Adaptive immunity during infection is regulated to a significant extent by T helper cells. 

Classically two subsets, Th1 and Th2 cells, with antagonistic actions were believed to 

arise from the same uncommitted naïve CD4+ T cell under the influence of signals 

generated from the APC and surrounding environment (see Figure 1.7) [166]. Notably, 

this model was recently amended to include a third subset known as Th17. 

 Th1 play an important role in defence against intracellular pathogens by 

secreting cytokines such as IL-2, TNF-β and IFN-γ which activate phagocytic cells, 

stimulate complement fixing and promote the differentiation of CD8+ T cells to 

cytotoxic T lymphocytes (CTL) [118, 167]. For this reason, Th1 cells are often referred 

to as mediators of cellular immunity, however this is not strictly true since they also 

assist in B cell antibody production [168, 169]. Th1 responses are pro-inflammatory in 

nature, and are thought to play a role in delayed-type hypersensitivity reactions and 

various auto-immune conditions [166, 168]. Th2 cells on the other hand orchestrate host 
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defence against extracellular pathogens and are often referred to as mediators of 

humoral immunity [163]. They secrete cytokines such as IL-4, IL-5, IL-9, IL-10 and IL-

13 which assist in B cell activation and antibody production [169, 170], and enhance 

eosinophil and mast cell differentiation, proliferation and function, whilst inhibiting 

phagocytic cells [7, 167, 169, 171]. Notably, Th2 cells have been implicated in the 

pathogenesis of asthma and other allergic conditions [166, 169, 170]. 

 

 

 

 Figure 1.7 Differentiation pathways of Th1 and Th2 cells [166]. Secretion of 
IL-12 by activated APC stimulates a program of differentiation in naive T cells 
including activation of STAT4 and T-bet, believed to be essential for Th1 
polarisation and lineage commitment. Alternatively, IL-4 activates STAT6 and 
GATA-3, which promote transcription of Th2 cytokine genes and repress T-bet 
and IFN-γ expression. 
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 In humans, IL-1, IL-6 and IL-23 promote Th17 differentiation [172-174]. Th17 

cells are identifiable by their expression of the IL-23 receptor, CCR6 and transcription 

factor retinoic acid-related orphan receptor (ROR)γt [174, 175]. Th17 cells secrete 

inflammatory cytokines such as IL-17, IL-6, TNF-α, IL-21 and IL-22, are believed to 

play a role in protection against extracellular bacteria and some fungi [128, 167, 172, 

173], and have been implicated in the pathogenesis of some autoimmune conditions, as 

well as in chronic infections [173].  

More recently, another subset of cells, known as the follicular Th cells have also 

been recognised as a distinct Th subset. Follicular Th cells provide B cell help and are 

important for germinal centre formation (recently reviewed elsewhere [176]). 

 

1.3.2.1.2 Cytotoxic T lymphocytes (CTLs) 

  

CTLs are important mediators of host defence against intracellular pathogens. Their 

main role is to destroy infected host cells which display viral or non-self peptides on 

their cell surface by secreting perforins which allows granzymes to enter the target cell 

and induce apoptosis, or via expression of the Fas ligand which binds and triggers 

death-receptor Fas on the infected cell’s surface [118, 128, 163]. Additionally, CD8+ T 

cells secrete inflammatory cytokines which help adjacent cells to avert infection and 

enhances other aspects of the immune response [118]. 

 

1.3.2.1.3 B cells 

  

B cells represent 5-15% of all human lymphocytes and are the key mediators of humoral 

immunity via the production of antibodies. Notably, while they have important roles in 
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adaptive immunity, B cells share functions common to APCs, also making them an 

integral component of the innate immune system.  

 B cells develop in the bone marrow and are distributed to the secondary 

lymphoid organs where they undergo antigen-induced activation in the germinal centres 

[177]. B cell activation can be T-cell dependent or independent. T-cell dependent 

activation is generally important for an efficient B cell response to protein antigens and 

the generation of memory [197]. BCR activation results in up-regulation of co-

stimulatory molecules and presentation of the antigen-MHC class II complexes to 

follicular Th cells that assist in B cell proliferation and differentiation via cytokine 

production [177-180]. T-cell independent activation on the other hand does not require 

T cell help but is generally thought to result in defective germinal centre formation and 

limited memory B cell development [196,199].  

Activated B cells may differentiate into extra-follicular short-lived plasmablasts 

which rapidly produce IgM antibodies for early immune protection, or alternatively 

memory B cells or long-lived plasma cells which secrete high-affinity antibodies 

capable of recognizing an unlimited assortment of antigens [177, 181]. There are 5 

classes of antibody in humans, each with different biological functions as shown in 

Table 1.3.   
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Table 1.3 Classes of immunoglobulins and their biological functions [177]. 

 

 

 

1.3.2.2 Adaptive immunity in newborns 

 

At birth, the capacity of the adaptive immune system to induce memory responses is 

limited and believed to gradually develop under the influence of postnatal microbial 

exposure.   

 

1.3.2.2.1 Neonatal T cell responses 

 

There are only a limited number of human studies comparing T cell responses in 

neonates and adults, with little agreement between them on the functional capacity of 

this immune compartment during the neonatal period. Some studies have reported 

evidence of in utero CD4+ Th cell priming, including proliferation and cytokine 

secretion in response to environmental allergens [182, 183]. In addition, functional 

CD8+ T cells displaying characteristics of adult CD8+ T cells were found to develop in 
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response to human cytomegalovirus (CMV) infection during fetal life [184]. 

Meanwhile, others have argued that neonatal T cell responses are very different from 

that of an adult. Holt and colleagues found that neonatal T cells display the 

characteristics of naïve recent thymic emigrants (more than 90% of CD3+ T cells were 

CD45RA+ and expressed CD38 and CD127), that undergo high levels of apoptosis and 

lack conventional T cell memory development. Additionally, proliferation of cord T-

cells in response to allergens was found to be limited, short-lived and did not appear to 

involve conventional memory T cells, but was rather driven by functionally immature T 

cells following low affinity TCR-MHC-peptide interactions [145]. Moreover, despite 

mature CD8+ T cell responses to CMV, comparatively poorer CD8+ T cell responses 

have been observed following other infections in early life [185]; and in response to a 

wide range of infections and vaccines which normally produce Th1 responses in adults, 

neonatal CD4+ T cell responses were relatively Th2-skewed (reviewed in detail in [79, 

186]). The capacity for Th17 responses in neonates on the other hand, has been 

demonstrated to be enhanced compared to adults [187] 

In addition to impaired APC function, intrinsic deficiencies in the T cell 

compartment contribute to the limited ability to develop Th1 memory responses in early 

childhood. For example, the capacity of neonatal T-cells to produce IFN-γ is further 

restricted due to hypermethylation of CpG motifs in the IFN-γ gene promoter [40, 188]; 

and indeed, even in the presence of mature DC, both neonatal and infant (1 year old) T 

cell responses were found to remain relatively Th2-skewed and attenuated compared to 

adults [142, 145]. More recently however, others have disputed the universality of a 

type-2 skewed nature of Th responses in early life. For example, mature antigen-specific 

Th1 responses in young infants were observed under certain conditions, including in 

response to neonatal Bacillus Calmette-Guérin (BCG) vaccination [189-191] or 

following Bordetella pertussis infection [192]. Furthermore, in a large birth cohort 
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study, the relative balance of neonatal Th1/Th2 cytokine responses was found to be 

highly variable, to correlate with parental cytokine production and to be strongly 

influenced by familial factors including a shared environment [193]. Djuardi and 

colleagues also reported a strong relationship between infant T cell responses and those 

of their mothers [194], altogether implying that similar to innate immunity, T-cell 

function in early life is influenced by the origin of the sample population, whereby both 

environment and genetics may modulate the response. Indeed, in considering the 

influence of different environments on neonatal T cells, Kohler et al. has also reported a 

significantly higher percentage of CD4+ T cells in Austrian compared to Gabonese 

CBMC, with Gabonese cord CD4+ T-cells representing a more antigen experienced 

phenotype than Austrian counterparts [151]. 

Deficiencies in the number of conventional T cells in neonates may further 

explain their high susceptibility to infectious diseases. Zhao et al demonstrated that a 

lack of T cells in neonatal mice, which is 1-2 logs fewer than in adults, caused an 

unrestrained inflammatory response to LPS. Interestingly, adoptive transfer of neonatal 

or adult conventional T cells into neonatal mice suppressed this response [195]. This 

regulatory mechanism by neonatal T cells is yet to be confirmed in humans.  

Interestingly, Mold and McCune recently suggested an alternative explanation 

for the peculiarities of the neonatal adaptive immune system, known as the ‘layered 

immune system’ hypothesis [196]. They suggest that the human immune system 

develops in distinct layers, each appropriate to the stage of development, rather than in a 

linear fashion whereby the fetal immune system is simply an immature version of the 

adult immune system. Moreover, they suggest that while the neonatal adaptive immune 

system may possess the intrinsic ability to competently respond, it is poised towards a 

tolerogenic phenotype at this stage of development and dominated by Treg cells 

(discussed further in section 1.3.3.2). 
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Differences in neonatal T cell function have been described in relation to allergy 

risk, although findings are inconsistent. Neonatal responses have been reported to be 

relatively Th2 skewed in children with a family history of atopy and/or that became 

atopic by 3 years of age [197-204], although a reduced production of Th2 cytokines and 

higher production of IFN-γ has also been reported [197, 205]. Additionally, whereas 

some studies have reported that the number of immunocompetent CD4+ T cells is 

reduced in infants with a family history of atopy [206], others found no differences in 

the phenotype or function of neonatal T cells in this risk group [207]. In any case, it is 

generally believed that the ability to re-direct the developing adaptive immune system 

towards a Th1 phenotype postnatally is delayed or impaired in atopic individuals [183, 

208, 209].  

 

1.3.2.2.2 Neonatal B cell responses 

 

The proportion of CD5+ immature or naïve B cells is much higher in neonates compared 

to adults [210, 211]. Additionally, B-cell antibody responses are compromised during 

the neonatal period for different reasons. Firstly, the architecture of the neonatal spleen 

is not fully developed due to a lack of pro-inflammatory cytokines (such as TNF-α), 

which together with a lack of mature follicular DC (FDC), limits germinal centre 

formation up until around 4 months of age [212-214]. Secondly, BCR activation results 

in a failure to up-regulate expression of MHC class II and co-stimulatory molecules 

[214]. This hampers cross-talk between B and T cells which is essential for efficient 

production of antigen-specific (isotype-switched and affinity matured) antibodies 

particularly in response to T-cell dependent antigens, as well as the development of B 

cell memory [213-215]. Generally, neonatal antibody responses appear to be delayed, 

short-lived and of lower antigen affinity. Additionally, lower levels of antibody are 
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produced, particularly of the IgG2 isotype as compared to adult antibody levels [214, 

216].  

Interestingly, a regulatory role for neonatal B cells has been proposed. In animal 

models, neonatal B cells were found to protect neonates from TLR-induced 

inflammation via the production of IL-10 in response to type I IFN production by DCs 

[217]. Additionally, murine neonatal B cells, but not adult B cells suppressed DC 

responses to TLR agonists (also in an IL-10 dependant fashion) and Th1 alloimmune 

responses in a mixed lymphocyte reaction (MLR) [218]. Thus far, it is unknown 

whether these functions also extend to human neonatal B cells.   

Lastly, variations in the neonatal B cell phenotype with respect to geographical 

location have also been observed: CBMC from Gabonese newborns were demonstrated 

to contain a higher proportion of mature CD5- B cells compared to that of Austrian 

newborns, suggestively due to higher in utero antigen exposure in the Gabon setting 

[151]. To our knowledge, no other studies have addressed functional differences of B 

cells between geographically diverse neonatal populations. 

 

1.3.3 Regulatory Immune Responses 

 

Although a fully functional immune system is essential for host defence against lethal 

pathogens, excessive activation may also be damaging to the host. Misguided and 

inappropriate immune activation is a major cause of various pathological conditions 

including autoimmunity and allergy [219-222]. Additionally, exaggerated immune 

activation during an infection, which may result in sterile eradication, may also be 

detrimental to the host for resulting in severe inflammation and extensive tissue 

destruction. Immune regulation is achieved through both central and peripheral 

tolerance; clonal deletion of self-reactive T cells occurs in both the thymus and the 



 35

periphery, while anergy and suppression allow further regulation of inappropriate 

immune responses in the periphery [223, 224]. In the last decade or so, there has been 

increasing interest in a specialized T cell subset that mediates tolerance, commonly 

known as Treg cells. 

 

1.3.3.1 T regulatory (Treg) cells  

 

Treg cells play a central role in maintenance of peripheral self-tolerance as well as 

controlling inflammatory conditions that may otherwise lead to tissue pathology, by 

suppressing T cell proliferation and function, and inhibiting the activation and function 

of DCs, B cells, neutrophils, NK and NKT cells [225, 226]. Treg cells may also allow 

pathogen persistence in the absence of inflammation which, in the case of parasitic 

infections may be beneficial for reinforcing immunity to re-infection and limiting 

collateral damage [225, 227, 228].   

 Treg cells express the cell surface markers CD4, CD25 (high expression), CTLA-

4, CD127/IL-7Rα (low expression), transcription factor forkhead box P3 (FOXP3) 

[229-231] and other markers as shown in Table 1.4 [232] (and recently 

comprehensively reviewed in [233]). FOXP3 is considered the best available marker for 

Treg cells in resting T cell populations as it appears essential to their development and 

function [223, 225, 234], however can not be used to isolate viable populations of Treg 

cells for further study as its detection requires cell fixation and permeabilization. 

Additionally, conventional T cells also up-regulate CD25, CTLA-4, GITR and FOXP3, 

and downregulate CD127 expression once activated so that none of these markers 

exclusively identify Treg populations [225, 230]. Therefore, the presence of Treg cells is 

usually confirmed via the demonstration of suppressive function [229].  
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 Table 1.4 Known Treg cell markers (adapted from [232]). 

Transcription 
factor 

Activation and 
memory 

Homing and 
origin 

Suppressive and 
effector 
function 

Apoptosis, 
survival or 
other 

FOXP3 CD25  
Lack of CD127 
CD45RA 
CD45RO 
HLA-DR 
CD69 

CD62L 
CCR4 
CCR6 
CCR9 
CD103 
CD304 
CD31 
Lack of CD49d 

CTLA4 
ICOS 
CD39-CD73 
LAP 
LAG3 
Granzyme B 
Galectin 1 
Galectin 10 
TRANCE 
CD80 and CD86 
IL-10 
IL-17 
CD2 
Lack of IL-2 

CD27 
OX40 
CD95 
PD1 
GITR 
Galectin 3 
GARP 
MS4A4B 
IL-1R 
CD6 

 
 
 
 Treg cells may be classified into naturally occurring Treg cells (nTreg) and 

inducible Treg cells (iTreg). nTreg cells are derived from the thymus where they mature 

under the influence of auto-antigens, and their major function is to aid in peripheral 

tolerance to self-antigens [225, 235, 236]. iTreg cells, which include IL-10 producing 

type 1 Treg (Tr1) cells and TGF-β producing T helper 3 (Th3) cells [237], phenotypically 

resemble nTreg but are derived from conventional CD4+ T cells in the periphery 

following exposure to foreign or tissue-derived antigen under sub-immunogenic or 

tolerogenic conditions [226].   

 The precise mechanisms of Treg-mediated suppression are not yet completely 

understood, but generally thought to involve cell-contact dependent inhibition, the 

secretion of soluble immunosuppressive factors and/or competition for limiting growth 

factors [238-240]. This is shown in Figure 1.8 and recently reviewed in more detail by 

[233, 241, 242]. All three mechanisms are likely to be involved under different 

immunological conditions, and are probably not mutually exclusive. 
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Figure 1.8 Three proposed mechanisms of Treg-mediated suppression: (a) 
cell-contact dependent inhibition via membrane-bound TGF-β, LAG3 and 
CTLA-4, cytolytic molecules such as Granzyme B, or direct delivery of cAMP 
to effector T cells through gap junctions; (b) secretion of diffusible 
immunosuppressive factors such as IL-10, IL-35 and TGF-β, as well as 
adenosine which increases intracellular cAMP in target cells; and/or (c) 
competition for limiting growth factors such as IL-2 and other pro-survival γ-
chain cytokines [238]. 

 
 
 
 
1.3.3.2 Neonatal T regulatory cells 

 

Treg cells increase in number during pregnancy and are particularly abundant at birth 

[243]. They are thought to play an important role in the maintenance of pregnancy by 

preventing fetal inflammation, premature rupture of membranes (PROM) and 

spontaneous abortion [92, 244]. Moreover, an increase in Treg cell numbers also 

provides an explanation for the fact that autoimmune conditions tend to subside during 

normal pregnancy [243]. Interestingly, it has been reported that maternal allo-antigens 

can cross the placenta to induce CD4+ CD25hi FOXP3+ Treg in the fetus that are capable 

of suppressing fetal anti-maternal immune responses and can be detected until late 

childhood [245]. One mechanism suggested to mediate tolerance at the materno-foetal 

interface is Treg-induced expression of IDO in DCs, causing tryptophan breakdown and 
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T cell suppression; and indeed, decreasing levels of tryptophan have been reported 

during normal pregnancies [243]. Furthermore, DC immaturity leading to suboptimal 

co-stimulation and antigen presentation has been suggested to favour the development 

of Treg populations and tolerance during the perinatal period [145]. 

In line with the naïve phenotype of neonatal CD4+ T cells, cord blood Treg cells 

express the gut homing receptor α4β7, CD27, and CD45RA+, which is in contrast with 

the CD45RO+ and CCR4+ memory phenotype of adult peripheral blood Treg cells [246-

248]. Until recently, relatively little was known about Treg function in newborns and 

findings have been somewhat contradictory: while some studies have reported that cord 

blood Treg cells express normal levels of FOXP3 and are efficient immunosuppressors 

[249-251], others have found the expression of FOXP3, the production of TGF-β and 

the suppressive activity of cord blood CD4+CD25hi cells to be reduced as compared to 

adult cells [252-254]. 

 Interestingly, children born to atopic mothers were found to exhibit reduced Treg 

cell numbers and reduced Treg-mediated suppressive activity at birth compared to 

children born to non-atopic mothers [255, 256]. Furthermore, in a longitudinal study of 

Treg phenotype/function and the development of allergic disease, no relationship was 

found at birth, but increased numbers and function of Treg cells at 1 year of age was 

associated with a reduced incidence of allergic sensitization at both 1 and 2 years of age 

[257].  

 With respect to geographically diverse populations, cord blood samples from 

Gabonese newborns have been shown to contain significantly lower numbers of 

CD4+CD25hi cells relative to Austrian newborns. Although Treg function was not 

addressed in that study, the expression of FOXP3 and CTLA-4 was found to be reduced 

on Gabonese compared to Austrian neonatal Treg cells [151].  
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1.4 POTENTIAL IMPACT OF IN UTERO EXPOSURE TO TRADITIONAL 

LIFESTYLE-ASSOCIATED FACTORS  

 

There is increasing evidence that several factors that are common but not restricted to 

more traditional lifestyles may modulate early immune function and development, with 

consequences for susceptibility to chronic inflammatory disease in later life. Of these, 

we here discuss the prenatal influence of microbial and parasite exposure, nutrition, and 

indoor air pollution due to biomass fuel use or tobacco smoke exposure. Preterm birth 

will be reviewed as a separate entity, although most of the factors discussed here are 

also risk factors for preterm delivery. Lastly, the role of environmentally-induced 

epigenetic mechanisms is also considered. The effects of these prenatal exposures on 

neonatal immune function and the associated outcomes are summarized in Table 1.5.   
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Table 1.5 Prenatal exposures to various environmental and lifestyle factors, the impact on neonatal immune function and 
associated outcomes 

Prenatal 
exposure 

Impact on neonatal immune function Ref. Associated outcome(s) Ref. 

High 
microbial 
burden* 

↑ proportion of mature CD5- B cells in CBMC 
 
↑ cord blood Treg numbers and functions, suppression of Th2 responses 
 
Th1-skewed CBMC responses but also ↓ cord blood pro-inflammatory 
cytokine production  
 
↓ expression of innate immune receptors in cord blood leukocytes 

[151] 
 
[9] 
 
[258]  
 
 
[259] 

↓ risk of allergic disease at school-age  
 
↓ allergic responses in animal models 

[8, 260] 
 
[6, 7, 261] 

Parasite 
infections* 

Adult-like parasite-specific CBMC cytokine responses 
 
Generation of Treg cells mediating immune tolerance  
 
Altered neonatal innate immune responses: 
 Partially matured DCs (↑ HLADR expression but not CD86) and ↑ 

cytokine response to TLR9 stimulation 
 ↑ numbers of mDC  
 Altered pro-inflammatory cytokine production in responses to LPS & 

PolyI:C (↑ IFN-γ but ↓ TNF-α) 

[262-264] 
 
[251, 265-
267] 
 
[268]  
 
[269]  
[103] 

↑ risk of parasite infection postnatally  
 
Non-specific effects: 
 ↓ atopy at school-age 
 Altered vaccine responses 

[104, 270, 
271] 
 
[272] 
[273, 274] 

Under-
nutrition/ 
low birth 
weight* 

Potential atropy of thymus and ↓ production of thymic hormones which 
affect thymic T cell development and function in the periphery 
 
 

[275-277] ↑ risk of asthma, but protective against 
atopic eczema  
 
↑ risk of infection-related mortality in 
adulthood 

[278, 279] 
 
 
[280, 281] 

Preterm 
birth* 

Lack of passively derived maternal antibodies 
 
Impaired innate immune responses: 
 Low mannose-binding lectin levels 
 ↓ capacity of neonatal monocytes to produce IL-12 in response to 

IFN-γ priming and LPS   
 Attenuated TLR-induced IL-6, IFN-α and TNF-α responses and ↓ 

cord blood serum levels of IL-12/IL-23p40 

↑ expression of immune biomarkers: IL-2, -4, -5, -8, -10, MCP-1, MIP 

[282] 
 
 
[282] 
[283] 
 
[284] 
 
 
[285] 

↑ risk of wheezing & asthma  
 
No association with eczema or food 
allergy  
 
↑ risk of infections and sepsis, 
particularly those caused by Gram 
positive bacteria 

[286, 287]  
 
[288-290] 
 
 
[291-293] 
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 * indicates exposures that are more common in traditional versus westernized environments

and TNF-α  
High fat 
(Western) 
diet 

↓ numbers of splenic lymphocytes, thinning of the thymic cortex, 
impaired antigen-specific immune responses and ↑ TNF-α and IgE 
production (shown in mouse model only) 

[294] ↑ risk of atopic disease 
 
↑ wheeze and eczema 
 
↑ allergic rhinitis 

[295-297] 
 
[298, 299] 
 
[300] 

ETS ↑ IgE cord blood levels 
 
Attenuated cytokine responses to innate TLR stimuli 
 
↑ neonatal Th2 responses (particularly IL-13) to allergens and ↓ IFN-γ 
production 
 
Enhanced CBMC-proliferative responses to allergens 
 
↓ cord blood leukocyte counts, particularly monocyte, neutrophil, 
lymphocyte and DC counts  

[301, 302] 
 
[303] 
 
[304, 305] 
 
 
[306]  
 
[307] 

↑ risk of childhood asthma, allergies 
and respiratory tract infections  
 
Impaired lung function 
 
↑ bronchial hyper-reactivity 

[308-310] 
 
 
[311, 312] 
 
[313] 

Industrial 
or traffic-
related air 
pollution  

↓ total T cells (particularly CD4+) but ↑ CD19+ B and natural killer cells 
in cord blood  
 
Altered cytokine levels and increased IgE levels in cord blood serum  

[314-317] 
 
 
[318, 319] 

↑ risk of developing airway hyper-
responsiveness and allergic sensitisation 
 
↑ risk of childhood asthma  

[320, 321] 
 
 
[322] 

Biomass 
fuel use* 

Unknown - Low birth weight, intrauterine growth 
restriction and preterm parturition 

[315, 323-
325] 

Vitamin D 
intake 

Induces cord blood APCs with tolerogenic properties  
 
Inversely associated with cord blood Treg numbers 

[326] 
 
[327] 

Controversial: 
 protective effect against wheezing, 

asthma and allergic rhinitis in 
childhood; inversely associated with 
sensitization to food allergens 

 But ↑ atopy also reported 

 
[328-330] 
 
 
 
[331] 
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1.4.1 Microbial exposure  

 

The ‘hygiene hypothesis’ postulates that microbial stimulation in early life is required to 

drive appropriate immune maturation and the induction of regulatory mechanisms that 

are protective against inflammatory conditions in later life. This is supported by 

epidemiological studies demonstrating inverse relationships between allergic or 

autoimmune outcomes and exposure to surrogate measures of microbial burden such as 

living in a farming environment, larger family sizes, daycare attendance and having pets 

[332-337]. However, not all microbes have been associated with protection against 

chronic inflammatory diseases (reviewed in [338]). Rook has suggested that the 

microbes most relevant to the hygiene hypothesis are those that are “old friends”; that 

is, they have co-evolved with humans since the Paleolithic era and induce tolerance to 

promote their own survival, including helminths, intestinal microbiota, hepatitis A 

virus, lactobacilli, Helicobacter pylori, Salmonella, Toxoplasma and saprophytic 

mycobacteria [339-342]. In support of this, the geographical burden of chronic 

inflammatory disease is generally opposite to that of “old friends” [29]. Further to this, 

recent evidence suggests that the diversity (and not just the overall burden or individual 

types) of microbial exposures in early life, and in particular the composition and 

diversity of colonizing gastrointestinal microbiota, is an important determinant of 

normal postnatal immune development and protection against allergic and other 

inflammatory diseases [343-349]. 

Microbe-driven immune modulation already begins before birth. As 

demonstrated in experimental studies, postnatal immune responses were modified and 

characterized by reduced allergic responses [6, 7, 261] and impaired innate immune 

responses [350] in animals exposed to microbial products in utero. Accordingly, in 

humans, prenatal exposure to a farming environment has been associated with Th1-
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skewed immune responses, enhanced cord blood Treg numbers [9, 258], altered innate 

immune function including decreased expression of innate immune receptors at birth, 

and reduced risk of allergic disease in early life [8, 259, 260]. Furthermore, maternal 

intake of probiotic bacteria due to the consumption of unpasteurised farm-produced 

yoghurt has been associated with reduced cord blood pro-inflammatory cytokine 

production [258]. Thus, in utero microbial exposure may ‘educate’ the immune system 

prior to birth to appropriately respond to allergens and auto-antigens and hence prevent 

disease in later life. The mechanism by which prenatal immune function is microbially-

modulated is unknown, however, a recent animal study showed that the asthma-

protective effects of prenatal exposure to cowshed bacterium was dependent on 

maternal TLR signaling and potentially implicate a role for neonatal DC as mediators of 

these effects [209, 351]. Furthermore, these asthma-protective effects were also found to 

be IFN-γ dependent and associated with epigenetic modifications within genes of the 

Th1 and Th2 loci [352]. 

 

1.4.2 Parasite infections 

 

In contrast to most other microbes, parasites can survive in the human host for an 

extended period of time by evading or suppressing the host’s immune response. 

Parasite-driven immuno-modulation is not confined to parasite-specific responses per 

se, but as demonstrated for chronic and/or high intensity infections with Schistosoma 

haematobium [272] as well as Ascaris, Trichurius, hookworms and filarial worm 

infections [353], can spill-over and suppress bystander responses mediating atopy.  

 First evidence that maternal parasite infections can have a prenatal immuno-

modulatory effect came from malaria studies showing that infants born to Plasmodium 

falciparum-infected mothers were at greater risk to become malaria-infected during 
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childhood than children whose mothers were non-infected [104, 270]. The same 

phenomenon has been observed for children born to mothers infected with the filarial 

parasite Wucheria bancrofti [271].  

Several studies have investigated the immunological effects of in utero parasite 

exposure. Malhotra and colleagues demonstrated that children born to mothers infected 

with Schistosoma haematobium, W. bancrofti and/or other intestinal helminthes 

underwent in utero sensitization and were capable of producing parasite-specific 

cytokine responses that were similar to those observed in adults [262, 263, 271]. This is 

in accordance with studies demonstrating prenatal priming of adult-like CD8+ T 

lymphocyte responses to Trypanosoma cruzi infection [264]; and the induction of fetal 

filarial-specific antibody responses in W. bancrofti-infected mothers [354]. At the same 

time, in utero parasite exposure may also lead to the development of immune tolerance, 

potentially via the generation of Treg cells [251, 265-267, 270]. Interestingly, the 

regulatory response was found to dominate the effector response in infants born to 

mothers with chronic placental malaria infection whereas in children born to mothers 

with resolved infections at the time of delivery both regulatory and Th1 pro-

inflammatory responses had been induced [355]. In addition, malaria-in-pregnancy can 

affect neonatal innate immune responses in the newborn, as demonstrated by studies in 

Africa where children born to P. falciparum-infected mothers exhibited partially 

matured DCs [268], higher numbers of mDCs [269] as well as significantly modulated 

IFN-γ and TNF-α responses following stimulation with TLR agonists LPS and PolyIC 

at birth [103].  

Exposure to helminths during pregnancy has been reported to compromise the 

infant’s ability to develop protective Th1-mediated responses to BCG vaccination, 

indicating a non-specific prenatal effect of helminth infections on T cell development 
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[274]. In contrast, in utero exposure to T. cruzi has been associated with enhanced Th1 

responses to vaccine antigens [273]. 

Altogether these studies indicate that the increase in allergic and auto-immune 

diseases in the western world may to some extent be explained by the eradication of 

chronic parasite infections whose immuno-suppressory specific and non-specific effects 

are likely to start in utero and last until later life.  

 

1.4.3 Nutrition 

 

According to the ‘fetal and infant origins of adult disease’ or Barker hypothesis, reduced 

fetal growth increases the risk to develop chronic degenerative diseases in adult life 

[356]. It is now emerging that this hypothesis extends to the development of chronic 

immunological disease. For example, a Swedish twin cohort study recently reported that 

low birth weight is a risk factor for asthma, but protects against atopic eczema [278, 

279]. However, the effect of prenatal malnutrition on immune development is not 

restricted to inflammatory illnesses, but can also impair the development of protective 

immune responses. In a study performed in rural Gambia, children who were born 

during the ‘hunger’ season and had low birth weights were demonstrated to be at a 10-

fold higher risk of infection-related mortality in adulthood compared to those born 

during the ‘harvest’ season [280, 281]; and in a Filipino study, prenatal malnutrition 

was associated with reduced antibody responses to typhoid vaccination in adolescence 

[275, 276]. These studies are suggestive of an irreversible change in postnatal immune 

function as a result of starvation during fetal life. This may be explained by the extreme 

vulnerability of lymphoid tissues, particularly the thymus, to atrophy [277] and the 

reduced production of thymic hormones that are involved in thymic T cell development 

and peripheral function in states of malnutrition [275, 276]. In addition, exposure to 
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prenatal famine has been linked to epigenetic changes which persistent into adult life 

and potentially alter disease risk [357].  

 In contrast to starvation, the increasing epidemic of obesity in the western world 

has been associated with changes in immune function that enhance the risk for atopic 

disease [295-297]. Additionally, the increased consumption of a low-fibre diet in the 

western world has been associated with changes in the composition of gut microbiota 

that may explain the rising incidence of colitis and other autoimmune conditions [358]. 

The immuno-modulatory effects of diet/nutrition likely begin prenatally [306, 359, 

360]; a recent murine study reported that a high fat diet in the fetal period resulted in 

reduced numbers of splenic lymphocytes, thinning of the thymic cortex, impaired 

antigen-specific immune responses and elevated TNF-α and IgE production, which are 

suggestive of immune regulatory dysfunction and a greater tendency towards 

inflammation [294]. Other components of a Western diet that may be 

immunomodulatory and/or increase inflammatory responses in early life include a 

reduced intake of n-3 polyunsaturated fatty acids, dietary contaminants such as by-

products from industrial and agricultural practices, as well as feeding newborns and 

infants on formula instead of breast milk (reviewed in [361]). In addition, a reduced 

consumption of antioxidant-rich foods such as fruit and vegetables and a higher intake 

of meat during pregnancy has been linked to a elevated risk of wheeze and eczema in 

infants [298, 299]; while a high maternal consumption of butter and n-6 fatty acids 

during pregnancy has also been associated with increased risk for their child to develop 

allergic symptoms in childhood [300]. 

Lastly, vitamin D intake during pregnancy was shown to induce cord blood APC 

with tolerogenic properties including higher ILT3 and ILT4 expression [326], but in 

another study, was inversely associated with cord blood Treg cell numbers [327]. 

Furthermore, maternal vitamin D intake has been associated with a protective effect 



 47

against wheezing, asthma, allergic rhinitis and food allergy in childhood [328-330], 

although opposite findings have also been reported [331]. These contradictory findings 

may be explained by differing study designs, where maternal vitamin D status was 

ascertained either by food frequency questionnaire, report of supplementation and/or a 

single serum measurement of maternal vitamin D. Maternal vitamin D status may 

change over the course of pregnancy and is not solely determined by food intake and 

supplementation, but also sun exposure, the melanin content of the skin and internal 

regulatory processes which tightly govern the conversion of vitamin D to its active 

form, calcitriol. Thus, future observational studies measuring serum calcitriol multiple 

times throughout pregnancy with a follow-up of the children may help to resolve these 

conflicting findings. 

Overall, these findings suggest that low birth weight and prenatal starvation are 

risk factors for reduced immune function in later life, whereas obesity and a western 

diet are likely associated with increased inflammation.  

 

1.4.4 Air pollution  

 

The use of biomass fuels such as wood, charcoal and other organic matter for cooking, 

lighting or heating, and often in the absence of adequate ventilation, is commonplace in 

many developing countries. The burning of this form of energy results in the release of 

hundreds of toxic air pollutants that have been associated with increased risk of 

developing respiratory illnesses [362-365]. With respect to prenatal exposure, biomass 

fuel use has been associated with low birth weight, intrauterine growth restriction and 

preterm parturition [315, 323-325]. 

 The impact of biomass fuel pollution on prenatal immune development and long 

term immune function is unknown. Relatively more is known about prenatal exposure 
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to environmental tobacco smoke (ETS), another form of indoor air pollution that has 

been associated with an increased risk of childhood asthma, allergies and respiratory 

tract infections [308-310]. Indeed, in utero ETS exposure has been linked with 

enhanced IgE cord blood levels, increased production of IL-4 and IL-13, reduced serum 

levels of IFN-γ, decreased leukocyte (particularly monocyte, neutrophil, lymphocyte 

and DC) counts and attenuated cytokine responses to innate TLR stimuli in neonates 

[302, 304, 307]. Furthermore, the rise in traffic-related pollutants that results from 

progressive urbanization has been associated with an increased risk of developing 

airway hyper-responsiveness, allergic sensitization [320, 321] and childhood asthma 

[322]. A study conducted in the Czech republic during the 1990s reported that children 

born at times of greatest industrial air pollution had reduced percentages of total T cells, 

particularly CD4+ cells, but increased proportions of CD19+ B cells and NK cells in 

their cord blood [314-317]. Recent reports also indicate altered cytokine levels [318] 

and increased IgE levels [319] in cord blood serum following maternal exposure to air 

pollution, particularly during late gestation. 

The relative exposures to ETS and other types of industrial/traffic-related air 

pollutants in developing compared to developed world regions is highly variable, with 

exposure likely being the lowest in the poorest areas and the highest in populations that 

are transmitting or have transmitted to modern western lifestyles. On the contrary, 

biomass fuel use is the highest in poorer populations and studies addressing the impact 

of this on immune development in low-income countries would be of high interest.   

 

1.4.5 Preterm birth 

 

Preterm birth, defined as parturition at less than 37 weeks of gestation, is the most 

common cause of perinatal morbidity and mortality in developing countries. In fact, 
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infants born prematurely are 40 times more likely to suffer neonatal mortality compared 

to term infants [366]. Premature birth may result from a number of causes including 

intrauterine infection (30 to 50% risk of preterm birth) and/or inflammation, stress and 

uterine over distension [367, 368]. In the case of infection, preterm birth is thought to be 

mediated by pro-inflammatory cytokines such as TNF-α and IL-1β [92, 369]. 

Interestingly, a recent study also found a reduced expression of HLA-DR and impaired 

suppressive function of circulating Treg in women undergoing preterm labour, 

suggesting a role for Treg cell dysfunction in this process [370]. 

Preterm children are at high risk for infections, in particular Gram positive 

infections. The risk of invasive disease and the severity of infectious outcomes are 

inversely related to the degree of prematurity, with those born very preterm (less than 

32 weeks of gestation) being most vulnerable [291-293]. The few studies that have 

compared immune function in term compared to preterm newborns indicate that in 

addition to the lack of passively derived maternal antibodies and deficiencies in the 

complement system, impaired innate immune responses likely play a role in the high 

susceptibility of preterm newborns [282, 284, 371, 372]. Recent studies have 

demonstrated that neonatal monocytes of very preterm newborns have an even further 

reduced capacity to produce IL-12 in response to IFN- priming and LPS stimulation as 

compared to term newborns [283], whereas levels of immune biomarkers such as IL-2, -

4, -5, -8, -10, MCP-1, MIP and TNF-α were shown to be increased [285]. Others also 

demonstrated globally attenuated neonatal TLR-induced IL-6, IFN-α and TNF-α 

responses and low cord blood serum levels of IL-12/IL-23p40 that was associated with 

an increased risk of sepsis in preterm newborns [284].  

A number of studies have found that prematurity is associated with increased 

risk for asthma [286] and wheezing in later life [287] although it is not clear to what 

extent this is explained by physiological rather than immunological reasons, considering 
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that such associations have not been found for allergic disorders such as eczema and 

food allergy [288-290].  

Preterm birth may be an independent risk factor for neonatal immune 

modulation or be indirectly related to other risk factors such as in utero exposure to 

microbial and parasitic infections, indoor air pollution and/or poor maternal diet.  

 

1.4.6  Other lifestyle factors 

 

In addition to the risk factors discussed above, a number of other environmental factors 

may alter prenatal immune function and the risk for developing inflammatory diseases 

in later life. One such factor is the intake of certain vitamins and minerals during 

pregnancy. For example, prenatal vitamin E, zinc and magnesium intake have been 

found to protect against asthma and/or other atopic symptoms in early childhood [373-

375] and as previously discussed, the intake of vitamin D during pregnancy may also 

influence the risk of these diseases, although at present its role is controversial.  

Exercise during pregnancy may also influence a child’s risk of developing 

inflammatory diseases. Maternal exercise has been inversely associated with cord IgE 

levels [376] and the incidence of pre-eclampsia [377] which suggest it may help to 

prevent an inflammatory environment during pregnancy. To our knowledge, there are 

currently no studies specifically addressing the effect of maternal exercise and a 

sedimentary lifestyle on prenatal immune development or the risk for atopic and 

autoimmune diseases in later life.  

In addition to tobacco smoking, maternal engagement in the use of other 

substances may also affect prenatal development of immune pathways. For example, in 

both human and animal studies, prenatal alcohol exposure was associated with impaired 
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neonatal innate immunity [378-380] and increased susceptibility to infections [381-383] 

and atopic disorders [384] in later life. 

Delivery by caesarean section which is more common in the westernized versus 

developing countries is also associated with enhanced risk of developing atopy [385, 

386]. Lastly, other maternal lifestyle factors which may affect prenatal immune 

development and risk for disease include parity [387] and antibiotic use (reviewed in 

[388, 389]). 

 

1.4.7 Environmentally-driven epigenetic mechanisms 

 

There has recently been much interest in the contribution of environmentally-

driven epigenetic mechanisms to the in utero programming of susceptibility to 

immunological disease. This stems from findings that environmental changes associated 

with westernization, such as reduced microbial exposure and altered diet may propagate 

risk for allergies and autoimmunity via the activation or silencing of immune genes 

(reviewed in [390, 391]). These epigenetic changes occur by modifying patterns of 

DNA and histone methylation, histone acetylation and chromatin structure, without 

altering the nucleotide sequence of the genome. Indeed, it is now recognized that a 

number of immune pathways are under epigenetic control, including Th1/Th2 cell 

differentiation (reviewed in [392]), Foxp3 expression and the induction of Treg cell 

populations [393-395]. Further support for epigenetic modulation of early immune 

development comes from a study showing that maternal supplementation with the 

methyl donor folate enhanced allergic airway disease in their offspring [396]. Moreover, 

in a recent animal study, the asthma-protective effects of in utero microbial exposure 

were found to be epigenetically regulated [352].  
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 Currently, little is known about the contribution of epigenetic mechanisms to in 

utero developmental programming in low-income countries. Future research in this area 

will be of high relevance to our understanding the role of environment in modulating 

susceptibility to immunological disease under affluent and adverse living conditions.  

 

1.5 PROJECT AIMS AND HYPOTHESES 

 

There is increasing evidence that under the pressure of traditional lifestyle conditions, 

prenatal conditioning of the innate immune system results in more tightly regulated 

postnatal adaptive immune responses that are associated with a reduced risk to develop 

allergic and autoimmune diseases. This implies that studying the way in which 

environmental factors modulate early immune development is key to improve our 

understanding of the driving force behind the epidemic of allergy and other chronic 

inflammatory disorders in westernized countries and to limit the emerging rise of 

‘western diseases’ in populations transiting to a more modern lifestyle. Moreover, a 

better understanding of early immune function in children born in developing countries, 

whom are at greatest risk of infectious disease-related morbidity and mortality, is 

crucial in order to develop improved strategies to reduce this burden.  

 Yet, very few studies thus far have addressed early immune development in 

populations of low-income countries, or how this compares to those of modernized 

societies. Moreover, still little is known about the impacts of in utero exposures specific 

to developing world settings on the process of early immune development. To address 

these gaps in our knowledge, pregnant women were recruited from a rural highland area 

of Papua New Guinea (PNG; traditional environmental setting) and from urban 

Australia (AUS; modernized/westernized setting) and their children were followed up at 

birth; and in PNG, also during infancy.  
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Based on the relatively higher maternal antigen experience and the lower 

incidence/absence of allergy in the PNG compared to AUS setting [3, 17, 21, 24], we 

hypothesized to find more tightly regulated immune function in PNG newborns, 

possibly via Treg cell and/or innate immune mechanisms that are directed at controlling 

and preventing harmful inflammatory responses in early life. Furthermore, we 

hypothesized that the ontogeny of innate immune pathways in PNG infants may differ 

from that reported of populations in high-income countries, and is potentially shaped by 

environmental and lifestyle-associated exposures experienced during pregnancy and in 

early life. Thus, the specific aims of this project were to: 

(1) Determine and compare the frequency and suppressive activities of cord blood-

derived Treg cells between PNG and AUS newborns 

(2) Characterize and compare the phenotype and function of PNG and AUS 

neonatal APC, including their ability to process antigen, to become activated and 

to induce CD4+ T cell proliferation  

(3) Determine the ontogeny of innate immune responses, including that of both TLR 

and NLR pathways in PNG infants aged between 1 and 18 months old 

(4) Study specific in utero exposures common to the PNG setting, including 

intestinal parasite infections and the maternal use of substances such as betel 

nut; and to explore whether these prenatal exposures were associated with 

altered innate immune function at birth and in infancy in PNG children 
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2.1  PNG and AUS general population characteristics 
 
 
PNG is a comparatively low-income country with a gross national income per capita 

(PPP international dollars) of $2030 compared to $37250 for AUS. The majority of the 

PNG population (88%) lives in rural areas, whereas in AUS most people (89%) live in 

urban centers [397, 398]. In PNG, the under-5 childhood mortality rate (68/1000) is 

considerably higher than in AUS (5/1000) [397, 398]. At 773 per 100,000 births, PNG 

also has one of the highest maternal mortality ratios in the world (only 8/100,000 births 

in AUS) [398, 399]. According to the UN Human Development Index which takes into 

account health, education and living standards, Australia is ranked 2nd worldwide (i.e. 

‘Very High Human Development’ category) while PNG is ranked in the ‘Low Human 

Development’ category [400]. The proportion of the population using improved 

drinking-water sources and sanitation facilities in rural PNG (approximately 40% and 

32%, respectively) is considerably lower than that in AUS (100%) [397, 398]. As well 

as this, the PNG population has a relatively low adult literacy rate (56%) compared to 

the AUS population (87%) [397, 398].  

The Goroka study area in PNG is highly endemic for respiratory pathogens and 

intestinal helminthes and protozoa, but not for malaria due to its location at high altitude 

(1500 - 1900 m above sea level). The most commonly isolated respiratory pathogens 

include Streptococcus pneumoniae and Haemophilus influenzae [401, 402]. By 3 

months of age, all children in this study area carry pneumococci in the upper respiratory 

tract and most (76%) are already carriers within the first month of life [403, 404]. 

Comparatively, in high-income countries such as AUS, less than 50% of high-risk and 

25% of low-risk children experience pneumococcal colonization within the first year of 

life [405]. Furthermore, as is characteristic for endemic areas, adult pneumococcal 

carriage rates are significantly higher in PNG compared to low-risk populations [406-

408]. PNG study mothers were not examined for respiratory pathogens in the current 
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study; however, in other studies conducted around the same time period and in the same 

location, 30% of pregnant women carried pneumococci in the upper respiratory tract 

[403]. Moreover, 85% of pregnant PNG study mothers were diagnosed with at least one 

intestinal infection: most commonly Entamoebe histolytica, Giardia lamblia, 

Hookworm and/or Trichomonas hominis infections (further described in Chapter Six). 

Sexually transmitted diseases, most commonly due to Trichomonas vaginalis and/or 

Chlamydia trachomatis infections, are also highly prevalent (60%) amongst women 

from the Eastern Highlands Province of PNG [409] compared to AUS, where only less 

than 2% of the population carries either T. vaginalis or C. trachomatis [410, 411].  

These discrepancies between the PNG and AUS study areas lend support to the 

overall difference in our chosen traditional (PNG) and western (AUS) environment 

(including microbial burden) and lifestyle conditions. 

 

2.2  Study design 

 

Pregnant women were recruited through Goroka General Hospital in the Eastern 

Highlands Province of PNG, and through private/state antenatal clinics in Perth, the 

capital city of Western Australia, in the neighbouring country AUS. At birth, cord blood 

samples and information regarding obstetric and newborn characteristics were collected 

as part of the neonatal immunology study (see section 2.2.1). In PNG, children were 

followed-up once more during infancy when they were between the ages of 1 and 18 

months old (see section 2.2.2). The design of the PNG study is demonstrated in Figure 

2.1 below.  Notably, postnatal samples from the AUS population were not available, 

and inter-population comparisons of infant immune function were beyond the scope of 

the current study.  
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Figure 2.1 PNG Study Design. Study mothers were recruited during pregnancy 
and their child followed up at birth and once more during infancy, if they 
satisfied the inclusion criteria. The data and samples collected at each point of 
contact are shown.   
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2.2.1 Neonatal Immunology Study 

 

Recruitment, enrolment, interviews, sample collection and cord sample processing in 

Goroka, PNG was coordinated and performed by W. Pomat, S. Phuanukoonnon, G. 

Saleu, C. Opa, M. Dreyam, W. Kirarock J. Francis, and T. Orami (PNG Institute of 

Medical Research (IMR)); and A. van den Biggelaar and M. Nadal-Sims (Telethon 

Institute). Recruitment, enrolment and cord sample processing in Perth, AUS was 

performed by S. McCarthy, M. Hodder, D. Martino, N. D’Vaz, L. Breckler and S. 

Meldrum (School of Paediatrics and Child Health, The University of Western 

Australia). 

Inclusion criteria for the Neonatal Immunology Study included an 

uncomplicated pregnancy of at least 37 weeks gestation, a birth weight of >2000g, no 

acute neonatal infection and no severe congenital abnormality. In PNG, mothers were 

tested for HIV both during pregnancy (at recruitment) and at the time of birth, and HIV 

positive mothers were excluded from the study. Additional inclusion criteria for PNG 

mothers included the intent to live in the study area for at least one year. 

At the time of recruitment (at between 20 and 28 weeks of gestation), stool 

samples were collected from pregnant PNG women for diagnosis of intestinal 

infection(s) and background information was collected via interview (questionnaires). 

This included information regarding maternal activities such as beer drinking, betelnut 

chewing and tobacco smoking during pregnancy, as well as family circumstances, living 

environment and socio-economic factors (see Appendix A Form 2). In AUS, 

information regarding the atopic status of study mothers, as determined by a positive 

skin prick test to common allergens, was collected (if available) at the time of 

recruitment; in the current study, 44% (26/59) of AUS mothers were found to be atopic. 

While the atopic status of PNG mothers in our particular study was unknown, there was 
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no evidence of atopy in a similar population living in a mountain village on a nearby 

PNG island [3].  

At birth, obstetric and neonatal information was recorded (see Appendix A 

Forms 3 and 4). Cord blood was collected from the deliveries and cord blood 

mononuclear cells (CBMC) were isolated and cryopreserved for later studies of innate 

immunity (including APC function), Treg cell and CD4+ T cell function, as will be 

further described. Notably, all comparisons of PNG and AUS CBMC phenotype and 

function were made side-by-side in the same laboratory (Division of Cell Biology, 

Telethon Institute, Perth) at the same time using the same conditions/reagents. Not all 

CBMC samples were used in all experiments: the exact number (N) for each experiment 

is included in the results sections, as is the specific characteristics of the sub-populations 

selected at random for use in each study.   

In addition, healthy laboratory volunteers (n = 15; mean age ± SD = 32.6 ± 7.5 

years) were recruited to collect peripheral blood mononuclear cells (PBMC) from 

venous blood for use in functional assays, as will be further described. 

Written informed consent was obtained from pregnant women (and in PNG from 

their partners; see Appendix A Form 1) and volunteers. Ethical approval was obtained 

from the PNG-IMR Institutional Review Board, the PNG Medical Research Advisory 

Council and the Ethics Committee of the Princess Margaret Hospital for Children, 

Perth, Western Australia. 

 

2.2.2 Infant Follow-up Study in PNG 

 

Re-location of study children, collection of written informed consent, physical 

examinations and blood collections in PNG was coordinated and performed by G. 
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Saleu, W. Kirarock, C. Opa, M. Dreyam (PNG-IMR) and A. van den Biggelaar 

(Telethon Institute).  

This was a cross-sectional follow-up study of children participating in the earlier 

neonatal immunology study (n = 119), performed between 2008 and 2009, in Goroka, 

PNG. Infants were followed-up in October-November 2009, when they were between 1 

and 18 months old.  

After parental consent was obtained (see Appendix A Form 5), follow-up visits 

to the PNG-IMR clinic were arranged. A total of 83 children were re-located. During 

this visit, infants were physically examined by a study nurse, information on the child’s 

vaccination history, medications and illnesses was collected (see Appendix A Form 6), 

and a venous blood sample was obtained where possible. Children were excluded from 

the follow-up study if they had been diagnosed with a congenital illness, were known to 

be HIV positive, had fever-related illness at the time of follow-up, were no longer living 

in the study area or where parents did not re-consent. Venous blood samples were 

obtained from a total of 70 children (male n = 31, female n = 27, data missing for 12 

children) varying in age between 1 and 18 months old. 

Children were vaccinated according to the recommended national immunization 

schedule, which changed during the period that this birth cohort was born: whereas 

immunization with BCG and Hepatitis B vaccine (HBV) remained recommended at 

birth, a neonatal dose of oral polio vaccine was omitted from the later schedule; and 

immunization with a pentavalent diphtheria, tetanus, whole cell pertussis, hepatitis B 

and Haemophilus influenzae type B combination vaccine (DTwP/HepB/Hib) at 1, 2, and 

3 months replaced immunization with separate DTwP and Hib vaccines at 1, 2, and 3 

months of age and HepB vaccine at 1 and 3 months of age. Measles immunization 

remained recommended at 6 and 9 months of age.  
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 Further ethical approval for this follow-up study was obtained from the PNG-

IMR Institutional Review Board, the PNG Medical Research Advisory Council and the 

Ethics Committee of the Princess Margaret Hospital for Children, Perth, Western 

Australia. 

 

2.3  Intestinal parasite detection 

  

Detection of intestinal parasites in stool samples was performed by A. Michael 

(Bacteriology Laboratory, PNG-IMR).  

 Fresh stool samples collected from study mothers were macroscopically 

examined (scoring for the presence of blood, mucus and other physical characteristics of 

the stool). This was followed by microscopic examination using wet mount 

identification techniques: firstly, a saline preparation (0.85% NaCl) was used to mount 

samples on slides using an applicator stick. Coverslips were placed on slides and 

samples were examined under 10x or 40x magnification. If cysts were present, samples 

were then re-mounted using an iodine preparation (either Grams or Lugols iodine) and 

slides examined at a higher magnification (i.e. 100x or 400x) to identify the parasite(s). 

More detailed protocols on parasite identification are described elsewhere [412, 413]. 

 

2.4  Cord and venous blood collection  

  

Following delivery of the child (but prior to delivery of the placenta), maternal blood 

was wiped off the cord area near the clamp (~ 5 cm) with an alcohol swab (Medi-swab, 

Smith & Nephew, AUS) to prevent contamination of the cord blood with maternal 

blood. Cord blood (approximately 25-50 mL) was collected by releasing the clamp, or if 
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flow was insufficient, a 50cc syringe and 18 G needle (Terumo Medical Corporation, 

Phillipines) was used to collect blood from the placenta.  

 Venous blood was also collected from healthy adult laboratory volunteers (~25-

50 mL); and at follow-up, from PNG study infants (2-5 mL).  

 For cord and adult blood samples collections, we used a protocol 

established previously in the laboratory of Prof. Patrick Holt (Cell Biology, Telethon 

Institute) and that has been used widely since for several birth cohort studies. 

Approximately 20-25 mL of blood was collected into prepared 50 mL sterile 

polypropylene tube (Sarstedt Australia Pty. Ltd., SA, Australia) containing an equal 

volume of room temperature kept fresh Roswell Park Memorial Institute (RPMI)-1640 

(GIBCO®, Invitrogen-Life Technologies, Melbourne, Australia) with preservative-free 

heparin (20 IU/mL; DBL Heparin Injection BP (porcine mucous)). Collected blood was 

kept at room temperature (between 18-23ºC) in an insulated container and processed 

within 18 hours; during protocol development these were the criteria found to maintain 

stable immune responses.  

 Infant venous blood samples were collected into sterile 10 mL tubes containing 

100 IU preservative-free heparin and used in relevant experiments within 2 hours from 

collection.  

 

2.5  Cell isolations 

2.5.1 Cord and peripheral blood mononuclear cells 

 

Cord and peripheral blood mononuclear cells (CBMC and PBMC) were isolated by 

Ficoll-Hypaque (‘Lymphoprep’, Alexis-Shield, Oslo, Norway) gradient centrifugation. 

Cells were kept at room temperature during the entire procedure. Firstly, 25 mL diluted 

blood was carefully layered over 10 mL Lymphoprep and centrifuged with no brake at 
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400 g for 30 min. In the case of cord blood samples, the plasma/RPMI layer was 

retained (and blood dilution factor recorded) and stored at -20ºC for later measurement 

of cytokine levels. The mononuclear layer of cells was then pooled into a fresh tube, 

topped up with RPMI and centrifuged at 500 g for a further 10 min (with brakes on). 

The supernatant was removed, cells re-suspended in approximately 10 mL RPMI and 

carefully layered over an equal volume of Lymphoprep solution, which was then 

centrifuged with no brake at 400 g for a further 20 min (note this additional layering 

step applied to cord blood samples only). Mononuclear cells were collected in a fresh 

tube and washed three times in RPMI containing 2% heat-inactivated (HI) fetal calf 

serum (FCS) (JRH Biosciences, Lenexa, Ks), centrifuging at 500 g for 10 min (with 

brakes on) between wash steps. After the third wash, cells were re-suspended in 3-5 mL 

of RPMI + 2% HI-FCS and counted using white cell counting fluid [0.9% NaCl solution 

(Baxter Healthcare Pty. Ltd., NSW, Australia) containing 1% acetic acid (BDH Merck 

Ltd, Poole Dorset, UK) and 0.1% w/v crystal violet (GURR, Searle Diagnostics, 

England, UK)]. 

 

2.5.1.1 Cyropreservation, shipping and storage  

 

CBMC or PBMC were cryo-preserved in ice-cold RPMI containing 50% HI-FCS and 

7.5% dimethyl sulfoxide (DMSO; SIGMA Chemical Co., MO, USA) at a density of 

approximately 20-30 million cells per mL per cryo-vial (1.8 mL internal thread; Nunc, 

Denmark). Cryo-vials were then insulated using a ‘Mr Frosty’ Cryo 1C Freezing 

container (Nalgene® Labware) containing 250 mL isopropyl alcohol (SIGMA Pool 

Supplies, WA, AUS) and immediately placed at -80ºC overnight. The following day, 

cryo-vials were transferred to liquid nitrogen tanks and kept in the liquid nitrogen 
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vapour phase during storage, as well as during transport of PNG samples to Perth via 

dry shipper (Taylor-Wharton CP65 Cryo Dewar, AL, USA).  

 Identical protocols and consumables were used in PNG and AUS study 

locations. All comparisons of PNG and AUS immune cell frequency and function were 

made side-by-side in the same laboratory in Perth, at the same time using the same 

conditions/reagents. 

 

2.5.1.2 Thawing of cryo-preserved samples 

 

When ready to be used in experiments, cryo-preserved samples were retrieved from the 

liquid nitrogen vapour phase and thawed rapidly at 37ºC. Approximately 9 mL cold 

RPMI was added dropwise with gently shaking and cells were centrifuged at 400 g for 7 

min at 4ºC and re-suspended in 1 mL RPMI containing 2% FCS (JRH Biosciences, 

Lenexa, Ks) and 1μg/mL deoxyribonuclease I (DNase; SIGMA, MO, USA). Cells were 

then counted using 0.4% w/v trypan blue (GIBCO, Invitrogen-Life Technologies, NY, 

USA) to exclude dead cells. Cell viability was similar between PNG and AUS CBMC 

upon thawing. 

 

2.5.2 Antigen presenting cell and T cell isolations 

2.5.2.1 Total CD4+ T cell selection 

 

Total CD4+ T cells were selected from freshly thawed CBMC or adult laboratory 

volunteer PBMC using anti-CD4 detachable Dynabeads (Invitrogen Dynal AS, Oslo, 

Norway) according to the manufacturers instructions. 1x107 Dynabeads were washed in 

cold RPMI + 2% FCS + DNase, and with the use of a Dynal MPC-L magnet (Dynal 

Biotech ASA, Oslo, Norway), separated from the suspension so that the supernatant 
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could be aspirated and discarded. Approximately 3-10 million cells (depending on cell 

availability) were re-suspended in a total volume of 1 mL RPMI + 2% FCS + DNase 

and added to the beads. Cells were then mixed with the beads by rotation at 4ºC for 20 

min, beads placed back on the magnet and the supernatant containing the CD4-negative 

cell fraction collected. Beads were washed several times to collect any additional CD4-

negative cells in the supernatants, which were then pooled, centrifuged at 400 g for 7 

min and counted with trypan blue exclusion, ready for further CD3 negative selection 

(see section 2.5.2.2 below).   

 CD4-positive cells were detached from beads by re-suspending bead-bound cells 

in 100 μL RPMI + 2% FCS + DNase, containing 10% DETACHaBEAD CD4 

(Invitrogen Dynal AS, Oslo, Norway) and incubating for 45 min at room temperature 

with rotation. Beads were then separated from the suspension using magnetization and 

CD4+ cells collected in the supernatant. Beads were washed multiple times, 

supernatants pooled and centrifuged at 400 g for 7 min, and CD4+ cells counted using 

trypan blue exclusion. Figure 2.2 below demonstrates selection of CD4+ T cells (at 

approximately 95% purity) in PNG and AUS CBMC samples using this method. 
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 Figure 2.2 Selection of CD4+ T cells using detachable anti-CD4 Dynabeads.  
Shown is representative CBMC samples from AUS and PNG newborns and an 
adult PBMC sample from an AUS laboratory volunteer (for comparison 
purposes), pre- versus post-CD4 selection. Cells were stained for CD3, CD4 and 
CD11c. CD4 selection using this method routinely resulted in isolation of CD4+ 
CD3+ T cells at ~95% purity. 
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2.5.2.2 Antigen presenting cell (CD3-) selection  

 

Adopting a similar protocol to that used for CD4 negative selection (and which was 

according to both the manufacturers instructions and published methods [256]), 2x107 

anti-CD3 Dynabeads (Invitrogen Dynal AS, Oslo, Norway) were washed in cold RPMI 

+ 2% FCS + DNase, and incubated with up to 10 million cells (either total CBMC or 

PBMC; or in Treg cell depletion experiments only, the CD4 negative fraction of CBMC) 

with rotation at 4ºC for 30 min. The beads were then placed on the magnet and the 

supernatant containing the CD3 negative cell fraction collected. Beads were washed 

several times to collect any additional CD3 negative cells in the supernatants, which 

were then pooled and centrifuged at 400 g for 7 min. CD3- cells (APC) were counted 

with trypan blue exclusion and re-suspended at a density of 5x105cells/mL in RPMI 

containing 5% HI human AB serum (BioWhittaker Inc., USA). Figure 2.3 below 

demonstrates depletion of CD3+ cells in PNG and AUS CBMC samples using this 

method. 

 CD3- APCs were gamma (γ)-irradiated at 3000mCg using a GammaCell 3000 

Elan γ-irradiator (MDS Nordion, Ontario, Canada) prior to use in cell culture, according 

to previously published methods [9, 256]. 
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Figure 2.3 Pre- versus post-CD3 depletion. Examples of CD3 depletion using anti-
CD3 dynabeads (Invitrogen Dynal AS, Oslo, Norway) to remove CD3-expressing CD4+ 
and CD8+ cells (T cells) from CBMC or adult PBMC (AUS laboratory volunteer) 
samples, leaving behind APCs including both HLADR+ cells (e.g. monocytes, B cells 
and DCs) and HLADR- cells (e.g. NK cells). 
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2.5.2.3 T regulatory cell and conventional CD4+ T cell subset selection  

 

In functional assays requiring Treg cells or conventional naïve CD4+ T cells, cell sorting 

techniques were used to isolate populations. Notably, for the purpose of cord Treg 

functional assays (later described in section 2.7 below), we defined putative Treg cells as 

CD4+ CD127- CD25+ cells. Briefly, total CBMC or PBMC were labeled using mouse 

anti-human CD4-APC-Cy7 (BD Biosciences, CA, USA; used at 1:20), mouse anti-

human CD25-PE (BD Biosciences; used at 1:5) and mouse anti-human CD127-biotin 

(BD Biosciences, used at 1:10) with a secondary Streptavidin-APC (BD Biosciences; 

used at 1:10) labeling step, in sterile capped round bottom polystyrene fluorescence-

activated cell sorting (FACS) tubes (Falcon, Becton Dickinson Labware, NJ, USA) as 

will be described in more detail in section 2.10. CD4+ CD127+ CD25- (conventional 

naive T cells) and CD4+ CD127- CD25+ (Treg) cells were simultaneously sorted from 

CBMC and/or PBMC by Dr. M. Tourigny (Division of Cell Biology, Telethon Institute) 

using a FACSAria instrument and FACSDiva software (BD Biosciences, CA, USA). 

An example of the gating strategy used for sorting and the phenotype of CBMC pre- 

versus post-sort is demonstrated in Appendix B, Figures S1 and S2.  

The mean purity of CD4+ CD127- CD25+ (Treg) cells following cell sorting was 

91.2% ± SEM of 2.2% (n = 20) and there were no differences between the groups (p = 

0.970). The majority of CD4+ CD127- CD25+ cord lymphocytes also expressed FOXP3 

(mean % FOXP3 positive ± SD for PNG = 78% ± 12%; and AUS = 87% ± 7%, n = 

8/group; p = 0.141) (see Figure 2.4 below). Notably, the expression of both CD25 and 

FOXP3 was determined to be higher on CD4+ CD127- CD25+ cells, compared to other 

CD4+ cell populations including CD4+ CD127+ CD25+ cells. 
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Figure 2.4 FOXP3 expression of CD4+ CD25+ CD127- cord lymphocytes. Whole 
CBMC were stained for CD4, CD25, FOXP3 and CD127 (and a pooled CBMC sample 
was stained for the FOXP3 isotype control). Lymphocytes were selected based on 
forward versus side scatter properties followed by sequential gating of CD4+ cells. 
Three populations of CD4+ lymphocytes were then selected for further analysis 
according to their CD25 and CD127 expression. The majority of CD4+ CD25+ CD127- 
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cells were FOXP3+, while CD4+ CD127+ CD25+ and CD4+ CD127+ CD25- cell 
populations were either low or negative for FOXP3. The expression (geometric mean 
fluorescence intensity, GMFI) of both CD25 and FOXP3 was higher on CD4+ CD25+ 

CD127- as compared to CD4+ CD127+ CD25+ cells, suggesting the former (but not the 
latter) to contain Treg cells. Notably, CD4+ CD25+ CD127- (‘putative Treg’) cells are 
small in size and granularity and known to sit within the lymphocyte gate (as previously 
determined using back gating strategies).  
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2.6  Cell culture  

  

Cell culture experiments (as described in sections 2.6.1 to 2.6.3) were performed with 

the assistance of M. Nadal-Sims and C. Devitt (Telethon Institute).  

Notably, cell cultures protocols including doses of innate and adaptive stimuli, 

as well as other culture conditions were previously optimized and established in the Cell 

Biology laboratory by M. Nadal-Sims, C. Devitt and A. van den Biggelaar (Telethon 

Institute). In whole blood assays (section 2.6.3), the use of Oxoid CO2 bags was 

according to previously published methods [414] and also pre-tested against a standard 

5% CO2 incubator by M. Nadal-Sims and C. Devitt (see Appendix B Figure S3). 

 

2.6.1 Innate in vitro unfractionated CBMC cultures  
 
 

CBMC were cultured in vitro in RPMI containing 0.34 mg/mL gentamycin (Pfizer, 

WA, AUS) + 10% non heat inactivated (NHI)-FCS (JRH Biosciences, Lenexa, Ks) in 

96-well round bottom plates (NUNC, Thermo Scientific, Denmark) at a density of 

2.5x105cells/well. To determine neonatal TLR responses, CBMC were stimulated with 

optimal doses of the following agonists: Staphylococcus aureus-derived lipoteichoic 

acid (LTA, TLR2-ligand; 20 μg/mL; InvivoGen, San Diego, USA), polyinosinic-

polycytidylic acid (PolyIC, TLR3-ligand; 50 μg/mL; Sigma, Saint Louis, USA), 

Escherichia coli-derived lipopolysaccharide (LPS, TLR4-ligand; 1 ng/mL; Alexis 

Biochemicals, San Diego, USA) in the presence or absence of recombinant human IFN-

γ (10 ng/mL; BD Biosciences Pharmingen, San Diego, USA), Salmonella Minnesota-

derived Monophosphoryl Lipid A (MPLA, TLR4-ligand; 10 μg/mL; InvivoGen, San 

Diego, USA), B. subtilis-derived flagellin (TLR5-ligand; 10ng/mL; InvivoGen, San 

Diego, USA), Imiquimod (TLR7-ligand; 5 μg/mL; InvivoGen, San Diego, USA) 
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Gardiquimod (TLR7/8-ligand; 10 μg/mL; InvivoGen, San Diego, USA) and CpG 

(TLR9-ligand, 3 μg/mL  InvivoGen, San Diego, USA) 

 To determine neonatal NLR responses, CBMC were stimulated with optimal 

doses of -D-Glu-mDAP (iE-DAP, NOD1-ligand; 5 μg/mL; InvivoGen, San Diego, 

USA), muramyl dipeptide (MDP, NOD2-ligand; 10 μg/mL; InvivoGen, San Diego, 

USA), poly(deoxyadenylic-deoxythymidylic) acid sodium salt (Poly(dA:dT), AIM2-

ligand; 0.85 μg/mL, InvivoGen, San Diego, USA); or aluminium potassium sulfate 

(Alum; 10 μg/mL, InvivoGen, San Diego, USA) alone or in the presence of LPS (1 

ng/mL).   

CBMC samples were also cultured without stimulation (negative control for 

LTA, polyIC, LPS, MPLA, flagellin, imiquimod, gardiquimod, CpG, iE-DAP, MDP 

and alum-stimulated cultures) or with IFN-γ alone (negative control for LPS + IFN-γ-

stimulated cultures) to correct for background responses. For alum + LPS-stimulated 

cultures, the LPS-stimulated response was subtracted as background.  

Cells were incubated at 37ºC with 5% CO2 and supernatants collected following 

24 h for all cultures except those stimulated with Imiquimod, Gardiquimod and/or CpG, 

which were instead collected following 48 h in culture. Supernatants were then stored at 

-20ºC until used to measure cytokine levels.  

In experiments where APC function was assessed following stimulation with 

LPS in the presence or absence of IFN-γ, cells were instead cultured in polypropylene 

96-well round bottom microplates (Thermo Fisher Scientific Inc., NH, USA) to limit 

any cell adherence to the plate surface. If intracellular cytokine staining was required, 

Brefeldin A (5μg/mL; BD Biosciences, CA, USA) was also added for the last 18h of 

culture. Cells were harvested after 24 h in culture and analyzed via flow cytometry as 

will be further described (see section 2.10.2). 
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2.6.2 Adaptive in vitro unfractionated CBMC cultures 
 

 

CBMC were cultured in 96-well round bottom plates (NUNC, Thermo Scientific, 

Denmark) in RPMI + 0.34 mg/mL gentamycin + 5% HI human AB serum at a density 

of 1x106cells/mL, in the absence (control) or presence of a final concentration of 

1μg/mL phytohemagglutinin (PHA; Remel Europe Ltd., Kent, UK). Note: PHA is an 

APC-dependent T cell mitogen; its mode of action is thought to depend on the presence 

of APC accessory molecules [415-417]. Cells were incubated at 37ºC with 5% CO2 for 

48 h, and supernatants collected and stored at -20oC until use for cytokine protein 

measurement.  

 In experiments where CD4+ T cells were assessed for PHA-induced cytokine 

production, 5μg/mL Brefeldin A was added for the last 18h of culture, cells harvested 

and stained for intraceullar cytokine production, then analyzed via flow cytometry as 

will be further described (see section 2.10.2). 

  

2.6.3 Ex vivo infant whole blood cultures  

 

These assays were performed at PNG-IMR, with the assistance of M. Nadal-Sims, C. 

Devitt and J. Francis.  

 Infant venous blood samples (2-5 ml) were collected into sterile tubes containing 

100 IU preservative-free heparin. Within 2 hrs from collection, an aliquot of blood 

(500-750 l) was diluted 5x in RPMI and plated into 96-well round bottom plates 

(200l/well).  

 To study the maturation of TLR immune responses, whole blood cultures were 

stimulated with Staphylococcus aureus-derived LTA (TLR2-ligand; 20 μg/mL; 

InvivoGen, San Diego, USA), PolyIC (TLR3-ligand; 50 μg/mL; Sigma, Saint Louis, 
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USA), Escherichia coli-derived LPS (TLR4-ligand; 1 ng/mL; Alexis Biochemicals, San 

Diego, USA) in the presence or absence of recombinant human IFN-γ (10 ng/mL; BD 

Biosciences Pharmingen, San Diego, USA); or gardiquimod (TLR7/8-ligand;10 μg/mL; 

InvivoGen, San Diego, USA).  

 To study maturation of NLR immune responses, blood samples were stimulated 

with iE-DAP (NOD1-ligand; 5 μg/mL; InvivoGen, San Diego, USA) and MDP (NOD2-

ligand; 10 μg/mL; InvivoGen, San Diego, USA. To observe age-dependent responses to 

NALP3 inflammasome activation, cells were stimulated with aluminium potassium 

sulfate (Alum; 10 μg/mL, InvivoGen, San Diego, USA) alone or in the presence of LPS 

(particularly for measurement of mature IL-1β production as it is thought that the action 

of alum requires an additional signal provided by TLR co-stimulation for the initial 

synthesis of pro-IL-1β [70, 72]). 

Whole blood samples were also cultured without stimulation (negative control 

for LTA, polyIC, LPS, gardiquimod, iE-DAP, MDP and alum-stimulated cultures) or 

with IFN-γ alone (negative control for LPS + IFN-γ-stimulated cultures) to correct for 

background responses. For alum + LPS-stimulated cultures, the LPS-stimulated 

response was subtracted as background.  

Cultures were incubated at 37ºC for 24 h using the Aerogen Compact 

Atmosphere Generation System (Oxoid) to create a 5% CO2 level, and supernatants 

harvested and stored at -80ºC before transferring to Perth via dry shipper for further 

experiments.  
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2.6.4 T cell proliferation assays 
 
2.6.4.1 Carboxyfluorescein succinimidyl ester (CFSE) labeling 
 
 

Isolated naïve conventional CD4+ responding T cells (CD4+ CD25- CD127+) were 

labeled with CFSE (Molecular Probes, Invitrogen, OR, USA) in order for their 

proliferation during co-culture to be tracked. The use of CFSE allows proliferation to be 

assessed by dilution of the CFSE label, whereby with each subsequent division, the 

daughter cells contain half the original amount of CFSE found in the parent cell.  

The protocol for CFSE staining was provided by Dr. K. McKenna (Telethon 

Institute), and has been previously published [418]. Cells were re-suspended at a density 

of 4x106 cells/mL in AIM-V (GIBCO®, Invitrogen-Life Technologies, Melbourne, 

Australia) containing 1μg/mL DNase, and CFSE was added at a final concentration of 

11μM. Cells were gently vortexed and then incubated at 37ºC for 5 min. The labeling 

reaction was ended by adding ~1.5mL of warm RPMI + 5% HI-AB, then 1mL of warm 

FCS was gently layered under the cells before centrifuging at room temperature for 7 

min at 400 g. CFSE-labeled cells were washed twice in room temperature AIM-V to 

remove any unbound CFSE and counted with trypan blue exclusion. All cells took up 

the CFSE, and the viability of CFSE-labeled cells was routinely ~90%. 

 

2.6.4.2 APC and T cell co-cultures 
 

 

These co-culture experiments were performed with the assistance of M. Nadal-Sims 

(Telethon Institute). Experimental protocols were according to previously published 

methods [256]. Notably, there was no or little proliferation following 48h in culture, so 

proliferation was generally measured at later timepoints (68h, 88h) in line with 

previously published methods [9].  

http://en.wikipedia.org/wiki/Carboxyfluorescein�
http://en.wikipedia.org/wiki/Ester�
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5x104 gamma-irradiated CD3- cells (APCs) and 2.5x104 CFSE-labeled CD4+ T 

cells per well were cultured in RPMI + 0.34 mg/mL gentamycin + 5% HI-AB serum 

with or without 1μg/mL PHA at 37ºC with 5% CO2 for 68 h or 88 h. In autologous 

assays, T cells and APC from the same donor were co-cultured; whereas in assays 

addressing the role of neonatal APC or T-cells, adult T-cells were cultured with cord 

blood APC, or cord blood T-cells were cultured with adult APC, respectively. Note: all 

adult cells used in these experiments were from AUS laboratory volunteers.   

   
  

2.7  Cord Treg functional assays 
 
2.7.1 Treg depletion assay 
 

 

Total CD4+ T-cells and Treg-depleted CD4+ CD127+ CD25- T-cells were isolated from 

CBMC and labeled with CFSE as previously described (section 2.6.4.1). Per well, 5x104 

gamma-irradiated CD3- cells (APCs; autologous or obtained from adult PBMC) and 

2.5x104 CFSE-labeled total CD4+ or Treg-depleted CD4+ CD127+ CD25- T cells were 

cultured in RPMI/5% HI-AB serum in the absence or presence of 1μg/mL PHA. Cells 

were incubated at 37ºC with 5% CO2 for 68h. In autologous assays, T cells and APC 

were derived from the same cord sample. In allogeneic cultures, APC were derived 

from adult PBMC (AUS donors used only) and cultured with cord T cells.  

 

2.7.2 Treg supplementation assay 

 

This protocol was based on previously published methods [9, 256], but with the use of 

APC and responder T cells derived from unrelated adult donors, rather than autologous 

cord cells. The reason for this was that earlier experiments indicated that there were 

functional differences in PNG and AUS cord APC and potentially also CD4+ T-cells (as 
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will be described in further detail in Chapter Four). Thus, in order to standardize the Treg 

supplementation assay and eliminate any bias or confounding factors, the suppressive 

capacity of PNG and AUS cord Treg cells was studied in an allogeneic system in which 

cord Treg cells were increasingly supplemented to cultures of adult APC and T-cells. In 

this system, 2.5x104 CFSE-labeled adult CD4+ CD127+ CD25- responder T cells were 

cultured with 5x104 autologous gamma-irradiated CD3- cells per well in 96-well round 

bottom plates. These cultures were then supplemented with either PNG or AUS cord 

Treg (CD4+ CD127- CD25+) or control cells (CD4+ CD127+ CD25-) isolated from a 

different adult donor (to correct for cell number) at ratios of 3:1, 2:1, 1:1 and 1:2 to 

adult responder T cells. Note: adult responder T cell and APC numbers were kept 

constant over all ratios, and only the number of Treg or control cells added was adjusted. 

Cells were cultured in RPMI + 5% HI-AB in the absence or presence of 1μg/mL PHA at 

37ºC with 5% CO2 and harvested for analysis of T cell proliferation, phenotype and 

cytokine production at 68h. 

   Note: as a result of the high volume of cells needed in cell sorting for these 

experiments, the PNG and AUS donors used in Treg functional experiments (as 

described in Chapter 3) were occasionally the same, but generally different from those 

used in the APC experiments that are presented in Chapter 4. For example, only 4 

overlapping AUS donors and 6 overlapping PNG donors were used in both the Treg 

supplementation and autologous proliferation assays. Thus, while Treg and APC function 

was always compared side-by-side between PNG and AUS donors, correlations 

between Treg and APC function in individual donors was not investigated in the present 

study. 
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2.8  APC antigen processing 
 

 

To determine APC antigen uptake and processing, DQ-ovalbumin (DQ-OVA; 

Molecular Probes, Invitrogen-Life Technologies, USA) was used. DQ-OVA consists of 

OVA labelled with BODIPY FL dye, which does not fluoresce unless the OVA is 

proteolytically cleaved into fragments. Thus, only metabolically active cells which have 

taken up and intracellularly processed the DQ-OVA become fluorescent and are able to 

be detected via flow cytometry. Optimization of DQ-OVA concentration was performed 

(Appendix B Fig. S4), and the chosen incubation time was based on previously 

optimized methods (J. Lisciandro, Honours thesis: “Investigation of interferon 

stimulation of dendritic cells for influenza virus vaccine development”, 2006, Murdoch 

University, Perth, Australia). 

 Unfractionated CBMC were re-suspended in RPMI + 5% FCS at a density of 

2x106cells/mL per well in 24-well flat bottom plates (Linbro, MP Biomedicals, Ohio, 

USA). Cells were then pulsed with 1μg/mL DQ-OVA and incubated at 37ºC or 4ºC 

(control) for 1 h. Immediately after incubation, cells were harvested and placed on ice to 

prevent any further metabolic activity (i.e. antigen processing). Cells were analysed via 

flow cytometry (as will be further described in section 2.10.3). 

 
 

2.9 Cytokine and chemokine protein detection 
 
  

Cytokine levels were measured in supernatants using a well-established in-house 

multiplex assay [149]; most of this work was performed by M. Nadal-Sims and C. 

Devitt (Telethon Institute).  

 Microspheres (MagPlex, Luminex®, TX, USA) were coupled to azide-free 

primary antibodies against IL-5, IL-6, IL-9, IL-10, IL-12, IL-13, TNF (Becton 
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Dickinson, USA), IFN- and IL-1 (eBioscience, NJ, USA) and stored at 4ºC in 

phosphate buffered saline (PBS; 0.1 M NaCl, 8mM Na2HPO4, 1.5mM KH2PO4, 3mM 

KCl; pH 7.4) containing 1% BSA (Sigma, MO, USA) and 0.05% Sodium Azide 

(Sigma, MO, USA) at a concentration of 1x106 beads/mL. Bead coupling was 

performed by M. Serralha (Division of Cell Biology, Telethon Institute). The specific 

microspheres and bead regions used for coupling are shown in Table 2.1 below. 

 

Table 2.1 Microspheres (Magplex, Luminex®, USA) used for cytokine  
coupling 
 

Cytokine Bead Region Microsphere 
catalogue number 

IFN-γ 056 MC10056-01 
IL-1β 075 MC10075-01 
IL-5 036 MC10036-01 
IL-6 025 MC10025-01 
IL-9 073 MC10073-01 
IL-10 052 MC10052-01 
IL-12 034 MC10034-01 
IL-13 038 MC10038-01 
TNF-α 054 MC10054-01 

 

 

Standards, samples, blanks and quality controls were prepared. Standard stocks 

of IFN-γ, IL-5, IL-6, IL-9, IL-10, IL-12, IL-13 and TNFα (Becton Dickinson, USA) and 

IL-1β (eBioscience, USA) kept at -80ºC at 0.5mg/mL in PBS containing 1% human 

serum albumin (HSA; MP Biomedicals, Ohio, USA) were thawed, diluted in culture 

media containing an equal volume of assay buffer (PBS + 1% BSA) and serially diluted 

to 30000, 10000, 3000, 1000, 3000, 1000, 300, 100, 30, 10, and 3 pg/mL. Samples were 

thawed and diluted 1:1 in assay buffer; and two concentrations (low: 100 pg/mL for all 

cytokines; high: IFN-γ, IL-1β, IL-9, IL-12 and TNF-α = 10,000 pg/mL, IL-5 = 1000 

pg/mL, IL-6 = 5000 pg/mL, IL-13 and IL-10 = 2000pg/mL) of quality controls stored in 

PBS + 1% HSA were also diluted 1:1 in culture media alone.  
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Each set of coupled bead stocks were vortexed and sonicated for 30 sec, then 

diluted 1:20 in assay buffer to create a mastermix of beads against the targets of interest. 

Approximately 2500 beads/target/well (i.e. 50μL mastermix/well) were plated onto a 

96-well assay plate (Costar®, NY, USA), followed by the addition of 50μL/well of 

prepared cytokine standards, quality controls and samples. Plates were incubated in the 

dark for 30 min at room temperature with gentle shaking and a magnetic bead 

separation unit (LifeSepTM 96F, Dexter Magnetic Technologies Inc., IL, USA) was then 

used to separate beads from the suspension so that they could be washed twice in assay 

buffer. A mastermix containing biotinylated-secondary antibodies [IL-5, IL-9, IL-10, 

IL-12 and IL-13 used at 0.5 μg/mL, IL-6 and TNF-α used at 1 μg/mL (Becton 

Dickinson, USA); IFN- used at 1 μg/mL, and IL-1 used at 2 μg/mL (eBioscience, NJ, 

USA)] was then added and plates incubated and washed as previously described. Lastly, 

beads were incubated with 0.5 μg/mL streptavidin-R-PE (Molecular Probes, Invitrogen-

Life Technologies, USA), washed and re-suspended in 100 μL assay buffer for analysis.  

 For Alum experiments, levels of the chemokines IL-8 (CXCL8), MCP-1 

(MCAF), MIP-1α, MIP-1β, IP-10 and eotaxin in supernatants were measured using a 

Bioplex Pro Chemokine Assay kit (Human Group I: 6-plex panel, BIO-RAD, USA) and 

a similar protocol to that described above for cytokine protein detection, which was 

according to the manufacturer’s instructions. 

 All samples were read on a Bio-Plex Suspension Array System (BIO-RAD, CA, 

USA). Samples with concentrations below the detection limit were given the value 

corresponding to half the lowest concentration (3 pg/mL) that could be detected in this 

set of samples. The proportion of PRR-stimulated samples with cytokine concentrations 

below the detectable limit are shown in Appendix B, Table S1. Samples with 

concentrations above the level of detection i.e. 30,000 pg/mL (generally only IL-6) were 

further diluted and re-tested. 
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2.10  Flow cytometry 
 

 

In experiments where flow cytometry was used for analysis of samples, the general 

protocol for staining of cells with fluorescently-labeled antibodies remained the same. 

Approximately 1x106 cells (or 5x105 cells if limiting) were added per FACS tube 

(Falcon, Becton Dickinson Labware, NJ, USA). Experimental controls including single 

colour controls, unstained controls and isotypes were also prepared so that the voltage 

and compensation settings, as well as the appropriate gating strategies could be 

determined before performing FACS analysis. All antibodies for cell staining were 

titrated prior to use to determine optimal working dilutions and/or concentrations, as 

indicated in Table 2.2. 

After adding the appropriate volume of cell suspension to FACS tubes (which 

were then kept on ice at all times), cells were washed in cold fluorescence buffer (0.1% 

w/v sodium azide and 0.5% w/v BSA in PBS) and centrifuged at 400 g for 7 min at 4ºC. 

The supernatant was removed and 50 μL/tube of antibody mastermix (containing 

antibodies diluted in fluorescence buffer to working concentration) was added to cells, 

which were then mixed using a vortex and incubated in the dark at 4ºC for 20 min. Cells 

were again washed in cold fluorescence buffer and if any biotinylated primary 

antibodies were used, cells were then incubated with a secondary streptavidin-

conjugated antibody (diluted to working concentration in fluorescence buffer) for a 

further 20 min in the dark at 4ºC. Cells were then washed and re-suspended in 200 μL 

fluorescence buffer if they were to be analyzed immediately. If cells could not be 

analyzed immediately, they were fixed in 200 μL of 1% formaldehyde (Univar, Seven 

Hills, Australia) in PBS, covered to protect from light and stored at 4ºC for no longer 

than 2 days.  
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Alternatively if intracellular staining was required, after staining for relevant cell 

surface markers, cells were re-suspended in 500 μL per tube fixation/permeabilization 

solution (prepared according to the manufacturers instructions; eBioscience, CA, USA), 

mixed using a vortex and incubated overnight at 4ºC in the dark. The following day, 

approximately 4 mL permeabilization buffer (eBioscience, CA, USA) was added to 

each tube and cells were washed by centrifugation at 400 g for 7 min at 4ºC. Once the 

supernatant was removed, 50 μL of antibodies (for example, against FOXP3 or 

intracellular cytokine targets) diluted to working concentration in permeabilization 

buffer was added per tube. Tubes were then vortexed and incubated at 4ºC for 30 min. 

Following incubation, cells were washed in permeabilization buffer to remove any 

unbound antibody, cells re-suspended in fluorescence buffer and analyzed immediately.  

Data were acquired using 4-colour FACSCalibur or 10-colour LSRII (BD 

Biosciences, NJ, USA) instruments, and results analysed using FlowJo software (Tree 

Star Inc., Stanford, CA, USA). Dead cells and debris were excluded from analysis using 

a forward versus side scatter gate and/or propidium iodide (PI; SIGMA-Aldrich, USA). 

The specific antibodies used and gating strategies employed for analysis in each set of 

experiments is further described below.  

 
 
2.10.1 Measurement of T-cell proliferation and activation 
 
 

To measure proliferation and activation of CFSE-labeled T cells, cells were harvested 

from cultures and co-stained with anti-human CD4-APCCy7, CD25-PE and CD127-

biotin, with a secondary Streptavidin-APC labeling step (BD Biosciences; further 

details on antibodies used are described in Table 2.2). 1 mL of fluorescence buffer 

containing 1 μg/mL PI was added to each tube for the final wash, in order to stain any 

dead cells.   
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 The gating strategy to determine the proportion of T cells undergoing X number 

of divisions is shown in Figure 2.5. Dead cells (i.e. PI+ cells) were excluded from 

analysis, CFSE+ CD4+ cells selected and CFSE dilution assessed. T cell activation was 

determined by the relative expression (geometric mean fluorescence intensity, GMFI) of 

CD25 on CFSE+ CD4+ T cells.  
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Figure 2.5 Proliferation of CFSE-labeled CD4+ T cells. Gating strategy for 
determining proliferation of live CFSE-labeled CD4+ T cells in cultures 
supplemented with autologous APC (at an APC to T cell ratio of 2:1) in the 
presence or absence of PHA for 68h. Firstly, a forward versus side scatter gate 
was used (to gate out debris), followed by sequential gating of live cells (PI-). 
CFSE-labeled CD4+ T cells were then selected for further analysis of 
proliferation. Alternatively, PI- cells were observed for CFSE versus CD25 
expression. Notably, the expression of both CD4 and CD25 was higher on 
proliferating T cells compared to undivided T cells. In non-stimulated cultures, a 
large proportion of cells were no longer viable by 68h. 
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2.10.2 Measurement of intracellular cytokine production  
 
  

Cytokine production by monocytes in CBMC cultures stimulated with LPS +/- IFN-γ 

overnight was determined by firstly staining for cell surface markers CD19-PECy5, 

CD14-APCCy7 and HLADR-PECy7, and then intracellular IL-6-PE, IL-10-APC and 

IFN-γ-FITC. Selection of cytokines for analysis was based on earlier cord blood 

monocyte experiments from our laboratory [105]. For analysis of cytokine production 

by CD4+ T cells following PHA stimulation, cells were first stained for CD3-PE and 

CD4-PECy5, then intracellular IL-10-APC and IFN-γ-FITC (all antibodies were from 

BD Biosciences; further details are described in Table 2.2). 

 
 
2.10.3 Measurement of antigen processing by APC 
 
  

To determine antigen processing by various APC subsets following incubation with 

DQ-OVA, cells were stained for antibodies: CD123-PE, CD11c-PECy5, HLADR-

PECy7, various cell lineage markers (CD8-APCCy7, CD16-APC, CD56-APC, CD14-

APC, CD19-APC, CD4-APC), CD56-PE, CD14-APCCy7, CD16-CyChrome, HLADR-

PECy7 and CD19-APC (BD Biosciences; further details are listed in Table 2.2).  

 Each APC population was selected for analysis and the percentage of DQ-OVA+ 

cells determined. 4ºC controls (i.e. cells pulsed with DQ-OVA at 4ºC instead of 37ºC) 

were used to determine background staining so that DQ-OVA+ cells could be selected 

for analysis, as shown in Figure 2.6. 
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Figure 2.6 Gating strategy for selection of DQ-OVA+ cells. Examples of DQ-
OVA expression on cord samples following incubation at 4ºC or 37ºC for 1 h. 
4ºC controls were used to determine background staining. Notably, while the 
percentage of cells positive for DQ-OVA can be used to compare antigen 
processing between PNG and AUS cord blood APC sub-populations, the 
fluorescence intensity (GMFI) of DQ-OVA is also a useful way to compare 
antigen processing.  
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2.10.4 Determination of APC, Treg and T cell frequencies in CBMC  
 

To determine T-cell and APC proportions, CBMC were stained for the following 

antibodies: CD3-PE, CD4-FITC, CD8-APC and CD56-PECy5, CD14-APCCy7, CD19-

PECy5, lineage 1 cocktail-FITC, HLADR-PerCP, CD11c-APC or CD123-PE (BD 

Biosciences, further details in Table 2.2). T cells were defined by expression of CD3, 

and CD8 or CD4 markers (see Figure 2.7). Monocytes were defined as CD14+, NK cells 

as CD56+ and B-cells as CD19+ (see Figure 2.8). Plasmacytoid DC (pDC) were defined 

as lineageneg
 HLADR+ CD123+, while myeloid DC (mDC) were defined as lineageneg 

HLADR+ CD11c+ (see Figure 2.9). 

To determine and compare Treg cell frequency in PNG and AUS cord samples, 

CBMC were stained with anti-human CD4-APCCy7, CD25-PE and CD127-biotin and 

secondary Streptavidin-APC antibody (BD Biosciences, further details in Table 2.2), 

then fixed/permeabilized and stained for intracellular FOXP3 using anti-human FOXP3-

FITC (eBioscience, USA). In these phenotyping experiments, Treg cells were defined as 

CD4+ FOXP3+ CD127- and CD25+ or CD25high. The gating strategy used is 

demonstrated in Figure 2.10. 
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Figure 2.7 T cell gating strategy. CBMC were stained for CD8, CD4 and CD3. 
CD8+ T cells were defined as CD3+CD8+, and CD4+ T cells defined as 
CD3+CD4+. 
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Figure 2.8 Monocyte, B cell and NK cell gating strategies. CBMC were either stained for 
(A) CD14 and CD19, or alternatively (B) CD56. Monocytes were defined as CD14+, B cells 
as CD19+ and NK cells as CD56+. 
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Figure 2.9 Cord dendritic cell gating strategy. CBMC were stained for 
HLADR, lineage markers, CD11c and CD123 via flow cytometry. Plasmacytoid 
DC (pDC) were defined as lineageneg

 HLADR+ CD123+, while myeloid DC 
(mDC) were defined as lineageneg HLADR+ CD11c+. 
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Figure 2.10 T regulatory cell gating strategy used for phenotyping. Freshly 
thawed CBMC were stained for CD4, CD25, FOXP3 and CD127. A pooled 
CBMC sample was also stained for the FOXP3 isotype control. Treg cells were 
defined as CD4+ FOXP3+ CD127- and CD25+ or CD25high, as shown. Notably, 
the initial use of a lymphocyte gate rather than a live CBMC gate based on 
forward versus side scatter properties excludes potential activated or partially 
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activated conventional CD4+CD25+ cells that are bigger in size and also express 
low levels of FOXP3, but are CD127+, and thus not thought to be Treg cells. The 
use of these gates also allowed determination of the frequency of Treg cells 
within both the lymphocyte compartment of CBMC and total CBMC, 
respectively. 
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2.10.5 Phenotyping of APC at baseline and following activation 
 
 

To phenotype APC subsets at baseline, CBMC were stained with the following 

combinations of markers: (a) anti-CD14-APCCy7, CD19-PECy5, HLADR-PECy7, 

CD40-FITC, CD80-biotin (conjugated to Streptavidin-PE) and CD86-APC; (b) anti-

CD14-APCCy7, CD19-PECy5, HLADR-PECy7, immunoglobulin-like transcript-3 

(ILT3)-PE and ILT4-FITC; (c) anti-HLADR-PECy7, lineage-1-FITC, CD11c-PECy5, 

CD123-PE, CD40-APC; and (d) anti-HLADR-PECy7, lineage-1-FITC, CD11c-PECy5, 

CD123-PE, CD80-biotin (conjugated to Streptavidin-APCCy7) and CD86-APC.  

To phenotype APCs in cultures, CBMC were stained for the following 

antibodies: anti-CD14-APCCy7, CD19-APC, CD40-PECy5, CD80-biotin (with 

secondary streptavidin-PE-Cy7 or streptavidin-APC-Cy7 labeling step), CD86-PE, anti-

HLADR-PECy7, lineage cocktail-APC (containing CD16-APC, CD14-APC, CD56-

APC, CD19-APC, CD4-APC, CD8-APC), CD11c-PECy5, CD123-PE and CD40-FITC. 

 Further details regarding these antibodies and working dilutions are described in 

Table 2.2 below. 
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 Table 2.2 Details of FACS antibodies used, including working dilution 
 
 

Antibody Isotype 
control 

Brand Catalogue 
Number 

Working 
dilution* 

FITC conjugates:     
     

Mouse anti-human IFN-y 
FITC 

Mouse IgG1 BD Biosciences 554551 1:5 
(100 μg/mL) 

Mouse anti-human CD40 
FITC 

Mouse IgG1 BD Biosciences 555588 1:5 

Anti-human CD85d 
(ILT4) FITC 

Rat IgM eBioscience 11-5148 1:5 
(5 μg/mL) 

Lineage Cocktail 1 FITC Mouse IgG1, 
Mouse IgG2b 

BD Biosciences 340546 1:5 

Mouse anti-human CD4 
FITC 

Mouse IgG1 BD Biosciences 555346 1:5 

Anti-human Foxp3-FITC Rat IgG2a eBioscience 11-4776-42 1:2.5 
(20 μg/mL) 

     
PE conjugates:     

     
CD123 PE - BD Biosciences 340545 1:3 

Mouse anti-human CD3 
PE 

Mouse IgG2a BD Biosciences 555340 1:5 

Anti-human IL-6 PE - BD Biosciences 340527 1:2.5 
Mouse anti-human CD56 

PE 
Mouse IgG1 BD Biosciences 555516 1:5 

     
Anti-human CD85k 

(ILT3) PE 
Mouse IgG1 eBioscience 12-5139 1:5 

(2.5 μg/mL) 
Mouse anti-human CD86 

PE 
Mouse IgG1 BD Biosciences 555658 1:5 

Mouse anti-human CD25 
PE 

Mouse IgG1 BD Biosciences 557138 1:5 

     
PE-Cy5 / PerCP / Cy-Chrome  conjugates:   

     
Mouse anti-human CD19 

PE-Cy5 
Mouse IgG1 BD Biosciences 555414 1:5 

Mouse anti-human CD56 
PE-Cy5 

Mouse IgG1 BD Biosciences 561904 1:5 

Mouse anti-human 
CD4 PE-Cy5 

Mouse IgG1 BD Biosciences 555348 1:5 

Mouse anti-human 
CD11c PE-Cy5 

Mouse IgG1 BD Biosciences 551077 1:5 

Mouse anti-human CD16 
Cy-Chrome 

Mouse IgG1 BD Biosciences 555408 1:20 

Mouse anti-human CD40 
PECy5 

Mouse IgG1 BD Biosciences 555590 1:5 

Anti-HLADR PerCP - BD Biosciences 347364 1:5 
(2.5 μg/mL) 

     
APC conjugates:     

     
Rat anti-human IL-10 

APC 
Rat IgG2a BD Biosciences 554707 1:10 

(20 μg/mL) 
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Mouse anti-human CD19 
APC 

Mouse IgG1 BD Biosciences 555415 1:5 

Mouse anti-human CD16 
APC 

Mouse IgG1 BD Biosciences 561248 1:20 
 

Anti-human CD56 APC - BD Biosciences 341025 1:20 
(0.6 μg/mL) 

Anti-human CD14 APC - BD Biosciences 340436 1:20 
(2.5 μg/mL) 

Mouse anti-human 
CD11c APC 

Mouse IgG1 BD Biosciences 560895 1:10 

Mouse anti-human CD4 
APC 

Mouse IgG1 BD Biosciences 555349 1:10 

CD8 APC Mouse IgG1 BD Biosciences 555369 1:10 
Mouse anti-human CD86 

APC 
Mouse IgG1 BD Biosciences 555660 1:5 

Mouse anti-human CD40 
APC 

Mouse IgG1 BD Biosciences 555591 1:3 

     
APCCy7 conjugates:     

     
Anti-human CD8 

APCCy7 
Mouse IgG1 BD Biosciences 557834 1:20 

Anti-human CD14 APC-
Cy7 

Mouse IgG2b BD Biosciences 333945 1:20 
(2.5 μg/mL) 

Mouse anti-human CD4 
APCCy7 

Mouse IgG1 BD Biosciences 557871 1:20 

     
PECy7 conjugates:     

     
Anti-HLADR PE-Cy7 Mouse IgG2a BD Biosciences 335795 1:20 

(2.5 μg/mL) 
     

Biotinylated conjugates:    
     

Mouse anti-human CD80 
biotin 

Mouse IgG1 BD Biosciences 557225 1:3 

Mouse anti-human 
CD127 biotin 

Mouse IgG1 BD Biosciences 558633 1:10 

     
Streptavidin conjugates:    

     
Streptavidin APC - BD Biosciences 554067 1:10 

(20 μg/mL) 
Streptavidin APCCy7 - BD Biosciences 554063 1:20 

(10 μg/mL) 
Streptavidin PECy7 - BD Biosciences 557598 1:20 

(10 μg/mL) 
Streptavidin PE - BD Biosciences 554061 1:320 

(1.5 μg/mL) 
  

* For antibodies where the concentration was supplied by the manufacturers, the working 
concentration is also shown in brackets.
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2.11  Statistical analysis 

 

All analyses were performed using the statistical package SPSS 19.0 (SPSS Inc., IL, 

USA). 

Differences in continuous variables were tested for significance using a student t 

test when data were normally distributed, or the Mann Whitney U test when data were 

not normally distributed (including log-transformed cytokine responses which were not 

normally distributed for cord and infant samples). Wilcoxon signed rank tests were used 

to test for differences in related samples. Pearson chi-square and Fisher’s exact tests 

(when cells contained numbers equal or lower than 5) were performed to test for 

differences between groups in categorical variables. Pearson correlations were also used 

in some analyses to determine relationships between variables. 

To investigate the trajectory (slope) of log-transformed cytokine responses with 

increasing age (Chapter Five), non-parametric Spearman rho correlations were 

performed and associated p-values used to assess whether the slope was significantly 

different from zero. Positive and negative coefficients suggested respective increases or 

decreases in cytokine responses across ordered age levels. Differences were considered 

to be statistically significant when p-values were less than 0.05.  

 Linear regression was also used to study the associations described in Figure 

2.11 below (results presented in Chapter Six). Univariate analyses were initially 

conducted to determine which prenatal exposures and/or other confounding factors (e.g. 

gravida, gestational age, infant age, gender) influenced innate immune responses and 

were subsequently included in multivariate models (Appendix B, Tables S2 and S3). 

Note, multivariate testing was needed as some of the variables of interest, particularly 

the use of substances (beer, betelnut or smoking) were correlated due to socio-economic 

status. Following the general statistical rule that the maximum of independent variables 
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included in a model is the number of subjects in an analysis divided by a factor 10, up to 

9 variables could be included in multivariate models studying CBMC immune 

responses and up to 7 variables in models studying infant immune responses. 

Multivariate models for CBMC innate immune responses included the following 

variables: maternal beer drinking, betelnut chewing, smoking, Entamoebe histolytica, 

Trichomonas hominis, Giardia lamblia and hookworm infections, newborn gestational 

age and gender. As prenatal exposures (independent variables) differentially affected 

infant TLR and NLR responses in univariate analyses (Appendix B Table S3), two 

different multivariate models were used to study these responses: a ‘TLR model’ and 

‘NLR model’. The TLR model included the variables: beer, betelnut, E. histolytica, 

Hookworm, T. hominis, infant gender and age; while the NLR model included the 

variables: beer, betelnut, smoking, E. histolytica, Hookworm, infant gender and age. 

Associations were considered statistically significant if p-values were less than 0.05. In 

the exploratory study presented in Chapter Six, analyses were not adjusted for multiple 

testing as it has been argued that in exploratory studies in which data are collected with 

an objective but not with a pre-specified key hypothesis, multiple test adjustments 

unreasonably increase the likelihood of type II errors (risk of false negatives), 

potentially causing findings of biological relevance and worth further investigation to be 

effectively missed [419]. ‘Significant’ results in Chapter 6 are therefore considered 

exploratory results and are interpreted rather conservatively. To confirm these findings 

the corresponding hypotheses have to be tested in further confirmatory studies [420].  
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Figure 2.11 Prenatal exposures and associations of interest. Associations 
between maternal substance use or intestinal infections and neonatal and infant 
innate immune responses were studied.  
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Comparison of neonatal T regulatory cell function 

in Papua New Guinean and Australian newborns 
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3.1 ABSTRACT 

 
 
Background: Environmental changes, including declining microbial exposure, have 

been linked with the rising incidence of allergic and autoimmune diseases in “western” 

populations. This potentially occurs by altering early development of immuno-

regulatory pathways including T regulatory cells (Treg). There is now increasing 

evidence that such conditioning begins in utero. 

Methods: We compared neonatal Treg from children born under typical western 

conditions (AUS) with those of neonates born under more traditional conditions of high 

microbial burden (PNG).  

Results: The frequency of neonatal Treg, defined as CD4+ Foxp3+ CD127- CD25+/high 

was found to be higher in the cord blood of AUS compared to PNG newborns. 

However, cord blood Treg cell suppressive function was qualitatively similar between 

PNG and AUS newborns in both a Treg depletion assay and a Treg supplementation 

assay.   

Conclusions: These findings do not support the hypothesis that living in a ‘western’ 

versus more traditional environment leads to poor induction or suppressive function of 

neonatal Treg cells. However, environmentally-induced immuno-regulation may 

potentially occur via alternative mechanisms in PNG newborns that should now be 

investigated further.   
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3.2 INTRODUCTION 
 
 
 Regulatory T cells (Treg) play a key role in controlling immune responses, 

balancing adequate immune defense against excessive and potentially harmful 

inflammatory responses, as well as maintaining tolerance to harmless self antigens and 

innocuous environmental allergens [421]. Microbial exposure in early life is potentially 

important for the developmental maturation of these regulatory pathways; reduced 

levels of exposure associated with western environmental changes have been linked to 

aberrant immune development and consequently a rise in allergic and auto-immune 

diseases in these populations [260, 332-336]. Interestingly, there is growing evidence 

from both human and animal studies that the allergy-protective effects of microbial 

exposure begin prenatally [6-9, 259, 332, 351], highlighting the importance of the 

maternal environment in pregnancy. 

 Treg are readily detectable in cord blood [250] and have been reported to exhibit 

suppressive function [249, 251, 422]. Of immediate relevance here, prenatal 

environmental exposures have been recently demonstrated to influence Treg cell 

development. Specifically, newborns of mothers with high microbial exposure during 

pregnancy (in a farming environment) showed enhanced numbers and function of Treg 

cells at birth [9]. Increased circulating Treg cells were also demonstrated in newborns of 

parasite-infected mothers [265-267, 270]. While links to allergic disease are less clear, 

our preliminary studies revealed deficiencies in Treg cell number and function at birth in 

Australian-born children that subsequently developed allergy compared to those that did 

not [256]. Together, these observations suggest that: (a) prenatal microbial exposure 

may increase Treg numbers and/or enhance their suppressive function, and (b) prenatal 

induction of Treg may be protective against allergic disease development. 

Populations in resource-poor settings are beginning to show the same trends for 

rising susceptibility to immune diseases, as they begin to shift from traditional towards 
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western lifestyles [3-5]. This emphasizes the strength of environmental pressures on 

immune development despite presumed genetic differences between populations. The 

aim of our study was to investigate Treg cell frequency and function of neonates born 

under more traditional lifestyle conditions including high microbial burden (PNG) 

compared with neonates born under typical western conditions in a neighboring region 

(AUS). The suppressive capacity of PNG versus AUS cord Treg was assessed by means 

of both a Treg depletion and a Treg supplementation assay. We hypothesized that AUS 

newborns would show evidence of reduced Treg-associated immune regulation 

compared with PNG newborns, compatible with the reduced maternal microbial burden 

and the elevated incidence of allergic disease in the AUS population [3, 17, 24]. 
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3.3 RESULTS 

 
 
3.3.1 Population characteristics 

 

The characteristics of PNG and AUS mothers and their newborns are shown in Table 

3.1. AUS mothers were significantly older and delivered by caesarean section more 

often (38%). PNG newborns weighed significantly less and had smaller head 

circumferences than AUS newborns. 

 
 
 Table 3.1 Obstetric and newborn characteristics  
 

 PNG AUS P-value 

Mean age mother, years  26.5 (7.2) 32.3 (5.0) <0.001 

Primigravida 14/31 (45%) 10/27 (37%) 0.531 

Delivery by caesarean 0/31 (0%) 8/21 (38%) <0.001 

Antibiotic use in pregnancy 0/25 (0%) 2/27 (7%) 0.491 

Male newborn 18/32 (56%) 13/26 (50%) 0.635 

Mean gestational age, wks  39.4 (1.5) 39.3 (1.0) 0.839 

Mean birth weight, kg  3.4 (0.4) 3.6 (0.3) 0.025 

Mean birth length, cm  49.7 (4.6) 50.9 (2.1) 0.158 

Mean head circumference, cm  33.5 (1.8) 35.1 (1.5) 0.001 

 
 Continuous variables are expressed as mean with standard deviation. 
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3.3.2 Cord T regulatory cell frequency 
 
 
Treg are commonly defined as CD4+, FOXP3+, CD127- and CD25+ or CD25high cells 

[231, 421]. Therefore, in order to cover multiple definitions of Treg cells, both CD4+ 

FOXP3+ CD127- CD25+ and CD4+ FOXP3+ CD127- CD25high cellular populations were 

selected for flow cytometry analysis (gating strategy demonstrated in Figure 2.10). The 

frequency of Treg cells was found to be significantly higher within the total CBMC 

population of AUS compared with PNG newborns (Figure 3.1). Similar findings were 

observed when the Treg cells frequency was determined within the lymphocyte and 

CD4+ T-cell compartments of CBMC (Figure 3.1).  

 

3.3.3 Effects of Treg cell “depletion” on effector cell responses  
 
 
Total CD4+ neonatal T-cells or Treg-depleted counterparts were cultured with autologous 

APC and PHA-induced T-cell proliferation was measured. Depletion of Treg cells 

resulted in a significantly increased proliferation capacity of neonatal CD4+ T cells from 

AUS newborns (Figure 3.2A). However, this was not seen in the PNG neonates under 

the same conditions. The lack of a significant difference in proliferation between total 

and Treg-depleted CD4+ T-cells from PNG newborns could be interpreted as a limited 

suppressive capacity of PNG neonatal Treg. However, we also noted a comparatively 

reduced overall proliferative response of PNG compared to AUS naïve CD4+ T-cells. 

This response is also consistent with a reduced capacity of PNG APC to induce 

proliferation (explored in more detail in Chapter Four) and potentially confounds the 

determination of Treg functional activity, particularly if Treg are acting via APC or vice 

versa, as has been previously reported [423]. 

To overcome differences in neonatal APC populations and focus more directly 

on the question of Treg functionality, we repeated this experiment using “standardised 
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APC” derived from adult PBMC instead of autologous APC. In these experiments, 

depletion of Treg resulted in a significant increase in T-cell proliferation that was 

comparable for PNG and AUS cells (Figure 3.2B), suggesting that the suppressive 

activity of cord Treg is similar for PNG and AUS newborns after controlling for any 

differences in APC-induced lympho-proliferation.  
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Figure 3.1 Cord T regulatory cell frequency. The frequency of CD4+ FOXP3+ 
CD25+ CD127- and CD4+ FOXP3+ CD25high CD127- T cells in (A/B) total 
CBMC; and within (C/D) the lymphocyte and (E/F) CD4+ T-cell compartments 
of cord blood (n = 19/group). Data represent mean and SEM. Significance level 
is indicated. 
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Figure 3.2 Suppression of proliferation in autologous and allogeneic 
cultures following cord Treg cell depletion. Proliferation was assessed for cord 
CFSE-labeled CD4+ or Treg-depleted CD4+ T cells (CD4+ CD25- CD127+) co-
cultured with either (A) autologous (PNG n = 7; AUS n = 6) or (B) adult APCs 
(PNG n = 8; AUS n = 6) stimulated with PHA. Data represent mean and SEM. 
Significance level is indicated. 
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3.3.4 Effects of Treg “supplementation” on effector cell responses 
 
 
We next analysed the functional capacity of cord Treg using adult-derived CFSE-labelled 

CD4+ CD25- CD127+ responder T-cells and APCs (γ-irradiated CD3-) that were 

supplemented with PNG versus AUS cord-derived CD4+ CD25+ CD127- Treg or 

‘control’ CD4+ CD25- CD127+ T cells derived from a different adult donor (to adjust for 

the total number of cells in culture). Compared to ‘control’ cultures, supplementation 

with cord-derived Treg at a 3:1 ratio of Treg to responders resulted in a significant 

reduction in proliferation (Figure 3.3A/B) and activation (as measured by CD25 

expression) of responder T-cells (Figure 3.3C). Some suppressive effects were also 

observed when culturing at the 2:1 ratio of Treg to responders, but were lost thereafter 

(Figure 3.3B/C). Importantly, no significant differences were observed between PNG 

and AUS cord-derived Treg in their ability to suppress proliferation or activation of 

responders (Figures 3.3 and 3.4). Reduced proliferation was also associated with lower 

production of T-cell associated cytokines (IFN-, IL-13, IL-10, TNF-and IL-9) in the 

presence of Treg at a 3:1 ratio to responder cells; an effect that became less evident when 

supplementing cultures with lower numbers of Treg to responders, but was not different 

between AUS and PNG neonatal samples (Figure 3.5). When titrating out adult control 

cells from ‘control’ cultures, no effect on T-cell cytokine production was found (data 

not shown). This suggests that the observed reduction in cytokine production in Treg-

supplemented cultures more likely reflects the direct suppressive actions of added Treg 

cells on responder T cell proliferation, rather than a relative increase in cytokine 

production in ‘control’ cultures as a result of adding adult control cells. 

These data further support the finding that on a per cell basis, the suppressive 

function of Treg from PNG and AUS newborns is similar.  
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Figure 3.3 Effect of cord Treg supplementation on activation and 
proliferation of CD4+ adult responders. Cord Treg cells were co-cultured with 
CFSE-labeled naïve CD4+ responder T cells and γ-irradiated CD3- APCs derived 
from the same adult donor in the presence of PHA. Unlabelled CD4+ CD127+ 
CD25- derived from an unrelated adult donor were added to control cultures in 
order to correct for cell number when comparing to Treg-containing cultures 
(control cells, black, n = 11) (PNG Treg, white, 3:1 ratio of Treg: responders, n = 
9; 2:1 ratio, n = 8;  1:1 and 1:2 ratios, n = 7) (AUS Treg, grey, 3:1 ratio, n = 7; 2:1 
ratio, n = 4;  1:1 and 1:2 ratios, n = 6). (A) An example of CFSE dilution of 
adult responder T-cells when supplemented with either control cells, PNG Treg or 
AUS Treg (B) Proportion (mean + SEM) of CD4+ responder T cells having 
undergone proliferation and (C) CD25 expression (GMFI + SEM) of CD4+ 
responder T cells. Significance at the 5% level is indicated (* = p<0.05; ** = 
p<0.01; ns = not significant). 
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Figure 3.4 Suppression of activation and proliferation in Treg supplemented 
cultures. (A) The percentage of Treg-induced suppression of adult responder T 
cell proliferation and (B) percentage decrease in CD25 GMFI on adult responder 
T cells following cord Treg supplementation. Data shown represent mean and 
SEM. PNG Treg white, n = 9 (3:1 ratio of Treg: responders), n = 8 (2:1 ratio) and 
n = 7 (1:1 and 1:2 ratio); AUS Treg grey, n = 7 (3:1 ratio), n = 4 (2:1 ratio) and n 
= 6 (1:1 and 1:2 ratios). Significance at the 5% level is shown (ns = not 
significant). 
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Figure 3.5 Effect of cord Treg supplementation on cytokine production by 
CD4+ adult responders. Cytokine levels in PHA-stimulated cultures for (A) the 
3:1 ratio of control cells/Treg to responders (control n = 11, PNG n = 9, AUS n = 
7); and (B) the 1:1 ratio of control cells/Treg to responders (control n = 11, PNG 
n = 6, AUS n = 10). Data are presented as box plots with median, interquartile 
range and minimum/maximum response shown. Significance at the 5% level is 
indicated (* = p<0.05; ** = p<0.01; *** = p<0.001; ns = not significant).  
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3.4 DISCUSSION 

  

Declining microbial exposure in early life has become a popular explanation for the 

increasing incidence of allergies and autoimmunity. Deficient maturation or induction 

of regulatory pathways including Treg under conditions of low prenatal microbial burden 

may be involved [9]. To investigate this hypothesis further, we have compared the 

frequency and function of cord-derived Treg cells in neonates born in a high-income 

(AUS) versus a resource-poor setting (PNG), representing a low-microbial and high-

microbial environment, respectively. Interestingly, our findings of a higher Treg 

frequency and similar suppressive function in AUS compared to PNG newborns do not 

support the hypothesis that Treg-associated immune regulation is impaired in the more 

“westernized” (AUS) population.  

  Given that prenatal microbial exposure is presumed to be higher in the PNG 

compared to the AUS setting, our results do not support other studies showing enhanced 

cord Treg number and function with increased prenatal microbial/parasitic [265-267, 

270] and/or farm exposure [9]. However, consistent with our findings, Kohler et al. 

have previously demonstrated significantly higher numbers of CD4+CD25hi cells in the 

cord blood of Austrian (low microbial) compared to Gabonese (high microbial) 

newborns [151]; though Treg function was not compared in that study. Notably, both the 

study of Kohler et al [151] and our own (see Chapter Four) indicate a lower pDC 

frequency in children born under high-microbial (Gabon and PNG) versus low-

microbial conditions (Austria and Australia), which is interesting considering that pDC 

have been shown to induce IL-10 producing Treg [424]. While this phenomenon has not 

been investigated in neonates, it can be hypothesized that a reduced proportion of cord 

pDC may explain the lower Treg frequency observed in cords of PNG and Gabonese 

study infants. Alternatively, as measuring the frequency of cell types in cord blood only 
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provides a snapshot of circulating cells at the time of birth, it is possible that the lower 

frequency of circulating Treg cells in PNG versus AUS cords is explained by an 

increased sequestration of Treg in distant sites controlling tissue inflammation.  

 Despite the comparability of PNG and AUS cord Treg function in a standardized, 

allogeneic culture system, PNG Treg did not suppress T-cell proliferation in an 

autologous culture system. Moreover, in the presence of autologous APC, proliferation 

of PNG cord CD4+ T cells was lower than that of Australian counterparts and 

unaffected by the presence or absence of Treg. Replacement of autologous cord APC 

with APC sourced from an adult donor enhanced the proliferative response of PNG cord 

T-cells and restored the Treg suppressive effect (further details on differences in PNG 

and AUS cord APC function will be described in Chapter Four). These observations 

suggest that control of T cell proliferation in PNG newborns is not solely dependent on 

the presence of Treg, but instead likely occurs at multiple levels including that of innate 

immune pathways. Indeed, there is increasing evidence that the prenatal [209, 351, 425] 

and early postnatal innate immune systems play important roles in initiating the 

immuno-regulatory and potentially disease-protective effects of early life microbial 

exposure [143, 144]. Furthermore, others have previously reported that innate immune 

responses were overall lower in newborns that remained free of allergies compared to 

those that continued to develop allergic disease in later life [32, 36, 426]. Therefore, 

reduced pro-inflammatory innate immune responsiveness in early life may be another 

mechanism of prenatal immune regulation in a developing world setting and deserves 

further exploration.  

It is possible that differences in the diversity and types of microbial flora present 

in the European farming versus developing world setting, as well as other 

environmental and lifestyle factors may have contributed to the discrepancies between 

studies. Furthermore, potential genetic differences between the PNG and AUS 



 118

populations (which, to our knowledge, has never been studied) and other maternal 

factors such as vaccinations or atopic status may have also influenced cord Treg function 

[255]. Due to the relatively small sample size, we did not have the statistical power to 

adjust for such confounding factors; nor was it our intention to study specific 

associations in the current study. Larger sized and statistically-powered studies that 

address the contribution of confounding factors are ideally needed to dissect out the 

independent effect(s) of specific environmental exposures and other maternal risk 

factors on prenatal immune development and susceptibility to immune disease. 

In summary, our findings do not support the hypothesis that Treg are enhanced in 

frequency or function in neonates born in the developing (traditional) compared to the 

developed (‘western’) world setting. Further investigation into alternative pathways of 

immune regulation in populations undergoing transition to a more western lifestyle may 

provide further insight into how prenatal environmental exposures modulate early 

immune development and susceptibility to inflammatory disease. 
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4.1 ABSTRACT 

 

Background: One explanation for the high burden of allergic and autoimmune diseases 

in industrialized countries is inappropriate immune development under modern 

environmental conditions. There is increasing evidence that the process of immune 

deviation already begins in utero, but the underlying immunological mechanisms are 

not clear.  

Objective: To identify differences in the function of neonatal APC and CD4+ T cells in 

children born in settings which are more traditional versus those of modern societies.  

Methods: CBMC were collected from PNG and AUS newborns, and compared for 

differences in APC and T cell phenotype and function. 

Results: AUS cord naïve T cells (CD4+CD25-CD127+) showed an enhanced and more 

rapid proliferative response in an autologous APC-dependent culture system; a result of 

differences in neonatal APC rather than T-cell function. This included an increased 

capacity to process antigen and to up-regulate activation markers following stimulation. 

In contrast, resting PNG APC exhibited higher baseline levels of activation and 

inhibitory markers, and were less or non-responsive to stimulation in vitro. 

Conclusions: This study supports the hypothesis that prenatal environments can 

influence the developing immune system in utero. Children born under modern 

environmental conditions exhibit increased APC reactivity at birth compared to children 

born under traditional environmental conditions. The functionally more quiescent nature 

of PNG neonatal APC may potentially protect against the development of harmful 

inflammatory responses in early life.  
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4.2 INTRODUCTION 

 

Following trends in industrialized countries, allergic and autoimmune diseases 

are increasing in populations transiting to more modern lifestyles [3-5], suggesting that 

characteristics of such lifestyles, including improved hygiene and reduced microbial 

burden, contribute to this heightened risk. Indeed, epidemiologic studies have 

demonstrated inverse relationships between allergy risk and markers of microbial 

exposure including living in farming or rural environments, larger family sizes, pets and 

parasitic infections [260, 272, 332-336]. According to the ‘hygiene hypothesis’, 

microbial exposure in early life ‘educates’ the developing immune system to react 

appropriately to stimuli, including harmless allergens; a process in which APC 

presumably play an important role [144, 427, 428].  

While the hygiene hypothesis initially focused on postnatal events, there is now 

increasing interest in the influence of the in utero environment on postnatal immune 

function and hence susceptibility to allergic disease [6-9]. Findings from human studies 

include reports that children born in traditional settings display altered neonatal innate 

immune responses compared to children born in developed settings, with downstream 

effects on postnatal T-cell development [152]; and contact with farm animals during 

pregnancy decreased the expression of innate immune receptors at birth and protected 

from atopic dermatitis during the first 2 years of life [259]. A landmark study by Conrad 

et al. has provided first evidence for a central role of the maternal and fetal innate 

immune system: in mice, microbial exposure during pregnancy enhanced maternal 

TLR-mediated inflammatory responses, leading to down-regulated TLR and cytokine 

expression in placental tissues, and reduced risk of allergic disease development in 

offspring [351]. While it is yet unknown how disease protection is afforded or which 



 123

mechanisms are involved, current opinion favors fetal APC as likely initial ‘targets’ of 

microbial effects  [209, 425]. 

Complementing earlier studies reporting on neonatal innate and regulatory T-

cell immune responses in children born under diverse environmental conditions [151, 

152, 418, 429], we investigated the potential effect of a changing lifestyle and 

environment on in utero APC development by comparing the function of cord blood 

APC from children born in a modern (AUS) versus more traditional environment 

(PNG).  
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4.3 RESULTS 

 

4.3.1 Population characteristics 

 

Obstetric and newborn characteristics are described in Table 4.1. AUS mothers were 

significantly older, more likely to have delivered by caesarean section and to have used 

antibiotics during pregnancy. AUS newborns weighed significantly more at birth and 

had larger head circumferences compared to PNG newborns.   

 

 

   Table 4.1 Obstetric and newborn characteristics  

 PNG AUS P-value 

Age mother, years 26.2 (6.8) 32.6 (4.2) <0.001 

Primigravida 20/54 (37%) 12/39 (31%) 0.530 

Delivery by caesarean 0/54 (0%) 15/37 (41%) <0.001 

Antibiotic use in pregnancy 0/54 (0%) 5/47 (11%) 0.014 

Male newborn 35/55 (64%) 21/46 (46%) 0.070 

Gestational age, wks 39.5 (1.5) 39.3 (1.2) 0.496 

Birth weight, kg 3.4 (0.5) 3.5 (0.4) 0.029 

Mean birth length, cm 50.7 (3.2) 50.6 (2.1) 0.987 

Mean head circumference, cm 33.7 (1.8) 34.9 (1.2) <0.001 

 

 Continuous variables are expressed as mean with standard deviation.  
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4.3.2 Proportions of APC and CD4+ T cells  

 

Significantly lower proportions of monocytes (CD14+), B cells (CD19+) and pDC 

(HLADR+ lineageneg CD123+; Figure 2.9) were present in CBMC of PNG versus AUS 

newborns. No differences in mDC (HLADR+ lineageneg CD11c+; Figure 2.9) or natural 

killer cells (CD56+) (Table 4.2) were detected.  

The frequency of CD4+ (CD3 co-expressing) T-cells was higher in CBMC of 

PNG compared to AUS newborns (Table 4.2). There was no difference in the CD4+ T-

cell mRNA expression of T cell receptor excision circles (TRECs), characteristic of 

recent thymic emigrants (van den Biggelaar, data not shown). The maturation marker 

CD45RO tended to be expressed on relatively more AUS than PNG neonatal CD4+ T 

cells; however, this difference was not significant (mean ± SEM = 13.0% ± 2.1 and 

8.8% ± 1.0 respectively, p = 0.085).  
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 Table 4.2 Frequency of APC subsets and T cells in PNG and AUS CBMC 

 PNG CBMC AUS CBMC P-value 

Monocytes       

B-cells       

NK-cells 

pDC 

mDC 

CD4+ T cells 

CD8+ T cells 

13.4 (5.3) 

13.0 (5.2) 

10.0 (3.7) 

0.3 (0.1) 

0.5 (0.3) 

36.9 (9.7) 

11.4 (3.4) 

18.9 (7.2) 

21.0 (8.5) 

9.6 (6.7) 

0.5 (0.3) 

0.4 (0.2) 

30.9 (9.0) 

10.3 (4.5) 

0.027 

0.010 

0.424 

0.010 

0.527 

0.020 

0.185 

 
Data present the proportions (mean and standard deviation) of different APC and 
T cell subsets in PNG and AUS CBMC; n = 11 (PNG) and 12 (AUS) for NK 
cell proportions; n = 12 (PNG) and 14 (AUS) for monocyte and B cell 
proportions; n = 19 (AUS) and 20 (PNG) for pDC and mDC proportions; n = 
25/group for CD4+ T cell proportions, and n = 20/group for CD8+ T cell 
proportions. 

 

 

 

4.3.3 Cord APC phenotype 

 

Markers of activation (HLADR and CD86) and inhibition (ILT3, ILT4) were expressed 

significantly more frequently by monocytes of PNG compared to AUS newborns (Fig. 

4.1A). Monocytes expressing inhibitory markers also expressed the highest levels of 

HLADR (Figure 4.2). While there was a trend for higher CD80 expression on PNG 

versus AUS monocytes (p=0.078), expression was generally low or absent on most 

APC types. Similar to PNG monocytes, the expression of HLADR (geometric mean 

fluorescence intensity; GMFI) was higher on DC subsets from PNG compared to AUS 
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newborns (Fig. 4.1D). A higher frequency of PNG compared to AUS mDC (but not B-

cells) expressed CD86 (Fig. 4.1B/C). There were no significant differences in the 

proportion of monocytes or DC expressing CD40; however, more PNG than AUS B-

cells expressed CD40 (Fig. 4.1B).  

 The relative ratio of CD80 to CD86-expressing APC at baseline was 

significantly higher on B cells from PNG compared to AUS neonates; similar trends 

were observed for monocytes (p=0.109) but not cord DC (Fig. 4.1E).   
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Figure 4.1 Cord APC phenotype at baseline. (A) The percentage of CD14+ 
monocytes expressing activation and inhibitory markers. (B) The percentages of 
CD19+ B-cells and (C) mDC and pDC expressing activation markers. (D) The 
intensity of HLADR expression (GMFI) on DC subsets. (E) The relative ratio of 
CD80 to CD86-expressing APC. PNG white bars, AUS grey bars, n = 6/group. 
Data represent mean and SEM. Significance level is shown (* = p<0.05, ** = 
p<0.01). 
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Figure 4.2 ILT3+ ILT4+ monocytes express high levels of HLADR. (A) 
Example of the expression of ILT3 and ILT4 on AUS and PNG CD14+ 
monocytes and (B) the relative HLADR GMFI of ILT3-ILT4- and ILT3+ILT4+ 
CD14+ monocyte subsets in PNG (white bars) and AUS (grey bars) cord 
samples (n = 6/group). Data present mean and SEM. Significance level is 
indicated (* = p<0.05, ** = p<0.01). 

 

 

 

4.3.4 Induction of T-cell proliferation by neonatal APC 

 

To assess the ability of neonatal APC to induce CD4+ T-cell proliferation, cord naïve 

CD4+ T cells were cultured with autologous APCs (γ-irradiated CD3-). PHA-induced T-

cell proliferation was reduced and delayed in PNG versus AUS cultures (Fig. 4.3). After 

68 hours of culturing, significantly fewer PNG compared to AUS neonatal T-cells had 

undergone cell division (mean ± SEM = 54.8 ± 4.9% and 81.3 ± 2.2%, respectively; 

p<0.001), while significantly more AUS T-cells had divided ≥ 2 times (Fig. 4.3B/C). 

Although proliferation of PNG T-cells increased by 88 hours in culture, it did not “catch 
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up” to that of AUS T-cells, lagging behind particularly in the number of cells that 

entered ≥ 4 divisions (Fig. 4.3D/E).  
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Figure 4.3 Neonatal T cell proliferation in an autologous co-culture system. 
(A) Neonatal PHA-induced CD4+ T cell proliferation following 68 h in culture 
under varying APC to T-cell ratios (n = 3/group). (B-E) Examples of CFSE 
dilution in PNG and AUS CD4+ T cells, and average proportions (mean + SEM) 
of neonatal CD4+ T cells having undergone an increasing number of divisions 
when co-cultured at a 2:1 APC to T-cell ratio and stimulated with PHA for (B-
C) 68h (PNG, white, n = 21; AUS grey, n = 20) or (D-E) 88h (n = 10/group). 
Significance level is indicated (* = p<0.05, ** = p<0.01, *** = p<0.001). 
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We next set out to determine the reason for the observed proliferative 

differences of PNG and AUS neonatal T-cells. Firstly, no difference in PHA-induced T-

cell cytokine production in these co-cultures could be detected (Fig. 4.4A); although 

notably, PHA-induced T cell cytokine production was greater in PNG versus AUS in 

vitro cultures of unfractionated CBMC, most likely a result of a higher proportion of 

CD4+ T cells in total PNG compared to AUS CBMC. Indeed, there was no detectable 

difference in T cell cytokine production on a per cell basis in these whole CBMC 

cultures (Fig. 4.4C/D). Secondly, no difference in cell death was observed: the 

proportion of live cells (PI-) in PNG (mean + SEM = 85.3% + 1.1%) and AUS cultures 

(mean + SEM = 84.5% + 1.1%) was similar (p=0.664) following 68 h PHA stimulation.  

To address the possibility of an intrinsic difference in T-cell function, the 

proliferative response of PNG and AUS neonatal T-cells was studied while culturing in 

the presence of a ‘standardized’ APC compartment (i.e. APC isolated from adult 

volunteers). Of note, no mixed lymphocyte reaction (MLR) was observed at 68 h as 

evidenced by low background proliferation in non-stimulated (control) cultures (Figure 

4.5A). While a marginally higher proportion of AUS than PNG T-cells underwent cell 

division in response to PHA stimulation (Fig. 4.5A), proliferation of PNG T-cells was 

greatly enhanced if cultured with ‘standardized APC’ instead of autologous APC (Fig. 

4.5C), suggesting that PNG neonatal APC limit autologous T-cell proliferation.  

To further investigate neonatal APC function, PNG and AUS APC were 

cultured with a ‘standardized’ T-cell compartment consisting of naïve adult CD4+ T 

cells (Fig. 4.5B). Again, there was no evidence of an MLR in control cultures. 

Following PHA stimulation, adult T-cell proliferation was significantly lower in 

cultures containing PNG versus AUS APC, thus offering further support that PNG APC 

limit T-cell proliferation. 
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Figure 4.4 Cord T cell cytokine responses to PHA. (A) CD4+ T cells and 
autologous CD3- APCs were co-cultured at a 1:2 ratio in the presence or absence 
of PHA for 68h (PNG white n = 17; AUS grey n = 16) or (B) unfractionated 
CBMC of PNG (white, n = 36) and AUS newborns (grey, n = 31) were cultured 
in vitro with medium alone (control) or with PHA for 48h. Net changes in PHA-
induced cytokine responses are presented as box plots (median, interquartile 
range and minimum/maximum response). Percentages of PNG and AUS cord 
CD4+ T cells positive for intracellular (C) IFN-γ and (D) IL-10 in unfractionated 
CBMC cultures with medium alone (control) or PHA is shown. Significance 
level is indicated. Note, data presented in panels B-D above were kindly 
provided by Dr. A. van den Biggelaar (Telethon Institute).  
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Figure 4.5 Cord CD4+ T cell and APC function. (A) Cord T-cell function: 
neonatal CD4+ T-cells (PNG, n = 15; AUS, n = 14) cultured with ‘standardized’ 
APC from adult donors. (B) Cord APC function: neonatal APC (PNG n = 12; 
AUS n = 11) cultured with ‘standardized’ CD4+ T-cells from adult donors. (C) 
PHA-induced proliferation of PNG CD4+ T cells co-cultured with autologous (n 
= 21) or adult APC (n = 16). Proliferation was measured following 68 h in 
culture. Data represent mean and SEM. Significance level is indicated. 

 

 



 133

4.3.5 Cord blood APC function 

 

Given their differing abilities to induce T-cell proliferation, we further evaluated 

additional functional properties of PNG and AUS neonatal APC.   

Comparing the in vitro antigen uptake and processing capacity of PNG and AUS 

neonatal APC, significantly fewer PNG than AUS APC, including monocytes, mDCs 

and pDCs became DQ-OVA+, indicating reduced antigen processing in PNG APC 

(Figure 4.6). Monocytes were the predominant DQ-OVA+ APC sub-population in both 

PNG and AUS cultures, and for this reason were chosen for further studies. 
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Figure 4.6 Antigen processing by neonatal APC. (A) Proportions of cells 
taking up and processing DQ-OVA and (B) the relative expression (GMFI) of 
DQ-OVA on DQ-OVA-positive APC subpopulations (PNG white, AUS grey, n 
= 6/group). Data represent mean and SEM. Significance level is indicated. 
 

 

Adopting similar culture conditions as used in the T-cell proliferation assays, the 

ability of monocytes to up-regulate activation markers when stimulated in vitro with 

PHA was determined. Compared to non-stimulated cultures, the expression of CD40, 

CD86 and HLADR on monocytes was significantly increased in AUS, but not PNG cell 

cultures (Figure 4.7). Following PHA stimulation, the ratio of CD80 to CD86-positive 
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monocytes also remained higher for PNG versus AUS newborns (Fig. 4.7H). Notably, 

other APC sub-populations did not up-regulate activation markers in either AUS or 

PNG cultures (data not shown). Similar results for monocytes were observed when 

CBMC were given alternative signals such as LPS +/- IFN-γ (Fig. 4.7). 
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Figure 4.7 Expression of activation markers on cord monocytes. (A-D) Fold 
change in expression (GMFI) of (A) HLADR, (B) CD86, (C) CD80 and (D) 
CD40 on monocytes (CD14+) post-stimulation as compared to non-stimulated 
controls (media only) (n = 4-6/group). (E-G) Percentage of monocytes (CD14+) 
expressing (E) CD86, (F) CD80 and (G) CD40 following 48h PHA stimulation 
or 24h stimulation with LPS+/-IFN-γ (PNG white bars n = 6, AUS grey bars n = 
5). Notably, as most monocytes already express HLADR at baseline, the relative 
change in expression (GMFI) rather than the total percentage positive for 
HLADR is the most informative way to study changes in HLADR expression. 
(H) The relative ratio of CD80 to CD86-expressing cord monocytes following 
48 h stimulation with PHA (PNG n = 6, AUS n = 5). Data represent mean and 
SEM. Significance level is indicated (* = p<0.05, ** = p<0.01). 



 135

To investigate the ability of cord monocytes to produce inflammatory cytokines, 

LPS +/- IFN-γ was used as the maturation signal. In the absence of stimulation, the 

proportion of monocytes expressing IFN-γ or IL-6 was significantly higher in PNG 

compared to AUS cultures (Fig. 4.8A/B). PNG cytokine-positive monocytes also 

expressed higher levels of HLADR compared to AUS counterparts (Fig. 4.8C/D). 

However, only AUS and not PNG monocytes demonstrated the potential for increased 

cytokine production and HLADR expression when stimulated. Of note, the addition of 

IFN-γ to LPS-stimulated cultures did not further increase the potential for cytokine 

production in either group.  
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Figure 4.8 Cord monocyte cytokine production. (A-B) Percentage of 
monocytes expressing intracellular IL-6 or IFN-γ following culture. (C-D) The 
HLADR GMFI of IL-6+ and IFN-γ+ monocytes following 24 h in the presence 
or absence of LPS +/- IFN-γ (n = 6/group). Mean and SEM are shown. 
Significance level is indicated (* = p<0.05, ** = p<0.01). 
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4.3.6 Influence of maternal age and mode of delivery on neonatal immune 

function 

 

To study whether maternal age may account for observed differences between PNG and 

AUS neonatal immune function, linear regression models were used including neonatal 

immune read-outs that significantly differed between the two study populations and that 

had sufficient power (sample sizes) for regression analysis: relative proportions of 

monocytes (PNG n = 11; AUS n = 8) and CD4 T-cells in CBMC (PNG n = 18; AUS n = 

23); and PHA-induced % divided T-cells in autologous cell cultures (PNG n = 15; AUS 

n = 18) and cultures of cord APC in the presence of adult T cells (PNG n = 9; AUS n = 

8).  Maternal age was studied as a continuous variable.  

To determine whether maternal age explained population differences, we first 

tested for associations between maternal age and immunological read-outs for the two 

populations separately (Table 4.3), and secondly performed regression analysis using 

model 1 that studies the population effect alone, and model 2 that also included 

maternal age as a variable (Table 4.4). When the linear regression co-efficient for the 

relationship between population and the immunological read-out changed considerably 

in model 2 compared to model 1, this was considered to indicate that the observed 

population difference is (to a certain extent) explained by maternal age. As 

demonstrated in Table 4.3, within the group of AUS mothers, increasing maternal age 

was found to be associated with relatively higher cord CD14+ monocyte proportions; 

whereas in the PNG group, older maternal age was associated with lower cord CD4+ T-

cell proportions. As relative proportions of cord CD4 and CD14 cells are interrelated, 

these observations therefore may indicate that the higher proportion of CD4 T-cells in 

PNG cords and the relatively higher proportions of CD14 cells in AUS cords may be 

explained by differences in maternal age between these two study populations. This is in 



 137

line with the observation that in the adjusted linear regression analysis (Table 4.4) the 

population difference for % CD14 cord cells disappears when adjusting for the effect of 

maternal age (comparing model 2 with model 1). In spite of this effect of maternal age, 

in the functionality experiments, we correct for the population differences in cord CD4+ 

T-cell and APC proportions and the maternal age effect is then no longer at play. For 

the proliferation capacity, no effect of maternal age was found: there was no association 

found with maternal age when studying the two populations separately (Table 4.3) and 

inclusion of maternal age as a variable in regression analysis did not change the 

population effect (Table 4.4). 

 

 

 

Table 4.3 Linear regression analysis to study association between maternal age and 
selected neonatal immune outcomes for the two populations separately 
 
 PNG (maternal age)  AUS (maternal age) 

 B ± SE P-value B ± SE P-value 

% CD14 in CBMC 0.36 ± 0.27 0.218 0.33 ± 0.82 0.048 

% CD4 in CBMC -0.33 ± 0.14 0.045 -0.04 ± 0.11 0.752 

Proliferation, % T-cells divided: 
Autologous cord APC + T-cells 
 

 
1.42 ± 1.61 

 
0.412 

 
-0.02 ± 0.50 

 
0.908 

Proliferation, % T-cells divided:  
Cord APC + adult T-cells 

 
0.12 ± 1.07 

 
0.914 

 
-0.37 ± 0.53 

 
0.507 

 
 
represents linear regression coefficient; SE represents standard error. 
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Table 4.4 Linear regression analysis to study whether population differences in 
neonatal immune function can be attributed to differences in maternal age 
 
 Model 1 

 
Model 2 

 
 B ± SE P-value B ± SE P-value 

 
% CD14 in CBMC  
- Population (PNG is reference, 1) 
- Maternal age  
 

 
5.03 ± 2.69 

-- 

 
0.074 

 
1.57 ± 3.76 
0.51 ± 0.31 

 
0.682 
0.118 

 
% CD4 in CBMC  
- Population (PNG is reference, 1) 
- Maternal age 

 
-5.94 ± 2.65 

-- 

 
0.029 

 
-5.39 ± 3.23 
-2.14 ± 0.23 

 
0.103 
0.364 

 
Proliferation, % T-cells divided  
Autologous cord APC + T-cells  
- Population (PNG is reference, 1) 
- Maternal age 

 
 
30.24 ± 9.45 

-- 

 
 

0.005 

 
 
23.90 ± 11.47 
0.75 ± 0.85 

 
 

0.058 
0.399 

 
Proliferation, % T-cells divided  
Cord APC + adult T-cells  
- Population (PNG is reference, 1) 
- Maternal age 

 
 

17.95 ± 6.05 
-- 

 
 

0.008 

 
 

16.98 ± 7.88 
-0.11 ± 0.59 

 
 

0.050 
0.855 

 
 
represents linear regression coefficient; SE represents standard error. 

 

 

  Linear regression analysis was also used to study associations between delivery 

by caesarean section and relevant neonatal immunological read-outs within the AUS 

population [dependent variables i.e. relative proportions of monocytes (n = 10) and CD4 

T-cells in CBMC (n = 19); and PHA-induced % divided T-cells in autologous cell 

cultures (n = 15) and cultures of cord APC in the presence of adult T cells (n = 7)]. No 

significant differences were found (Table 4.5). The observation that cord CD4+ T-cell 

proportions tended to be higher in AUS children born by caesarean section may imply 

that the observed difference in CD4 T-cell proportions between PNG and AUS 

newborns may be even greater than reported.  
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Table 4.5 Linear regression analysis studying the association of neonatal immune 
outcomes with caesarean section for the AUS population 

 

 AUS (caesarean section) 

 B ± SE P-value 

% CD14 in CBMC  -1.84 ± 4.26 0.681 

% CD4 in CBMC 6.78 ± 3.21 0.073 

Proliferation, % T-cells divided  
Autologous cord APC + T-cells  

 
-11.28 ± 7.59 

 
0.197 

 
Proliferation, % T-cells divided  
Cord APC + adult T-cells  

 
4.31 ± 10.42 

 
0.696 

 
  
 represents linear regression coefficient; SE represents standard error 
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4.4 DISCUSSION 

 

Consistent with recent speculation of a potentially important role for fetal APC in 

mediating the disease-protective effects of prenatal microbial exposure [209, 351, 425], 

we here report significant differences in neonatal APC phenotype and function in 

children born under the divergent environmental conditions of PNG and AUS. 

The most distinct difference was that PNG neonatal APC were comparatively 

quiescent: they processed less antigen, induced less robust T cell proliferation and were 

less or non-responsive to in vitro stimulation as compared to AUS neonatal APC, which 

in contrast were significantly more responsive.  

We suggest that functionally more quiescence nature of APC, as observed in 

PNG newborns, may be an evolutionary mechanism of immune regulation learned in 

utero to prepare newborns for the intensity and frequency of immune challenges in their 

postnatal environment and to protect them from pathological inflammation. 

Alternatively, under a reduced microbial burden, the innate immune system may not be 

properly ‘programmed’ in utero, consequently altering the process of immune 

development and increasing the risk for allergic and autoimmune diseases in later life 

[430]. Notably, our recent finding that neonatal pneumococcal conjugate vaccination 

induced normal memory T cell responses in PNG infants [149] argues that quiescent 

innate immunity at birth does not necessarily translate into defective postnatal immune 

responsiveness and may even be an adaptive feature of early immune development in 

this context. 

In addition to functional differences, variations in neonatal APC phenotype were 

observed. PNG monocytes and DC expressed significantly more HLADR than AUS 

counterparts, and this, together with their reduced capacity to process antigen, suggests 

a higher baseline activation or maturation status. Interestingly, HLADR expression of 
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APC has been reported to correlate with infection status [431], including in neonates 

exposed to malaria prenatally [268]. Furthermore, enhanced baseline expression of 

inhibitory markers ILT3 and ILT4 on monocytes of PNG neonates may also suggest 

enhanced potential for tolerogenic activity. PNG ILT3+ ILT4+ monocytes co-expressed 

high levels of HLADR suggesting that cells with potential inhibitory function were 

those that had been activated in utero. Of interest, tolerogenic APC are known to exist 

in a range of maturation states [432], with ILT3 and ILT4 expression subject to 

modulation by infections [433], and in neonates, by certain prenatal exposures [326]. 

Furthermore, APC from PNG compared to AUS newborns over-expressed CD80 

relative to CD86, which has been associated with promotion of Th1 rather than Th2 

responses [434, 435]. Additionally, differential roles and expression of these co-

stimulatory molecules have been observed in states of infection and inflammation [436, 

437], and in the development of allergic responses [438, 439].  

 Enhanced baseline expression of activation markers but functional quiescence is 

also a feature of APC ‘exhaustion’, commonly described of mature APC that become 

refractory to further stimulation and produce less Th1-polarising cytokines (even in the 

presence of IFN-γ) following secondary or chronic exposure to some pathogens (for 

example, in ‘endotoxin tolerance’) [440, 441]. We previously reported that APC from 

PNG compared to AUS newborns produce significantly lower IL-12, TNF-α and IFN-γ 

responses to IFN-γ-primed BCG stimulation [152]. Here, we again demonstrate that 

PNG monocytes do not up-regulate cytokine production following LPS stimulation, 

even in the presence of IFN-γ. Thus, if the functional quiescence observed here is in fact 

a result of exhaustion, this further suggests that PNG APC may have been activated in 

utero under a higher maternal antigen experience. Indeed, monocytes of PNG newborns 

expressed higher intracellular cytokine levels in the absence of stimulation and these 
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cytokine-positive cells also co-expressed higher levels of HLADR; suggesting a 

previous cytokine response (activation) in utero.  

Differences in neonatal APC phenotype and function driven by prenatal 

exposures potentially play a role in altering the risks for allergic disease in later life. 

Indeed, animal studies have demonstrated that early postnatal exposure to microbial 

products reduces the risk for allergic and autoimmune diseases [143, 144]. Exposed 

animals developed IL-10-producing tolerogenic DC that, in line with our findings for 

PNG neonatal APC, had enhanced expression of activation markers but a reduced 

ability to induce T-cell proliferation [143, 144]. Likewise, others have reported an 

inverse association between baseline HLADR expression on cord blood monocytes and 

the development of atopic disease [35]. Furthermore, we have recently shown in 

Australian cohorts that reduced neonatal innate inflammatory cytokine production is 

associated with reduced allergy risk [32, 36]; in contrast, neonates who went on to 

develop allergic disease showed relative innate “hyper-responsiveness” to the same 

microbial products [32, 36].  Together with the present study, these findings collectively 

support the hypothesis that protection from allergic disease under conditions of high 

microbial burden may be mediated, at least in part, through relative quiescence of 

neonatal APC responses. Further studies are needed to test this longitudinal effect in 

humans and to explore the most important underlying in utero risk factors.  

In addition to differences in neonatal APC, we also found dissimilarities in 

CD4+ T-cell frequency and function between PNG and AUS newborns. A main 

difference was that proportions were significantly higher in PNG compared to AUS 

newborns. Interestingly, it has been shown that increasing the numbers of conventional 

CD4+ T cells in neonatal mice by adoptive transfer resulted in reduced innate immune 

responses and decreased risk for “hyper-inflammation” [195]; however, this is yet to be 

investigated in humans. A second difference was that CD4+ T-cells of PNG compared to 
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AUS newborns underwent less proliferation in an autologous APC-dependent culture 

system. However, PNG neonatal T cells possessed the intrinsic ability to respond more 

efficiently when stimulated by APC from an unrelated adult donor, hereby highlighting 

the role of PNG neonatal APC in the reduced proliferative capacity of PNG T-cells. 

Nonetheless, these findings suggest that T-cell proliferation may be limited in vivo in 

PNG newborns; perhaps to an even greater extent than that observed in our experiments 

given the lower ratio of circulating APC to T-cells found in total CBMC of PNG 

newborns. The impact of limited neonatal T-cell proliferation in the clearance of 

infectious micro-organisms in early postnatal life is currently unknown and requires 

further investigation.  

Besides variation in microbial burden, differences in other environmental 

exposures such as maternal diet and indoor air pollution, as well as genetic and obstetric 

factors may have contributed to the observed differences in neonatal APC function. In 

addition, in our study Australian mothers were significantly older than PNG mothers at 

the time of delivery, which to a certain extent may have contributed to observed 

differences between the neonatal immune systems as older maternal age was associated 

with relatively higher proportions of monocytes in cord blood. Also, 41% of the 

Australian study mothers had delivered by caesarean section in contrast to none of the 

PNG mothers. In the current study, we did not observe an effect of caesarean section on 

studied AUS neonatal immune read-outs; however several other studies have 

investigated the effect of mode of delivery on neonatal immune responses with variable 

findings [105, 152, 442]. Considering that in high-income countries women start to have 

children at an older age and more often opt for caesarean delivery as compared to low-

income countries, these two population differences may to a certain extent account for 

differences in neonatal immune function.   



 144

In summary, we have demonstrated that under conditions typical of traditional 

environmental settings, neonatal APC exhibit a more activated phenotype at baseline 

whilst being relatively quiescent in function: potentially a protective mechanism 

‘learned’ in utero. On the other hand, neonatal APC from children born in a more 

modernized environment were comparatively more responsive. Both prenatal and early 

postnatal exposures are thought to be critical to develop balanced immune regulatory 

responses protecting infants against severe and harmful inflammation in early life and 

possibly allergic and autoimmune diseases in later life. This study provides further 

evidence that these effects begin in utero and that fetal/neonatal innate immune 

pathways are involved.  
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Chapter Five 
 
 

 
 
 

Ontogeny of Toll-like and NOD-like receptor-

mediated innate immune responses in Papua New 

Guinean infants 
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5.1 ABSTRACT  

 

Studies addressing the ontogeny of the innate immune system in early life have reported 

mainly on Toll-like receptor (TLR) responses in infants living in high-income countries, 

with little or even no information on other pattern recognition receptors or on early life 

innate immune responses in children living under very different environmental 

conditions in less-developed parts of the world.   

In this study, we describe whole blood innate immune responses to both Toll-

like and nucleotide-binding oligomerization domain (NOD)-like receptor agonists 

including the widely used vaccine adjuvant ‘alum’ in a group of Papua New Guinean 

infants aged 1-3 (n = 18), 4-6 (n = 18), 7-12 (n = 21) and 13-18 months (n = 10) old. 

Depending on the ligands and cytokines studied different age-related patterns were 

found: alum-induced IL-1β and CXCL8 responses were found to significantly decline 

with increasing age; inflammatory (IL-6, IL-1β, IFN-γ) responses to TLR2 and TLR3 

agonists increased; and IL-10 responses remained constant or increased during infancy, 

while TNF-α responses either declined or remained the same.  

We report for the first time that whole blood innate immune responses to the 

vaccine adjuvant alum decrease with age in infancy; a finding that may imply that the 

adjuvant effect of alum in pediatric vaccines may be age-related, at least in this study 

population. Our findings further suggest that patterns of innate immune development 

may vary between geographically diverse populations, which in line with the ‘hygiene 

hypothesis’ particularly involves persistence of innate IL-10 responses in populations 

experiencing higher infectious pressure.  
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5.2 INTRODUCTION  

 

The human immune system undergoes developmental changes in postnatal life with 

some responses reaching adult-like profiles at early age and others continuing to 

develop into late childhood. This involves maturation of both the adaptive immune 

system that is largely naïve at birth and acquires memory to an increasing variety of 

environmental exposures over time; and the innate immune system, for which there is 

growing evidence that functioning at birth is distinct from that of an adult. Several 

studies have characterized innate immune responses to TLR ligands in human neonates 

and adults; reporting that the production of pro-inflammatory cytokines including IFN-

γ, IL-12 and in some studies also TNF-α, is generally impaired in neonates, while the 

production of IL-1β, IL-6, IL-10 and IL-23 is equal to or even higher than that produced 

by adults [81-84]. This profile of innate cytokine response in newborns typically 

favours T helper (Th) 2 rather than Th1 responses [90-92], which may contribute to 

their heightened susceptibility to many infectious agents [81]. 

 Most studies on the ontogeny of the human innate immune system have been 

performed in high-income countries. Little is known about whether these developmental 

patterns also apply to children born in low-income countries where the burden of 

infectious diseases is considerably higher, particularly in early life [1, 2]. One recent 

study reporting on TLR-mediated immune responses in the first 12 months of life in 

infants in the Gambia, Africa [99] found some patterns of immune maturation to be 

different from what has been described for infants in the western world [105, 106, 443]: 

instead of declining innate IL-10 and IL-6, and gradually increasing TNF-α and IFN-γ 

responses over the first year of life, responses in Gambian infants remained stable 

between 1 and 12 month of age after TNF-α and IFN-γ production had increased during 

the first month of life. Moreover, there is some evidence that environmental and 
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lifestyle factors influence neonatal immune function (reviewed in [444, 445]), as well as 

that infant innate immune responses to BCG vaccination varies between populations 

[152, 446, 447]. Altogether these studies lend support to the hypothesis that innate 

immune maturation is not uniform across populations of high-income versus low-

income settings.  

 There are currently no studies reporting on innate immune responses to pattern 

recognition receptors (PRRs) other than TLRs in young infants [448]. Nucleotide-

binding oligomerization domain (NOD)-like receptors (NLRs) are PRRs that include 

both NOD and NALP (NACHT-leucine rich repeat and pyrin-domain containing 

protein) receptors that detect microbial products and endogenous danger signals [43, 60, 

449]. NALPs form caspase-1-activating multiprotein complexes (‘inflammasome’) 

which process pro-inflammatory cytokines such as IL-1β and IL-18 to their mature 

active form, and were described to mediate the immuno-stimulatory properties of 

aluminium (‘alum’) adjuvants [70-72]. Interestingly, despite the fact that alum is widely 

used in pediatric vaccines, there is currently no data available on alum-induced 

responses in infancy.  

 Studying early immune development in low-income settings may provide 

significant information on: (a) the pathways responsible for the high susceptibility of 

newborns and infants to infectious diseases; (b) responsiveness to vaccine adjuvants 

such as alum and other candidate TLR and NLR agonists [57]; and (c) the trajectory of 

early immune development and how this relates to susceptibility to non-communicable 

inflammatory diseases such as allergy in later life [32, 34, 36, 86]. In this study, we 

aimed to further explore the ontogeny of TLR and NLR-mediated responses during 

infancy in a low-income country by describing ex vivo whole blood cytokine responses 

in Papua New Guinean (PNG) infants aged 1-18 months old. 
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5.3 RESULTS 

 

5.3.1 Infant characteristics 

  

Characteristics of the infant study population at the time of follow-up are described in 

Table 5.1. All children were afebrile at the time of assessment. Fifteen percent (7/46) of 

the children were hospitalized at least once prior to follow-up, mainly for upper and 

lower respiratory tract infections (data not shown).  

 

 

 

 Table 5.1 PNG infant characteristics  
 

Age group  

1-3 months 4-6 months 7-12 months 13-18 months 

Weight, kg (mean; SD) 6.1 (0.8) 7.2 (1.0) 8.7 (0.9) 9.6 (0.9) 

Length, cm (mean; SD) 61.8 (3.3) 64.7 (3.5) 70.2 (4.2) 77.4 (4.0) 

Body temperature, ºC (mean; SD) 36.4 (0.3) 35.7 (2.4) 36.2 (0.8) 36.0 (0.7) 

Still breastfed 16/17 (94%) 17/17 (100%) 13/15 (87%) 6/6 (100%) 

Solid food introduced 9/17 (53%) 13/17 (76%) 15/15 (100%) 6/6 (100%) 

Hospitalized at least once 3/15 (20%) 0/16 (0%) 3/14 (21%) 1/6 (17%) 
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5.3.2 Maturation of TLR and NLR immune responses during infancy 

  

PNG infants aged 1-3, 4-6, 7-12 and 13-18 months old were compared for immune 

responses to a range of innate stimuli including TLR and NLR agonists (Figure 5.1).  

A progressive and significant age-related increase in TLR2 and TLR3-mediated 

inflammatory cytokine production, including IL-6, IL-1β and IFN-γ was observed 

(Figure 5.1 and Table 5.2). A similar increase was observed for TLR3-induced IL-10 

responses (Table 5.3). TLR7/8-induced responses were found to be similar across age 

groups (Figure 5.1 and Tables 5.2-5.4). There were no clear age-related changes in 

TNF-α production, except for a significant decline in TLR4-induced levels between 1-3 

and 7-12 months of age (Table 5.4). The innate production of IL-12 generally remained 

low and unchanged throughout infancy, except in response to TLR3 stimulation and 

TLR4/IFN-γ-primed stimulation, whereby trends for increasing IL-12 with age were 

observed (Figure 5.2).  

 With respect to NOD-associated pathways, infant responses remained stable 

between 1 and 18 months of age (Figure 5.1, Tables 5.2-5.4). In contrast to TLR-

induced IL-1β responses, NALP3 inflammasome (alum)-induced IL-1β production 

significantly declined with increasing age (when TLR co-stimulation was provided) 

(Table 5.2 and Figure 5.1).  
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Figure 5.1 Maturation of innate immune function in PNG infants. Whole 
blood samples from PNG infants aged 1-3 months (n = 18, white bars), 4-6 
months (n = 18, light grey bars), 7-12 months (n = 21, dark grey bars ) or 13-18 
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months (n = 10, black bars) were stimulated ex vivo with TLR (LTA; PolyIC; 
LPS; Gardiquimod) and NLR (iE-DAP; MDP) ligands, and with Alum alone or 
with LPS co-stimulation (denoted by ♦). Presented are the geometric means and 
95% confidence intervals (pg/mL) for each age group for background-adjusted 
cytokine responses. Significance level is indicated (* = p<0.05, ** = p<0.01). 
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Table 5.2 Correlations between ex vivo innate inflammatory cytokine 
responses and age 
 

Correlation co-efficients (slope)  

IL-6 IL-1β IFN-γ 

TLR2 0.271* 0.237 0.248* 

TLR3 0.255* 0.257* 0.273* 

TLR4 0.122 0.135 0.161 

TLR7/8 0.173 0.176 0.049 

NOD1 0.088 -0.118 0.082 

NOD2 0.159 0.086 -0.139 

NALP3 -0.099 -0.151 -0.071 

NALP3♦ -0.014 -0.368** -0.158 

 

Spearman rho correlation coefficients for the slope/trajectory of log-transformed 
inflammatory cytokine responses across ordered age groups: 1-3, 4-6, 7-12 and 
13-18 months were determined. * = p<0.05; ** = p<0.01.  
♦ denotes LPS co-stimulation used. 
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Table 5.3 Innate IL-10 responses in relation to increasing age in infancy 

 

IL-10 

(pg/mL) 

1-3 months 4-6 months 7-12 months 13-18 months Correlation 

coefficient 

(slope) 

TLR2 468 (148-1476) 1168 (686-1990) 1129 (735-1736) 1222 (862-1734) 0.124 

TLR3 1554 (869-2779) 2014 (1041-3897) 1856 (812-4240) 3110 (2256-4288)* 0.230 

TLR4 581 (208-1624) 691 (327-1461) 587 (386-894) 738 (394-1384) -0.092 

TLR7/8 553 (158-1934) 755 (306-1863) 1146 (810-1622) 1530 (861-2716) 0.032 

NOD1 2 (1-3) 2 (1-3) 4 (2-9) 2 (1-5) 0.279* 

NOD2 9 (4-23 13 (6-30 10 (4-23 10 (2-44 -0.008 

NALP3 2 (1-3) 2 (1-2) 2 (1-2) 2 (2-2) -0.085 

NALP3 ♦ 36 (9-136) 23 (5-97) 49 (16-151) 35 (5-260) 0.011 

 

Presented are the geometric means and 95% confidence intervals (pg/mL) for 
background-adjusted IL-10 responses. Mann-Whitney U tests for significant 
differences in log-transformed IL-10 levels compared to the “1-3 months” age 
group; and Spearman rho tests for significant correlations between log-
transformed IL-10 levels and ordered age groups were conducted. * = p<0.05; 
** = p<0.01.  
♦ denotes LPS co-stimulation used.  
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Table 5.4 Innate TNF-α responses in relation to increasing age in infancy 
 
 

 
 

Presented are the geometric means and 95% confidence intervals (pg/mL) for 
background-adjusted TNF-α responses. Mann-Whitney U tests for significant 
differences in log-transformed TNF-α levels compared to the “1-3 months” age 
group; and Spearman rho tests for significant correlations between log-
transformed TNF-α levels and ordered age groups were conducted. * = p<0.05. 
♦ denotes LPS co-stimulation used. 

TNF-α 

(pg/mL) 

1-3 months 4-6 months 7-12 months 13-18 months Correlation 

coefficient 

(slope) 

TLR2 102 (33-317) 135 (62-294) 81 (34-193) 104 (31-346) -0.081 

TLR3 447 (181-1107) 540 (213-1370) 494 (227-1075) 476 (127-1782) -0.008 

TLR4 224 (106-473) 100 (34-294) 59 (23-147)* 115 (41-321) -0.207 

TLR7/8 182 (76-437) 110 (42-288) 99 (39-249) 47 (9-260) -0.178 

NOD1 2 (1-2) 2 (2-4) 3 (2-4) 3 (2-5) 0.148 

NOD2 3 (2-7) 8 (4-17) 5 (2-10) 8 (2-25) 0.140 

NALP3 3 (2-5) 2 (1-3) 3 (2-4) 2 (1-5) 0.012 

NALP3 ♦ 17 (4-76) 11 (3-39) 11 (4-32) 8 (2-34) -0.054 



 157

 

 
Figure 5.2 Maturation of innate IL-12 producing capacity during infancy. 
Whole blood samples from PNG infants aged 1-3 months (n = 18, white bars), 
4-6 months (n = 18, light grey bars), 7-12 months (n = 21, dark grey bars) or 
13-18 months (n = 10, black bars) were stimulated ex vivo with (A) polyIC or 
(B) LPS with IFN-γ priming. Presented are the geometric means and 95% 
confidence intervals (pg/mL) for each age group for background-adjusted IL-12 
responses. Significance level is indicated where p<0.10. 



 158

5.3.3 Alum responses  

 

We further examined alum-induced immune responses. Firstly, alum-induced IL-1β 

responses were compared between CBMC and PBMC of unrelated adult PNG donors 

and found to be significantly higher in CBMC (Figure 5.3). Together with the 

observation of decreasing alum-induced IL-1β levels during the first 18 months of life, 

these findings imply that in this population the alum response is likely highest at birth 

and progressively declines throughout infancy and childhood. Secondly, the production 

of additional alum-induced chemokines was assessed: CXCL8 (IL-8) and MCP-1 

(MCAF) also tended to decline with increasing age in infancy, including a statistically 

significant decline in CXCL8 during the first 12 months of life (Figure 5.4). There were 

no detectable age-related changes in any other alum-induced chemokines measured 

including IP-10, MIP-1α (CCL3), MIP-1β (CCL4) and eotaxin (CCL11) (Figure 5.4). 

 

 

 
Figure 5.3 Comparison of PNG cord and adult alum-induced IL-1β 
production. Cord and peripheral blood mononuclear cells from PNG newborns 
(n = 47) and PNG adult laboratory volunteers (n = 5), respectively were 
stimulated in vitro with alum + LPS. Presented are the geometric means and 
95% confidence intervals (pg/mL) for each age group for background-adjusted 
IL-1β responses (i.e. LPS response was subtracted). Significance level is 
indicated. 
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Figure 5.4 Alum-induced chemokine production with increasing age in 
infancy. Whole blood samples from PNG infants aged 1-3 months (n = 10, 
white bars), 4-6 months (n = 9, light grey bars), 7-12 months (n = 10, dark grey 
bars) or 13-18 months (n = 9, black bars) were stimulated ex vivo with Alum. 
Presented are the geometric means and 95% confidence intervals (pg/mL) for 
each age group for background-adjusted chemokine responses. Significance 
level is indicated where p<0.10. 
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5.4 DISCUSSION 

 

In this study we have described postnatal innate immune responses in relation to age in 

infants born in Papua New Guinea. To our knowledge, this is the first study to address 

age-related responses to NLR and inflammasome activation during infancy in any 

population.   

The most important finding was an age-related decline in inflammatory 

responses to alum including IL-1β and CXCL8 (IL-8), in particular during the first 12 

months of life. This observation could be of relevance for vaccine design and the 

implementation of immunization schedules. Alum in the form of aluminum hydroxide, 

aluminum phosphate, aluminum hydroxyphosphate sulfate, or the here-studied 

aluminum potassium sulfate, is used as an adjuvant in many pediatric vaccine 

formulations aiming to enhance immune responses induced to vaccine antigens [450, 

451]. Following vaccination, alum-induced activation of the NALP3 inflammasome 

results in the induction of Th2-associated inflammation and B cell isotype switching 

[71, 452]. Moreover, alum induces chemokines such as CXCL8 that recruit 

inflammatory cells to the site of vaccination and likely further boost vaccine 

responsiveness [71, 453]. Our finding that the ex vivo immuno-stimulatory effects of 

alum change with increasing age in infancy could therefore potentially point at 

differences in the quality and/or quantity of the protective immune response generated 

by alum-containing vaccines at various stages of life. While the reason(s) for these age-

related differences are unclear to us, one possibility is that tolerance to alum may occur 

following repeated exposure to alum-containing vaccines at birth and throughout 

infancy. Interestingly, in mice, effector and memory CD4+ T cells have been shown to 

selectively block NALP3 inflammasome activation in an antigen-specific manner to 

prevent potentially harmful inflammation [454]. It has been speculated that such CD4+ 
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memory cells generated during primary immunisation dampen the NALP3-associated 

effects of alum upon subsequent exposure to booster vaccinations [73]. While this has 

not yet been demonstrated in humans, it may be a mechanism by which alum-induced 

inflammatory responses progressively decline during infancy. Further investigations are 

needed to determine whether these age-dependent changes in the inflammatory response 

to alum alter vaccine efficacy and whether this response pattern is unique to PNG 

infants or can be replicated in other human infant populations.   

 A second finding of this study was that innate IL-10 responses either increased 

or remained stable with age in the PNG study infants: for example, IL-10 responses to 

TLR3 increased with age, whilst responses to other studied TLR and NLR ligands 

remained constant. This is in contrast to observations for children living in high-income 

settings for whom TLR-mediated IL-10 responses have been reported to decline 

between birth and 2 years of age [443]; however, is in accord with findings for Gambian 

infants for whom IL-10 responses to TLR ligands were reported to remain stable to 12 

months of age [99]. In line with the hygiene hypothesis, this may suggest population 

differences in anti-inflammatory responses throughout infancy. Speculatively, the 

persistence of high IL-10 responses might protect against the development of tissue 

damaging inflammation following frequent immune challenge; but on the other hand, it 

may also contribute to increased susceptibility to infections and may alter vaccine 

responses in these populations [86].  

 Thirdly, in line with other studies including those performed in high-income 

settings, pro-inflammatory responses to TLR activation, particularly to TLR2 and TLR3 

agonists, increased with age in our PNG infant study population. This included 

increased IL-6, IL-1β and IFN-γ, as well as increased TLR3-induced IL-12 production. 

These findings suggest that TLR2 and TLR3 pathways are subject to universal intrinsic 

‘immune maturation’. No clear changes in TNF-α production levels were observed 
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across age groups in our study, except for an age-related decrease in response to TLR4 

activation. Findings on TNF-α responses throughout infancy are conflicting: studies 

from Europe, North America and Australia have reported increasing LPS-induced TNF-

α levels over the first year of life [105, 106, 443], whereas in Gambian infants, LPS-

induced TNF-α responses remained stable between 1 and 12 months of age [99]. Thus, 

there may be population differences in age-related patterns of TNF-α production during 

infancy; potentially a result of differing environmental conditions. In line with the 

observed increasing innate IL-10 responses, down-regulation of TNF-α during infancy 

may further protect against harmful inflammatory responses under the high microbial 

burden of the PNG setting. On an additional note, TLR7/8-induced TNF-α production 

was not particularly high in our study population, in contrast to what has been reported 

during early life in other populations [98, 99]; at this stage it is unclear whether agonist 

choice (gardiquimod versus R-848, imidazoquinoline congener 3M-003 or 

thiazoloquinoline CLO75) and/or inherent population differences explain these 

inconsistencies. 

 There is increasing evidence that the trajectory of early immune development 

may affect the risk of developing diseases such as allergy. Tulic and colleagues recently 

demonstrated that inflammatory (IL-1β, TNF-α, IL-6 and IL-12) responses to TLR 

activation were low at birth but increased with age in non-allergic Australian children, 

while the opposite trends were reported for allergic children [36]. In line with findings 

for Australian non-allergic children, we found that TLR-induced inflammatory (IL-1β, 

IL-6, IFN-γ and IL-12) responses in PNG children progressively increased during 

infancy. While we have not determined the allergic status of the children in our study, 

another study performed in a comparable population in PNG found no evidence of 

allergic sensitization in any of the individuals tested [3]. Together with our other 

observations of quiescent neonatal APC function in PNG newborns and higher APC 
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responsiveness in Australian newborns (Chapter Four), this suggests that protection 

from allergic disease is characterized by low innate immune responsiveness in early life, 

followed by progressive postnatal maturation of inflammatory responses. Notably, 

prenatal environmental exposures that influence the neonatal innate immune system 

[259, 351] likely play a significant role in determining the trajectory of postnatal 

immune development and subsequent risk for allergic disease.   

There were a number of limitations to this study. Firstly, the sample size was 

relatively small and postnatal immune responses were analysed cross-sectionally across 

age groups, rather than prospectively in individual infants; thus, limiting the statistical 

power of these analyses. Secondly, in accordance with findings by Blimkie and 

colleagues [455], we were not able to make direct comparisons between cord and infant 

responses since cord innate responses were earlier measured using in vitro CBMC 

stimulations, while infant responses were measured in whole blood cultures, owing to 

the low volume of venous blood obtainable from infants. Thirdly, we were not able to 

study age-related changes in the relative proportions of mononuclear cell populations, 

which might have explained to a certain extent our observations. Despite these 

limitations, this study has demonstrated important changes in the ontogeny of innate 

immune pathways during infancy that appear to differ from findings for developed 

world populations. Larger-sized confirmatory studies that include birth as a time-point 

will provide further valuable insight into the ontogeny of innate immune pathways in 

resource-poor settings. 

In conclusion, the ontogeny of innate immune responses may vary between 

geographically diverse populations. Age-related changes and geographical diversity in 

innate immune function may explain differences between and within populations in 

susceptibility to both infectious and non-communicable diseases, and have important 

implications for vaccine design and implementation of vaccine schedules. Further 
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studies particularly addressing the ontogeny of responses to existing and candidate 

vaccine adjuvants that are aimed at enhancing innate immune function in early infancy 

require further attention.  

 



 165

 

 

 

 

 

Chapter Six 
 
 

 
 
 
 

An explorative study of the prenatal effects of 

intestinal infections and substance use during 

pregnancy on neonatal and infant innate immune 

responses in Papua New Guinean children 

 



 166



 167

6.1 ABSTRACT 

 

Background: We have previously observed that children born in the highlands of PNG 

exhibit altered neonatal innate immune function and postnatal innate immune 

development compared to children born under living conditions typical for a high-

income setting.  

Objective: To explore the potential effects of a number of prenatal environment and 

lifestyle-associated exposures on innate immune responses at birth and in infancy in a 

PNG population. 

Methods: Pregnant women in the highlands of PNG were screened for intestinal 

parasite infections and interviewed on their substance use (betel nut chewing, beer 

consumption or tobacco smoking) during pregnancy. At birth and later in infancy (1-18 

months old) innate immune responses to a range of Toll-like and NOD-like receptor 

agonists were determined in the birth cohort, and multivariate linear regression was 

used to explore associations with prenatal risk factors.    

Results: Beer, betel nut and tobacco were more often consumed by women of relatively 

higher socioeconomic status, while intestinal infections were more likely to be 

diagnosed in mothers of lower socioeconomic status within the PNG population. Of the 

intestinal parasites diagnosed, the largest effects on neonatal innate immune responses 

were found for Giardia lamblia, with children born to infected mothers producing 

higher Alum (NALP3 inflammasome)-induced responses (IL-10, IL-6, TNF-α and IL-

1β), as well as higher Gardiquimod (TLR7/8)-induced IL-10 and IFN-γ, and PolyIC 

(TLR3)-induced IL-10 responses. With respect to infant innate immune responses, 

influences of maternal hookworm infection predominated with children born to infected 

mothers producing enhanced MDP (NOD2)-induced IL-1β, and higher LTA (TLR2) 

and LPS (TLR4)-induced TNF-α responses. Although IL-12 responses were generally 
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very low in newborns, several associations with substance use by mothers during 

pregnancy were found, including: enhanced Alum-induced IL-12 but decreased PolyIC 

(TLR5)-induced IL-12 responses in neonates born to mothers that had smoked, and 

lower LPS and Poly(dA:dT) (AIM2)-induced IL-12 responses when mothers had 

chewed betel nut during pregnancy. Betel nut chewing and beer consumption during 

pregnancy were also both independently and differentially associated with altered TLR 

induced IL-1β production and NLR-induced IL-10 responses during infancy.  

Conclusion: In this explorative study several associations between prenatal exposures 

and neonatal and infant innate immune responses were identified that may explain 

observed differences in early life immune responses in geographically diverse 

populations. These findings further support a role for maternal environmental and 

lifestyle-associated exposures modulating the development of innate immune pathways 

in the unborn child.  Confirmatory studies are now needed to validate our exploratory 

findings and to better understand the potential effects of these exposures on disease 

susceptibility in postnatal life.  
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6.2 INTRODUCTION 

 

The early immune system exhibits developmental plasticity that is likely shaped under 

the influence of both genetic and environmental factors. There is increasing evidence 

that environmental influences are most potent during a critical time window of 

immunological development beginning in prenatal life, with long-term consequences on 

later immune function (reviewed in [37, 38]). The materno-fetal interface appears to 

play an important role in this process by allowing direct exposure of the developing 

fetal immune system to environmental risk factors [456-458] and/or by secondary 

indirect effects of these exposures on maternal immune signaling [351, 459]. 

Of particular interest are microbial exposures in pregnancy which through their 

recognition by pattern recognition receptors (PRRs) may modulate fetal immune 

development. PRRs are expressed at the materno-fetal interface on both immune and 

non-immune cells such as trophoblasts and decidual cells [460, 461] and activation of 

innate immune pathways through these receptors may have consequences for postnatal 

immunity and disease susceptibility.  For example, in mice exposed to cowshed-derived 

bacteria during pregnancy, maternal TLR-mediated inflammatory responses were 

enhanced, with down-regulation of placental TLR and cytokine expression and reduced 

risk of allergic disease in offspring [351]. Similarly in humans, prenatal farm exposure 

has been associated with decreased expression of innate immune receptors at birth and 

protection from atopic dermatitis during the first 2 years of life [259]. Furthermore, 

neonates born to mothers infected with malaria during pregnancy exhibited partially 

matured DC [268], increased numbers of myeloid DC [269] and altered TLR responses 

at birth [103]; with an increased susceptibility to malaria in childhood [104, 270]. Little 

is currently known about the potential impact of other types of commonly encountered 

parasitic infections on prenatal innate immune development. 
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 In addition, findings from both animal and human studies suggest that prenatal 

exposures to substances such alcohol and tobacco may also alter developing innate 

immune pathways in the unborn child [303, 378-380], and increase susceptibility to 

infections [381-383] and atopic disorders in later life [302, 308, 384]. Moreover, 

adverse birth outcomes have been reported in association with the chewing of betel nut 

(of which the active agent arecoline is similar to nicotine) during pregnancy [462-464]; 

which is widely practiced throughout many parts of East Africa, India, South-east Asia 

and Melanesia. However, prenatal betel nut exposure has never been investigated for its 

effects on the developing immune system.  

 We have previously observed that children born in the highlands of PNG, a low-

income country, exhibit altered neonatal innate immune function and postnatal innate 

immune development compared to children born under living conditions typical for a 

high-income setting (urban Australia) ([152] and Chapters Four and Five). In this study 

we aimed to investigate several environmental and lifestyle-associated exposures that 

are frequent (intestinal parasite infections and chewing of betel nut) or less frequent 

(tobacco smoking and alcohol use) amongst pregnant women in the PNG highlands, and 

the potential effects of these exposures on their child’s innate immune responses in 

early life. 
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 6.3 RESULTS  

 

6.3.1 Characteristics of the study population 

  

Obstetric and neonatal characteristics are described in Table 6.1. In line with PNG 

national standard clinical practice, most mothers were vaccinated against tetanus in the 

third trimester of pregnancy. All deliveries were vaginal. Infant characteristics are 

described in Chapter Five.   

 

Table 6.1 Obstetric and newborn characteristics  

Age mother, years 24.4 (5.5) 

Tetanus vaccine received in 3rd trimester 115/117 (98%) 

Use of anti-helminth medications during pregnancy 6/120 (5%) 

Primigravida 46/117 (39%) 

Delivery by caesarean 0/119 (0%) 

Male newborn 71/117 (61%) 

Gestational age, wks 39.6 (2.3) 

Birth weight, kg 3.3 (0.5) 

Mean birth length, cm 51.9 (3.1) 

Mean head circumference, cm 33.6 (1.8) 

Continuous variables are expressed as mean with standard deviation.  

 
 

 Findings for the prevalence of intestinal infections and substance use during 

pregnancy are shown in Figure 6.1: 85% (90/106) of the study mothers were diagnosed 

with at least one intestinal infection during pregnancy; most commonly E. histolytica 

and/or G. lamblia infections. The majority of study mothers indicated they chewed betel 
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nut during pregnancy; the use of which was correlated with drinking beer (r = 0.192, p = 

0.003) and smoking (r = 0.347, p < 0.001) during pregnancy.    
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Figure 6.1 The prevalence of substance use and intestinal infections 
amongst PNG study mothers during pregnancy.  

 

 

Beer, betel nut and tobacco were more often consumed by women of a relatively 

higher socioeconomic status (Table 6.2). This is demonstrated by positive associations 

between a higher education level of the mother with substance use; access to modern 

sanitation facilities (such as a modern flushing toilet) and higher education level of the 

father with maternal betel nut chewing; and also paid employment of the parents, and 

access to improved drinking water sources with maternal consumption of beer. 

Intestinal infections were more frequently diagnosed in mothers of lower socioeconomic 

status including those without access to modern sanitation facilities or those who were 

less educated (Table 6.2). 
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Table 6.2 Relationship between socioeconomic factors and maternal substance use or diagnosis of an intestinal infection during 
pregnancy 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Betel nut Beer Smoking Any intestinal infection  
No  Yes  p value No  Yes p value No  Yes  p value No  Yes p value 

Not piped 22(36%
) 

39 
(64%) 

58 
(95%) 

3 
(5%) 

49 
(80%) 

12 
(20%) 

6  
(11%) 

47 
(89%) 

Drinking 
water 

Piped 22 
(38%) 

36 
(62%) 

0.833 

46 
(79%) 

12 
(21%) 

0.009 

47 
(81%) 

11 
(19%) 

0.922 

10 
(19%) 

42 
(81%) 

0.259 

 

Traditional 41 
(40%) 

62 
(60%) 

91 
(88%) 

12 
(12%) 

83 
(81%) 

20 
(19%) 

11 
(12%) 

79 
(88%) 

Toilet type 

Modern 2  
(13%) 

13 
(87%) 

0.039 

12 
(80%) 

3  
(20%) 

0.291 

12 
(80%) 

3  
(20%) 

0.595 

5  
(36%) 

9  
(64%) 

0.039 

 

0-5  21 
(50%) 

21 
(50%) 

41 
(98%) 

1  
(2%) 

35 
(83%) 

7  
(17%) 

1  
(3%) 

35 
(97%) 

Mother -
number of 
years of 
schooling 

6 or more  21 
(28%) 

53 
(72%) 

0.020 

60 
(81%) 

14 
(19%) 

0.008 

58 
(78%) 

16 
(22%) 

0.520 

15 
(22%) 

52 
(78%) 

0.006 

 

0-5  15 
(58%) 

11 
(42%) 

25 
(96%) 

1  
(4%) 

23 
(88%) 

3  
(12%) 

0 
(0%) 

21 
(100%) 

Father - 
number of 
years of 
schooling 

6 or more  25 
(33%) 

50 
(67%) 

0.029 

63 
(84%) 

12 
(16%) 

0.099 

57 
(76%) 

18 
(24%) 

0.142 

13 
(19%) 

54 
(81%) 

0.021 

 

No 32 
(38%) 

53 
(62%) 

80 
(94%) 

5  
(6%) 

70 
(82%) 

15 
(18%) 

9  
(12%) 

67 
(88%) 

Mother -
employment 

Yes 12 
(35%) 

22 
(65%) 

0.810 

24 
(71%) 

10 
(29%) 

0.001 

26 
(76%) 

8  
(24%) 

0.463 

7  
(24%) 

22 
(76%) 

0.117 

 

No 24 
(42%) 

33 
(58%) 

56 
(98%) 

1  
(2%) 

48 
(84%) 

9  
(16%) 

6  
(12%) 

45 
(88%) 

Father -
employment 

Yes 20 
(32%) 

42 
(68%) 

0.266 

48 
(77%) 

14 
(23%) 

<0.001 

48 
(77%) 

14 
(23%) 

0.349 

10 
(19%) 

44 
(81%) 

0.336 
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Chi-square analyses studying relationships between various measures of socioeconomic status and maternal substance use (betel nut, beer or smoking) 
or a diagnosis of an intestinal infection during pregnancy. Counts and row percentages are shown. P-values reported were derived from Pearson chi-
square tests if all cells had expected counts of 5 or more, or the Fisher’s exact test when counts were less than 5. Socioeconomic predictors included: 
piped versus not-piped (i.e. pond, river, well, spring or rain water) drinking water; traditional (i.e. bucket, bush, river or open pit) versus modern 
flushing toilets; education level of mother and father; and employment (own or family business, or a wage job) versus unemployment (no work, or 
gardening/fishing for own use and/or money) of the mother and father. 
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 Cord plasma cytokine levels, in vitro cord innate immune responses and ex vivo 

innate immune responses in infancy for the total population are summarized in 

Appendix B, Figures S5 and S6. Cord plasma IL-6 levels and innate IL-6 responses 

were generally high, while innate TNF-α, IL-12 and IFN-γ responses were low 

(Appendix B Fig. S5). Furthermore, TLR activation resulted in greater cytokine 

production than NLR activation, particularly during infancy (Appendix B Fig. S6). 

 

6.3.2 EFFECTS OF PRENATAL EXPOSURES ON INNATE IMMUNITY AT 

BIRTH 

  

6.3.2.1 Prenatal exposures and cord plasma inflammatory cytokine levels 

  

Using multivariate linear regression analysis, independent associations of prenatal 

exposures to beer, betel nut, tobacco smoke or maternal intestinal infections with cord 

plasma cytokine levels (IL-1, IL-6, IL-8, IL-10, IL-12p70, IFN- and TNF-α) were 

investigated. Apart from negative associations between maternal T. hominis infections 

and IL-6, IL-8, IL-10 levels, there was little evidence for effects of prenatal exposures 

on cord plasma cytokine levels (Table 6.3).  

Cord plasma cytokine levels were not related to CBMC-stimulated innate 

immune responses or ex vivo whole blood innate immune responses in infancy (data not 

shown).  
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Table 6.3 Multivariate linear regression analysis for prenatal exposures influencing cord plasma cytokine levels 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Multivariate linear regression analysis studying associations between various prenatal exposures (independent variables) and cord plasma 
cytokine levels (dependent variables; n = 106-119), co-adjusting for gravida, newborn gender and gestational age. The dependent variables 
were studied as log-transformed values. Shaded boxes indicate p<0.10. Significant p-values (p<0.05) are shown in boldface. 

 IL-10 IL-6 IL-8 IL-1β TNF-α 
 β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 

Beer -0.16 ± 0.16 0.308 0.20 ± 0.51 0.691 0.37 ± 0.62 0.552 0.80 ± 0.42 0.059 0.25 ± 0.25 0.327 
Betelnut -0.12 ± 0.12 0.287 -0.23 ± 0.38 0.543 0.07 ± 0.46 0.881 -0.14 ± 0.31 0.656 -0.01 ± 0.18 0.957 
Smoking 0.33 ± 0.14 0.025 0.82 ± 0.47 0.084 0.36 ± 0.57 0.527 0.32 ± 0.38 0.404 0.16 ± 0.23 0.475 
G. lamblia 0.03 ± 0.11 0.771 0.15 ± 0.35 0.681 -0.37 ± 0.43 0.386 0.03 ± 0.29 0.926 -0.13 ± 0.17 0.456 
E. histolytica 0.02 ± 0.12 0.866 0.24 ± 0.39 0.545 0.25 ± 0.48 0.603 -0.02 ± 0.32 0.959 -0.12 ± 0.19 0.548 
Hookworm -0.20 ± 0.13 0.116 -0.19 ± 0.41 0.653 -0.21 ± 0.50 0.684 -0.03 ± 0.34 0.920 -0.13 ± 0.20 0.532 
T. hominis -0.38 ± 0.14 0.006 -1.00 ± 0.44 0.027 -1.13 ± 0.54 0.039 -0.59 ± 0.36 0.106 -0.25 ± 0.22 0.243 

 IFN-γ 
 

IL-12 

 β ± SE p value β ± SE p value 
Beer 0.16 ± 0.16 0.332 -0.01 ± 0.18 0.964 
Betelnut -0.27 ± 0.12 0.024 -0.24 ± 0.14 0.088 
Smoking 0.20 ± 0.15 0.180 0.03 ± 0.17 0.840 
G. lamblia 0.13 ± 0.11 0.250 0.00 ± 0.13 0.995 
E. histolytica 0.08 ± 0.12 0.526 0.04 ± 0.14 0.802 
Hookworm -0.21 ± 0.13 0.115 -0.15 ± 0.15 0.322 
T. hominis -0.16 ± 0.14 0.241 -0.04 ± 0.16 0.794 
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6.3.2.2 Prenatal exposures and in vitro CBMC innate immune responses at birth 

  

As part of the exploratory exercise, associations between each studied prenatal risk 

factor with each separate PPR-induced cytokine responses were studied, first using 

univariate analysis (Appendix B, Table S2 and Figure S7) and when significant 

associations were found, risk factors were included and studied for their independent 

associations in multivariate models. Of the multivariate regression analyses, we here 

only report those associations that remained significant in multivariate analyses based 

on different categories of exposure (i.e. substances or infections) and associated patterns 

of CBMC innate immune responses, as further summarized in Figure 6.2. 

 

6.3.2.2.1 Use of substances during pregnancy and neonatal innate immune 

responses 

  

The consumption of betel nut, beer and tobacco during pregnancy were each 

independently associated with altered CBMC innate immune responses. The 

consumption of beer was associated with enhanced pro-inflammatory IL-6 and IL-1β 

responses to flagellin (TLR5), decreased IL-10 and IL-12 responses to the vaccine 

adjuvant alum (NALP3) and a trend for lower Poly(dA:dT) (AIM2)-induced IL-10 

responses at birth (Table 6.4). Chewing betel nut during pregnancy was associated with 

decreased flagellin-induced IL-6 and similar trends for IL-1 and IL-10, and with 

reduced IL-12 responses to TLR4 and AIM2-signaling (Table 6.4). Smoking during 

pregnancy was found to independently increase IL-12 responses to NALP3 (Alum) but 

decrease IL-12 responses to TLR3 (PolyIC) signaling in the newborn (Table 6.4).  

In summary, exploratory associations were found between substance use in 

pregnancy and neonatal innate immune responses: beer, smoking and betel nut 



 178

consumption were all generally associated with reduced neonatal innate IL-12 

responses, which although low at birth determine the already limited capacity of the 

neonate to produce a protective Th1 response; furthermore, neonatal innate immune 

responses involving signaling through TLR5 (flagellin; bacterial) and the 

inflammasome (vaccine adjuvant) were particularly affected.  
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Table 6.4 Multivariate linear regression analysis for associations between maternal substance use in pregnancy and in vitro innate 
CBMC responses 

 
IL-10 

TLR3 TLR4 TLR5 NALP3♦ AIM2 
 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
Beer -0.04 ± 0.48 0.930 0.13 ± 0.46 0.776 0.31 ± 0.27 0.255 -0.79 ± 0.39 0.046 -0.48 ± 0.25 0.055 
Betelnut -0.07 ± 0.30 0.805 -0.27 ± 0.29 0.350 -0.30 ± 0.17 0.082 0.40 ± 0.24 0.101 -0.05 ± 0.15 0.742 
Smoking 0.17 ± 0.42 0.696 -0.04 ± 0.40 0.919 0.01 ± 0.24 0.984 0.32 ± 0.34 0.349 0.06 ± 0.22 0.780 

 
 

IL-6 
TLR3 TLR4 TLR5 NALP3♦ AIM2 

 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
Beer 0.45 ± 0.86 0.605 0.81 ± 0.86 0.350 1.54 ± 0.59 0.012 -0.70 ± 0.69 0.317 -0.94 ± 0.61 0.130 
Betel nut 0.00 ± 0.54 0.997 -0.31 ± 0.54 0.568 -1.22 ± 0.37 0.002 0.27 ± 0.43 0.534 -0.17 ± 0.38 0.652 
Smoking 0.74 ± 0.76 0.337 -0.84 ± 0.76 0.277 -0.52 ± 0.52 0.326 0.19 ± 0.61 0.754 -0.17 ± 0.54 0.749 

 
 

IL-1β 
TLR3 TLR4 TLR5 NALP3♦ AIM2 

 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
Beer 0.16 ± 0.68 0.817 0.49 ± 0.66 0.464 0.85 ± 0.41 0.042 0.01 ± 0.52 0.985 -0.69 ± 0.40 0.090 
Betel nut -0.02 ± 0.42 0.972 -0.15 ± 0.41 0.726 -0.44 ± 0.26 0.092 0.08 ± 0.33 0.800 -0.10 ± 0.25 0.689 
Smoking 0.22 ± 0.60 0.709 -0.54 ± 0.58 0.362 -0.51 ± 0.36 0.166 0.40 ± 0.46 0.391 -0.08 ± 0.35 0.832 

 
 

IL-12 
TLR3 TLR4 TLR5 NALP3♦ AIM2 

 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
Beer 0.29 ± 0.23 0.236 0.15 ± 0.22 0.491 -0.07 ± 0.17 0.680 -0.26 ± 0.12 0.044 0.03 ± 0.11 0.809 
Betel nut -0.24 ± 0.14 0.098 -0.42 ± 0.13 0.005 -0.11 ± 0.10 0.260 0.02 ± 0.07 0.829 -0.18 ± 0.07 0.016 
Smoking -0.55 ± 0.23 0.025 -0.04 ± 0.22 0.849 -0.11 ± 0.16 0.516 0.28 ± 0.12 0.031 -0.12 ± 0.11 0.285 
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Multivariate linear regression analysis studying associations between substance use in pregnancy (independent variables; beer, betel nut and 
smoking) and in vitro CBMC innate immune responses to ligands signaling through TLR3 (n = 100), TLR4 (n = 98), TLR5 (n = 96), NALP3 (n 
= 98) and AIM2 (n = 97), whilst co-adjusting for maternal intestinal infections in pregnancy with G. lamblia, E. histolytica, hookworm and T. 
hominis, newborn gender and gestational age. The dependent variables were studied as log-transformed background-adjusted values. Shaded 
boxes indicate p<0.10. Significant p-values (p<0.05) are shown in boldface. 
Agonists used: TLR3 = polyIC, TLR4 = LPS, TLR5 = flagellin, NALP3 = alum, AIM2 = poly(dA:dT) 
♦ indicates LPS co-stimulation used
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6.3.2.2.2 Maternal intestinal infections and neonatal innate immune responses 

  

In multivariate regression analysis, maternal G. lamblia infections were significantly 

associated with multiple enhanced neonatal responses including IL-10 in the NALP3 

(Alum-induced IL-10, IL-6, TNF-α and IL-1β), TLR7/8 (Gardiquimod-induced IL-10 

and IFN-γ) and TLR3 (PolyIC-induced IL-10) pathways (Table 6.5).  

 Although in univariate analyses hookworm infections were generally associated 

with reduced neonatal TLR and NLR-induced IL-6, IL-1β and IL-10 production 

(Appendix B Fig. S7), these did not remain significant in multivariate regression 

analysis (Table 6.5); except for an association with elevated neonatal NOD1-induced 

IFN-γ responses. T. hominis infection during pregnancy was associated with increased 

neonatal TNF-α and IL-12 responses of the TLR4-signaling pathway (Table 6.6). In 

contrast, maternal E. histolytica infections were associated with significantly lower 

neonatal IFN-γ responses in the TLR9 pathway as well as IL-12 following signaling 

through TLR7/8 (Table 6.6).  

 These findings suggest that in utero exposure to intestinal parasites may increase 

or decrease innate responses promoting Th1-immunity at birth, depending on the type of 

parasite, whilst the protozoa G. lamblia promotes innate IL-10 responses. 
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Table 6.5 Multivariate linear regression analysis for associations between maternal infections with Giardia lamblia or hookworm 
during pregnancy and in vitro innate CBMC responses 

 
IL-10 

TLR2 TLR3 TLR7/8 NOD1 NALP3♦ 
 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
G. lamblia 0.33 ± 0.30 0.272 0.61 ± 0.31 0.049 0.60 ± 0.25 0.020 0.24 ± 0.21 0.270 0.55 ± 0.25 0.029 
Hookworm -0.39 ± 0.33 0.253 -0.47 ± 0.35 0.174 -0.26 ± 0.28 0.361 -0.08 ± 0.24 0.738 -0.08 ± 0.28 0.777 

 
IL-6 

TLR2 TLR3 TLR7/8 NOD1 NALP3♦ 
 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
G. lamblia 0.65 ± 0.52 0.219 0.86 ± 0.55 0.125 -0.25 ± 0.51 0.618 0.43 ± 0.43 0.325 0.97 ± 0.44 0.033 
Hookworm -0.97 ± 0.59 0.104 -1.12 ± 0.62 0.077 -0.34 ± 0.57 0.557 -0.77 ± 0.49 0.122 0.59 ± 0.50 0.245 

 
TNF-α  

TLR2 TLR3 TLR7/8 NOD1 NALP3♦ 
 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
G. lamblia 0.27 ± 0.23 0.237 0.51 ± 0.26 0.057 -0.02 ± 0.21 0.944 0.17 ± 0.13 0.199 0.50 ± 0.21 0.019 
Hookworm -0.27 ± 0.26 0.288 -0.35 ± 0.30 0.250 -0.13 ± 0.24 0.596 -0.10 ± 0.15 0.517 -0.07 ± 0.24 0.765 

 
IFN-γ  

TLR2 TLR3 TLR7/8 NOD1 NALP3♦ 
 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
G. lamblia -0.01 ± 0.20 0.958 0.20 ± 0.30 0.517 0.39 ± 0.19 0.042 -0.11 ± 0.25 0.664 0.23 ± 0.25 0.363 
Hookworm -0.07 ± 0.23 0.772 -0.02 ± 0.35 0.960 0.24 ± 0.22 0.268 0.87 ± 0.29 0.004 -0.35 ± 0.29 0.232 

 
IL-1β 

TLR2 TLR3 TLR7/8 NOD1 NALP3♦ 
 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
G. lamblia 0.26 ± 0.40 0.515 0.61 ± 0.43 0.160 0.07 ± 0.34 0.835 -0.09 ± 0.26 0.724 0.76 ± 0.33 0.027 
Hookworm -0.98 ± 0.45 0.035 -0.66 ± 0.49 0.184 -0.50 ± 0.38 0.191 -0.43 ± 0.29 0.146 0.33 ± 0.38 0.389 
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Multivariate linear regression analysis studying associations between maternal intestinal infections with G. lamblia and Hookworm during 
pregnancy (independent variables) and in vitro CBMC innate immune responses to ligands signaling through TLR2 (n = 98), TLR3 (n = 100), 
TLR7/8 (n = 95), NALP3 (n = 98) or NOD1 (n = 99), whilst co-adjusting for maternal infections with E. histolytica and T. hominis, maternal 
use of substances (beer, betel nut or smoking) during pregnancy, newborn gender and gestational age. The dependent variables were studied as 
log-transformed background-adjusted values. Shaded boxes indicate p<0.10. Significant p-values (p<0.05) are shown in boldface. 
Agonists used: TLR2 = LTA, TLR3 = polyIC, TLR7/8 = Gardiquimod, NOD1 = iEDAP, NALP3 = alum 
♦ indicates LPS co-stimulation used
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Table 6.6 Multivariate linear regression analysis for associations between maternal Entamoebe histolytica or Trichomonas hominis 
infections during pregnancy and in vitro innate pro-inflammatory CBMC responses  

 
TNF-α 

TLR4 TLR4^ TLR7/8 TLR9 
 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
E .histolytica 0.06 ± 0.24 0.817 0.09 ± 0.29 0.774 -0.15 ± 0.21 0.469 -0.18 ± 0.11 0.102 
T. hominis 0.61 ± 0.30 0.043 0.26 ± 0.36 0.477 0.06 ± 0.26 0.831 0.13 ± 0.13 0.337 

 
 

IFN-γ  
TLR4 TLR4^ TLR7/8 TLR9 

 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
E .histolytica -0.16 ± 0.23 0.468 0.41 ± 0.40 0.309 0.11 ± 0.19 0.576 -0.66 ± 0.30 0.030 
T. hominis 0.48 ± 0.28 0.096 0.37 ± 0.50 0.457 0.42 ± 0.24 0.082 0.40 ± 0.37 0.290 

 
 

IL-12  
TLR4 TLR4^ TLR7/8 TLR9 

 

β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
E .histolytica -0.15 ± 0.15 0.345 -0.07 ± 0.12 0.533 -0.48 ± 0.13 0.001 -0.09 ± 0.10 0.342 
T. hominis 0.14 ± 0.16 0.401 0.35 ± 0.14 0.021 0.08 ± 0.13 0.543 0.00 ± 0.10 0.998 

 
 

Multivariate linear regression analysis studying associations between maternal infections during pregnancy with E. histolytica and T. hominis 
(independent variables) and in vitro pro-inflammatory CBMC innate immune responses following signaling through TLR4 in the absence (n = 
98) or presence of IFN-γ (n = 99), TLR7/8 (n = 96) or TLR9 (n = 96),  whilst co-adjusting for maternal infections with G. lamblia and 
Hookworm, maternal use of substances (beer, betel nut or smoking) during pregnancy, newborn gender and gestational age. The dependent 
variables were studied as log-transformed background-adjusted values. Shaded boxes indicate p<0.10. Significant p-values (p<0.05) are shown 
in boldface. Agonists used: TLR4 = MPLA, TLR4^ = LPS (IFN-γ-primed), TLR7/8 = Gardiquimod, TLR9 = CpG 
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6.3.3 EFFECTS OF PRENATAL EXPOSURES ON INFANT INNATE 

IMMUNITY 

 

We next explored associations between prenatal risk factors and infant innate immune 

responses measured in the same birth cohort when children were between 1 and 18 

months old (findings summarized in Figure 6.2). Notably, cord blood innate immune 

responses were generally not predictive of the same responses in infancy (Appendix B 

Table S4) and the infant responses that were influenced by prenatal exposures were very 

different from those influenced at birth. 

 

6.3.3.1 In utero exposure to substances affects infant innate immunity 

  

Drinking beer during pregnancy was associated with decreased infant TLR4-mediated 

IL-6 and IL-1β and TLR3-mediated IL-1β responses (Table 6.7), whilst enhancing 

infant IL-10 responses to NOD2 signaling (Table 6.8). 

 Betel nut chewing in pregnancy was associated with enhanced infant IFN-γ and 

IL-1β responses to TLR4 and TLR3 stimulation, respectively; as well as reduced IL-10 

production following NALP3 stimulation (Tables 6.7-6.8). This suggests that this 

exposure generally increases inflammatory responses to bacterial and viral components, 

and reduces anti-inflammatory responses to alum during infancy.  

 Similarly, smoking in pregnancy was found to be associated with enhanced 

NALP3-induced IL-1β responses in infants (Table 6.8). 

 Overall, substance use during pregnancy was found to have a major influence on 

infant inflammatory responses in this population, particularly IL-1β production, 

following innate recognition of bacteria, viruses and/or alum. 
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Table 6.7 Multivariate linear regression analyses for associations between prenatal exposures and ex vivo infant TLR responses  
 

IL-6  Cytokine, 
stimuli TLR2 TLR3 TLR4 

 β ± SE p value β ± SE p value β ± SE p value 
Beer -0.47 ± 0.43 0.281 -0.28 ± 0.44 0.533 -0.49 ± 0.24 0.049 
Betel nut 0.15 ± 0.28 0.598 0.16 ± 0.29 0.578 0.22 ± 0.16 0.162 
E. histolytica 0.26 ± 0.31 0.405 0.24 ± 0.32 0.464 0.19 ± 0.17 0.281 
Hookworm 0.29 ± 0.38 0.447 0.29 ± 0.39 0.463 0.23 ± 0.21 0.273 

 
IFN-γ Cytokine, 

stimuli TLR2 TLR3 TLR4 
 β ± SE p value β ± SE p value β ± SE p value 

Beer -0.39 ± 0.47 0.414 -0.65 ± 0.35 0.070 -0.20 ± 0.32 0.544 
Betel nut 0.49 ± 0.31 0.128 0.39 ± 0.23 0.093 0.72 ± 0.21 0.002 
E. histolytica 0.26 ± 0.35 0.461 0.13 ± 0.25 0.605 0.11 ± 0.23 0.644 
Hookworm 0.04 ± 0.42 0.924 -0.17 ± 0.31 0.580 0.03 ± 0.28 0.919 

 
IL-1β Cytokine, 

stimuli TLR2 TLR3 TLR4 
 β ± SE p value β ± SE p value β ± SE p value 

Beer -0.78 ± 0.41 0.061 -1.05 ± 0.36 0.006 -0.79 ± 0.34 0.023 
Betel nut 0.30 ± 0.27 0.272 0.50 ± 0.24 0.043 0.43 ± 0.22 0.061 
E. histolytica 0.30 ± 0.30 0.318 0.19 ± 0.26 0.487 0.27 ± 0.25 0.270 
Hookworm 0.28 ± 0.36 0.433 0.21 ± 0.32 0.521 0.34 ± 0.30 0.256 

 
TNF-α Cytokine, 

stimuli TLR2 TLR3 TLR4 
 β ± SE p value β ± SE p value β ± SE p value 

Beer 0.14 ± 0.32 0.671 0. 16 ± 0.32 0.610 0.44 ± 0.37 0.234 
Betel nut -0.17 ± 0.21 0.435 -0.04 ± 0.21 0.843 -0.10 ± 0.24 0.676 
E. histolytica 0.09 ± 0.24 0.715 0.23 ± 0.23 0.321 0.03 ± 0.27 0.901 
Hookworm 0.62 ± 0.28 0.037 0.43 ± 0.28 0.132 0.74 ± 0.32 0.029 
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Multivariate linear regression analysis studying associations between various prenatal exposures (independent variables: beer, betel nut, E. 
histolytica and Hookworm) and ex vivo infant PBMC innate immune responses to TLR signaling through TLR2, TLR3 or TLR4 (n = 70), while 
co-adjusting for maternal infections with T. hominis, infant gender and age. The dependent variables were studied as log-transformed 
background-adjusted values. Shaded boxes indicate p<0.10. Significant p-values (p<0.05) are shown in boldface. 
Agonists used: TLR2 = LTA, TLR3 = polyIC, TLR4 = LPS. 
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Table 6.8 Multivariate linear regression analyses for associations between prenatal exposures and ex vivo infant NLR responses 
 

IL-6 IL-10 IL-1β Cytokine, 
stimuli NALP3 NOD2 NALP3 NOD2 NALP3 NOD2 
 β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value β ± SE p value 
Beer 0.18 ± 0.56 0.745 -0.43 ± 0.54 0.423 0.15 ± 0.14 0.282 0.79 ± 0.37 0.041 -0.10 ± 0.32 0.750 -0.48 ± 0.45 0.296 
Betel nut -0.12 ± 0.37 0.750 0.44 ± 0.35 0.222 -0.19 ± 0.09 0.048 -0.33 ± 0.25 0.187 0.11 ± 0.21 0.616 0.25 ± 0.30 0.411 
Smoking 0.35 ± 0.54 0.517 -0.23 ± 0.52 0.658 0.01 ± 0.14 0.936 -0.28 ± 0.36 0.447 0.64 ± 0.31 0.044 -0.17 ± 0.44 0.708 
E. histolytica 0.31 ± 0.34 0.364 0.71 ± 0.33 0.036 0.12 ± 0.09 0.180 -0.07 ± 0.23 0.769 0.22 ± 0.19 0.259 0.35 ± 0.28 0.219 
Hookworm 0.40 ± 0.45 0.379 0.98 ± 0.43 0.029 -0.20 ± 0.11 0.087 0.47 ± 0.30 0.124 -0.31 ± 0.26 0.233 0.83 ± 0.37 0.031 

 
 

Multivariate linear regression analysis was used to study associations between various prenatal exposures (independent variables: beer, betel 
nut, smoking, E. histolytica and Hookworm) and ex vivo infant PBMC innate immune responses to NLR signaling through NALP3 and NOD2 
(n = 70), co-adjusting for infant gender and age. The dependent variables were studied as log-transformed background-adjusted values. Shaded 
boxes indicate p<0.10. Significant p-values (p<0.05) are shown in boldface. 
Agonists used: NALP3 = alum, NOD2 = MDP. 
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6.3.3.2 Hookworm and E. histolytica, but not T. hominis and G. lamblia infections 

during pregnancy alter infant innate immune responses 

  

We next explored associations between maternal intestinal infections and infant innate 

immunity. Despite the strong influence of maternal G. lamblia infection on neonatal 

immune responses, no influence of this risk factor on any infant innate immune 

responses when studied in univariate analyses was found (Appendix B Table S3). Both 

E. histolytica and hookworm infection during pregnancy were independently associated 

with increased NOD2-induced IL-6 responses in infants (Table 6.8). Hookworm 

infections during pregnancy were also associated with enhanced NOD2-induced IL-1β 

responses in the infants, suggesting a strong postnatal influence of these parasites on the 

NOD2 pathway. Although significant associations were found in univariate analyses 

(Appendix B Table S3), no independent associations of maternal T. hominis infections 

with altered infant innate immunity were found in multivariate analyses.  
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PRENATAL / 
MATERNAL 
EXPOSURE

NEONATAL INNATE IMMUNE RESPONSE

Beer: ↑ TLR5-IL6 & IL1β; ↓ NALP3-IL10 & IL12

Betelnut: ↓ TL5-IL6; ↓ TLR4-IL12 & AIM2-IL12

Smoking: ↑ NALP3-IL12; ↓ TLR3-IL12

G. lamblia: ↑ NALP3-IL10, IL6, TNFα & IL1β; ↑ TLR7/8-IL10  

& IFNγ; ↑ TLR3-IL10

Hookworm: ↑ NOD1-IFNγ; ↓ TLR2-IL1β

E. histolytica: ↓ TLR9-IFNγ; ↓ TLR7/8-IL12

T. hominis: ↑ TLR4-TNFα & IL12 

X

INFANT INNATE IMMUNE RESPONSE

Beer: ↓ TLR3-IL1β; ↓ TLR4-IL1β & IL6; ↑ NOD2-IL10 

Betelnut: ↑ TLR3-IL1β; ↑ TLR4-IFNγ; ↓ NALP3-IL10

Smoking: ↑ NALP3-IL1β

G. lamblia: -

Hookworm: ↑ NOD2-IL6 & IL1β; ↑ TLR2-TNFα & TLR4-TNFα

E. histolytica: ↑ NOD2-IL6

T. hominis: -

PRENATAL / 
MATERNAL 
EXPOSURE

NEONATAL INNATE IMMUNE RESPONSE

Beer: ↑ TLR5-IL6 & IL1β; ↓ NALP3-IL10 & IL12

Betelnut: ↓ TL5-IL6; ↓ TLR4-IL12 & AIM2-IL12

Smoking: ↑ NALP3-IL12; ↓ TLR3-IL12

G. lamblia: ↑ NALP3-IL10, IL6, TNFα & IL1β; ↑ TLR7/8-IL10  

& IFNγ; ↑ TLR3-IL10

Hookworm: ↑ NOD1-IFNγ; ↓ TLR2-IL1β

E. histolytica: ↓ TLR9-IFNγ; ↓ TLR7/8-IL12

T. hominis: ↑ TLR4-TNFα & IL12 

X

INFANT INNATE IMMUNE RESPONSE

Beer: ↓ TLR3-IL1β; ↓ TLR4-IL1β & IL6; ↑ NOD2-IL10 

Betelnut: ↑ TLR3-IL1β; ↑ TLR4-IFNγ; ↓ NALP3-IL10

Smoking: ↑ NALP3-IL1β

G. lamblia: -

Hookworm: ↑ NOD2-IL6 & IL1β; ↑ TLR2-TNFα & TLR4-TNFα

E. histolytica: ↑ NOD2-IL6

T. hominis: -

 
 
 
Figure 6.2 Summary of findings from explorative association analyses. The 
explorative associations identified between prenatal/maternal exposures and 
modulated neonatal (n = 95-100) and infant (n = 70) innate immune responses. 
Associations were considered ‘explorative’ when p < 0.05 in multivariate linear 
regression models.  
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6.4 DISCUSSION  
 
 
There is increasing evidence that in utero exposures affect fetal immune development 

with long-term consequences on postnatal innate immune function. However, little is 

known about the effects of prenatal exposures on immune development in low-income 

countries where the morbidity and mortality in early life but also the plethora of prenatal 

risk factors is more diverse than that in high-income countries. 

  In recent times, there has been increasing interest in the influence of parasitic 

exposures during gestation and early immune development because of their perceived 

role in protecting against allergic and autoimmune disease [465] and predisposing to 

infections in later life [104, 270].  Several human studies have focused on one specific 

infectious agent, for example malarial parasites [103], filarial or schistosomal 

helminths, or Trypanosoma cruzi, whilst mostly reporting on modulation of adaptive 

immune development [251, 267, 273]. Hence, relatively little is known about the 

effect(s) of maternal intestinal parasite infections on prenatal innate immune 

development. In this exploratory study we investigated in our study population of 

pregnant women in the highlands of PNG, the influences of different intestinal parasites 

and observed variable and independent effects on neonatal and infant innate immunity. 

Firstly, maternal infections with G. lamblia were characterized by enhanced anti-

inflammatory IL-10 responses in the newborn, including those to Alum (a vaccine 

adjuvant and an activator of the NALP3 inflammasome) and the viral-signaling 

pathways TLR3 and TLR7/8; however, no effects on infant innate immune responses 

were found. Secondly, maternal infections with T. hominis, which like G. lamblia is a 

flagellate of the intestinal tract, were associated with reduced cord plasma IL-6, IL-8 

and IL-10 levels, and enhanced pro-inflammatory TLR4 signaling (TNF-α and IL-12) in 

the newborn. In line with findings for G. lamblia, maternal infections with T. hominis 

had no apparent effect on innate immune responses in infancy. For children born to 
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mothers infected with E. histolytica during pregnancy, neonatal IFN-γ and IL-12 

responses to intracellular TLR stimulation (i.e. TLR7, 8 and 9) were reduced. Finally, 

maternal hookworm infections were independently associated with enhanced pro-

inflammatory responses to NOD2 stimulation in infancy.  

Altogether these exploratory observations suggest that maternal intestinal 

parasite infections alter prenatal and postnatal innate immune development; however, 

the nature of these immuno-modulatory effects is diverse and involves both the 

enhancement and reduction of pro-inflammatory and anti-inflammatory responses. 

Although not explored in this study, maternal infections with T. cruzi and Plasmodium 

falciparum have also been demonstrated to induce both pro- and anti-inflammatory 

neonatal responses following the activation of certain TLRs [268, 466]. Further studies 

are needed to determine how maternal intestinal infections promote specific pro- and/or 

anti-inflammatory responses in early life and the associated impact on the development 

of protective immunity to infections and vaccines. In addition, the observation that some 

intestinal infections were associated with altered infant innate immunity suggests that 

these prenatal exposures affect the course of prenatal innate immune development with 

long-lasting consequences for postnatal immune function; how this then affects the risks 

of other non-communicable diseases in this population is yet to be determined and 

presents another area of high interest for future studies.  

For malaria and filarial parasites, it has been demonstrated that maternal 

infections during pregnancy increase the child’s risk to become infected with the same 

parasite postpartum [104, 270, 271]. Although we did not address such risks in our 

study, the high prevalence of mothers infected with at least one intestinal parasite is in 

that respect worrisome. Moreover, the frequent episodes of diarrhea experienced by 

mothers infected with pathogenic intestinal microbes such as G. lamblia (~37% of the 

current study population) may cause nutrient and vitamin malabsorption in pregnant 
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mothers [467-469] and possibly explain the lower birth weights and head 

circumferences observed in PNG neonates compared to those born in high-income 

settings such as AUS (as described in Chapters Three and Four). Notably, having a low 

birth weight in itself is a risk factor for increased infection susceptibility and morbidity 

[291]. In light of this, an intervention program for pregnant mothers in the highlands of 

PNG may increase our understanding of the potential benefits of antenatal anti-parasite 

treatment on women and children’s health.  

 Here, for the first time, we also address the effect(s) of prenatal exposure to betel 

nut on the early development of immune pathways. Our main finding was that maternal 

betel nut chewing was associated with reduced pro-inflammatory IL-12 responses to 

bacterial and inflammasome-inducing stimuli at birth, but enhanced pro-inflammatory 

responses to TLR activation in infancy. Of interest, betel nut chewing has also been 

linked to altered innate immunity in adults, including reports that areca nut enhances 

and sustains pro-inflammatory cytokine production by PBMC [470], but also induces 

suppression of human monocyte-derived DC including a reduced ability to produce IL-

12 following TLR activation [471]. Further studies will be needed to understand the 

consequences of maternal betel nut chewing on the development of protective immune 

responses and susceptibility to disease in early life; particularly as betel nut chewing is 

also associated with preterm birth and low birth weight [462, 472], which are 

independent risk factors for impaired neonatal innate immunity [283], increased risk of 

infections [291, 292] and childhood asthma [278, 286].  

Other maternal lifestyle-associated factors that were explored included tobacco 

smoking and alcohol consumption. Maternal consumption of beer was associated with 

increased TLR-induced pro-inflammatory cytokine production and reduced NLR-

induced anti-inflammatory responses at birth, while the opposite was true in infancy. 

This is in contrast to animal models describing that maternal ethanol exposure impairs 
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pro-inflammatory innate immunity at birth [378-380]; further studies are needed to 

resolve these conflicting findings. In addition, an earlier study reported that maternal 

smoking results in attenuated TLR responses in human neonates [303]. Here, we for the 

first time also address associations between maternal smoking and NLR responses: 

interestingly, maternal smoking was found to enhance both neonatal and infant 

inflammatory responses to the vaccine adjuvant alum. The implications of this on the 

efficacy on alum-adjuvanted vaccines administered in early life in children born to 

smoking mothers is currently unclear, but warrants further investigation. Notably, while 

it is unknown how oral exposures of the mother influence development of immune 

pathways in the fetus, there are indications that placental function may be significantly 

affected (reviewed in [302, 473-475]). For example, maternal cigarette smoke exposure 

can enhance oxidative stress in the placenta [476], and this may potentially disrupt 

placental and fetal immune function [302]. Furthermore, systemic inhibition of 

transcription factors involved in innate immune signaling by maternal tobacco smoking 

has also been suggested as a mechanism for immune modulation in the fetus [302, 303].  

 There were a number of limitations to the current exploratory study. Firstly, the 

relatively small size of this study meant we could only address a limited number of 

predictive variables; as well as that interaction effects of multiple concurrent infections 

and/or substance use could not be determined here. Secondly, although we studied 

several maternal risk factors, many more variables were not explored, and it is therefore 

possible that some of the found influences in reality are not due to the studied risk 

factors but due to correlated factors that could not be included. Thirdly, questionnaires 

determining substance use as well as the microscopic diagnosis of intestinal infections 

were only ascertained once during pregnancy; therefore, the chronicity of intestinal 

infections and whether substance use was maintained throughout pregnancy is 

unknown. Moreover, when studying immune responses in infancy, it was also not 
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known whether and to what extent infants were postnatally exposed to intestinal 

infections; and substances such as tobacco smoke in the living environment or alcohol 

via breast milk. Despite this, strengths of the current study included that cord and infant 

responses were collected from the same cohort of subjects, that a large number of 

important risk factors were assessed and explored independently in multivariate analysis 

models, and that a very broad range of PRR responses including both TLR and NLR 

responses were measured.  

 In conclusion, prenatal exposure to substances such as alcohol, betel nut and 

smoking as well as intestinal protozoan and helminth infections appear to affect the 

development of innate immune pathways pre- and post-partum. A better understanding 

of the impact of prenatal exposures on early immune development and susceptibility to 

disease may help to improve strategies that enhance protective immunity and reduce 

morbidity and mortality rates in these high-risk children; and to curb the growing 

epidemic of chronic inflammatory illnesses currently experienced in populations 

transiting from traditional to more westernized lifestyles. 
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In recent times, there has been much interest in the role of modern environmental and 

lifestyle factors in determining susceptibility to chronic inflammatory diseases. Indeed, 

the escalating incidence of allergic and autoimmune disorders over the last 50 years in 

parts of the world that have become westernized cannot be explained by genetic factors 

alone. Mounting evidence now suggests that environmental influences in early life, 

including prenatal life, shape the development of the immune system with long-lasting 

consequences for postnatal immune function and risk for immunological disease. 

Despite this, very few research efforts have been made to study the process of early 

immune development in children that are still born under traditional lifestyle conditions, 

and that appear to be protected against chronic inflammatory diseases. Such studies may 

give important clues as to the ways in which maternal environment modulates in utero 

immune development to protect against immunological disease development in human 

populations.  

 

7.1  Aims and major findings of our study 

 

The first two aims of this study involved comparing neonatal immune function between 

children born under the traditional lifestyle conditions of rural PNG versus those born in 

the relatively modernized environment of urban AUS. We hypothesized that PNG 

newborns would exhibit enhanced immuno-regulatory mechanisms, consistent with the 

higher microbial burden and general low incidence/absence of chronic inflammatory 

diseases in this population [3]. We chose to focus mainly on Treg cells and APCs, as 

these cell types are well known to play important roles in regulating immune responses 

(recently reviewed in [232, 233, 477]), and previous human and animal studies suggest 

that these subpopulations are altered by prenatal environmental exposures [8, 9, 265-

267, 270, 351]. Contrary to our expectations, Treg cells were not enhanced in frequency 
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or suppressive function in PNG compared to AUS newborns. Furthermore, APC from 

PNG newborns were relatively quiescent in function and exhibited a more activated 

phenotype at baseline. In contrast, while APC from AUS newborns appeared 

comparatively immature, they were able to respond more robustly to stimuli and to 

induce stronger and more rapid T-cell proliferation.  

 Altogether these findings suggest that at birth, regulation of immune 

responsiveness in children born under traditional environmental conditions is 

controlled, at least in part, by innate immune mechanisms. Interestingly, others have 

described phenotypically mature, yet functionally quiescent human APC that mediate 

tolerance [478-480]. One of the mechanisms through which tolerogenic APC are 

thought to function is by inducing Treg cells [477]; however, our findings do not suggest 

this is the case in PNG newborns, and are not consistent with findings for neonates from 

other ‘high microbial’ environments, such as the European farming setting [9]. At 

present, the reason for these discrepancies is not clear, but there may be a number of 

explanations. Firstly, the precise nature of the microbial exposures encountered during 

prenatal life is likely an important determinant of the immunological mechanisms 

activated in utero. In PNG, respiratory viruses and bacteria, sexually transmitted 

pathogens and intestinal parasitic infections are highly endemic [401, 402, 409]; while 

in the European farm setting, fungi and bacteria such as actinomycetes are likely to be 

more important [345, 481-483]. Additionally, while little is currently known about the 

influence of maternal gastrointestinal microbiota on fetal immune development [37], we 

could speculate that the composition differs between PNG and European farming 

mothers and that this may play a role herein; indeed, variations have been described in 

relation to a farm lifestyle [484] and geographical location [485-487]. Different types or 

combinations of microbial exposures may exert diverse immuno-modulatory effects 

(reviewed in [338, 341, 342]), which may explain the observed variability in neonatal 
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immune function in alternative settings of ‘high microbial’ exposure. This is supported 

by our own exploratory findings, whereby different types of maternal intestinal parasitic 

infections were associated with independent and variable effects on neonatal immunity. 

Secondly, exposures other than microbes and/or their components may also contribute. 

For example, grass pollen which is found at high concentrations in European farms is 

also thought to have immuno-modulatory and disease-protective effects [336]; this is 

supported by findings in mouse models whereby exposure to grass arabinogalactan 

extracted from cowshed dust contributed to protection against allergic airway 

sensitization and inflammation [488]. Betel nut, which is frequently consumed in PNG, 

including by pregnant women, but presumably never by European farming mothers, 

was found to modulate early immune responses in PNG children in the current study. 

Other contributing factors may include (but is not limited to) exposure of pregnant PNG 

mothers to indoor air pollution, which due to the use of wood fires for cooking and 

heating without appropriate ventilation, is very high for those living in traditional 

housing; and differences in diet, such as consumption of farm-produced milk by 

pregnant European farming but not PNG mothers, which has also been associated with 

altered neonatal immune function [258, 332].  

 The third aim of this study was to determine the ontogeny of innate immune 

responses in PNG infants. We hypothesized and indeed found that the age-related 

development of innate immunity in PNG infants somewhat differed from that reported 

of populations in the western world [105, 106, 443]. Similar to findings for Gambian 

infants [99] but unlike that reported for infants born in high-income countries [105, 106, 

443], we observed stable or increasing production of IL-10, and no evidence of 

increasing TNF-α responses with increasing age in PNG infants. Thus, our findings 

further suggest that the process of innate immune development differs between children 

born in traditional versus modern environments. Moreover, the trajectory of innate 
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immune development in PNG infants followed a pattern similar to that reported of non-

allergic Australian infants, but opposite to that of Australian infants who go on to 

develop allergy [36]. This, together with our findings of quiescent APC function in 

PNG newborns, further supports the hypothesis that protection from allergic disease is 

characterized by attenuated innate immune responses at birth [33], that gradually mature 

with increasing age [489].  

 Lastly, the final aim of this project was to explore potential associations between 

relevant prenatal exposures and neonatal and infant innate immune responses in PNG 

children. We hypothesized that certain maternal exposures that are characteristic of 

traditional environmental settings, including maternal substance use (particularly betel 

nut) and intestinal parasitic infections would influence development of innate immune 

pathways in the fetus. As mentioned, these exposures were indeed associated with 

modulated innate immune function, both at birth and in infancy in PNG children. While 

these findings require further confirmation, these observations support the growing 

body of evidence that environmental exposures modulate the process of immune 

development in utero, with long-lasting effects extending into postnatal life.  

 

7.2  Significance of findings and contribution to scholarship 

 

A better understanding of the mechanisms behind the ‘hygiene hypothesis’, in particular 

those activated during prenatal life, is constantly evolving. Despite increasing research 

efforts in recent years, still very little is known about how maternal interactions with 

environmental cues during pregnancy affect the developing fetal immune system and 

subsequently influence the child’s risk of developing chronic inflammatory disease in 

later life. Growing interest in this area has been fueled by a recent landmark study in 

mice implicating an essential role of the maternal innate immune system in conferring 
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the fetus with protection against allergic disease [351]. In this study, exposure to 

barnyard microbes induced a local sub-acute inflammatory response in the lungs of 

pregnant mice characterized by increased TLR expression and cytokine production, but 

that was accompanied by dampened TLR and cytokine expression in the placental 

tissues (see Figure 7.1). Importantly, the resultant protective effect in offspring was 

crucially dependant on maternal TLR signaling pathways.  

 Along with these findings, there has been speculation as to the mechanisms by 

which systemically diffused maternal signals might alter fetal immune development. 

Holt and colleagues have suggested two possible pathways by which maternal signals 

(especially cytokines) may influence this process: firstly, they may cross the placenta to 

directly affect development of the fetal immune system, and secondly, they might enter 

the maternal bone marrow and program myeloid precursor cells which then traffic to the 

decidua to promote an anti-inflammatory environment at the maternal-fetal interface 

(see Figure 7.1) [209]. It currently unclear whether these maternal signals are the same 

if the site of microbial exposure is different; for example, if exposure occurs in an 

immune-privileged site such as the gastrointestinal tract, as is the case with maternal 

intestinal parasitic infections. Moreover, there may be other mechanisms at play other 

than maternal signals: for example, maternal cells have been shown to be able to cross 

the placenta and influence the development of Treg cells in the fetal lymph nodes [245]. 

As well as this, direct exposure of the fetus to microbes or other environmental risk 

factors at the materno-fetal interface likely also occurs [456-458]. 

 In any case, the ultimate outcome of maternal microbial exposure is thought to 

be dampened inflammatory responses in the fetus [425]; a process undoubtedly 

involving cells of the fetal innate immune system, and thus implicating APC as 

potential mediators of the disease-protective effects of these prenatal exposures [209, 

351, 425].   
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 Figure 7.1 The proposed mechanisms by which maternal microbial 
 exposure protects against allergic disease in offspring (image from a
 commentary by Holt and Strickland [209]). 
 

 

 Until now, there have been no human studies significantly extending or 

complimenting these findings [351]. Here, we demonstrate for the first time that 

prenatal exposures associated with a traditional lifestyle also influence the development 

of innate immune pathways in the human fetus. In line with the observed mature 

phenotype of neonatal APC in PNG newborns, as well as the higher cytokine 

production and expression of inhibitory markers by un-stimulated neonatal monocytes, 

our findings suggest that exposures of the mother during pregnancy generate signals 

which activate and effectively ‘educate’ the fetal innate immune system in utero. The 

outcome of this interaction is quiescent neonatal APC with low immuno-stimulatory 

capacity; most likely an adaptive mechanism to prepare newborns for the high 
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frequency and/or intensity of antigenic challenges anticipated in the postnatal 

environment, protecting them from developing harmful and unwanted inflammatory 

responses.  

 While we have demonstrated that monocytes of PNG neonates have a low 

potential to produce inflammatory cytokines in response to innate stimuli, and this is in 

line with hypotheses of dampened inflammatory responses in the fetus following 

maternal microbial exposure [425], it is intriguing that monocytes were already 

producing a great deal of cytokine including IL-6 and IFN-γ at baseline. Moreover, 

circulating levels of IL-6 are also known to be significantly higher in PNG compared to 

AUS children at the time of birth (van den Biggelaar, unpublished findings). This is of 

interest for a number of reasons: firstly, the aforementioned study by Conrad et al. 

implicated a role for high IL-6 levels in dampening TLR expression in the placental 

tissues [351], and thus we could speculate that this cytokine also plays a role in 

programming of attenuated innate immune responsiveness in the fetus. Secondly, high 

IL-6 levels have been shown to induce DNA methylation and repress Foxp3 expression 

[394] which could also help to explain the lower frequency of Treg cells observed in 

PNG versus AUS newborns. Thirdly, IFN-γ has been shown to act on DC precursors 

and induce maturation-arrested DC expressing inhibitory molecules and mediating T-

cell hypo-responsiveness [490]; thus there may also be a role for high in utero IFN-γ 

production by fetal monocytes in explaining the observed phenotype and function of 

APC in PNG neonates. At present, it is unclear whether such cytokines are maternally-

derived or whether the fetus itself produces these in direct response to microbial and 

other exposures encountered at the materno-fetal interface. Nonetheless, our findings 

suggest that there may a role for inflammatory cytokines in ‘imprinting’ innate immune 

function in the fetus following maternal and/or direct fetal exposure to environmental 

cues, and this needs to be investigated further.  
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 Additionally, while we have studied immune function in PNG and AUS 

newborns in the context of their different susceptibilities to chronic inflammatory 

disease, our findings for PNG newborns may also have important implications for our 

understanding of their susceptibility to infectious disease and ability to mount protective 

immune responses in early life. From a Darwinian perspective, presumably immune 

function in PNG neonates has evolved in such a way to give them the best survival 

advantage for their anticipated postnatal environment; and interestingly, it has been 

suggested that in human populations heavily burdened by microbes (‘old friends’) that 

promote the induction of immuno-regulatory mechanisms, there is selection for genetic 

variants that partially compensate for these mechanisms [341, 491] including those that 

promote pro-inflammatory phenotypes [492]. In line with this, there appears to be 

competing mechanisms operating in PNG newborns: those that try to limit harmful 

inflammatory responses (e.g. APC quiescence, and a low APC to T cell ratio which 

likely even further restricts T cell proliferation in vivo), and those that compensate for 

this and potentially enhance immunity (elevated levels of circulating inflammatory 

cytokines and a reduced frequency of Treg cells). It is currently unclear how this affects 

their susceptibility to infections or ability to clear pathogens in comparison to neonates 

born in western settings such as AUS. But notably, in PNG many newborns still die 

from sepsis (‘cytokine storm’) or suffer high infectious-related morbidity and mortality 

in early life, and thus there is probably a very fine balance between attempting to 

achieve sterilizing immunity whilst preventing overzealous and destructive 

inflammatory responses in these settings.   

 Finally, our observations suggest that children born under conditions 

characteristic of a traditional lifestyle exhibit an altered trajectory of innate immune 

development in early postnatal life, which to a certain extent is potentially set while in 

utero. Indeed, we found associations between maternal exposures during pregnancy and 
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altered innate immunity in infancy, suggesting that prenatal events have consequences 

for innate immune development that extend beyond the point of birth. Moreover, 

patterns of innate immune development in PNG infants were similar to that observed of 

children in other populations including AUS, who do not develop allergic disease [36], 

suggesting that there is perhaps a common or ‘normal’ pattern of immune development 

that characterizes protection against inflammatory disease: specifically, low innate 

inflammatory responses in early life that gradually develop with age.  

  

7.3  Limitations of the current study and future directions 

 

There were a number of general limitations to our study. Firstly, while it is currently the 

best available system we have for studying human neonatal and infant immune 

function, in vitro CBMC or ex vivo whole blood responses may be somewhat different 

from those elicited in vivo for the following reasons: (a) blood-derived immune cells 

may not phenotypically or functionally resemble tissue-derived counterparts [493, 494]; 

(b) there is increasing evidence that the tissue micro-environment crucially regulates or 

determines the type(s) of immune responses that are possible in vivo (reviewed in 

[164]); and (c) in vitro responses to PRR agonists and mitogenic stimuli are somewhat 

artificial, with in vitro concentrations generally not able to mimic physiological levels 

in which immune cells naturally encounter antigen in vivo. Secondly, when conducting 

multi-centred studies in geographically diverse locations, it is not possible to make 

comparisons side-by-side using fresh samples. Thus, in the current study, cells were 

cyro-preserved, stored and shipped to a single location for side-by-side analysis. 

Although all samples were treated in an identical manner making inter-population 

comparisons possible [256], cryopreservation is known to subtly alter the function of 

both innate immune cells [455] and Treg cells [495]. Thirdly, our sample size was 
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relatively small, particularly in functional assays. This meant that adjustment for 

potential confounding factors such as maternal atopy or mode of delivery was not 

possible. Future studies should be designed with the statistical power to address the 

contribution of such confounders as well as that of specific prenatal exposures of 

interest. Moreover, it is conceivable that in addition to environmental influences, 

differences in genetic background may have contributed to the observed differences in 

early immune function and development between populations; this should also be 

investigated in future studies of a larger scale. 

 In addition, there were many analyses which were not within the scope of the 

current study, but are of high interest for future studies. Firstly, the phenotype and 

function of APC other than monocytes in neonates from ‘traditional’ and ‘modern’ 

environmental settings could be explored in more depth; for example, DC subsets may 

also play an important role in the observed T cell responses in PNG neonates; thus, their 

expression of inhibitory receptors and ability to produce cytokines should be further 

investigated. Additionally, mechanistic studies are needed to resolve which specific 

pathways are responsible for the functional quiescence of neonatal APC as observed 

here in PNG newborns. For example, is there a crucial role for inhibitory receptors ILT3 

and ILT4, which are known to impart DC with tolerogenic functions [124, 125, 496] 

and regulate monocyte function [127]? Secondly, we have not yet fully investigated 

neonatal CD4+ T cell function in these newborns; and although we determined that APC 

were largely responsible for the reduced ability of T cells to proliferate, there were also 

some indications of an intrinsic difference in cord blood T cell function. Thus, another 

facet of interest may be to determine and compare the expression of T-cell inhibitory 

receptors such as PD-1, LAG-3 and CTLA-4 and their contribution to limiting T cell 

responses in PNG newborns. Thirdly, our exploratory study into the effect(s) of various 

prenatal exposures generated a number of hypotheses which are now awaiting 
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confirmation in larger future studies. We suggest that in particular the impact of the 

common use of betel nut by PNG pregnant women on neonatal and infant immune 

responses would need to be further investigated; as well as the effect of maternal 

intestinal infections that are highly prevalent in this population (such as G. lamblia, for 

which our findings suggest may greatly influence neonatal innate immune function). 

Lastly, our study generated a number of important ‘big picture’ questions that 

are now waiting to be addressed in future studies. Firstly, what is the mechanism(s) by 

which quiescent APC are induced and which specific exposures and/or maternal signals 

are required? In particular, there is increasing interest in the role of environmentally-

induced epigenetic mechanisms [390], which likely play a crucial role herein. Secondly, 

for how long are these APC characteristics maintained following birth and do they exert 

downstream effects on other postnatal immune responses? For example, does this 

impact on the susceptibility of PNG children to infectious disease, or alter their ability 

to mount protective immune responses to infections and vaccines in the early postnatal 

period? Lastly, are these ‘educated’ quiescent APC directly associated with protection 

against immunological disease development? Future studies addressing such questions 

will be paramount to our understanding of how in utero events modulate fetal immune 

development and concomitantly the risk of chronic inflammatory disease and infectious 

diseases in human populations.  

 
 
7.4  Conclusions 
 
 
The burden of chronic inflammatory diseases is escalating at a phenomenal rate, both in 

countries of the western world and in those currently transiting to more modern 

lifestyles. Thus, it is essentially a ‘race against time’ to better understand the 

mechanisms of prenatal and early life programming that protect against the 

development of these diseases. Our findings further extend and support current 
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paradigms suggesting that prenatal conditioning of the innate immune system by low-

grade inflammatory responses is the key to inducing more tightly regulated postnatal 

immune responses that protect against the development of chronic inflammatory 

disease. Our next challenge is to identify the precise mechanisms by which this occurs 

and to use this knowledge to develop better strategies that prevent a further rise in 

‘western’ diseases worldwide.     

 

 

 



    
 

211

 

 

 

 

 

References 
 
 

 
 

 



    
 

212

 
 



    
 

213

1. Bryce J, Boschi-Pinto C, Shibuya K, et al. WHO estimates of the causes of 

death in children. Lancet 2005; 365:1147-52. 

2. Lawn JE, Cousens S, Zupan J. 4 million neonatal deaths: when? Where? Why? 

Lancet 2005; 365:891-900. 

3. Herbert OC, Barnetson RS, Weninger W, et al. Western Lifestyle and Increased 

Prevalence of Atopic Diseases: An example from a Small Papua New Guinean 

Island. World Allergy Organisation Journal 2009; 2:130-7. 

4. Obeng BB, Hartgers F, Boakye D, et al. Out of Africa: what can be learned from 

the studies of allergic disorders in Africa and Africans? Curr Opin Allergy Clin 

Immunol 2008; 8:391-7. 

5. de Silva HJ, de Silva NR, de Silva AP, et al. Emergence of inflammatory bowel 

disease 'beyond the West': do prosperity and improved hygiene have a role? 

Trans R Soc Trop Med Hyg 2008; 102:857-60. 

6. Blumer N, Herz U, Wegmann M, et al. Prenatal lipopolysaccharide-exposure 

prevents allergic sensitization and airway inflammation, but not airway 

responsiveness in a murine model of experimental asthma. Clin Exp Allergy 

2005; 35:397-402. 

7. Blumer N, Sel S, Virna S, et al. Perinatal maternal application of Lactobacillus 

rhamnosus GG suppresses allergic airway inflammation in mouse offspring. 

Clin Exp Allergy 2007; 37:348-57. 

8. Ege MJ, Bieli C, Frei R, et al. Prenatal farm exposure is related to the 

expression of receptors of the innate immunity and to atopic sensitization in 

school-age children. J Allergy Clin Immunol 2006; 117:817-23. 

9. Schaub B, Liu J, Hoppler S, et al. Maternal farm exposure modulates neonatal 

immune mechanisms through regulatory T cells. J Allergy Clin Immunol 2009; 

123:774-82 e5. 



    
 

214

10. Mukherjee AB, Zhang Z. Allergic asthma: influence of genetic and 

environmental factors. J Biol Chem 2011; 286:32883-9. 

11. Myers TR, Tomasio L. Asthma: 2015 and beyond. Respir Care 2011; 56:1389-

407; discussion 407-10. 

12. Kappelman MD, Galanko JA, Porter CQ, et al. Association of paediatric 

inflammatory bowel disease with other immune-mediated diseases. Arch Dis 

Child 2011; 96:1042-6. 

13. Van Limbergen J, Russell RK, Nimmo ER, et al. Filaggrin loss-of-function 

variants are associated with atopic comorbidity in pediatric inflammatory bowel 

disease. Inflamm Bowel Dis 2009; 15:1492-8. 

14. Feeney MA, Murphy F, Clegg AJ, et al. A case-control study of childhood 

environmental risk factors for the development of inflammatory bowel disease. 

Eur J Gastroenterol Hepatol 2002; 14:529-34. 

15. ISSAC. Worldwide variations in the prevalence of asthma symptoms: the 

International Study of Asthma and Allergies in Childhood (ISAAC). Eur Respir 

J 1998; 12:315-35. 

16. Bieber T. Atopic dermatitis. N Engl J Med 2008; 358:1483-94. 

17. Robertson CF, Dalton MF, Peat JK, et al. Asthma and other atopic diseases in 

Australian children. Australian arm of the International Study of Asthma and 

Allergy in Childhood. Med J Aust 1998; 168:434-8. 

18. Poulos LM, Toelle BG, Marks GB. The burden of asthma in children: an 

Australian perspective. Paediatr Respir Rev 2005; 6:20-7. 

19. Hopper JL, Jenkins MA, Carlin JB, et al. Increase in the self-reported 

prevalence of asthma and hay fever in adults over the last generation: a matched 

parent-offspring study. Aust J Public Health 1995; 19:120-4. 



    
 

215

20. Peat JK, van den Berg RH, Green WF, et al. Changing prevalence of asthma in 

Australian children. BMJ 1994; 308:1591-6. 

21. Prescott S, Nowak-Wegrzyn A. Strategies to prevent or reduce allergic disease. 

Ann Nutr Metab 2011; 59 Suppl 1:28-42. 

22. Prescott S, Allen KJ. Food allergy: riding the second wave of the allergy 

epidemic. Pediatr Allergy Immunol 2011; 22:155-60. 

23. Warner JO. Anaphylaxis; the latest allergy epidemic. Pediatr Allergy Immunol 

2007; 18:1-2. 

24. Osborne NJ, Koplin JJ, Martin PE, et al. Prevalence of challenge-proven IgE-

mediated food allergy using population-based sampling and predetermined 

challenge criteria in infants. J Allergy Clin Immunol 2011; 127:668-76 e1-2. 

25. Harjutsalo V, Sjoberg L, Tuomilehto J. Time trends in the incidence of type 1 

diabetes in Finnish children: a cohort study. Lancet 2008; 371:1777-82. 

26. Bach JF. The effect of infections on susceptibility to autoimmune and allergic 

diseases. N Engl J Med 2002; 347:911-20. 

27. Fischer GB, Camargos PA, Mocelin HT. The burden of asthma in children: a 

Latin American perspective. Paediatr Respir Rev 2005; 6:8-13. 

28. Eder W, Ege MJ, von Mutius E. The asthma epidemic. N Engl J Med 2006; 

355:2226-35. 

29. Okada H, Kuhn C, Feillet H, et al. The 'hygiene hypothesis' for autoimmune and 

allergic diseases: an update. Clin Exp Immunol 2011; 160:1-9. 

30. Green A, Patterson CC. Trends in the incidence of childhood-onset diabetes in 

Europe 1989-1998. Diabetologia 2001; 44 Suppl 3:B3-8. 

31. Kondrashova A, Reunanen A, Romanov A, et al. A six-fold gradient in the 

incidence of type 1 diabetes at the eastern border of Finland. Ann Med 2005; 

37:67-72. 



    
 

216

32. Prescott SL, Noakes P, Chow BW, et al. Presymptomatic differences in Toll-

like receptor function in infants who have allergy. J Allergy Clin Immunol 2008; 

122:391-9, 9 e1-5. 

33. Quah PL, Kuo IC, Huang CH, et al. Early onset wheeze associated with 

enhanced combined IL-1beta, IL-6, and IL-12/IL-23p40 in LPS-stimulated cord 

blood mononuclear cells. Clin Exp Allergy 2011; 41:970-8. 

34. Prescott SL, Taylor A, King B, et al. Neonatal interleukin-12 capacity is 

associated with variations in allergen-specific immune responses in the neonatal 

and postnatal periods. Clin Exp Allergy 2003; 33:566-72. 

35. Upham JW, Holt PG, Taylor A, et al. HLA-DR expression on neonatal 

monocytes is associated with allergen-specific immune responses. J Allergy Clin 

Immunol 2004; 114:1202-8. 

36. Tulic MK, Hodder M, Forsberg A, et al. Differences in innate immune function 

between allergic and nonallergic children: New insights into immune ontogeny. 

J Allergy Clin Immunol 2011; 127:470-8 e1. 

37. Jenmalm MC. Childhood immune maturation and allergy development: 

regulation by maternal immunity and microbial exposure. Am J Reprod Immunol 

2011; 66 Suppl 1:75-80. 

38. Djuardi Y, Wammes LJ, Supali T, et al. Immunological footprint: the 

development of a child's immune system in environments rich in 

microorganisms and parasites. Parasitology 2011; 138:1508-18. 

39. Montero Vega MT. A new era for innate immunity. Allergol Immunopathol 

(Madr) 2008; 36:164-75. 

40. Marodi L. Innate cellular immune responses in newborns. Clinical Immunology 

2006; 118:137-44. 



    
 

217

41. Kumar H, Kawai T, Akira S. Pathogen recognition by the innate immune 

system. Int Rev Immunol 2011; 30:16-34. 

42. Azuma M. Fundamental mechanisms of host immune responses to infection. J 

Periodontal Res 2006; 41:361-73. 

43. Fleer A, Krediet TG. Innate immunity: toll-like receptors and some more. A 

brief history, basic organization and relevance for the human newborn. 

Neonatology 2007; 92:145-57. 

44. Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate 

receptors in infection and immunity. Immunity 2011; 34:637-50. 

45. Khare S, Luc N, Dorfleutner A, et al. Inflammasomes and their activation. Crit 

Rev Immunol 2010; 30:463-87. 

46. Valanne S, Wang JH, Ramet M. The Drosophila Toll signaling pathway. J 

Immunol 2011; 186:649-56. 

47. Hedayat M, Netea MG, Rezaei N. Targeting of Toll-like receptors: a decade of 

progress in combating infectious diseases. Lancet Infect Dis 2011; 11:702-12. 

48. Kaisho T, Akira S. Toll-like receptor function and signaling. J Allergy Clin 

Immunol 2006; 117:979-87; quiz 88. 

49. Takeda K, Akira S. Toll-like receptors. Curr Protoc Immunol 2007; Chapter 

14:Unit 14 2. 

50. Arancibia SA, Beltran CJ, Aguirre IM, et al. Toll-like receptors are key 

participants in innate immune responses. Biol Res 2007; 40:97-112. 

51. Misch EA, Hawn TR. Toll-like receptor polymorphisms and susceptibility to 

human disease. Clin Sci (Lond) 2008; 114:347-60. 

52. Brown J, Wang H, Hajishengallis GN, et al. TLR-signaling networks: an 

integration of adaptor molecules, kinases, and cross-talk. J Dent Res 2011; 

90:417-27. 



    
 

218

53. Verstak B, Hertzog P, Mansell A. Toll-like receptor signalling and the clinical 

benefits that lie within. Inflamm Res 2007; 56:1-10. 

54. Carpenter S, O'Neill LA. How important are Toll-like receptors for 

antimicrobial responses? Cell Microbiol 2007; 9:1891-901. 

55. Sandor F, Buc M. Toll-like receptors. I. Structure, function and their ligands. 

Folia Biol (Praha) 2005; 51:148-57. 

56. Uematsu S, Akira S. Toll-like receptors and innate immunity. J Mol Med 2006; 

84:712-25. 

57. Higgins SC, Mills KH. TLR, NLR Agonists, and Other Immune Modulators as 

Infectious Disease Vaccine Adjuvants. Curr Infect Dis Rep 2010; 12:4-12. 

58. Kufer TA. Signal transduction pathways used by NLR-type innate immune 

receptors. Mol Biosyst 2008; 4:380-6. 

59. Le Bourhis L, Benko S, Girardin SE. Nod1 and Nod2 in innate immunity and 

human inflammatory disorders. Biochem Soc Trans 2007; 35:1479-84. 

60. Elinav E, Strowig T, Henao-Mejia J, et al. Regulation of the antimicrobial 

response by NLR proteins. Immunity 2011; 34:665-79. 

61. Sabbah A, Chang TH, Harnack R, et al. Activation of innate immune antiviral 

responses by Nod2. Nat Immunol 2009; 10:1073-80. 

62. Inohara N, Koseki T, Lin J, et al. An induced proximity model for NF-kappa B 

activation in the Nod1/RICK and RIP signaling pathways. J Biol Chem 2000; 

275:27823-31. 

63. Magalhaes JG, Lee J, Geddes K, et al. Essential role of Rip2 in the modulation 

of innate and adaptive immunity triggered by Nod1 and Nod2 ligands. Eur J 

Immunol 2011; 41:1445-55. 

64. Hysi P, Kabesch M, Moffatt MF, et al. NOD1 variation, immunoglobulin E and 

asthma. Hum Mol Genet 2005; 14:935-41. 



    
 

219

65. Weidinger S, Klopp N, Rummler L, et al. Association of NOD1 polymorphisms 

with atopic eczema and related phenotypes. J Allergy Clin Immunol 2005; 

116:177-84. 

66. Ogura Y, Bonen DK, Inohara N, et al. A frameshift mutation in NOD2 

associated with susceptibility to Crohn's disease. Nature 2001; 411:603-6. 

67. Hugot JP, Chamaillard M, Zouali H, et al. Association of NOD2 leucine-rich 

repeat variants with susceptibility to Crohn's disease. Nature 2001; 411:599-603. 

68. Meissner TB, Li A, Biswas A, et al. NLR family member NLRC5 is a 

transcriptional regulator of MHC class I genes. Proc Natl Acad Sci U S A 2010; 

107:13794-9. 

69. Maekawa T, Kufer TA, Schulze-Lefert P. NLR functions in plant and animal 

immune systems: so far and yet so close. Nat Immunol 2011; 12:817-26. 

70. Li H, Nookala S, Re F. Aluminum hydroxide adjuvants activate caspase-1 and 

induce IL-1beta and IL-18 release. J Immunol 2007; 178:5271-6. 

71. Aimanianda V, Haensler J, Lacroix-Desmazes S, et al. Novel cellular and 

molecular mechanisms of induction of immune responses by aluminum 

adjuvants. Trends Pharmacol Sci 2009; 30:287-95. 

72. Li H, Willingham SB, Ting JP, et al. Cutting edge: inflammasome activation by 

alum and alum's adjuvant effect are mediated by NLRP3. J Immunol 2008; 

181:17-21. 

73. Spreafico R, Ricciardi-Castagnoli P, Mortellaro A. The controversial 

relationship between NLRP3, alum, danger signals and the next-generation 

adjuvants. Eur J Immunol 2010; 40:638-42. 

74. Lambrecht BN, Kool M, Willart MA, et al. Mechanism of action of clinically 

approved adjuvants. Curr Opin Immunol 2009; 21:23-9. 



    
 

220

75. Marrack P, McKee AS, Munks MW. Towards an understanding of the adjuvant 

action of aluminium. Nat Rev Immunol 2009; 9:287-93. 

76. Kool M, Soullie T, van Nimwegen M, et al. Alum adjuvant boosts adaptive 

immunity by inducing uric acid and activating inflammatory dendritic cells. J 

Exp Med 2008; 205:869-82. 

77. Seubert A, Monaci E, Pizza M, et al. The adjuvants aluminum hydroxide and 

MF59 induce monocyte and granulocyte chemoattractants and enhance 

monocyte differentiation toward dendritic cells. J Immunol 2008; 180:5402-12. 

78. Morein B, Blomqvist G, Hu K. Immune responsiveness in the neonatal period. J 

Comp Pathol 2007; 137 Suppl 1:S27-31. 

79. Marchant A, Goldman M. T cell-mediated immune responses in human 

newborns: ready to learn? Clin Exp Immunol 2005; 141:10-8. 

80. De Wit D, Olislagers V, Goriely S, et al. Blood plasmacytoid dendritic cell 

responses to CpG oligodeoxynucleotides are impaired in human newborns. 

Blood 2004; 103:1030-2. 

81. Angelone DF, Wessels MR, Coughlin M, et al. Innate immunity of the human 

newborn is polarized toward a high ratio of IL-6/TNF-alpha production in vitro 

and in vivo. Pediatric Research 2006; 60:205-9. 

82. Levy O, Coughlin M, Cronstein BN, et al. The adenosine system selectively 

inhibits TLR-mediated TNF-alpha production in the human newborn. J Immunol 

2006; 177:1956-66. 

83. Levy O, Zarember KA, Roy RM, et al. Selective impairment of TLR-mediated 

innate immunity in human newborns: neonatal blood plasma reduces monocyte 

TNF-alpha induction by bacterial lipopeptides, lipopolysaccharide, and 

imiquimod, but preserves the response to R-848. J Immunol 2004; 173:4627-34. 



    
 

221

84. De Wit D, Tonon S, Olislagers V, et al. Impaired responses to toll-like receptor 

4 and toll-like receptor 3 ligands in human cord blood. J Autoimmun 2003; 

21:277-81. 

85. Kollmann TR, Crabtree J, Rein-Weston A, et al. Neonatal innate TLR-mediated 

responses are distinct from those of adults. J Immunol 2009; 183:7150-60. 

86. Belderbos ME, van Bleek GM, Levy O, et al. Skewed pattern of Toll-like 

receptor 4-mediated cytokine production in human neonatal blood: low LPS-

induced IL-12p70 and high IL-10 persist throughout the first month of life. Clin 

Immunol 2009; 133:228-37. 

87. Drohan L, Harding JJ, Holm B, et al. Selective developmental defects of cord 

blood antigen-presenting cell subsets. Hum Immunol 2004; 65:1356-69. 

88. Liu E, Tu W, Law HK, et al. Changes of CD14 and CD1a expression in 

response to IL-4 and granulocyte-macrophage colony-stimulating factor are 

different in cord blood and adult blood monocytes. Pediatr Res 2001; 50:184-9. 

89. Aksoy E, Albarani V, Nguyen M, et al. Interferon regulatory factor 3-dependent 

responses to lipopolysaccharide are selectively blunted in cord blood cells. 

Blood 2007; 109:2887-93. 

90. Adkins B, Bu Y, Vincek V, et al. The primary responses of murine neonatal 

lymph node CD4+ cells are Th2-skewed and are sufficient for the development 

of Th2-biased memory. Clin Dev Immunol 2003; 10:43-51. 

91. Goriely S, Vincart B, Stordeur P, et al. Deficient IL-12(p35) gene expression by 

dendritic cells derived from neonatal monocytes. J Immunol 2001; 166:2141-6. 

92. Levy O. Innate immunity of the newborn: basic mechanisms and clinical 

correlates. Nat Rev Immunol 2007; 7:379-90. 



    
 

222

93. Giannoni E, Guignard L, Knaup Reymond M, et al. Estradiol and progesterone 

strongly inhibit the innate immune response of mononuclear cells in newborns. 

Infect Immun 2011; 79:2690-8. 

94. Morgado JM, Pratas R, Laranjeira P, et al. The phenotypical and functional 

characteristics of cord blood monocytes and CD14(-/low)/CD16(+) dendritic 

cells can be relevant to the development of cellular immune responses after 

transplantation. Transpl Immunol 2008; 19:55-63. 

95. Sadeghi K, Berger A, Langgartner M, et al. Immaturity of infection control in 

preterm and term newborns is associated with impaired toll-like receptor 

signaling. J Infect Dis 2007; 195:296-302. 

96. Yan SR, Qing G, Byers DM, et al. Role of MyD88 in diminished tumor necrosis 

factor alpha production by newborn mononuclear cells in response to 

lipopolysaccharide. Infect Immun 2004; 72:1223-9. 

97. Jiang H, van de Ven C, Baxi L, et al. Differential gene expression signatures of 

adult peripheral blood vs cord blood monocyte-derived immature and mature 

dendritic cells. Exp Hematol 2009; 37:1201-15. 

98. Levy O, Suter EE, Miller RL, et al. Unique efficacy of Toll-like receptor 8 

agonists in activating human neonatal antigen-presenting cells. Blood 2006; 

108:1284-90. 

99. Burl S, Townend J, Njie-Jobe J, et al. Age-dependent maturation of Toll-like 

receptor-mediated cytokine responses in Gambian infants. PLoS One 2011; 

6:e18185. 

100. Gold MC, Donnelly E, Cook MS, et al. Purified neonatal plasmacytoid dendritic 

cells overcome intrinsic maturation defect with TLR agonist stimulation. Pediatr 

Res 2006; 60:34-7. 



    
 

223

101. Vanden Eijnden S, Goriely S, De Wit D, et al. Preferential production of the IL-

12(p40)/IL-23(p19) heterodimer by dendritic cells from human newborns. Eur J 

Immunol 2006; 36:21-6. 

102. Gold DR, Bloomberg GR, Cruikshank WW, et al. Parental characteristics, 

somatic fetal growth, and season of birth influence innate and adaptive cord 

blood cytokine responses. J Allergy Clin Immunol 2009; 124:1078-87. 

103. Adegnika AA, Kohler C, Agnandji ST, et al. Pregnancy-associated malaria 

affects toll-like receptor ligand-induced cytokine responses in cord blood. J 

Infect Dis 2008; 198:928-36. 

104. Schwarz NG, Adegnika AA, Breitling LP, et al. Placental malaria increases 

malaria risk in the first 30 months of life. Clin Infect Dis 2008; 47:1017-25. 

105. Yerkovich ST, Wikstrom ME, Suriyaarachchi D, et al. Postnatal development of 

monocyte cytokine responses to bacterial lipopolysaccharide. Pediatr Res 2007; 

62:547-52. 

106. Nguyen M, Leuridan E, Zhang T, et al. Acquisition of adult-like TLR4 and 

TLR9 responses during the first year of life. PLoS One 2010; 5:e10407. 

107. Upham JW, Lee PT, Holt BJ, et al. Development of interleukin-12-producing 

capacity throughout childhood. Infect Immun 2002; 70:6583-8. 

108. Rossi M, Young JW. Human dendritic cells: potent antigen-presenting cells at 

the crossroads of innate and adaptive immunity. J Immunol 2005; 175:1373-81. 

109. MacDonald KP, Munster DJ, Clark GJ, et al. Characterization of human blood 

dendritic cell subsets. Blood 2002; 100:4512-20. 

110. Sato K, Fujita S. Dendritic cells: nature and classification. Allergol Int 2007; 

56:183-91. 

111. Ueno H, Klechevsky E, Morita R, et al. Dendritic cell subsets in health and 

disease. Immunol Rev 2007; 219:118-42. 



    
 

224

112. McKenna K, Beignon AS, Bhardwaj N. Plasmacytoid dendritic cells: linking 

innate and adaptive immunity. J Virol 2005; 79:17-27. 

113. Sabatte J, Maggini J, Nahmod K, et al. Interplay of pathogens, cytokines and 

other stress signals in the regulation of dendritic cell function. Cytokine Growth 

Factor Rev 2007; 18:5-17. 

114. Cools N, Ponsaerts P, Van Tendeloo VF, et al. Balancing between immunity and 

tolerance: an interplay between dendritic cells, regulatory T cells, and effector T 

cells. J Leukoc Biol 2007; 82:1365-74. 

115. Novak N, Bieber T. 2. Dendritic cells as regulators of immunity and tolerance. J 

Allergy Clin Immunol 2008; 121:S370-4; quiz S413. 

116. Vermaelen K, Pauwels R. Pulmonary dendritic cells. Am J Respir Crit Care 

Med 2005; 172:530-51. 

117. Buckwalter MR, Albert ML. Orchestration of the immune response by dendritic 

cells. Curr Biol 2009; 19:R355-61. 

118. Schepers K, Arens R, Schumacher TN. Dissection of cytotoxic and helper T cell 

responses. Cell Mol Life Sci 2005; 62:2695-710. 

119. Diebold SS. Determination of T-cell fate by dendritic cells. Immunol Cell Biol 

2008; 86:389-97. 

120. Smits HH, de Jong EC, Wierenga EA, et al. Different faces of regulatory DCs in 

homeostasis and immunity. Trends Immunol 2005; 26:123-9. 

121. Yang X, Gao X. Role of dendritic cells: a step forward for the hygiene 

hypothesis. Cell Mol Immunol 2011; 8:12-8. 

122. Wakkach A, Fournier N, Brun V, et al. Characterization of dendritic cells that 

induce tolerance and T regulatory 1 cell differentiation in vivo. Immunity 2003; 

18:605-17. 



    
 

225

123. Mellor AL, Baban B, Chandler P, et al. Cutting edge: induced indoleamine 2,3 

dioxygenase expression in dendritic cell subsets suppresses T cell clonal 

expansion. J Immunol 2003; 171:1652-5. 

124. Manavalan JS, Rossi PC, Vlad G, et al. High expression of ILT3 and ILT4 is a 

general feature of tolerogenic dendritic cells. Transpl Immunol 2003; 11:245-58. 

125. Vlad G, Chang CC, Colovai AI, et al. Immunoglobulin-like transcript 3: A 

crucial regulator of dendritic cell function. Hum Immunol 2009; 70:340-4. 

126. Chui CS, Li D. Role of immunolglobulin-like transcript family receptors and 

their ligands in suppressor T-cell-induced dendritic cell tolerization. Hum 

Immunol 2009; 70:686-91. 

127. Steevels TA, Meyaard L. Immune inhibitory receptors: essential regulators of 

phagocyte function. Eur J Immunol 2011; 41:575-87. 

128. Lippolis JD. Immunological signaling networks: integrating the body's immune 

response. J Anim Sci 2008; 86:E53-63. 

129. Geissmann F, Manz MG, Jung S, et al. Development of monocytes, 

macrophages, and dendritic cells. Science 2010; 327:656-61. 

130. Liu K, Nussenzweig MC. Origin and development of dendritic cells. Immunol 

Rev 2010; 234:45-54. 

131. Parihar A, Eubank TD, Doseff AI. Monocytes and macrophages regulate 

immunity through dynamic networks of survival and cell death. J Innate Immun 

2010; 2:204-15. 

132. Krutzik SR, Tan B, Li H, et al. TLR activation triggers the rapid differentiation 

of monocytes into macrophages and dendritic cells. Nat Med 2005; 11:653-60. 

133. Kushwah R, Hu J. Complexity of dendritic cell subsets and their function in the 

host immune system. Immunology 2011; 133:409-19. 



    
 

226

134. Langrish C, L,, Buddle JC, Thrasher AJ, et al. Neonatal dendritic cells are 

intrinsically biased against Th-1 immune responses. Clin Exp Immunol 2002; 

128:118-23. 

135. Sorg RV, Kogler G, Wernet P. Identification of cord blood dendritic cells as an 

immature CD11c- population. Blood 1999; 93:2302-7. 

136. Siegrist CA. Neonatal and early life vaccinology. Vaccine 2001; 19:3331-46. 

137. Velilla PA, Rugeles MT, Chougnet CA. Defective antigen-presenting cell 

function in human neonates. Clin Immunol 2006; 121:251-9. 

138. Liu E, Tu W, Law HK, et al. Decreased yield, phenotypic expression and 

function of immature monocyte-derived dendritic cells in cord blood. Br J 

Haematol 2001; 113:240-6. 

139. Murphy FJ, Reen DJ. Differential expression of function-related antigens on 

newborn and adult monocyte subpopulations. Immunology 1996; 89:587-91. 

140. Strunk T, Temming P, Gembruch U, et al. Differential maturation of the innate 

immune response in human fetuses. Pediatr Res 2004; 56:219-26. 

141. Koga Y, Matsuzaki A, Suminoe A, et al. Expression of cytokine-associated 

genes in dendritic cells (DCs): comparison between adult peripheral blood- and 

umbilical cord blood-derived DCs by cDNA microarray. Immunol Lett 2008; 

116:55-63. 

142. Upham JW, Rate A, Rowe J, et al. Dendritic cell immaturity during infancy 

restricts the capacity to express vaccine-specific T-cell memory. Infect Immun 

2006; 74:1106-12. 

143. Ellestad KK, Tsutsui S, Noorbakhsh F, et al. Early life exposure to 

lipopolysaccharide suppresses experimental autoimmune encephalomyelitis by 

promoting tolerogenic dendritic cells and regulatory T cells. J Immunol 2009; 

183:298-309. 



    
 

227

144. Jiao L, Han X, Wang S, et al. Imprinted DC mediate the immune-educating 

effect of early-life microbial exposure. Eur J Immunol 2009; 39:469-80. 

145. Thornton CA, Upham JW, Wikstrom ME, et al. Functional maturation of 

CD4+CD25+CTLA4+CD45RA+ T regulatory cells in human neonatal T cell 

responses to environmental antigens/allergens. J Immunol 2004; 173:3084-92. 

146. Encabo A, Solves P, Carbonell-Uberos F, et al. The functional immaturity of 

dendritic cells can be relevant to increased tolerance associated with cord blood 

transplantation. Transfusion 2007; 47:272-9. 

147. Liu EM, Law HK, Lau YL. Mycobacterium bovis bacillus Calmette-Guerin 

treated human cord blood monocyte-derived dendritic cells polarize naive T 

cells into a tolerogenic phenotype in newborns. World J Pediatr 2010; 6:132-40. 

148. van den Biggelaar AH, Richmond PC, Pomat WS, et al. Neonatal pneumococcal 

conjugate vaccine immunization primes T cells for preferential Th2 cytokine 

expression: a randomized controlled trial in Papua New Guinea. Vaccine 2009; 

27:1340-7. 

149. van den Biggelaar AH, Pomat W, Bosco A, et al. Pneumococcal conjugate 

vaccination at birth in a high-risk setting: no evidence for neonatal T-cell 

tolerance. Vaccine 2011; 29:5414-20. 

150. Upham JW, Zhang G, Rate A, et al. Plasmacytoid dendritic cells during infancy 

are inversely associated with childhood respiratory tract infections and 

wheezing. J Allergy Clin Immunol 2009; 124:707-13 e2. 

151. Kohler C, Adegnika AA, Van der Linden R, et al. Comparison of 

immunological status of African and European cord blood mononuclear cells. 

Pediatr Res 2008; 64:631-6. 



    
 

228

152. van den Biggelaar AH, Prescott SL, Roponen M, et al. Neonatal innate cytokine 

responses to BCG controlling T-cell development vary between populations. J 

Allergy Clin Immunol 2009; 124:544-50, 50 e1-2. 

153. Clark R, Kupper T. Old meets new: the interaction between innate and adaptive 

immunity. J Invest Dermatol 2005; 125:629-37. 

154. Hugues S, Fetler L, Bonifaz L, et al. Distinct T cell dynamics in lymph nodes 

during the induction of tolerance and immunity. Nat Immunol 2004; 5:1235-42. 

155. Mempel TR, Henrickson SE, Von Andrian UH. T-cell priming by dendritic cells 

in lymph nodes occurs in three distinct phases. Nature 2004; 427:154-9. 

156. Prlic M, Williams MA, Bevan MJ. Requirements for CD8 T-cell priming, 

memory generation and maintenance. Curr Opin Immunol 2007; 19:315-9. 

157. Prlic M, Bevan MJ. Exploring regulatory mechanisms of CD8+ T cell 

contraction. Proc Natl Acad Sci U S A 2008; 105:16689-94. 

158. Badovinac VP, Porter BB, Harty JT. CD8+ T cell contraction is controlled by 

early inflammation. Nat Immunol 2004; 5:809-17. 

159. Melchionda F, Fry TJ, Milliron MJ, et al. Adjuvant IL-7 or IL-15 overcomes 

immunodominance and improves survival of the CD8+ memory cell pool. J Clin 

Invest 2005; 115:1177-87. 

160. Schluns KS, Lefrancois L. Cytokine control of memory T-cell development and 

survival. Nat Rev Immunol 2003; 3:269-79. 

161. Stemberger C, Neuenhahn M, Buchholz VR, et al. Origin of CD8+ effector and 

memory T cell subsets. Cell Mol Immunol 2007; 4:399-405. 

162. Jelley-Gibbs DM, Strutt TM, McKinstry KK, et al. Influencing the fates of CD4 

T cells on the path to memory: lessons from influenza. Immunol Cell Biol 2008; 

86:343-52. 



    
 

229

163. Glik A, Douvdevani A. T lymphocytes: the "cellular" arm of acquired immunity 

in the peritoneum. Perit Dial Int 2006; 26:438-48. 

164. Matzinger P, Kamala T. Tissue-based class control: the other side of tolerance. 

Nat Rev Immunol 2011; 11:221-30. 

165. Kelso A. Th1 and Th2 subsets: paradigms lost? Immunol Today 1995; 16:374-9. 

166. Romagnani S. Immunologic influences on allergy and the TH1/TH2 balance. J 

Allergy Clin Immunol 2004; 113:395-400. 

167. Kaiko GE, Horvat JC, Beagley KW, et al. Immunological decision-making: how 

does the immune system decide to mount a helper T-cell response? Immunology 

2008; 123:326-38. 

168. London CA, Abbas AK, Kelso A. Helper T cell subsets: heterogeneity, 

functions and development. Vet Immunol Immunopathol 1998; 63:37-44. 

169. Romagnani S. The increased prevalence of allergy and the hygiene hypothesis: 

missing immune deviation, reduced immune suppression, or both? Immunology 

2004; 112:352-63. 

170. Abbas AK, Murphy KM, Sher A. Functional diversity of helper T lymphocytes. 

Nature 1996; 383:787-93. 

171. Muraille E, Leo O. Revisiting the Th1/Th2 paradigm. Scand J Immunol 1998; 

47:1-9. 

172. Chen Z, O'Shea JJ. Th17 cells: a new fate for differentiating helper T cells. 

Immunol Res 2008; 41:87-102. 

173. Romagnani S. Regulation of the T cell response. Clin Exp Allergy 2006; 

36:1357-66. 

174. Annunziato F, Cosmi L, Liotta F, et al. The phenotype of human Th17 cells and 

their precursors, the cytokines that mediate their differentiation and the role of 

Th17 cells in inflammation. Int Immunol 2008; 20:1361-8. 



    
 

230

175. Romagnani S. Human Th17 cells. Arthritis Res Ther 2008; 10:206. 

176. Crotty S. Follicular Helper CD4 T cells (TFH). Annu Rev Immunol 2011; 29:621-

63. 

177. Moura R, Agua-Doce A, Weinmann P, et al. B cells from the bench to the 

clinical practice. Acta Reumatol Port 2008; 33:137-54. 

178. Batista FD, Harwood NE. The who, how and where of antigen presentation to B 

cells. Nat Rev Immunol 2009; 9:15-27. 

179. Fairfax KA, Kallies A, Nutt SL, et al. Plasma cell development: from B-cell 

subsets to long-term survival niches. Semin Immunol 2008; 20:49-58. 

180. Balin SJ, Platt JL, Cascalho M. New insights into the functions of B cells. 

Pediatr Transplant 2008; 12:510-5. 

181. Manz RA, Arce S, Cassese G, et al. Humoral immunity and long-lived plasma 

cells. Curr Opin Immunol 2002; 14:517-21. 

182. Devereux G, Seaton A, Barker RN. In utero priming of allergen-specific helper 

T cells. Clin Exp Allergy 2001; 31:1686-95. 

183. Prescott SL, Macaubas C, Holt BJ, et al. Transplacental priming of the human 

immune system to environmental allergens: universal skewing of initial T cell 

responses toward the Th2 cytokine profile. J Immunol 1998; 160:4730-7. 

184. Marchant A, Appay V, Van Der Sande M, et al. Mature CD8(+) T lymphocyte 

response to viral infection during fetal life. J Clin Invest 2003; 111:1747-55. 

185. Scott ZA, Chadwick EG, Gibson LL, et al. Infrequent detection of HIV-1-

specific, but not cytomegalovirus-specific, CD8(+) T cell responses in young 

HIV-1-infected infants. J Immunol 2001; 167:7134-40. 

186. Wilson CB, Kollmann TR. Induction of Antigen-Specific Immunity in Human 

Neonates and Infants. Nestle Nutr Workshop Ser Pediatr Program 2008; 

61:183-95. 



    
 

231

187. Black A, Bhaumik S, Kirkman RL, et al. Developmental regulation of Th17-cell 

capacity in human neonates. Eur J Immunol 2012; 42:311-9. 

188. White GP, Watt PM, Holt BJ, et al. Differential patterns of methylation of the 

IFN-gamma promoter at CpG and non-CpG sites underlie differences in IFN-

gamma gene expression between human neonatal and adult CD45RO- T cells. J 

Immunol 2002; 168:2820-7. 

189. Ota MO, Vekemans J, Schlegel-Haueter SE, et al. Influence of Mycobacterium 

bovis bacillus Calmette-Guérin on antibody and cytokine responses to human 

neonatal vaccination. J Immunol 2002; 168:919-25. 

190. Marchant A, Goetghebuer T, Ota MO, et al. Newborns develop a Th1-type 

immune response to Mycobacterium bovis bacillus Calmette-Guérin 

vaccination. J Immunol 1999; 163:2249-55. 

191. Vekemans J, Amedei A, Ota MO, et al. Neonatal bacillus Calmette-Guerin 

vaccination induces adult-like IFN-gamma production by CD4+ T lymphocytes. 

Eur J Immunol 2001; 31:1531-5. 

192. Mascart F, Verscheure V, Malfroot A, et al. Bordetella pertussis infection in 2-

month-old infants promotes type 1 T cell responses. J Immunol 2003; 170:1504-

9. 

193. Halonen M, Lohman IC, Stern DA, et al. Th1/Th2 patterns and balance in 

cytokine production in the parents and infants of a large birth cohort. J Immunol 

2009; 182:3285-93. 

194. Djuardi Y, Wibowo H, Supali T, et al. Determinants of the relationship between 

cytokine production in pregnant women and their infants. PLoS One 2009; 

4:e7711. 



    
 

232

195. Zhao J, Kim KD, Yang X, et al. Hyper innate responses in neonates lead to 

increased morbidity and mortality after infection. Proc Natl Acad Sci U S A 

2008; 105:7528-33. 

196. Mold JE, McCune JM. At the crossroads between tolerance and aggression: 

Revisiting the "layered immune system" hypothesis. Chimerism 2011; 2:35-41. 

197. Sharp MJ, Rowe J, Kusel M, et al. Specific patterns of responsiveness to 

microbial antigens staphylococcal enterotoxin B and purified protein derivative 

by cord blood mononuclear cells are predictive of risk for development of atopic 

dermatitis. Clin Exp Allergy 2003; 33:435-41. 

198. Lange J, Ngoumou G, Berkenheide S, et al. High interleukin-13 production by 

phytohaemagglutinin- and Der p 1-stimulated cord blood mononuclear cells is 

associated with the subsequent development of atopic dermatitis at the age of 3 

years. Clin Exp Allergy 2003; 33:1537-43. 

199. Ohshima Y, Yasutomi M, Omata N, et al. Dysregulation of IL-13 production by 

cord blood CD4+ T cells is associated with the subsequent development of 

atopic disease in infants. Pediatr Res 2002; 51:195-200. 

200. Spinozzi F, Agea E, Russano A, et al. CD4+IL13+ T lymphocytes at birth and 

the development of wheezing and/or asthma during the 1st year of life. Int Arch 

Allergy Immunol 2001; 124:497-501. 

201. Liao SY, Liao TN, Chiang BL, et al. Decreased production of IFN gamma and 

increased production of IL-6 by cord blood mononuclear cells of newborns with 

a high risk of allergy. Clin Exp Allergy 1996; 26:397-405. 

202. Pohl D, Bockelmann C, Forster K, et al. Neonates at risk of atopy show 

impaired production of interferon-gamma after stimulation with bacterial 

products (LPS and SEE). Allergy 1997; 52:732-8. 



    
 

233

203. Prescott SL, King B, Strong TL, et al. The value of perinatal immune responses 

in predicting allergic disease at 6 years of age. Allergy 2003; 58:1187-94. 

204. Neaville WA, Tisler C, Bhattacharya A, et al. Developmental cytokine response 

profiles and the clinical and immunologic expression of atopy during the first 

year of life. J Allergy Clin Immunol 2003; 112:740-6. 

205. Prescott SL, Macaubas C, Smallacombe T, et al. Development of allergen-

specific T-cell memory in atopic and normal children. Lancet 1999; 353:196-

200. 

206. Holt PG, Clough JB, Holt BJ, et al. Genetic 'risk' for atopy is associated with 

delayed postnatal maturation of T-cell competence. Clin Exp Allergy 1992; 

22:1093-9. 

207. Rindsjo E, Joerink M, Johansson C, et al. Maternal allergic disease does not 

affect the phenotype of T and B cells or the immune response to allergens in 

neonates. Allergy 2009; 65:822-30. 

208. Prescott SL, Macaubas C, Smallacombe T, et al. Reciprocal age-related patterns 

of allergen-specific T-cell immunity in normal vs. atopic infants. Clin Exp 

Allergy 1998; 28 Suppl 5:39-44; discussion 50-1. 

209. Holt PG, Strickland DH. Soothing signals: transplacental transmission of 

resistance to asthma and allergy. J Exp Med 2009; 206:2861-4. 

210. Bhat NM, Kantor AB, Bieber MM, et al. The ontogeny and functional 

characteristics of human B-1 (CD5+ B) cells. Int Immunol 1992; 4:243-52. 

211. Kotiranta-Ainamo A, Apajasalo M, Pohjavuori M, et al. Mononuclear cell 

subpopulations in preterm and full-term neonates: independent effects of 

gestational age, neonatal infection, maternal pre-eclampsia, maternal 

betamethason therapy, and mode of delivery. Clin Exp Immunol 1999; 115:309-

14. 



    
 

234

212. Landers CD, Chelvarajan RL, Bondada S. The role of B cells and accessory 

cells in the neonatal response to TI-2 antigens. Immunol Res 2005; 31:25-36. 

213. Morein B, Abusugra I, Blomqvist G. Immunity in neonates. Vet Immunol 

Immunopathol 2002; 87:207-13. 

214. Adkins B, Leclerc C, Marshall-Clarke S. Neonatal adaptive immunity comes of 

age. Nat Rev Immunol 2004; 4:553-64. 

215. Marshall-Clarke S, Reen D, Tasker L, et al. Neonatal immunity: how well has it 

grown up? Immunol Today 2000; 21:35-41. 

216. Siegrist CA, Aspinall R. B-cell responses to vaccination at the extremes of age. 

Nat Rev Immunol 2009; 9:185-94. 

217. Zhang X, Deriaud E, Jiao X, et al. Type I interferons protect neonates from 

acute inflammation through interleukin 10-producing B cells. J Exp Med 2007; 

204:1107-18. 

218. Walker WE, Goldstein DR. Neonatal B cells suppress innate toll-like receptor 

immune responses and modulate alloimmunity. J Immunol 2007; 179:1700-10. 

219. Sakaguchi S, Wing K, Miyara M. Regulatory T cells - a brief history and 

perspective. Eur J Immunol 2007; 37 Suppl 1:S116-23. 

220. Hawrylowicz CM. Regulatory T cells and IL-10 in allergic inflammation. J Exp 

Med 2005; 202:1459-63. 

221. Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev 

Immunol 2008; 8:523-32. 

222. Hartl D, Koller B, Mehlhorn AT, et al. Quantitative and functional impairment 

of pulmonary CD4+CD25hi regulatory T cells in pediatric asthma. J Allergy 

Clin Immunol 2007; 119:1258-66. 

223. Campbell DJ, Ziegler SF. FOXP3 modifies the phenotypic and functional 

properties of regulatory T cells. Nat Rev Immunol 2007; 7:305-10. 



    
 

235

224. Takahashi T, Kuniyasu Y, Toda M, et al. Immunologic self-tolerance 

maintained by CD25+CD4+ naturally anergic and suppressive T cells: induction 

of autoimmune disease by breaking their anergic/suppressive state. Int Immunol 

1998; 10:1969-80. 

225. Rouse BT. Regulatory T cells in health and disease. J Intern Med 2007; 262:78-

95. 

226. Sakaguchi S, Powrie F. Emerging challenges in regulatory T cell function and 

biology. Science 2007; 317:627-9. 

227. Hisaeda H, Maekawa Y, Iwakawa D, et al. Escape of malaria parasites from 

host immunity requires CD4+ CD25+ regulatory T cells. Nat Med 2004; 10:29-

30. 

228. Good MF. Identification of early cellular immune factors regulating growth of 

malaria parasites in humans. Immunity 2005; 23:241-2. 

229. Taams LS, Curnow SJ, Vukmanovic-Stejic M, et al. The generation and 

antigen-specificity of CD4+CD25+ regulatory T cells. Inflamm Allergy Drug 

Targets 2006; 5:149-56. 

230. Seddiki N, Santner-Nanan B, Martinson J, et al. Expression of interleukin (IL)-2 

and IL-7 receptors discriminates between human regulatory and activated T 

cells. J Exp Med 2006; 203:1693-700. 

231. Liu W, Putnam AL, Xu-Yu Z, et al. CD127 expression inversely correlates with 

FoxP3 and suppressive function of human CD4+ T reg cells. J Exp Med 2006; 

203:1701-11. 

232. Sakaguchi S, Miyara M, Costantino CM, et al. FOXP3+ regulatory T cells in the 

human immune system. Nat Rev Immunol 2010; 10:490-500. 

233. Chen X, Oppenheim JJ. Resolving the identity myth: key markers of functional 

CD4+FoxP3+ regulatory T cells. Int Immunopharmacol 2011; 11:1489-96. 



    
 

236

234. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and 

function of CD4+CD25+ regulatory T cells. Nat Immunol 2003; 4:330-6. 

235. Mittrucker HW, Kaufmann SH. Mini-review: regulatory T cells and infection: 

suppression revisited. Eur J Immunol 2004; 34:306-12. 

236. Vojdani A, Erde J. Regulatory T Cells, a Potent Immunoregulatory Target for 

CAM Researchers: Modulating Allergic and Infectious Disease Pathology (II). 

Evid Based Complement Alternat Med 2006; 3:209-15. 

237. Tang Q, Bluestone JA. The Foxp3+ regulatory T cell: a jack of all trades, master 

of regulation. Nat Immunol 2008; 9:239-44. 

238. Sojka DK, Huang YH, Fowell DJ. Mechanisms of regulatory T-cell suppression 

- a diverse arsenal for a moving target. Immunology 2008; 124:13-22. 

239. Askenasy N, Kaminitz A, Yarkoni S. Mechanisms of T regulatory cell function. 

Autoimmun Rev 2008; 7:370-5. 

240. Fletcher JM, Lonergan R, Costelloe L, et al. CD39+Foxp3+ regulatory T Cells 

suppress pathogenic Th17 cells and are impaired in multiple sclerosis. J 

Immunol 2009; 183:7602-10. 

241. Loser K, Beissert S. Regulatory T Cells: Banned Cells for Decades. J Invest 

Dermatol 2011. 

242. Yamaguchi T, Wing JB, Sakaguchi S. Two modes of immune suppression by 

Foxp3(+) regulatory T cells under inflammatory or non-inflammatory 

conditions. Semin Immunol 2011; 23:424-30. 

243. Somerset DA, Zheng Y, Kilby MD, et al. Normal human pregnancy is 

associated with an elevation in the immune suppressive CD25+ CD4+ 

regulatory T-cell subset. Immunology 2004; 112:38-43. 



    
 

237

244. Seol HJ, Oh MJ, Lim JE, et al. The role of CD4+CD25bright regulatory T cells 

in the maintenance of pregnancy, premature rupture of membranes, and labor. 

Yonsei Med J 2008; 49:366-71. 

245. Mold JE, Michaelsson J, Burt TD, et al. Maternal alloantigens promote the 

development of tolerogenic fetal regulatory T cells in utero. Science 2008; 

322:1562-5. 

246. Grindebacke H, Stenstad H, Quiding-Jarbrink M, et al. Dynamic development of 

homing receptor expression and memory cell differentiation of infant 

CD4+CD25high regulatory T cells. J Immunol 2009; 183:4360-70. 

247. Fuchizawa T, Adachi Y, Ito Y, et al. Developmental changes of FOXP3-

expressing CD4+CD25+ regulatory T cells and their impairment in patients with 

FOXP3 gene mutations. Clin Immunol 2007; 125:237-46. 

248. van Gent R, van Tilburg CM, Nibbelke EE, et al. Refined characterization and 

reference values of the pediatric T- and B-cell compartments. Clin Immunol 

2009; 133:95-107. 

249. Godfrey WR, Spoden DJ, Ge YG, et al. Cord blood CD4(+)CD25(+)-derived T 

regulatory cell lines express FoxP3 protein and manifest potent suppressor 

function. Blood 2005; 105:750-8. 

250. Bresatz S, Sadlon T, Millard D, et al. Isolation, propagation and characterization 

of cord blood derived CD4+ CD25+ regulatory T cells. J Immunol Methods 

2007; 327:53-62. 

251. Mackroth MS, Malhotra I, Mungai P, et al. Human cord blood CD4+CD25hi 

regulatory T cells suppress prenatally acquired T cell responses to Plasmodium 

falciparum antigens. J Immunol 2011; 186:2780-91. 



    
 

238

252. Fujimaki W, Takahashi N, Ohnuma K, et al. Comparative study of regulatory T 

cell function of human CD25CD4 T cells from thymocytes, cord blood, and 

adult peripheral blood. Clin Dev Immunol 2008; 2008:305859. 

253. Schaub B, Liu J, Schleich I, et al. Impairment of T helper and T regulatory cell 

responses at birth. Allergy 2008; 63:1438-47. 

254. Ly NP, Ruiz-Perez B, McLoughlin RM, et al. Characterization of regulatory T 

cells in urban newborns. Clin Mol Allergy 2009; 7:8-17. 

255. Schaub B, Liu J, Hoppler S, et al. Impairment of T-regulatory cells in cord 

blood of atopic mothers. J Allergy Clin Immunol 2008; 121:1491-9, 9 e1-13. 

256. Smith M, Tourigny MR, Noakes P, et al. Children with egg allergy have 

evidence of reduced neonatal CD4(+)CD25(+)CD127(lo/-) regulatory T cell 

function. J Allergy Clin Immunol 2008; 121:1460-6, 6 e1-7. 

257. McLoughlin RM, Calatroni A, Visness CM, et al. Longitudinal relationship of 

early life immunomodulatory T cell phenotype and function to development of 

allergic sensitization in an urban cohort. Clin Exp Allergy 2011. 

258. Pfefferle PI, Buchele G, Blumer N, et al. Cord blood cytokines are modulated 

by maternal farming activities and consumption of farm dairy products during 

pregnancy: the PASTURE Study. J Allergy Clin Immunol 2010; 125:108-15 e1-

3. 

259. Roduit C, Wohlgensinger J, Frei R, et al. Prenatal animal contact and gene 

expression of innate immunity receptors at birth are associated with atopic 

dermatitis. J Allergy Clin Immunol 2011; 127:179-85, 85 e1. 

260. Douwes J, Cheng S, Travier N, et al. Farm exposure in utero may protect against 

asthma, hay fever and eczema. Eur Respir J 2008; 32:603-11. 

261. Cao L, Wang J, Zhu Y, et al. Maternal Endotoxin Exposure Attenuate Allergic 

Airway Disease in Infant Rats. Am J Physiol Lung Cell Mol Physiol 2010. 



    
 

239

262. Malhotra I, Ouma J, Wamachi A, et al. In utero exposure to helminth and 

mycobacterial antigens generates cytokine responses similar to that observed in 

adults. J Clin Invest 1997; 99:1759-66. 

263. Malhotra I, Wamachi AN, Mungai PL, et al. Fine specificity of neonatal 

lymphocytes to an abundant malaria blood-stage antigen: epitope mapping of 

Plasmodium falciparum MSP1(33). J Immunol 2008; 180:3383-90. 

264. Hermann E, Truyens C, Alonso-Vega C, et al. Human fetuses are able to mount 

an adultlike CD8 T-cell response. Blood 2002; 100:2153-8. 

265. Brustoski K, Moller U, Kramer M, et al. Reduced cord blood immune effector-

cell responsiveness mediated by CD4+ cells induced in utero as a consequence 

of placental Plasmodium falciparum infection. J Infect Dis 2006; 193:146-54. 

266. Malhotra I, Dent A, Mungai P, et al. Can prenatal malaria exposure produce an 

immune tolerant phenotype? A prospective birth cohort study in Kenya. PLoS 

Med 2009; 6:e1000116. 

267. Bisseye C, van der Sande M, Morgan WD, et al. Plasmodium falciparum 

infection of the placenta impacts on the T helper type 1 (Th1)/Th2 balance of 

neonatal T cells through CD4(+)CD25(+) forkhead box P3(+) regulatory T cells 

and interleukin-10. Clin Exp Immunol 2009; 158:287-93. 

268. Fievet N, Varani S, Ibitokou S, et al. Plasmodium falciparum exposure in utero, 

maternal age and parity influence the innate activation of foetal antigen 

presenting cells. Malar J 2009; 8:251-62. 

269. Breitling LP, Fendel R, Mordmueller B, et al. Cord blood dendritic cell subsets 

in African newborns exposed to Plasmodium falciparum in utero. Infect Immun 

2006; 74:5725-9. 



    
 

240

270. Le Hesran JY, Cot M, Personne P, et al. Maternal placental infection with 

Plasmodium falciparum and malaria morbidity during the first 2 years of life. 

Am J Epidemiol 1997; 146:826-31. 

271. Malhotra I, Ouma JH, Wamachi A, et al. Influence of maternal filariasis on 

childhood infection and immunity to Wuchereria bancrofti in Kenya. Infect 

Immun 2003; 71:5231-7. 

272. van den Biggelaar AH, van Ree R, Rodrigues LC, et al. Decreased atopy in 

children infected with Schistosoma haematobium: a role for parasite-induced 

interleukin-10. Lancet 2000; 356:1723-7. 

273. Dauby N, Alonso-Vega C, Suarez E, et al. Maternal infection with 

Trypanosoma cruzi and congenital Chagas disease induce a trend to a type 1 

polarization of infant immune responses to vaccines. PLoS Negl Trop Dis 2009; 

3:e571. 

274. Malhotra I, Mungai P, Wamachi A, et al. Helminth- and Bacillus Calmette-

Guerin-induced immunity in children sensitized in utero to filariasis and 

schistosomiasis. J Immunol 1999; 162:6843-8. 

275. McDade TW, Beck MA, Kuzawa C, et al. Prenatal undernutrition, postnatal 

environments, and antibody response to vaccination in adolescence. Am J Clin 

Nutr 2001; 74:543-8. 

276. McDade TW, Beck MA, Kuzawa CW, et al. Prenatal undernutrition and 

postnatal growth are associated with adolescent thymic function. J Nutr 2001; 

131:1225-31. 

277. Moore SE. Nutrition, immunity and the fetal and infant origins of disease 

hypothesis in developing countries. Proc Nutr Soc 1998; 57:241-7. 



    
 

241

278. Ortqvist AK, Lundholm C, Carlstrom E, et al. Familial factors do not confound 

the association between birth weight and childhood asthma. Pediatrics 2009; 

124:e737-43. 

279. Lundholm C, Ortqvist AK, Lichtenstein P, et al. Impaired fetal growth decreases 

the risk of childhood atopic eczema: a Swedish twin study. Clin Exp Allergy 

2010; 40:1044-53. 

280. Moore SE, Cole TJ, Collinson AC, et al. Prenatal or early postnatal events 

predict infectious deaths in young adulthood in rural Africa. Int J Epidemiol 

1999; 28:1088-95. 

281. Moore SE, Collinson AC, Tamba N'Gom P, et al. Early immunological 

development and mortality from infectious disease in later life. Proc Nutr Soc 

2006; 65:311-8. 

282. Dzwonek AB, Neth OW, Thiebaut R, et al. The role of mannose-binding lectin 

in susceptibility to infection in preterm neonates. Pediatr Res 2008; 63:680-5. 

283. Perez A, Bellon JM, Gurbindo MD, et al. Impairment of stimulation ability of 

very-preterm neonatal monocytes in response to lipopolysaccharide. Hum 

Immunol 2010; 71:151-7. 

284. Lavoie PM, Huang Q, Jolette E, et al. Profound lack of interleukin (IL)-12/IL-

23p40 in neonates born early in gestation is associated with an increased risk of 

sepsis. J Infect Dis 2010; 202:1754-63. 

285. Matoba N, Yu Y, Mestan K, et al. Differential patterns of 27 cord blood immune 

biomarkers across gestational age. Pediatrics 2009; 123:1320-8. 

286. Dombkowski KJ, Leung SW, Gurney JG. Prematurity as a predictor of 

childhood asthma among low-income children. Ann Epidemiol 2008; 18:290-7. 



    
 

242

287. Kumar R, Yu Y, Story RE, et al. Prematurity, chorioamnionitis, and the 

development of recurrent wheezing: a prospective birth cohort study. J Allergy 

Clin Immunol 2008; 121:878-84 e6. 

288. Liem JJ, Kozyrskyj AL, Huq SI, et al. The risk of developing food allergy in 

premature or low-birth-weight children. J Allergy Clin Immunol 2007; 

119:1203-9. 

289. Buhrer C, Grimmer I, Niggemann B, et al. Low 1-year prevalence of atopic 

eczema in very low birthweight infants. Lancet 1999; 353:1674. 

290. Govaere E, Van Gysel D, Verhamme KM, et al. The prevalence, characteristics 

of and risk factors for eczema in Belgian schoolchildren. Pediatr Dermatol 

2009; 26:129-38. 

291. Hviid A, Melbye M. The impact of birth weight on infectious disease 

hospitalization in childhood. Am J Epidemiol 2007; 165:756-61. 

292. Elder DE, Hagan R, Evans SF, et al. Hospital admissions in the first year of life 

in very preterm infants. J Paediatr Child Health 1999; 35:145-50. 

293. Mahon BE, Ehrenstein V, Norgaard M, et al. Perinatal risk factors for 

hospitalization for pneumococcal disease in childhood: a population-based 

cohort study. Pediatrics 2007; 119:e804-12. 

294. Odaka Y, Nakano M, Tanaka T, et al. The Influence of a High-Fat Dietary 

Environment in the Fetal Period on Postnatal Metabolic and Immune Function. 

Obesity (Silver Spring) 2010; 18:1688-94. 

295. Luder E, Melnik TA, DiMaio M. Association of being overweight with greater 

asthma symptoms in inner city black and Hispanic children. J Pediatr 1998; 

132:699-703. 

296. Mito N, Hosoda T, Kato C, et al. Change of cytokine balance in diet-induced 

obese mice. Metabolism 2000; 49:1295-300. 



    
 

243

297. Nieman DC, Henson DA, Nehlsen-Cannarella SL, et al. Influence of obesity on 

immune function. J Am Diet Assoc 1999; 99:294-9. 

298. Miyake Y, Sasaki S, Tanaka K, et al. Consumption of vegetables, fruit, and 

antioxidants during pregnancy and wheeze and eczema in infants. Allergy 2010; 

65:758-65. 

299. Saito K, Yokoyama T, Miyake Y, et al. Maternal meat and fat consumption 

during pregnancy and suspected atopic eczema in Japanese infants aged 3-4 

months: the Osaka Maternal and Child Health Study. Pediatr Allergy Immunol 

2010; 21:38-46. 

300. Nwaru BI, Erkkola M, Lumia M, et al. Maternal intake of fatty acids during 

pregnancy and allergies in the offspring. Br J Nutr 2011:1-13. 

301. Magnusson CG. Maternal smoking influences cord serum IgE and IgD levels 

and increases the risk for subsequent infant allergy. J Allergy Clin Immunol 

1986; 78:898-904. 

302. Prescott SL. Effects of early cigarette smoke exposure on early immune 

development and respiratory disease. Paediatr Respir Rev 2008; 9:3-9; quiz 10. 

303. Noakes PS, Hale J, Thomas R, et al. Maternal smoking is associated with 

impaired neonatal toll-like-receptor-mediated immune responses. Eur Respir J 

2006; 28:721-9. 

304. Tebow G, Sherrill DL, Lohman IC, et al. Effects of parental smoking on 

interferon gamma production in children. Pediatrics 2008; 121:e1563-9. 

305. Noakes PS, Holt PG, Prescott SL. Maternal smoking in pregnancy alters 

neonatal cytokine responses. Allergy 2003; 58:1053-8. 

306. Devereux G, Barker RN, Seaton A. Antenatal determinants of neonatal immune 

responses to allergens. Clin Exp Allergy 2002; 32:43-50. 



    
 

244

307. Pachlopnik Schmid JM, Kuehni CE, Strippoli MP, et al. Maternal tobacco 

smoking and decreased leukocytes, including dendritic cells, in neonates. 

Pediatr Res 2007; 61:462-6. 

308. Jaakkola JJ, Kosheleva AA, Katsnelson BA, et al. Prenatal and postnatal 

tobacco smoke exposure and respiratory health in Russian children. Respir Res 

2006; 7:48-56. 

309. Fedulov AV, Leme A, Yang Z, et al. Pulmonary exposure to particles during 

pregnancy causes increased neonatal asthma susceptibility. Am J Respir Cell 

Mol Biol 2008; 38:57-67. 

310. Cheraghi M, Salvi S. Environmental tobacco smoke (ETS) and respiratory 

health in children. Eur J Pediatr 2009; 168:897-905. 

311. Gilliland FD, Berhane K, Li YF, et al. Effects of early onset asthma and in utero 

exposure to maternal smoking on childhood lung function. Am J Respir Crit 

Care Med 2003; 167:917-24. 

312. Gilliland FD, Berhane K, McConnell R, et al. Maternal smoking during 

pregnancy, environmental tobacco smoke exposure and childhood lung function. 

Thorax 2000; 55:271-6. 

313. Singh SP, Barrett EG, Kalra R, et al. Prenatal cigarette smoke decreases lung 

cAMP and increases airway hyperresponsiveness. Am J Respir Crit Care Med 

2003; 168:342-7. 

314. Hertz-Picciotto I, Park HY, Dostal M, et al. Prenatal exposures to persistent and 

non-persistent organic compounds and effects on immune system development. 

Basic Clin Pharmacol and Toxicol 2008; 102:146-54. 

315. Wang L, Pinkerton KE. Air pollutant effects on fetal and early postnatal 

development. Birth Defects Research Part C: Embryo Today 2007; 81:144-54. 



    
 

245

316. Hertz-Picciotto I, Herr CE, Yap PS, et al. Air pollution and lymphocyte 

phenotype proportions in cord blood. Environ Health Perspect 2005; 113:1391-

8. 

317. Hertz-Picciotto I, Dostal M, Dejmek J, et al. Air pollution and distributions of 

lymphocyte immunophenotypes in cord and maternal blood at delivery. 

Epidemiology 2002; 13:172-83. 

318. Latzin P, Frey U, Armann J, et al. Exposure to moderate air pollution during late 

pregnancy and cord blood cytokine secretion in healthy neonates. PLoS One 

2011; 6:e23130. 

319. Herr CE, Ghosh R, Dostal M, et al. Exposure to air pollution in critical prenatal 

time windows and IgE levels in newborns. Pediatr Allergy Immunol 2011; 

22:75-84. 

320. Auten RL, Potts EN, Mason SN, et al. Maternal exposure to particulate matter 

increases postnatal ozone-induced airway hyperreactivity in juvenile mice. Am J 

Respir Crit Care Med 2009; 180:1218-26. 

321. Mortimer K, Neugebauer R, Lurmann F, et al. Early-lifetime exposure to air 

pollution and allergic sensitization in children with asthma. J Asthma 2008; 

45:874-81. 

322. Clark NA, Demers PA, Karr CJ, et al. Effect of early life exposure to air 

pollution on development of childhood asthma. Environ Health Perspect 2010; 

118:284-90. 

323. Fullerton DG, Bruce N, Gordon SB. Indoor air pollution from biomass fuel 

smoke is a major health concern in the developing world. Trans R Soc Trop Med 

Hyg 2008; 102:843-51. 

324. Leem JH, Kaplan BM, Shim YK, et al. Exposures to air pollutants during 

pregnancy and preterm delivery. Environ Health Perspect 2006; 114:905-10. 



    
 

246

325. Tielsch JM, Katz J, Thulasiraj RD, et al. Exposure to indoor biomass fuel and 

tobacco smoke and risk of adverse reproductive outcomes, mortality, respiratory 

morbidity and growth among newborn infants in south India. Int J Epidemiol 

2009; 38:1351-63. 

326. Rochat MK, Ege MJ, Plabst D, et al. Maternal vitamin D intake during 

pregnancy increases gene expression of ILT3 and ILT4 in cord blood. Clin Exp 

Allergy 2010; 40:786-94. 

327. Chi A, Wildfire J, McLoughlin R, et al. Umbilical cord plasma 25-

hydroxyvitamin D concentration and immune function at birth: the Urban 

Environment and Childhood Asthma study. Clin Exp Allergy 2011; 41:842-50. 

328. Erkkola M, Kaila M, Nwaru BI, et al. Maternal vitamin D intake during 

pregnancy is inversely associated with asthma and allergic rhinitis in 5-year-old 

children. Clin Exp Allergy 2009; 39:875-82. 

329. Devereux G, Litonjua AA, Turner SW, et al. Maternal vitamin D intake during 

pregnancy and early childhood wheezing. Am J Clin Nutr 2007; 85:853-9. 

330. Nwaru BI, Ahonen S, Kaila M, et al. Maternal diet during pregnancy and 

allergic sensitization in the offspring by 5 yrs of age: a prospective cohort study. 

Pediatr Allergy Immunol 2010; 21:29-37. 

331. Gale CR, Robinson SM, Harvey NC, et al. Maternal vitamin D status during 

pregnancy and child outcomes. Eur J Clin Nutr 2008; 62:68-77. 

332. Ege MJ, Herzum I, Buchele G, et al. Prenatal exposure to a farm environment 

modifies atopic sensitization at birth. J Allergy Clin Immunol 2008; 122:407-12, 

12 e1-4. 

333. Strachan DP. Hay fever, hygiene, and household size. Bmj 1989; 299:1259-60. 



    
 

247

334. Waser M, von Mutius E, Riedler J, et al. Exposure to pets, and the association 

with hay fever, asthma, and atopic sensitization in rural children. Allergy 2005; 

60:177-84. 

335. Elliott AM, Mpairwe H, Quigley MA, et al. Helminth infection during 

pregnancy and development of infantile eczema. JAMA 2005; 294:2032-4. 

336. Sudre B, Vacheyrou M, Braun-Fahrlander C, et al. High levels of grass pollen 

inside European dairy farms: a role for the allergy-protective effects of 

environment? Allergy 2009; 64:1068-73. 

337. Midodzi WK, Rowe BH, Majaesic CM, et al. Early life factors associated with 

incidence of physician-diagnosed asthma in preschool children: results from the 

Canadian Early Childhood Development cohort study. J Asthma 2010; 47:7-13. 

338. Bloomfield SF, Stanwell-Smith R, Crevel RW, et al. Too clean, or not too clean: 

the hygiene hypothesis and home hygiene. Clin Exp Allergy 2006; 36:402-25. 

339. Rook GA. The hygiene hypothesis and the increasing prevalence of chronic 

inflammatory disorders. Trans R Soc Trop Med Hyg 2007; 101:1072-4. 

340. Rook GA, Brunet LR. Old friends for breakfast. Clin Exp Allergy 2005; 35:841-

2. 

341. Rook GA. 99th Dahlem conference on infection, inflammation and chronic 

inflammatory disorders: darwinian medicine and the 'hygiene' or 'old friends' 

hypothesis. Clin Exp Immunol 2010; 160:70-9. 

342. Rook GA. Hygiene and other early childhood influences on the subsequent 

function of the immune system. Dig Dis 2011; 29:144-53. 

343. Bisgaard H, Li N, Bonnelykke K, et al. Reduced diversity of the intestinal 

microbiota during infancy is associated with increased risk of allergic disease at 

school age. J Allergy Clin Immunol 2011; 128:646-52 e1-5. 



    
 

248

344. Ege MJ. Intestinal microbial diversity in infancy and allergy risk at school age. J 

Allergy Clin Immunol 2011; 128:653-4. 

345. Ege MJ, Mayer M, Normand AC, et al. Exposure to environmental 

microorganisms and childhood asthma. N Engl J Med 2011; 364:701-9. 

346. Gern JE. Barnyard microbes and childhood asthma. N Engl J Med 2011; 

364:769-70. 

347. Ly NP, Litonjua A, Gold DR, et al. Gut microbiota, probiotics, and vitamin D: 

interrelated exposures influencing allergy, asthma, and obesity? J Allergy Clin 

Immunol 2011; 127:1087-94; quiz 95-6. 

348. McLoughlin RM, Mills KH. Influence of gastrointestinal commensal bacteria on 

the immune responses that mediate allergy and asthma. J Allergy Clin Immunol 

2011; 127:1097-107; quiz 108-9. 

349. Weiss ST. Bacterial components plus vitamin D: the ultimate solution to the 

asthma (autoimmune disease) epidemic? J Allergy Clin Immunol 2011; 

127:1128-30. 

350. Beloosesky R, Maravi N, Weiner Z, et al. Maternal lipopolysaccharide-induced 

inflammation during pregnancy programs impaired offspring innate immune 

responses. Am J Obstet Gynecol 2010; 203:185 e1-4. 

351. Conrad ML, Ferstl R, Teich R, et al. Maternal TLR signaling is required for 

prenatal asthma protection by the nonpathogenic microbe Acinetobacter lwoffii 

F78. J Exp Med 2009; 206:2869-77. 

352. Brand S, Teich R, Dicke T, et al. Epigenetic regulation in murine offspring as a 

novel mechanism for transmaternal asthma protection induced by microbes. J 

Allergy Clin Immunol 2011; 128:618-25 e1-7. 



    
 

249

353. Smits HH, Everts B, Hartgers FC, et al. Chronic helminth infections protect 

against allergic diseases by active regulatory processes. Curr Allergy Asthma 

Rep 2010; 10:3-12. 

354. Bal MS, Mandal NN, Das MK, et al. Transplacental transfer of filarial antigens 

from Wuchereria bancrofti-infected mothers to their offspring. Parasitology 

2010; 137:669-73. 

355. Flanagan KL, Halliday A, Burl S, et al. The effect of placental malaria infection 

on cord blood and maternal immunoregulatory responses at birth. Eur J 

Immunol 2010; 40:1062-72. 

356. Barker DJ. The fetal and infant origins of adult disease. British Medical Journal 

1990; 301:1111. 

357. Heijmans BT, Tobi EW, Stein AD, et al. Persistent epigenetic differences 

associated with prenatal exposure to famine in humans. Proc Natl Acad Sci U S 

A 2008; 105:17046-9. 

358. Shreiner A, Huffnagle GB, Noverr MC. The "Microflora Hypothesis" of allergic 

disease. Adv Exp Med Biol 2008; 635:113-34. 

359. Moore DC, Elsas PX, Maximiano ES, et al. Impact of diet on the immunological 

microenvironment of the pregnant uterus and its relationship to allergic disease 

in the offspring--a review of the recent literature. Sao Paulo Med J 2006; 

124:298-303. 

360. Denburg JA, Hatfield HM, Cyr MM, et al. Fish oil supplementation in 

pregnancy modifies neonatal progenitors at birth in infants at risk of atopy. 

Pediatr Res 2005; 57:276-81. 

361. Prescott SL. Role of dietary immunomodulatory factors in the development of 

immune tolerance. Nestle Nutr Workshop Ser Pediatr Program 2009; 64:185-

94; discussion 94-200, 51-7. 



    
 

250

362. Zhang JJ, Smith KR. Household air pollution from coal and biomass fuels in 

China: measurements, health impacts, and interventions. Environ Health 

Perspect 2007; 115:848-55. 

363. Edelstein M, Pitchforth E, Asres G, et al. Awareness of health effects of cooking 

smoke among women in the Gondar Region of Ethiopia: a pilot survey. BMC Int 

Health Hum Rights 2008; 8:10-6. 

364. Mishra VK, Retherford RD, Smith KR. Cooking with biomass fuels increases 

the risk of tuberculosis. Natl Fam Health Surv Bull 1999:1-4. 

365. Bautista LE, Correa A, Baumgartner J, et al. Indoor charcoal smoke and acute 

respiratory infections in young children in the Dominican Republic. Am J 

Epidemiol 2009; 169:572-80. 

366. Varner MW, Esplin MS. Current understanding of genetic factors in preterm 

birth. BJOG 2005; 112 Suppl 1:28-31. 

367. Goldenberg RL, Culhane JF, Iams JD, et al. Epidemiology and causes of 

preterm birth. Lancet 2008; 371:75-84. 

368. Othman M, Neilson JP, Alfirevic Z. Probiotics for preventing preterm labour. 

Cochrane Database Syst Rev 2007:CD005941. 

369. Romero R, Gotsch F, Pineles B, et al. Inflammation in pregnancy: its roles in 

reproductive physiology, obstetrical complications, and fetal injury. Nutr Rev 

2007; 65:S194-202. 

370. Kisielewicz A, Schaier M, Schmitt E, et al. A distinct subset of HLA-DR+-

regulatory T cells is involved in the induction of preterm labor during pregnancy 

and in the induction of organ rejection after transplantation. Clin Immunol 2010; 

137:209-20. 



    
 

251

371. Stoll BJ, Hansen N, Fanaroff AA, et al. Late-onset sepsis in very low birth 

weight neonates: the experience of the NICHD Neonatal Research Network. 

Pediatrics 2002; 110:285-91. 

372. McGreal EP, Hearne K, Spiller OB. Off to a slow start: Under-development of 

the complement system in term newborns is more substantial following 

premature birth. Immunobiology 2011. 

373. Litonjua AA, Rifas-Shiman SL, Ly NP, et al. Maternal antioxidant intake in 

pregnancy and wheezing illnesses in children at 2 y of age. Am J Clin Nutr 

2006; 84:903-11. 

374. Devereux G, Turner SW, Craig LC, et al. Low maternal vitamin E intake during 

pregnancy is associated with asthma in 5-year-old children. Am J Respir Crit 

Care Med 2006; 174:499-507. 

375. Nwaru BI, Erkkola M, Ahonen S, et al. Intake of antioxidants during pregnancy 

and the risk of allergies and asthma in the offspring. Eur J Clin Nutr 2011; 

65:937-43. 

376. Shirakawa T, Morimoto K, Sasaki S, et al. Effect of maternal lifestyle on cord 

blood IgE factor. Eur J Epidemiol 1997; 13:395-402. 

377. Weissgerber TL, Wolfe LA, Davies GA, et al. Exercise in the prevention and 

treatment of maternal-fetal disease: a review of the literature. Appl Physiol Nutr 

Metab 2006; 31:661-74. 

378. Sozo F, O'Day L, Maritz G, et al. Repeated ethanol exposure during late 

gestation alters the maturation and innate immune status of the ovine fetal lung. 

Am J Physiol Lung Cell Mol Physiol 2009; 296:L510-8. 

379. Gauthier TW, Ping XD, Gabelaia L, et al. Delayed neonatal lung macrophage 

differentiation in a mouse model of in utero ethanol exposure. Am J Physiol 

Lung Cell Mol Physiol 2010; 299:L8-16. 



    
 

252

380. Ping XD, Harris FL, Brown LA, et al. In vivo dysfunction of the term alveolar 

macrophage after in utero ethanol exposure. Alcohol Clin Exp Res 2007; 31:308-

16. 

381. Gauthier TW, Young PA, Gabelaia L, et al. In utero ethanol exposure impairs 

defenses against experimental group B streptococcus in the term Guinea pig 

lung. Alcohol Clin Exp Res 2009; 33:300-6. 

382. McGill J, Meyerholz DK, Edsen-Moore M, et al. Fetal exposure to ethanol has 

long-term effects on the severity of influenza virus infections. J Immunol 2009; 

182:7803-8. 

383. Gauthier TW, Drews-Botsch C, Falek A, et al. Maternal alcohol abuse and 

neonatal infection. Alcohol Clin Exp Res 2005; 29:1035-43. 

384. Linneberg A, Petersen J, Gronbaek M, et al. Alcohol during pregnancy and 

atopic dermatitis in the offspring. Clin Exp Allergy 2004; 34:1678-83. 

385. Negele K, Heinrich J, Borte M, et al. Mode of delivery and development of 

atopic disease during the first 2 years of life. Pediatr Allergy Immunol 2004; 

15:48-54. 

386. Salam MT, Margolis HG, McConnell R, et al. Mode of delivery is associated 

with asthma and allergy occurrences in children. Ann Epidemiol 2006; 16:341-6. 

387. Olesen AB, Ellingsen AR, Olesen H, et al. Atopic dermatitis and birth factors: 

historical follow up by record linkage. BMJ 1997; 314:1003-8. 

388. Pali-Scholl I, Renz H, Jensen-Jarolim E. Update on allergies in pregnancy, 

lactation, and early childhood. J Allergy Clin Immunol 2009; 123:1012-21. 

389. Murk W, Risnes KR, Bracken MB. Prenatal or early-life exposure to antibiotics 

and risk of childhood asthma: a systematic review. Pediatrics 2011; 127:1125-

38. 



    
 

253

390. Martino DJ, Prescott SL. Silent mysteries: epigenetic paradigms could hold the 

key to conquering the epidemic of allergy and immune disease. Allergy 2009; 

65:7-15. 

391. Prescott SL, Clifton V. Asthma and pregnancy: emerging evidence of epigenetic 

interactions in utero. Curr Opin Allergy Clin Immunol 2009; 9:417-26. 

392. Janson PC, Winerdal ME, Winqvist O. At the crossroads of T helper lineage 

commitment-Epigenetics points the way. Biochim Biophys Acta 2009; 

1790:906-19. 

393. Lal G, Bromberg JS. Epigenetic mechanisms of regulation of Foxp3 expression. 

Blood 2009; 114:3727-35. 

394. Lal G, Zhang N, van der Touw W, et al. Epigenetic regulation of Foxp3 

expression in regulatory T cells by DNA methylation. J Immunol 2009; 

182:259-73. 

395. Polansky JK, Kretschmer K, Freyer J, et al. DNA methylation controls Foxp3 

gene expression. Eur J Immunol 2008; 38:1654-63. 

396. Hollingsworth JW, Maruoka S, Boon K, et al. In utero supplementation with 

methyl donors enhances allergic airway disease in mice. J Clin Invest 2008; 

118:3462-9. 

397. WHO | Papua New Guinea. World Health Organisation, 2011. 

398. WHO | Australia. World Health Organisation, 2011. 

399. Sanga K, de Costa C, Mola G. A review of maternal deaths at Goroka General 

Hospital, Papua New Guinea 2005-2008. Aust N Z J Obstet Gynaecol 2010; 

50:21-4. 

400. United Nations Human Development Index. United Nations, 2011. 



    
 

254

401. Spooner V, Barker J, Tulloch S, et al. Clinical signs and risk factors associated 

with pneumonia in children admitted to Goroka Hospital, Papua New Guinea. J 

Trop Pediatr 1989; 35:295-300. 

402. Lehmann D, Michael A, Omena M, et al. Bacterial and viral etiology of severe 

infection in children less than three months old in the highlands of Papua New 

Guinea. Pediatr Infect Dis J 1999; 18:S42-9. 

403. Francis JP, Richmond PC, Pomat WS, et al. Maternal antibodies to pneumolysin 

but not to pneumococcal surface protein A delay early pneumococcal carriage in 

high-risk Papua New Guinean infants. Clin Vaccine Immunol 2009; 16:1633-8. 

404. Gratten M, Gratten H, Poli A, et al. Colonisation of Haemophilus influenzae and 

Streptococcus pneumoniae in the upper respiratory tract of neonates in Papua 

New Guinea: primary acquisition, duration of carriage, and relationship to 

carriage in mothers. Biol Neonate 1986; 50:114-20. 

405. Watson K, Carville K, Bowman J, et al. Upper respiratory tract bacterial 

carriage in Aboriginal and non-Aboriginal children in a semi-arid area of 

Western Australia. Pediatr Infect Dis J 2006; 25:782-90. 

406. Hill PC, Akisanya A, Sankareh K, et al. Nasopharyngeal carriage of 

Streptococcus pneumoniae in Gambian villagers. Clin Infect Dis 2006; 43:673-

9. 

407. Gunnarsson RK, Holm SE, Soderstrom M. The prevalence of potential 

pathogenic bacteria in nasopharyngeal samples from healthy children and adults. 

Scand J Prim Health Care 1998; 16:13-7. 

408. Jousimies-Somer HR, Savolainen S, Ylikoski JS. Comparison of the nasal 

bacterial floras in two groups of healthy subjects and in patients with acute 

maxillary sinusitis. J Clin Microbiol 1989; 27:2736-43. 



    
 

255

409. Mgone CS, Lupiwa T, Yeka W. High prevalence of Neisseria gonorrhoeae and 

multiple sexually transmitted diseases among rural women in the Eastern 

Highlands Province of Papua New Guinea, detected by polymerase chain 

reaction. Sex Transm Dis 2002; 29:775-9. 

410. Vajdic CM, Middleton M, Bowden FJ, et al. The prevalence of genital 

Chlamydia trachomatis in Australia 1997-2004: a systematic review. Sex Health 

2005; 2:169-83. 

411. Uddin RN, Ryder N, McNulty AM, et al. Trichomonas vaginalis infection 

among women in a low prevalence setting. Sex Health 2011; 8:65-8. 

412. Cheesbrough M. Medical Laboratory Manual for Tropical Countries: Volume 1. 

London: Butterworth-Heinemann Ltd; 1987. 

413. Finegold SM, Martin WJ. Bailey and Scott's Diagnostic Microbiology. 6 ed. St. 

Louis: C.V. Mosby; 1982. 

414. Mutapi F, Winborn G, Midzi N, et al. Cytokine responses to Schistosoma 

haematobium in a Zimbabwean population: contrasting profiles for IFN-gamma, 

IL-4, IL-5 and IL-10 with age. BMC Infect Dis 2007; 7:139. 

415. Kilpatrick DC. Mechanisms and assessment of mitogenesis : an overview. 

Methods Mol Med 1998; 9:365-78. 

416. Sansom DM, Wilson A, Boshell M, et al. B7/CD28 but not LFA-3/CD2 

interactions can provide 'third-party' co-stimulation for human T-cell activation. 

Immunology 1993; 80:242-7. 

417. Vasilevko V, Ghochikyan A, Holterman MJ, et al. CD80 (B7-1) and CD86 (B7-

2) are functionally equivalent in the initiation and maintenance of CD4+ T-cell 

proliferation after activation with suboptimal doses of PHA. DNA Cell Biol 

2002; 21:137-49. 



    
 

256

418. Lisciandro JG, Prescott SL, Nadal-Sims MG, et al. Comparison of neonatal T 

regulatory cell function in Papua New Guinean and Australian newborns. 

Pediatr Allergy Immunol 2012; 23:173-80. 

419. Perneger TV. What’s wrong with Bonferroi adjustments. BMJ 1998; 316:1236. 

420. Bender R, Lange S. Adjusting for multiple testing--when and how? J Clin 

Epidemiol 2001; 54:343-9. 

421. Sakaguchi S. Regulatory T cells: history and perspective. Methods Mol Biol 

2011; 707:3-17. 

422. Wing K, Larsson P, Sandstrom K, et al. CD4+ CD25+ FOXP3+ regulatory T 

cells from human thymus and cord blood suppress antigen-specific T cell 

responses. Immunology 2005; 115:516-25. 

423. Mahnke K, Johnson TS, Ring S, et al. Tolerogenic dendritic cells and regulatory 

T cells: a two-way relationship. J Dermatol Sci 2007; 46:159-67. 

424. Ito T, Yang M, Wang YH, et al. Plasmacytoid dendritic cells prime IL-10-

producing T regulatory cells by inducible costimulator ligand. J Exp Med 2007; 

204:105-15. 

425. Thornton CA, Macfarlane TV, Holt PG. The hygiene hypothesis revisited: role 

of materno-fetal interactions. Curr Allergy Asthma Rep 2010; 10:444-52. 

426. Reece P, Thanendran A, Crawford L, et al. Maternal allergy modulates cord 

blood hematopoietic progenitor Toll-like receptor expression and function. J 

Allergy Clin Immunol 2011; 127:447-53. 

427. Lambrecht BN, Hammad H. The role of dendritic and epithelial cells as master 

regulators of allergic airway inflammation. Lancet 2010; 376:835-43. 

428. Wills-Karp M, Nathan A, Page K, et al. New insights into innate immune 

mechanisms underlying allergenicity. Mucosal Immunol 2010; 3:104-10. 



    
 

257

429. Ben-Smith A, Gorak-Stolinska P, Floyd S, et al. Differences between naive and 

memory T cell phenotype in Malawian and UK adolescents: a role for 

Cytomegalovirus? BMC Infect Dis 2008; 8:139. 

430. Holt PG, Macaubas C, Prescott SL, et al. Microbial stimulation as an aetiologic 

factor in atopic disease. Allergy 1999; 54 Suppl 49:12-6. 

431. Cheadle WG. The human leukocyte antigens and their relationship to infection. 

Am J Surg 1993; 165:75S-81S. 

432. Gur-Wahnon D, Borovsky Z, Liebergall M, et al. The induction of APC with a 

distinct tolerogenic phenotype via contact-dependent STAT3 activation. PLoS 

One 2009; 4:e6846. 

433. Brown DP, Jones DC, Anderson KJ, et al. The inhibitory receptor LILRB4 

(ILT3) modulates antigen presenting cell phenotype and, along with LILRB2 

(ILT4), is upregulated in response to Salmonella infection. BMC Immunol 2009; 

10:56. 

434. Schweitzer AN, Borriello F, Wong RC, et al. Role of costimulators in T cell 

differentiation: studies using antigen-presenting cells lacking expression of 

CD80 or CD86. J Immunol 1997; 158:2713-22. 

435. Kuchroo VK, Das MP, Brown JA, et al. B7-1 and B7-2 costimulatory molecules 

activate differentially the Th1/Th2 developmental pathways: application to 

autoimmune disease therapy. Cell 1995; 80:707-18. 

436. Souza PE, Rocha MO, Menezes CA, et al. Trypanosoma cruzi infection induces 

differential modulation of costimulatory molecules and cytokines by monocytes 

and T cells from patients with indeterminate and cardiac Chagas' disease. Infect 

Immun 2007; 75:1886-94. 



    
 

258

437. Nolan A, Kobayashi H, Naveed B, et al. Differential role for CD80 and CD86 in 

the regulation of the innate immune response in murine polymicrobial sepsis. 

PLoS One 2009; 4:e6600. 

438. Racke MK, Scott DE, Quigley L, et al. Distinct roles for B7-1 (CD-80) and B7-

2 (CD-86) in the initiation of experimental allergic encephalomyelitis. J Clin 

Invest 1995; 96:2195-203. 

439. Larche M, Till SJ, Haselden BM, et al. Costimulation through CD86 is involved 

in airway antigen-presenting cell and T cell responses to allergen in atopic 

asthmatics. J Immunol 1998; 161:6375-82. 

440. Karp CL, Wysocka M, Ma X, et al. Potent suppression of IL-12 production from 

monocytes and dendritic cells during endotoxin tolerance. Eur J Immunol 1998; 

28:3128-36. 

441. Langenkamp A, Messi M, Lanzavecchia A, et al. Kinetics of dendritic cell 

activation: impact on priming of TH1, TH2 and nonpolarized T cells. Nat 

Immunol 2000; 1:311-6. 

442. Macaubas C, de Klerk NH, Holt BJ, et al. Association between antenatal 

cytokine production and the development of atopy and asthma at age 6 years. 

Lancet 2003; 362:1192-7. 

443. Corbett NP, Blimkie D, Ho KC, et al. Ontogeny of Toll-like receptor mediated 

cytokine responses of human blood mononuclear cells. PLoS One 2010; 

5:e15041. 

444. Lisciandro JG, van den Biggelaar AH. Neonatal immune function and 

inflammatory illnesses in later life: lessons to be learnt from the developing 

world? Clin Exp Allergy 2010; 40:1719-31. 

445. van den Biggelaar AH, Holt PG. 99th Dahlem conference on infection, 

inflammation and chronic inflammatory disorders: neonatal immune function 



    
 

259

and vaccine responses in children born in low-income versus high-income 

countries. Clin Exp Immunol 2010; 160:42-7. 

446. Lalor MK, Ben-Smith A, Gorak-Stolinska P, et al. Population differences in 

immune responses to Bacille Calmette-Guerin vaccination in infancy. J Infect 

Dis 2009; 199:795-800. 

447. Lalor MK, Floyd S, Gorak-Stolinska P, et al. BCG Vaccination Induces 

Different Cytokine Profiles Following Infant BCG Vaccination in the UK and 

Malawi. J Infect Dis 2011; 204:1075-85. 

448. Philbin VJ, Levy O. Developmental biology of the innate immune response: 

implications for neonatal and infant vaccine development. Pediatr Res 2009; 

65:98R-105R. 

449. Kawai T, Akira S. The roles of TLRs, RLRs and NLRs in pathogen recognition. 

Int Immunol 2009; 21:317-37. 

450. Centers for Disease Control and Prevention. Epidemiology and Prevention of 

Vaccine-Preventable Diseases. 12th ed. Washington, D.C: Public Health 

Foundation; 2011. 

451. Centers for Disease Control and Prevention. Global Routine Vaccination 

Coverage, 2009. Morbidity and Mortality Weekly Report (MMWR) 2010; 

59:1367-71. 

452. Eisenbarth SC, Colegio OR, O'Connor W, et al. Crucial role for the Nalp3 

inflammasome in the immunostimulatory properties of aluminium adjuvants. 

Nature 2008; 453:1122-6. 

453. De Gregorio E, D'Oro U, Wack A. Immunology of TLR-independent vaccine 

adjuvants. Curr Opin Immunol 2009; 21:339-45. 



    
 

260

454. Guarda G, Dostert C, Staehli F, et al. T cells dampen innate immune responses 

through inhibition of NLRP1 and NLRP3 inflammasomes. Nature 2009; 

460:269-73. 

455. Blimkie D, Fortuno ES, 3rd, Yan H, et al. Variables to be controlled in the 

assessment of blood innate immune responses to Toll-like receptor stimulation. 

J Immunol Methods 2011; 366:89-99. 

456. Steel JH, Malatos S, Kennea N, et al. Bacteria and inflammatory cells in fetal 

membranes do not always cause preterm labor. Pediatr Res 2005; 57:404-11. 

457. Onderdonk AB, Delaney ML, DuBois AM, et al. Detection of bacteria in 

placental tissues obtained from extremely low gestational age neonates. Am J 

Obstet Gynecol 2008; 198:110 e1-7. 

458. Onderdonk AB, Hecht JL, McElrath TF, et al. Colonization of second-trimester 

placenta parenchyma. Am J Obstet Gynecol 2008; 199:52 e1- e10. 

459. Steel JH, O'Donoghue K, Kennea NL, et al. Maternal origin of inflammatory 

leukocytes in preterm fetal membranes, shown by fluorescence in situ 

hybridisation. Placenta 2005; 26:672-7. 

460. Abrahams VM. Pattern recognition at the maternal-fetal interface. Immunol 

Invest 2008; 37:427-47. 

461. Koga K, Mor G. Expression and function of toll-like receptors at the maternal-

fetal interface. Reprod Sci 2008; 15:231-42. 

462. Yang MS, Lee CH, Chang SJ, et al. The effect of maternal betel quid exposure 

during pregnancy on adverse birth outcomes among aborigines in Taiwan. Drug 

Alcohol Depend 2008; 95:134-9. 

463. Garcia-Algar O, Vall O, Alameda F, et al. Prenatal exposure to arecoline (areca 

nut alkaloid) and birth outcomes. Arch Dis Child Fetal Neonatal Ed 2005; 

90:F276-7. 



    
 

261

464. Senn M, Baiwog F, Winmai J, et al. Betel nut chewing during pregnancy, 

Madang province, Papua New Guinea. Drug Alcohol Depend 2009; 105:126-31. 

465. van Riet E, Hartgers FC, Yazdanbakhsh M. Chronic helminth infections induce 

immunomodulation: consequences and mechanisms. Immunobiology 2007; 

212:475-90. 

466. Vekemans J, Truyens C, Torrico F, et al. Maternal Trypanosoma cruzi infection 

upregulates capacity of uninfected neonate cells To produce pro- and anti-

inflammatory cytokines. Infect Immun 2000; 68:5430-4. 

467. Solomons NW. Giardiasis: nutritional implications. Rev Infect Dis 1982; 4:859-

69. 

468. Ali SA, Hill DR. Giardia intestinalis. Curr Opin Infect Dis 2003; 16:453-60. 

469. Nematian J, Gholamrezanezhad A, Nematian E. Giardiasis and other intestinal 

parasitic infections in relation to anthropometric indicators of malnutrition: a 

large, population-based survey of schoolchildren in Tehran. Ann Trop Med 

Parasitol 2008; 102:209-14. 

470. Chang LY, Wan HC, Lai YL, et al. Enhancing effects of areca nut extracts on 

the production of interleukin-6 and interleukin-8 by peripheral blood 

mononuclear cells. J Periodontol 2006; 77:1969-77. 

471. Wang CC, Chen TY, Wu HY, et al. Areca nut extracts suppress the 

differentiation and functionality of human monocyte-derived dendritic cells. J 

Periodontal Res 2011. 

472. Yang MJ, Chung TC, Yang MJ, et al. Betel quid chewing and risk of adverse 

birth outcomes among aborigines in eastern Taiwan. J Toxicol Environ Health A 

2001; 64:465-72. 

473. Rogers JM. Tobacco and pregnancy. Reprod Toxicol 2009; 28:152-60. 



    
 

262

474. Burd L, Roberts D, Olson M, et al. Ethanol and the placenta: A review. J 

Matern Fetal Neonatal Med 2007; 20:361-75. 

475. Zdravkovic T, Genbacev O, McMaster MT, et al. The adverse effects of 

maternal smoking on the human placenta: a review. Placenta 2005; 26 Suppl 

A:S81-6. 

476. Genbacev O, McMaster MT, Zdravkovic T, et al. Disruption of oxygen-

regulated responses underlies pathological changes in the placentas of women 

who smoke or who are passively exposed to smoke during pregnancy. Reprod 

Toxicol 2003; 17:509-18. 

477. Gregori S. Dendritic cells in networks of immunological tolerance. Tissue 

Antigens 2010; 77:89-99. 

478. Shortman K, Heath WR. Immunity or tolerance? That is the question for 

dendritic cells. Nat Immunol 2001; 2:988-9. 

479. Albert ML, Jegathesan M, Darnell RB. Dendritic cell maturation is required for 

the cross-tolerization of CD8+ T cells. Nat Immunol 2001; 2:1010-7. 

480. Shortman K, Liu YJ. Mouse and human dendritic cell subtypes. Nat Rev 

Immunol 2002; 2:151-61. 

481. Roussel S, Sudre B, Reboux G, et al. Exposure to moulds and actinomycetes in 

Alpine farms: a nested environmental study of the PASTURE cohort. Environ 

Res 2011; 111:744-50. 

482. Ege MJ, Frei R, Bieli C, et al. Not all farming environments protect against the 

development of asthma and wheeze in children. J Allergy Clin Immunol 2007; 

119:1140-7. 

483. Debarry J, Hanuszkiewicz A, Stein K, et al. The allergy-protective properties of 

Acinetobacter lwoffii F78 are imparted by its lipopolysaccharide. Allergy 2010; 

65:690-7. 



    
 

263

484. Dicksved J, Floistrup H, Bergstrom A, et al. Molecular fingerprinting of the 

fecal microbiota of children raised according to different lifestyles. Appl 

Environ Microbiol 2007; 73:2284-9. 

485. Mueller S, Saunier K, Hanisch C, et al. Differences in fecal microbiota in 

different European study populations in relation to age, gender, and country: a 

cross-sectional study. Appl Environ Microbiol 2006; 72:1027-33. 

486. Lay C, Rigottier-Gois L, Holmstrom K, et al. Colonic microbiota signatures 

across five northern European countries. Appl Environ Microbiol 2005; 

71:4153-5. 

487. De Filippo C, Cavalieri D, Di Paola M, et al. Impact of diet in shaping gut 

microbiota revealed by a comparative study in children from Europe and rural 

Africa. Proc Natl Acad Sci U S A 2010; 107:14691-6. 

488. Peters M, Kauth M, Scherner O, et al. Arabinogalactan isolated from cowshed 

dust extract protects mice from allergic airway inflammation and sensitization. J 

Allergy Clin Immunol 2010; 126:648-56 e1-4. 

489. Prescott SL. The influence of early environmental exposures on immune 

development and subsequent risk of allergic disease. Allergy 2011; 66 Suppl 

95:4-6. 

490. Rojas D, Krishnan R. IFN-gamma generates maturation-arrested dendritic cells 

that induce T cell hyporesponsiveness independent of Foxp3+ T-regulatory cell 

generation. Immunol Lett 2010; 132:31-7. 

491. Barnes KC, Grant AV, Gao P. A review of the genetic epidemiology of 

resistance to parasitic disease and atopic asthma: common variants for common 

phenotypes? Curr Opin Allergy Clin Immunol 2005; 5:379-85. 



    
 

264

492. Fumagalli M, Pozzoli U, Cagliani R, et al. Parasites represent a major selective 

force for interleukin genes and shape the genetic predisposition to autoimmune 

conditions. J Exp Med 2009; 206:1395-408. 

493. Ziegler-Heitbrock L, Ancuta P, Crowe S, et al. Nomenclature of monocytes and 

dendritic cells in blood. Blood 2010; 116:e74-80. 

494. Cella M, Jarrossay D, Facchetti F, et al. Plasmacytoid monocytes migrate to 

inflamed lymph nodes and produce large amounts of type I interferon. Nat Med 

1999; 5:919-23. 

495. Peters JH, Preijers FW, Woestenenk R, et al. Clinical grade Treg: GMP 

isolation, improvement of purity by CD127 Depletion, Treg expansion, and Treg 

cryopreservation. PLoS One 2008; 3:e3161. 

496. Chang CC, Liu Z, Vlad G, et al. Ig-like transcript 3 regulates expression of 

proinflammatory cytokines and migration of activated T cells. J Immunol 2009; 

182:5208-16. 

 

 



    
 

265

 

 

 

 

 

Appendices 
 
 

 
 

 
Forms, supplementary tables and figures, and 

published manuscripts 

 
 
 
 
 
 
 
 
 
 
 
 



    
 

266



    
 

267

Appendix A Forms 
 
Form 1. Informed consent for participation in neonatal study 
 
 
 
 

Immune regulation in newborns  
in Papua New Guinea & Western Australia 

 
PNG Institute of Medical Research,  

Centre for Child Health Research, University of Western Australia 
 

Study locations: Goroka, Eastern Highlands Province, PNG 
                           Madang, Madang Province, PNG 
                          Perth, Western Australia, Australia 

 
What is this study about? 

Well-developed immune responses are important to protect children against infectious 

diseases and to help vaccines work well. Factors such as exposure to infectious microbes, 

tobacco smoke and underfeeding of the mother may mean that babies are born with a less 

well-developed immune system. To understand the development of immune responses in 

babies and the factors that may interfere with this, we would like to compare immune 

responses in babies that are born in different environments by collecting blood samples 

from the umbilical cord and a section of healthy maternal placenta (after the delivery, 

which will not harm the baby) from deliveries in Goroka, Madang and Perth (Western 

Australia). 

 
If you agree to participate we will ask you to sign an informed consent form and to attend 

Goroka hospital’s antenatal clinics for follow up appointments for the rest of your 

pregnancy and to come to Goroka hospital to deliver. 

 

Before your baby is born we would like to obtain information from you, the mother, to 

understand what factors may be responsible for differences in how the immune system of 

babies respond. We will ask you (the mothers) to complete with the help of study nurses a 

questionnaire that gives information on different factors that the baby may have been 

exposed to as well as information on pregnancies you had in the past. In addition we will 

ask mothers to give a venous blood sample (2.5 ml) to measure immune response markers 
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in the mother’s blood and to bring back a stool sample to determine intestinal infections 

at the next ANC appointment.  

 

When you come to Goroka Hospital to deliver, a IMR research nurse will be present in 

the labour ward to collect a cord blood sample (this happens when the baby has been born 

but the placenta is still in your womb) and a piece of placental tissue. The research nurse 

will also obtain information on the progress of the pregnancy, the delivery and the 

condition of your baby from medical records in the labour ward.  

 

Follow up study 

Since it is important to understand whether differences in immune responses at birth have 

an effect on how your child’s immune system functions when he/she is older (for 

example whether he/she responds differently to vaccines) we would like to visit your 

house when your child is one year old to obtain a small venous blood sample of your 

child (2.5 – 5 ml) and to collect information from child’s health book on the vaccines 

he/she received and diseases he/she may have experienced in the first year of life. 

Although we already asked you to sign a consent form, we will ask you to sign another 

one (a ‘re-consent’ form) if you wish to participate in the follow-up study. This will 

happen after your baby has been born and you are still in hospital. Later an IMR staff 

member will take you and the baby home so that we know the place where we can visit 

you and your baby. You can decide whether you want to participate in the pregnancy 

study only or like to continue to participate in the longitudinal study.  

 

As part of the follow up study, we would like to measure the levels of smoke from burnt 

materials that may be present in your house as studies have shown that these may have an 

important adverse effect on your child’s health. We would like to measure the effect of 

smoke exposure on your child’s immune responses. has been suggested to have direct 

impact on respiratory. We plan to measure this by placing a special machine in your 

house for four times one day during the first year. 

 

Since genetic factors that are passed down to the child from mothers and fathers families 

can influence the babies’ immune responses, we would also like to study the role of 

environmental versus genetic factors to understand why some children are less responsive 

to vaccines and more likely to get infectious diseases than others. We can study genetics 

in the collected blood samples.  
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How many people will take part in the study? 

We are asking 150 women residing in Madang, 150 women residing in Goroka and 300 

women residing in Perth, Western Australia to take part in this study. 

 

Who in Goroka can participate? 

Every woman who is less than 32 weeks pregnant, had no complications during 

pregnancy, is not HIV positive and agrees to deliver at Goroka Hospital can enrol.  

 

What does the study consist of? 

If you agree to participate, a study team member will record your name and some 

personal details and help you to fill out a questionnaire. We will take a venous blood 

sample and give you a container to bring back a stool sample (less than 18 hours old) at 

your next visit. After delivery, samples from the cord and placenta will be taken and we 

will collect medical information from your hospital record concerning the delivery and 

the baby’s health. If you agree (re-consent) to participate in the longer study, we will visit 

you 4 times to measure smoke levels in your house and once (when your child is one year 

old) to collect a small venous blood sample of the child and obtain information on your 

child’s vaccinations and diseases he/she had during this first year. 

 

What are the risks of the study? 

Samples from the cord and placenta will be taken after delivery, so there is no risk to the 

baby. When we collect a small blood sample from you and later your child, the puncture 

of the arm may initially be painful, however, only a very small amount of blood is taken 

(less then a spoon full) and this is without risks. 

 

Are there benefits to taking part in this study? 

The knowledge gained from this study may contribute to a better understanding of why 

some infants are more at risk of getting sick from infectious diseases than others and why 

some infants respond to vaccines better than others.   

 

What other options are there? 

You may choose not to take part in this study: this will not affect the care that is given to 

you or your baby. You can choose to continue to participate after your child has been 

born or decide to participate in the pregnancy study only. Participation in this study is 
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completely voluntary and you can withdraw your consent at any time, before or after you 

gave birth.  

 

What are the study costs? 

This study will pay for all measurements, blood samples, blood smears, and laboratory 

tests– you will not be charged any fee.  You will not receive payment for taking part. 

 

Sample collection and storage 

All samples will be collected by trained nurses and doctors. The blood and tissue samples 

will only be used for scientific purposes in the study laboratories in Papua New Guinea 

and Australia. We will keep your personal information confidential.  If information from 

this study is published or presented, your identity will not be revealed. 

 

What are my rights as a study participant? 

Your participation in this study is voluntary. You may refuse to take part.  And you can 

withdraw your consent at any time.  

 

If you have a physical injury or an illness as a result of taking part in this study, medical 

care is available at local health centres or the Madang and Goroka hospital.  The 

PNGIMR will not provide free care or compensation for lost wages. 

 

Confidentiality of information 

All information collected in this study is seen only by staff working on this study. Data 

will be entered de-identified in databases on computers and will only be accessible to 

authorized research staff.  

 

Consent 

If you agree to participate, we ask you to sign this consent form. You can do this now or 

later when you next visit the clinic for your check up. You will then be given an ID 

number that will be attached to your maternal health book, which enables our study 

nurses to identify you when you come to the labour ward to deliver.  

In case you change your mind, you can withdraw your consent and if samples have 

already been collected you can contact IMR and ask for the samples to be removed from 

the study.  



    
 

271

 

Should you have questions, you can always contact or visit us at PNGIMR:   

Dr Suparat Phuanukoonnon in Goroka (732 2800) 

Dr. Danielle Stanisic in Madang (852 2909/2962).  



Informed consent – Signature form (English)                             Neonatal immune regulation PNG and WA 
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Immune regulation in newborns  

in Papua New Guinea and Western Australia 
 

PNG Institute of Medical Research 
Centre for Child Health Research, University of Western Australia 

 
Study locations: Goroka, Eastern Highlands Province, PNG 

Madang, Madang Province, PNG 
 Perth, Western Australia, Australia 
 

 

Study Number   ………………………… 

 
Signing below means that you have been informed about the research study in which you 
voluntarily agree to participate in, that you have received the study information brochure; 
that you have asked any questions about the study that you might have and these have 
been answered to your satisfaction, and that the information given to you has permitted 
you to make a fully informed and free decision about your participation in the study.   
 
A copy of this consent form will be provided to you.  If you do not know how to write, 
then please indicate your consent by making a thumb/finger mark on the signature line.  
 
An independent witness to the consent process will be asked to also sign this document. 
 

I have been informed about this study and I agree for the nurses to collect a venous 

blood sample, cord blood sample and placental tissue to study the immune function 

of the baby. 

 

 
___________________________________    Date_____________________ 
Your printed name 
 
 
 
 
___________________________________   
Your signature or thumb mark 
 

 
 
 
_________________________________________   Date________________ 
Printed Name of Witness 
 
 
 
___________________________________________  
Signature of Witness 
This consent was obtained by: 
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_________________________________________  Date________________ 
Printed Name of Person Obtaining Consent     
 
 
 
 
___________________________________________ 
Signature of Person Obtaining Consent  
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Form 2. Mother recruitment form and questionnaire 

 

 

                           XW no. 
______ 

 

Name 
____________________________________________________________________ 

Husband’s name __________________________________________________________ 

Father’s name ____________________________________________________________ 

Ward/Town _________________Vilage/Section_______________Hamlet/Lotno_______ 

 

Recruitment DATE  ______/_______/ 2008   

 

Mother’s age _________________and/or DOB ______/________/_______ 

Marital status (  ) Married   (  ) De facto   (   ) Widow   (  ) Single   

Estimated gestational age  _________weeks   [Expected date of delivery 
_____/______/ 2008] 

 

 

 

 

 

 

 

 

 

 

 

 

CHECK LIST 

 

0 Study aims and procedures explained and written informed consent form signed  

 

0  Questionnaire completed 

 

0  Venous blood sample collected 

 0  Specimen form no. 1 completed 

 0  Blood sample delivered at IMR Immunology Lab 

  

0  Container for stool sample collection distributed to mother 

 0 Stool sample (pek pek) sample received 

 0 Specimen form no. 2 completed 

 



 

275 

QUESTIONNAIRE (INTERVIEW) 

 

A. HEALTH DURING PREGNANCY 

1)  a. Did you take any medication since you are pregnant? (  ) Yes  (  ) No   

b. If yes, against which disease (multiple responses possible) 

(   )  malaria    (  ) worm infection    (  ) diarrhea   (   ) coughing   (  ) other ________ 

2)  a. Do you smoke (also now while pregnant)? (  ) Yes    (  ) No   

3)  a. Do you chew betelnut (also now you are pregnant)?    (  ) Yes  (  ) No   

4)  a. Do you drink beer or other alcohol (also now you are pregnant)?  (  ) Yes  (  ) No   

   5)   a. Do you at this moment have diarrhoea    (  ) Yes   (  ) No 

b. Since when do you have this?  

(  )  < 1 week   (  ) 1-4 weeks   (  )   > 4 weeks    (  ) on and off  

c. How many diarrhoea ‘attacks’ per day do you have? 

(  ) < 3x per day  (  ) 3-7 x per day  (  )  > 7x per day 

B. LOCAL ENVIRONMENT 

6)  a. How many people are living in your house (ask ‘who’?)?  

Adults (>15y) _____ Older children (6-15 y) ________Young children (0-5 y) _______ 

b. How many of those people smoke in the house? ______________  

7)    a. Where do you most of the time prepare your food during the dry season? 

(  )  outside    (  ) inside a ‘haus cook’   (  ) inside the main house    

b. Where do you most of the time prepare your food during the wet season? 

(  )  outside    (  ) inside a ‘haus cook’   (  ) inside the main house    

c. Does the cooking area in the ‘haus cook’ or main house have (multiple 
responses possible ) 

 (  ) a chimney     (   ) open door(s)    (   ) open window(s) 

d. What fuel do you frequently use for cooking? (multiple responses possible ) 

(  ) Firewood (  ) Coal   (  ) Dried leaves   (  ) Rubbish/cardboard, plastic (  ) Saw dust 
or coffee dust  

(  ) Kerosene   (  ) Gas    (  ) Electricity   (  ) Other_________________ 
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8) a. How many rooms does your house have: ________________ 

b. Is there a fire place in the space you sleep?  (  )  Yes    (  )  No 

9) a. Is there a toilet inside/outside your house?  (  ) Yes (  ) No  

b.  If yes, what type of toilet?  

(  ) Modern flush toilet    (  ) Open pit in digging ground     (  ) Open to the river/sea    

(  ) other   ________________ 

 c. Is this toilet shared with other houses? _______________  

10) What main source of drinking water do you use?   (multiple responses possible )  

(  ) Well water      (  ) Piped water   (  ) Rain water tank   (  ) River    (  ) Pond   (  ) Spring 

(  ) Other___________________         

 

C. SOCIO-ECONOMIC 

11) a. Did you ever go to school?  (  ) Yes   (  )  No  (  )  

             b. Highest degree/year of schooling 

 (  ) No grade complete  (  ) 1-12, which year_____  (  ) Higher education    

 c. Did YOUR PARTNER ever go to school?  (  ) Yes   (  )  No  (  )  

             d. HIS highest degree/year of schooling 

 (  ) No grade complete  (  ) 1-12, which year_____  (  ) Higher education    

12)  Church denomination 

 1. (  ) Catholic          2. (  ) Lutheran               3. (  ) United                  4. (  ) SDA         

 5. (  ) Anglican         6. (  ) Pentecostal        7. (  ) Salvation Army     8. (   ) Evangelical A    

 9. (  )    Other Christian      10. (  ) Non Christian        11. (   ) No religion  

  

Interviewed by ___________________________________ 

Signed____________________________________   

 

Entry by________________________________________  

Date_________________________________                                                                       
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Form 3. Obstetric form 
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Form 4. Birth record 
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Form 5. Brochure and re-consent form for participation in PNG 
follow-up study 
 

 

PARENT INFORMATION SHEET 

Toksave pepa bilong papa mama 

 

Mechanisms of immune maturation in Papua New Guinean infants 

 
 

Why are we doing the study?  

You have previously participated in a study looking at factors that may influence your 

child’s immune responses at birth. Now your child is older, we would like to ask for your 

willingness to participate in a follow up study in which we would like to investigate how 

well your child’s immune system has further developed since birth. This will help us to 

understand why certain children in Papua New Guinea suffer more often from illnesses 

than other children.   

 

Bilong wanem mipela kamapim dispela wok painimaut  

Pastaim yu bin stap insait long wanpela wok painimaut we mipela i bin lukluk long ol 

sampela samting isave sanisim banis bilong stopim ol kainkain sik long kamap long 

bodi bilong pikinini long taim mama i karim em. Pikinini bilong yu em i bikpela nau 

olsem na mipela laik askim sapos yu wanbel long em ken kam insait long narapela wok 

painimaut. Long dispela wok painimaut mipela i laik skelim dispela banis bilong bodi i 

save stopim sik long taim pikininin i bin bon i kam inap nau.  

 

Who is carrying out the study?  

The study is carried out be researchers of the Papua New Guinea Institute of Medical 

Research in Goroka in collaboration with researchers of the Institute of Child Health 

Research in Perth, Australia. 

 

Husat kamapim dispela wok painimaut? 
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Mipela ol wok lain bilong Institute of Medical Research (IMR) long Goroka wantaim ol 

wanwok bilong mipela bilong Institute for Child Health Research (ICHR) long Australia 

bai wokim dispela wok painimaut.  

 

What will the study tell us?  

The study may help us to understand why some children are sick more often than others 

and whether this could be prevented by improving the health of pregnant women. The 

study will not give you any specific results on how well your child responds.   

 

Wanem as tingting bilong dispela wok painimaut? 

Dispela wok painimaut bai halivim mipela long luksave olsem bilong wanem wan wan 

pikinini insait long PNG i save kisim hevi bilong ol kainkain sik planti taim moa na ol 

narapala pikinini ino save sik tumas. Na tu mipela laik painimaut sapos igat sampela 

wei o pasin long wokim kamap orait lukaut na helt bilong mama long taim em i gat bel 

na long bihain taim bai dispela i ken stopim ol hevi bilong sik long kamap long bodi 

bilong pikinini.  

 

Does my child have to take part?  

No. You may choose not to take part in this study. This will not affect the care that is 

given to you or your baby. Participation in this study is completely voluntary and you can 

withdraw your consent at any time.  

 

Bilong wanem na pikinini bilong mi bai stap insait long dispela wok painimaut? 

Dispela em laik bilong yu sapos yu laikim pikinini bilong yu long kam insait long 

dispela wok painimaut o nogat. Yu wantaim pikinini bilong yu ken kam insait long 

dispela wok painimaut long laik na tok orait bilong yu. Sapos long bihain taim yu 

senisim tingting bilong yu na laik lusim dispela wok painimaut, em tu i orait tasol.  

 

What will you be asked to do if you decide to take part in this study?  

You will have to sign a re-consent form when you would like your child to participate in 

the follow-up study. The nurse will then make an appointment with you for a day to pick 

up you and your child from home to attend to IMR clinic in Goroka. On that day you will 

have to bring your child’s health book with you. 
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Wanem askim bai yupela askim mi sapos mi tok orait long stap insait long dispela wok 

painimaut? 

Yu mas putim han mak bilong yu long tok orait pepa long soim gen olsem yu givim tok 

orait na hamamas long pikinini i ken kam insait long dispela wok painimaut. Bihain bai 

IMR nes i stretim wanpela dei na taim we bai kar i kam kisim yu na pikinini bilong yu 

long haus bilong yupela na bringim yupela i kam long IMR klinik. Long dispela taim yu 

mas bringim tu klinik buk bilong pikinini.   

 

What does my child need to do to be in the study?  

A nurse will examine your child to record how well he/she has grown (by measuring 

weight, length and head circumference) and make sure that he/she is not sick at the day. 

When your child is doing well, the nurse will then take a blood sample (minimum 2.5 

ml and maximum 5 ml) of your child. Finally, the nurse will make a copy of your 

child’s health book to record information on the vaccines that your child has received 

since birth, as well as any possible hospitalizations and medical treatments.  

 

Pikinini bilong mi bai mekim wanem long stap insait long dispela wok painimaut? 

IMR nes bai sekim pikinini bilong yu, skelim hevi na longpela bilong em na sais bilong 

het bilong em na tu bai sekim sapos em i sik o nogat long dispela dei yupela bin makim 

long kam long klinik long en. Sapos pikinini bilong yu i orait, nes bai kisim sampela 

blut bilong em, na mekim poto kopi bilong klinik buk bilong kisim infomasen long ol sut 

pikinini bilong yu i bin kisim pinis na wanem kain marasin em i bin kisim long ol taim 

em i bin sik o sapos em i bin silip long haus sik bipo long taim mama i karim em inap 

kam nau. 

 

Is there likely to be a benefit to my child?  

No, your child will not directly benefit from the knowledge we acquire from this study. 

When your child is found to be sick at the day, he/she will be treated by the study nurse or 

referred to see at a doctor at the hospital.  

 

Wanem kain halivim bai dispela wok painimaut givim long pikinini bilong mi? 

Nogat, pikinini bilong yu bai i no inap kisim sampela gutpela samting long dispela save 

mipela i laik kisim long dispela wok painimaut. Tasol taim pikinini bilong yu i sik long 

dei yupela i bin makim long kam long klinik long en bai nes i ken sekim na givim em 

marisin o salim yupela long go lukim dokta long haus sik.  
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Is there likely to be a benefit to other people in the future?  

We hope that this study will help us to understand whether we can reduce the risk of 

children falling ill by improving conditions for mothers during pregnancy.  

 

Dispela wok painimaut bai halivim ol man, meri na pikinini long bihain taim? 

Dispela wok painimaut bai halivim mipela long luksave bilong wanem sampela pikinini 

save kisim sik planti taim na ol narapela i no save sik tumas. Dispela luksave bai 

halivim long kamapim rot bilong lukautim helt bilong mama taim em i gat bel.  

 

What are the possible risks, side effects, discomforts and/or inconveniences?  

When a small blood sample is collected from your baby, the puncture of the arm may 

initially be painful, however, only a very small amount of blood is taken (less then a 

spoon full) and this is without risks. 

 

Wanem ol birua or hevi bai kamap long dispela wok painimaut? 

Taim nes i kisim sampela blut long pikinini bilong yu, hap long han bilong pikinini we 

nes i putim nidel bai pen tasol em bai kisim liklik blut (skel olsem pulap bilong wanpela 

spun) na bai i nogat wanpela birua kamap long pikinini.  

 

What are the study costs?  

This study will pay for all measurements, blood samples, and laboratory tests. You will 

not be charged any fee. You will not receive payment for taking part. 

 

Hamas moni bai yupela usim long dispela wok painimaut? 

Dispela wok painimaut bai stretim ol samting long sait bilong baim petrol bilong IMR 

kar long go kisim yupela long haus bilong yupela, nidel na liklik kontena bilong kisim 

na putim ol blut long en na tu ol wok painimaut mipela bai wokim long sekim ol blut 

long wok ples bilong mipela. Bai mipela i no inap sasim yupela long wanpela samting 

na tu bai mipela i no inap givim yupela moni long kam insait long dispela wok 

painimaut.  

 

Where is your information kept?  

Samples will be analyzed at IMR laboratories in Goroka, PNG, and ICHR laboratories in 

Perth, Australia. Samples that are not directly used will be stored at IMR in Goroka. 
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Forms recording your child’s personal data will be kept in locked file cabinets at IMR for 

a period of at least five years after the completion of the study.  

 

Wanem hap bai yupela haitim ol infomesen bilong mi na pikinini? 

Bai mipela sekim ol blut long IMR insait long Goroka na ICHR long Australia. Ol blut 

we mipela i no sekim o wokim sampela wok painimaut long en bai mipela putim stap 

long IMR. Wanem ol pepa o fom we yu bin putim han mak bilong yu long en na mipela 

bin putim infomasen bilong yu long en bai mipela lokim long ol drawer long IMR inap 

faifpela krismas i go pas bihain long pinis bilong dispela wok painimaut.   

 

What about my privacy?  

We will keep your personal information confidential. If information from this study is 

published or presented, your identity will not be revealed. All information collected in 

this study is seen only by staff working on this study. Data will be entered de-identified in 

databases on computers and will only be accessible to authorized research staff.  

 

Olsem wanem long privacy bilong mi? 

Noken wari, bai mipela tasol save long ol infomasen yu givim long mipela. Sapos 

mipela usim ol dispela infomasen long raitim ripot o soim long ol bikpela miting bai 

mipela i no inap autim nem bilong yu. Na tu bai mipela putim ol infomasen bilong yu 

long komputa we ol wanwok mipela makim long en tasol ken lukluk long ol dispela 

infomasen. 

 

What are my rights as a study participant?  

Your participation in this study is voluntary. You may refuse to take part.  And you can 

withdraw your consent at any time. If you have a physical injury or an illness as a result 

of taking part in this study, medical care is available at local health centers or the Madang 

and Goroka hospital.  The PNGIMR will not provide free care or compensation for lost 

wages. 

 

Wanem kain rait mi gat long stap insait long dispela wok painimaut? 

Yu ken kam insait long dispela wok painimaut long laik bilong yu, na yu gat rait long 

tok nogat sapos yu les. Sapos yu bin givim tok orait pastaim long kam insait long 

dispela wok painimaut na bihain yu senisim tingting bilong yu, em laik bilong yu, yu gat 

rait long rausim tok orait bilong yu. Sapos wanpela kain sik o hevi i kamap long bodi 
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bilong yu bikos long dispela wok painimaut, yu ken go lukim ol dokta o nes na kisim 

halivim long sait bilong marasin long ol klinik klostu long yu o ol bikpela haus sik long 

taun. Bai IMR i no inap givim fri marasin o baim kompensasen.  

 

Who has approved the study?  

This study has been approved by the IMR Institutional Review Board, the Medical 

Research Council of Papua New Guinea and the Princess Margaret Hospital Ethics 

Committee in Perth, Australia.  

 

Husat givim tokorait long kamapim dispela wok painimaut? 

IMR Institutional Review Board wantaim Medical Research Council bilong PNG na 

Princess Margaret Hospital Ethics Committee long Australia i givim tok orait long 

mekim dispela wok painimaut.          

 

If you would like any more information about this study, please do not hesitate to 

contact one contact one of the research team.  They are very happy to answer your 

questions.  

 

Sapos yu gat sampela askim long dispela wok painimaut, ol wokman/meri bai 

hamamas long halivim yu.Yu ken ringim: 

  

Mr. William Pomat long IMR, Tel. namba: 732 2800 (BH) 

 

What to do next if you would like your child to take part in this research? 

If you would like to take part in this research study, please read and sign the consent 

form provided.  

 

Bai mi mekim wanem sapos mi hamamas long pikinini stap insait long wok 

painimaut? 

Sapos yu hamamas long pikinini stap insait long wok painimaut, yu ken sain long tok 

orait pepa.

THANK YOU FOR YOUR TIME 

TENKYU TRU LONG TAIM BILONG YU 
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FORM OF CONSENT  

Tok Orait Pepa 

(For Parent/Guardian) 

 

PLEASE NOTE THAT PARTICIPATION IN RESEARCH STUDIES IS 

VOLUNTARY AND SUBJECTS CAN WITHDRAW AT ANY TIME WITH NO 

IMPACT ON CURRENT OR FUTURE CARE.  

 

TOKSAVE OLSEM TAIM YU STAP INSAIT LONG DISPELA WOK PAINIMAUT 

EM LAIK BILONG YU NA YU INAP LONG LUSIM  .  

 

 

I (NAME)  ......................................................................................................................... 

have read the information explaining the study entitled “Mechanisms of immune 

maturation in Papua New Guinean infants”.  

Mi ridim dispela toksave long as tingting bilong dispela wok painimaut. 

 

I have read and understood the information given to me.  Any questions I have asked have 

been answered to my satisfaction.   

Mi ridim na klia long toksave long dispela wok painimaut na askim wanem kain askim mi 

gat long dispela wok painimaut 

 

I agree to allow (CHILD’S NAME) .........................................................................to 

participate in the study.   

Mi hamamas long larim pikinini bilong mi stap insait long dispela wok painimaut 

 

I understand my child may withdraw from the study at any stage and withdrawal will not 

interfere with routine care.  

Mi klia olsem sapos mi senisim tingting, mi ken lusim dispela wok painimaut na nogat 

hevi bai kamap  

 

I agree that research data gathered from the results of this study may be published, 

provided that names are not used.  
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Mi hamamas na wanbel long yupela tokaut long ol result bilong dispela wok painimaut 

sapos nem blong mi na pikinini no stap insait long ripot.  

 

 

Dated ................................. day of ............................................................ 20 .......... 

 

    

____________________________________   

Your signature (han mak bilong yu) 

 

 

 

I, (INVESTIGATOR’S NAME)...........................................................................have 

explained the above to the signatories who stated that he/she understood the same.  

Mi wok man/meri bilong IMR tokaut na kisim dispela tok orait 

 

    

____________________________________ 

Signature of Person Obtaining Consent  
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Form 6. Follow-up form 
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Appendix B Supplementary Tables and Figures 
 
 
 
 

Table S1. Proportions of non-responders in the infant population 
 
 
 
 
 
 

 

 

 

 

 

 

 
Data show the proportion of samples that did not respond to PRR stimulation  
(i.e. concentration of cytokine was below the detectable limit of 3 pg/mL).  
♦ denotes LPS co-stimulation used 
† denotes IFN-γ priming used 

 IL-10 IL-6 TNF-α IL-1β IL-12 IFN-γ 
TLR2 2/67  

(3%) 
2/67 
(3%) 

5/67  
(7%) 

2/67 
(3%) 

24/67 
(36%) 

12/67 
(18%) 

TLR3 1/67  
(1%) 

2/67  
(3%) 

1/67  
(1%) 

1/67  
(1%) 

11/67 
(16%) 

7/67 
(10%) 

TLR4 1/67  
(1%) 

0/67 
 (0%) 

4/67  
(6%) 

1/67  
(1%) 

15/67 
(22%) 

7/67 
(10%) 

TLR4† 4/67  
(6%) 

3/67 
(4%) 

7/67 
(10%) 

5/67  
(7%) 

10/67 
(15%) 

14/67 
(21%) 

TLR7/8 3/67  
(4%) 

2/67  
(3%) 

6/67  
(9%) 

3/67  
(4%) 

20/67 
(29%) 

9/67  
(13%) 

NOD1 50/67 
(75%) 

32/67 
(48%) 

46/67 
(69%) 

29/67 
(43%) 

43/67 
(64%) 

45/67 
(67%) 

NOD2 23/67 
(34%) 

9/67  
(13%) 

30/67 
(45%) 

17/67 
(25%) 

39/67 
(58%) 

40/67 
(60%) 

NALP3 59/67 
(88%) 

43/67 
(64%) 

46/67 
(69%) 

40/67 
(60%) 

41/67 
(61%) 

39/67 
(58%) 

NALP3♦ 25/67 
(37%) 

31/67 
(46%) 

35/67 
(52%) 

29/67 
(43%) 

42/67 
(63%) 

40/67 
(60%) 



 

    291

Table S2. P-values for associations between maternal exposures and other risk factors with in vitro CBMC innate immune responses in 
univariate linear regression analyses 

 
CBMC responses Maternal exposures and other potential confounding factors 

Cytokine PRR Ligand Gestation Gender Smoking Beer Betel nut E. histolytica Hookworm T. hominis G. lamblia 
TLR2 LTA 0.987 0.369 0.464 0.162 0.821 0.291 0.008 0.190 0.310 
TLR3 PolyIC 0.905 0.214 0.895 0.213 0.893 0.896 0.032 0.284 0.029 
TLR4 LPS 0.680 0.485 0.419 0.125 0.639 0.832 0.092 0.583 0.199 
 LPS + IFNγ 0.720 0.017 0.964 0.369 0.863 0.456 0.968 0.149 0.275 
 MPLA 0.612 0.891 0.534 0.146 0.259 0.754 0.079 0.702 0.033 
TLR5 Flagellin 0.586 0.762 0.088 0.344 0.044 0.453 0.428 0.216 0.804 
TLR7 Imiquimod 0.689 0.945 0.046 0.779 0.332 0.634 0.028 0.728 0.097 
TLR7/8 Gardiquimod 0.783 0.004 0.168 0.523 0.465 0.996 0.298 0.859 0.477 
TLR9 CpG 0.083 0.879 0.837 0.452 0.324 0.376 0.232 0.953 0.588 
NOD1 iEDAP 0.080 0.230 0.411 0.317 0.418 0.140 0.066 0.225 0.795 
NOD2 MDP 0.689 0.823 0.113 0.530 0.959 0.550 0.115 0.352 0.290 
AIM2 Poly(dA:dT) 0.258 0.891 0.768 0.908 0.313 0.177 0.611 0.981 0.723 
NALP3 Alum 0.687 0.298 0.223 0.876 0.081 0.841 0.537 0.454 0.780 

IL-1

 Alum + LPS 0.720 0.533 0.261 0.046 0.404 0.819 0.704 0.658 0.019 
TLR2 LTA 0.591 0.041 0.142 0.062 0.378 0.763 0.035 0.265 0.026 
TLR3 PolyIC 0.792 0.145 0.643 0.209 0.656 0.821 0.021 0.265 0.014 
TLR4 LPS 0.616 0.050 0.233 0.184 0.682 0.987 0.128 0.599 0.146 
 LPS + IFNγ 0.849 0.021 0.684 0.210 0.087 0.904 0.637 0.314 0.330 
 MPLA 0.309 0.144 0.249 0.154 0.176 0.471 0.029 0.474 0.041 
TLR5 Flagellin 0.938 0.235 0.006 0.243 0.004 0.495 0.282 0.374 0.748 
TLR7 Imiquimod 0.951 0.780 0.664 0.621 0.385 0.433 0.972 0.325 0.250 
TLR7/8 Gardiquimod 0.860 0.309 0.915 0.670 0.623 0.490 0.498 0.487 0.840 
TLR9 CpG 0.776 0.611 0.996 0.556 0.948 0.145 0.487 0.872 0.556 
NOD1 iEDAP 0.495 0.404 0.057 0.779 0.347 0.600 0.287 0.146 0.287 
NOD2 MDP 0.574 0.169 0.007 0.571 0.218 0.834 0.091 0.272 0.108 
AIM2 Poly(dA:dT) 0.064 0.889 0.492 0.431 0.277 0.343 0.991 0.731 0.760 
NALP3 Alum 0.501 0.244 0.129 0.348 0.266 0.561 0.169 0.689 0.601 

IL-6 

 Alum + LPS 0.770 0.585 0.738 0.850 0.722 0.646 0.597 0.701 0.010 
IL-10 TLR2 LTA 0.827 0.008 0.472 0.244 0.935 0.676 0.076 0.166 0.081 
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TLR3 PolyIC 0.375 0.094 0.788 0.316 0.844 0.646 0.042 0.136 0.008 
TLR4 LPS 0.811 0.035 0.814 0.203 0.500 0.391 0.119 0.203 0.118 
 LPS + IFNγ 0.634 0.006 0.759 0.508 0.791 0.969 0.370 0.163 0.104 
 MPLA 0.822 0.390 0.893 0.176 0.525 0.884 0.064 0.037 0.061 
TLR5 Flagellin 0.038 0.751 0.196 0.737 0.083 0.488 0.401 0.934 0.970 
TLR7 Imiquimod 0.181 0.882 0.460 0.485 0.996 0.523 0.322 0.863 0.141 
TLR7/8 Gardiquimod 0.508 0.166 0.869 0.492 0.401 0.873 0.124 0.560 0.004 
TLR9 CpG 0.335 0.915 0.451 0.435 0.452 0.370 0.371 0.437 0.261 
NOD1 iEDAP 0.022 0.996 0.229 0.996 0.333 0.115 0.459 0.059 0.247 
NOD2 MDP 0.454 0.314 0.095 0.821 0.451 0.692 0.317 0.159 0.127 
AIM2 Poly(dA:dT) 0.013 0.747 0.257 0.167 0.326 0.032 0.482 0.100 0.715 
NALP3 Alum 0.084 0.139 0.039 0.674 0.432 0.482 0.605 0.367 0.284 
 Alum + LPS 0.813 0.355 0.676 0.570 0.228 0.880 0.415  0.736 0.011 
TLR2 LTA 0.900 0.265 0.720 0.311 0.688 0.654 0.075 0.013 0.206 
TLR3 PolyIC 0.668 0.218 0.412 0.722 0.921 0.271 0.350 0.456 0.894 
TLR4 LPS 0.888 0.820 0.666 0.577 0.022 0.367 0.608 0.773 0.402 
 LPS + IFNγ 0.478 0.373 0.701 0.415 0.234 0.955 0.128 0.002 0.656 
 MPLA 0.642 0.986 0.493 0.660 0.444 0.794 0.306 0.283 0.922 
TLR5 Flagellin 0.662 0.951 0.375 0.961 0.260 0.128 0.944 0.703 0.758 
TLR7 Imiquimod 0.613 0.075 0.538 0.439 0.655 0.345 0.911 0.121 0.302 
TLR7/8 Gardiquimod 0.708 0.840 0.448 0.991 0.528 0.014 0.206 0.663 0.561 
TLR9 CpG 0.237 0.653 0.891 0.389 0.096 0.765 0.167 0.270 0.443 
NOD1 iEDAP 0.080 0.230 0.411 0.446 0.418 0.140 0.066 0.225 0.795 
NOD2 MDP 0.838 0.774 0.241 0.620 0.932 0.204 0.367 0.465 0.955 
AIM2 Poly(dA:dT) 0.855 0.784 0.406 0.753 0.016 0.035 0.426 0.141 0.586 
NALP3 Alum 0.834 0.085 0.702 0.132 0.843 0.870 0.499 0.810 0.006 

IL-12p70 

 Alum + LPS 0.565 0.959 0.878 0.126 0.215 0.460 0.235 0.533 0.842 
TLR2 LTA 0.322 0.968 0.684 0.998 0.992 0.446 0.693 0.407 0.739 
TLR3 PolyIC 0.817 0.485 0.130 0.484 0.716 0.757 0.581 0.981 0.086 
TLR4 LPS 0.626 0.062 0.565 0.479 0.513 0.541 0.349 0.620 0.280 
 LPS + IFNγ 0.356 0.573 0.565 0.610 0.182 0.354 0.145 0.363 0.634 
 MPLA 0.330 0.918 0.472 0.439 0.174 0.771 0.447 0.092 0.865 
TLR5 Flagellin 0.609 0.910 0.200 0.639 0.695 0.556 0.851 0.523 0.748 
TLR7 Imiquimod 0.917 0.021 0.123 0.646 0.970 0.052 0.724 0.430 0.624 

IFN- 

TLR7/8 Gardiquimod 0.683 0.371 0.899 0.735 0.396 0.424 0.841 0.023 0.050 
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TLR9 CpG 0.340 0.479 0.404 0.060 0.544 0.130 0.613 0.284 0.253 
NOD1 iEDAP 0.608 0.437 0.132 0.621 0.174 0.775 0.002 0.758 0.836 
NOD2 MDP 0.822 0.080 0.588 0.148 0.821 0.439 0.626 0.336 0.114 
AIM2 Poly(dA:dT) 0.084 0.288 0.912 0.998 0.981 0.402 0.997 0.399 0.204 
NALP3 Alum 0.120 0.465 0.252 0.668 0.777 0.601 0.952 0.038 0.419 
 Alum + LPS 0.039 0.438 0.928 0.536 0.412 0.266 0.121 0.933 0.346 
TLR2 LTA 0.721 0.046 0.771 0.376 0.853 0.333 0.220 0.058 0.489 
TLR3 PolyIC 0.980 0.111 0.892 0.321 0.588 0.891 0.119 0.059 0.035 
TLR4 LPS 0.737 0.175 0.983 0.073 0.881 0.554 0.377 0.059 0.885 
 LPS + IFNγ 0.377 0.039 0.349 0.098 0.140 0.361 0.607 0.077 0.258 
 MPLA 0.697 0.211 0.742 0.119 0.460 0.520 0.567 0.018 0.561 
TLR5 Flagellin 0.463 0.531 0.057 0.361 0.970 0.431 0.416 0.867 0.401 
TLR7 Imiquimod 0.774 0.759 0.411 0.441 0.967 0.241 0.435 0.903 0.210 
TLR7/8 Gardiquimod 0.402 0.553 0.647 0.934 0.257 0.646 0.310 0.960 0.876 
TLR9 CpG 0.719 0.918 0.556 0.432 0.428 0.295 0.061 0.937 0.259 
NOD1 iEDAP 0.354 0.647 0.070 0.489 0.810 0.699 0.438 0.269 0.282 
NOD2 MDP 0.529 0.449 0.331 0.681 0.763 0.881 0.172 0.444 0.296 
AIM2 Poly(dA:dT) 0.172 0.884 0.404 0.492 0.248 0.344 0.971 0.761 0.585 
NALP3 Alum 0.545 0.634 0.097 0.661 0.183 0.349 0.251 0.830 0.097 

TNF- 

 Alum + LPS 0.498 0.152 0.932 0.315 0.482 0.611 0.206 0.685 0.057 
 

P-values are presented for univariate linear regression analyses studying associations between maternal exposures and other confounding 
factors (independent variables) and in vitro CBMC innate immune responses (dependent variables; n = 95-100). The dependent variables were 
studied as log-transformed background-adjusted values. The colors of the shaded boxes indicate the direction of associations, with blue boxes 
indicating positive associations and yellow boxes negative associations. Significant associations (p < 0.05) are shown in boldface and all p 
values less than 0.10 are highlighted with brighter colours. 
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  Table S3. Maternal exposures and other confounding factors affecting ex vivo infant innate immune responses in univariate analyses 
 

Infant responses Maternal exposures and other potential confounding factors 
Cytokine PRR Ligand Age Gender Smoking Beer Betel nut E. histolytica Hookworm T. hominis G. lamblia 

TLR2 LTA 0.478 0.280 0.526 0.091 0.346 0.713 0.190 0.173 0.835 
TLR3 PolyIC 0.633 0.144 0.316 0.086 0.654 0.972 0.065 0.570 0.573 
TLR4 LPS 0.413 0.616 0.392 0.346 0.461 0.134 0.009 0.416 0.390 
 LPS + IFNγ 0.129 0.328 0.623 0.615 0.551 0.084 0.041 0.311 0.441 
TLR7/8 Gardiquimod 0.448 0.906 0.945 0.654 0.039 0.166 0.109 0.471 0.670 
NOD1 iEDAP 0.766 0.040 0.206 0.741 0.084 0.342 0.186 0.822 0.545 
NOD2 MDP 0.972 0.266 0.500 0.258 0.033 0.459 0.190 0.892 0.157 
NALP3 Alum 0.627 0.900 0.093 0.031 0.512 0.073 0.409 0.297 0.344 

IL-1

 Alum + LPS 0.339 0.385 0.468 0.470 0.846 0.593 0.164 0.314 0.232 
TLR2 LTA 0.517 0.246 0.378 0.073 0.727 0.683 0.695 0.064 0.641 
TLR3 PolyIC 0.739 0.281 0.159 0.054 0.475 0.954 0.940 0.051 0.676 
TLR4 LPS 0.269 0.774 0.273 0.354 0.661 0.185 0.075 0.736 0.447 
 LPS + IFNγ 0.096 0.271 0.523 0.719 0.643 0.082 0.148 0.388 0.476 
TLR7/8 Gardiquimod 0.389 0.595 0.319 0.192 0.240 0.520 0.141 0.366 0.834 
NOD1 iEDAP 0.638 0.903 0.607 0.759 0.122 0.767 0.917 0.317 0.383 
NOD2 MDP 0.535 0.456 0.448 0.618 0.142 0.407 0.094 0.581 0.089 
NALP3 Alum 0.880 0.640 0.210 0.679 0.518 0.235 0.563 0.599 0.611 

IL-6 

 Alum + LPS 0.270 0.686 0.400 0.979 0.465 0.144 0.926 0.272 0.781 
TLR2 LTA 0.531 0.130 0.513 0.345 0.781 0.566 0.499 0.110 0.930 
TLR3 PolyIC 0.966 0.230 0.338 0.638 0.183 0.633 0.790 0.097 0.707 
TLR4 LPS 0.152 0.769 0.448 0.754 0.563 0.025 0.119 0.237 0.280 
 LPS + IFNγ 0.088 0.516 0.506 0.816 0.968 0.032 0.170 0.378 0.880 
TLR7/8 Gardiquimod 0.373 0.894 0.788 0.522 0.327 0.574 0.232 0.166 0.814 
NOD1 iEDAP 0.224 0.802 0.020 0.250 0.113 0.260 0.476 0.571 0.592 
NOD2 MDP 0.969 0.450 0.595 0.058 0.238 0.816 0.600 0.623 0.131 
NALP3 Alum 0.055 0.799 <0.001 0.045 0.810 0.092 0.546 0.447 0.674 

IL-10 

 Alum + LPS 0.448 0.803 0.895 0.897 0.859 0.128 0.933 0.672 0.672 
TLR2 LTA 0.972 0.850 0.931 0.290 0.993 0.213 0.315 0.347 0.255 
TLR3 PolyIC 0.457 0.829 0.951 0.096 0.836 0.546 0.407 0.901 0.831 
TLR4 LPS 0.939 0.868 0.789 0.233 0.653 0.574 0.146 0.139 0.723 

IL-12p70 

 LPS + IFNγ 0.231 0.575 0.869 0.603 0.617 0.290 0.294 0.426 0.480 
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TLR7/8 Gardiquimod 0.358 0.683 0.470 0.564 0.535 0.646 0.282 0.211 0.964 
NOD1 iEDAP 0.728 0.427 0.464 0.286 0.014 0.235 0.715 0.141 0.515 
NOD2 MDP 0.720 0.942 0.690 0.027 0.633 0.161 0.326 0.194 0.363 
NALP3 Alum 0.986 0.909 0.566 0.845 0.285 0.526 0.306 0.543 0.917 
 Alum + LPS 0.385 0.968 0.496 0.322 0.097 0.589 0.657 0.626 0.271 
TLR2 LTA 0.078 0.057 0.958 0.386 0.191 0.084 0.547 0.659 0.279 
TLR3 PolyIC 0.149 0.182 0.517 0.575 0.368 0.232 0.840 0.952 0.999 
TLR4 LPS 0.213 0.562 0.743 0.944 0.917 0.842 0.570 0.400 0.913 
 LPS + IFNγ 0.863 0.045 0.518 0.502 0.156 0.635 0.731 0.805 0.192 
TLR7/8 Gardiquimod 0.030 0.432 0.911 0.550 0.473 0.361 0.454 0.435 0.204 
NOD1 iEDAP 0.862 0.182 0.485 0.435 0.444 0.647 0.292 0.903 0.946 
NOD2 MDP 0.636 0.814 0.580 0.305 0.298 0.666 0.531 0.904 0.298 
NALP3 Alum 0.716 0.014 0.487 0.112 0.269 0.988 0.680 0.452 0.627 

IFN- 

 Alum + LPS 0.769 0.783 0.382 0.858 0.335 0.659 0.399 0.965 0.108 
TLR2 LTA 0.380 0.706 0.706 0.180 0.408 1.000 0.036 0.867 0.712 
TLR3 PolyIC 0.555 0.435 0.785 0.769 0.964 0.490 0.024 0.430 0.932 
TLR4 LPS 0.743 0.192 0.334 0.631 0.307 0.330 0.008 0.222 0.151 
 LPS + IFNγ 0.192 0.204 0.921 0.908 0.847 0.115 0.035 0.184 0.219 
TLR7/8 Gardiquimod 0.252 0.618 0.880 0.870 0.094 0.262 0.016 0.511 0.801 
NOD1 iEDAP 0.596 0.568 0.129 0.544 0.250 0.542 0.396 0.274 0.735 
NOD2 MDP 0.501 0.090 0.861 0.034 0.759 0.625 0.144 0.894 0.124 
NALP3 Alum 0.641 0.503 0.050 0.334 0.298 0.992 0.003 0.578 0.692 

TNF- 

 Alum + LPS 0.867 0.324 0.468 0.927 0.615 0.051 0.213 0.621 0.849 
 

P-values are presented for univariate linear regression analyses studying associations between maternal exposures and other confounding 
factors (independent variables) and ex vivo infant PBMC innate immune responses (dependent variables; n = 70). The dependent variables were 
studied as log-transformed background-adjusted values. The colors of the shaded boxes indicate the direction of associations, with blue boxes 
indicating positive associations and yellow boxes negative associations. Significant associations (p < 0.05) are shown in boldface and all p 
values less than 0.10 are highlighted with brighter colours.  
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 Table S4. Associations between neonatal and infant innate immune responses adjusted for age 
 

 IL-6 TNF-α IFN-γ 
 β ± SE p value β ± SE p value β ± SE p value 
     TLR2 -0.09 ± 0.08 0.278 0.09 ± 0.164 0.574 0.07 ± 0.21 0.746 
     TLR3 0.11 ± 0.08 0.180 0.03 ± 0.13 0.797 -0.18 ± 0.15 0.242 
     TLR4 -0.05 ± 0.05 0.329 -0.03 ± 0.15 0.823 0.00 ± 0.13 0.984 
     TLR4* 0.17 ± 0.10 0.101 0.08 ± 0.18 0.637 -0.12 ± 0.16 0.461 
     TLR7/8 -0.00 ±0.04 0.943 -0.32 ± 0.16 0.057 -0.10 ± 0.21 0.632 
     NOD1 0.18 ±0.11 0.119 -0.13 ± 0.12 0.254 -0.12 ± 0.14 0.396 
     NOD2 -0.26 ±0.12 0.035 -0.24 ± 0.20 0.233 -0.36 ± 0.16 0.028 
     NALP3 -0.14 ±0.11 0.213 -0.09 ± 0.17 0.601 0.33 ± 0.19 0.096 
     NALP3♦ -.09 ± 0.19 0.643 0.11 ± 0.29 0.702 -0.19 ± 0.19 0.331 
  
 IL-1β IL-12 IL-10 
 β ± SE p value β ± SE p value β ± SE p value 
     TLR2 0.06 ± 0.12 0.628 -0.24 ± 0.34 0.480 0.02 ± 0.10 0.837 
     TLR3 -0.07± 0.11 0.515 -0.16 ± 0.31 0.611 -0.11 ± 0.10 0.289 
     TLR4 -0.09 ± 0.10 0.389 0.49 ± 0.33 0.149 -0.01 ± 0.10 0.903 
     TLR4* -0.15 ± 0.12 0.211 0.00 ± 0.37 0.992 -0.06 ± 0.14 0.649 
     TLR7/8 0.14 ± 0.14 0.354 -0.56 ± 0.35 0.121 0.01 ± 0.07 0.880 
     NOD1 0.13 ± 0.12 0.274 -0.09 ± 0.08 0.264 0.10 ± 0.11 0.342 
     NOD2 -0.10 ± 0.15 0.527 -0.23 ± 0.28 0.405 -0.11 ± 0.16 0.516 
     NALP3 0.01 ± 0.18 0.948 -0.08 ± 0.21 0.727 -0.04 ± 0.06 0.474 
     NALP3♦ -0.14 ± 0.15 0.359 -0.80 ± 0.57 0.164 0.03 ± 0.23 0.902 

 
Associations between stimulus and cytokine-specific neonatal and infant innate immune responses (n = 70) were studied using multivariate linear 
regression analysis, adjusting for the age of the infant at the time of follow-up. Neonatal and infant cytokine responses were corrected for 
background levels in control cultures and studied as log-transformed values. Shaded boxes indicate p<0.10. Significant p-values (p<0.05) are 
shown in boldface. Agonists used: TLR2 = LTA, TLR3 = polyIC, TLR4 = LPS, TLR4* = LPS (IFN-γ-primed), TLR7/8 = Gardiquimod, NOD1 
= iEDAP, NOD2 = MDP, NALP3 = alum, NALP3♦ = alum (with LPS co-stimulation. 
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AUS CBMC Presort                AUS CBMC post-sort         AUS CBMC post-sort 
       CD4+CD127+CD25- responder T cells                  CD4+CD127-CD25+ Treg cells 

 
 
Figure S1. AUS CBMC pre- versus post-sort. Example of a AUS CBMC sample pre-sort, and the post-sort populations of CD4+ CD25- CD127+ 

conventional naïve T cells and CD4+ CD25+ CD127- Treg cells. These figures were kindly provided by Dr. M. Tourigny (Telethon Institute).
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PNG CBMC Presort           PNG CBMC post-sort         PNG CBMC post-sort 
                   CD4+CD127+CD25- responder T cells                     CD4+CD127-CD25+ Treg cells 

 
 
Figure S2. PNG CBMC pre- versus post-sort. Example of a PNG CBMC sample pre-sort, and the post-sort populations of CD4+ CD25- CD127+ 

conventional naïve T cells and CD4+ CD25+ CD127- Treg cells. These figures were kindly provided by Dr. M. Tourigny (Telethon Institute).
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Figure S3. Pre-testing of Oxoid CO2 sachets against a standard 5% CO2 incubator. 
Adult lab volunteer PBMC (n = 4) were stimulated with a range of innate stimuli for 24h. 
Two sets of identical culture plates were prepared. One plate was placed inside a bag with 
an Oxoid CO2 sachet and then transferred to a 37ºC incubator (open circles), while the 
other plate was placed directly into a standard 37ºC/5% CO2 incubator (closed circles). 
Comparisons of cytokine production in cultures suggest that the use of CO2 sachets is 
equally effective as the use of a standard 5% CO2 incubator. These figures were kindly 
provided by Dr. A. van den Biggelaar (Telethon Institute). 
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Figure S4. DQ-OVA concentration optimization. A PNG CBMC sample was 
incubated with varying concentrations of DQ-OVA for 1h and analyzed for DQ-OVA 
(FITC) expression via flow cytometry. Notably, concentrations of 2 μg/mL or higher 
resulted in almost all cells of larger side scatter (i.e. containing APC populations) to 
become DQ-OVA-positive (with higher background staining). If the concentration is too 
high, any potential differences that exist between populations may be not detectable. 1 
μg/mL was determined to be a more optimal DQ-OVA concentration for use.   
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Figure S5. Cord plasma cytokine levels and innate immune responses in 
PNG newborns. (A) Cytokine levels in cord plasma from PNG births (n = 119). 
(B) CBMC from PNG newborns were stimulated in vitro with TLR ligands: 
LTA (TLR2; n = 98), PolyIC (TLR3; n = 100), LPS (TLR4; n = 98), LPS with 
IFN-γ priming (TLR4*; n = 99), MPLA (TLR4**; n = 98), flagellin (TLR5; n = 
96), imiquimod (TLR7; n = 96), gardiquimod (TLR7/8; n = 96) and CpG 
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(TLR9; n = 96); or NLR ligands: iEDAP (NOD1; n = 99), MDP (NOD2; n = 
98), poly(dA:dT) (AIM2; n = 97), alum (NALP3; n = 97) and alum with LPS 
co-stimulation (NALP3♦; n = 98). Presented are the geometric means and 95% 
confidence intervals (pg/mL) for background-adjusted cytokine responses. 
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Figure S6. TLR and NLR responses in PNG infants. PNG infant whole blood 
(ex vivo) immune responses to TLR ligands: LTA (TLR2) PolyIC (TLR3), LPS 
(TLR4), LPS with IFN-γ priming (TLR4*) and gardiquimod (TLR7/8); or NLR 
ligands: iEDAP (NOD1), MDP (NOD2), alum (NALP3) and alum with LPS co-
stimulation (NALP3♦). Presented are the geometric means and 95% confidence 
intervals (pg/mL) for background-adjusted cytokine responses. 
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Figure S7. Neonatal innate immune responses in children born to mothers 
with or without G. lamblia or hookworm infections. Neonatal innate cytokine 
responses to TLR agonists: LTA (TLR2), PolyIC (TLR3), MPLA (TLR4) and 
gardiquimod (TLR7/8); or NLR ligands: iEDAP (NOD1) and alum (NALP3) 
were measured and compared between G. lamblia positive (n = 34) and negative 
mothers (n = 56) ; or hookworm-positive (n = 17) and negative (n = 73) 
mothers. Presented are the geometric means and 95% confidence intervals 
(pg/mL) for background-adjusted cytokine responses. Significance level is 
indicated (# = 0.10 > p > 0.05, * = p < 0.05, ** = p<0.01). 
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Key messages 

 The function of antigen presenting cells at birth varies between geographically diverse populations 
 Neonatal antigen presenting cells are relatively more quiescent in children born in traditional compared to 

modern environments. 
 
 
Capsule summary 
This work supports a role for prenatal exposures modulating the function of antigen presenting cells at birth. 
Children born under modern environmental and lifestyle conditions exhibit increased immune reactivity at birth.  
 
 
Key words 
Antigen presenting cell, Cord blood, Hygiene hypothesis, Neonatal, T cell, Papua New Guinea, Australia 
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ABSTRACT 
 
Background One explanation for the high burden of allergic and autoimmune diseases in industrialized countries is 
inappropriate immune development under modern environmental conditions. There is increasing evidence that the 
process of immune deviation already begins in utero, but the underlying immunological mechanisms are not clear.  
Objective To identify differences in the function of neonatal antigen presenting cells (APC) in children born in 
settings which are more traditional versus those of modern societies.  
Methods Cord blood mononuclear cells (CBMC) were collected from Papua New Guinean (PNG; traditional) and 
Australian (AUS; modern) newborns and compared for differences in APC and T cell phenotype and function. 
Results AUS cord naïve T cells (CD4+CD25-CD127+) showed an enhanced and more rapid proliferative response in 
an autologous APC-dependent culture system; a result of differences in neonatal APC rather than T-cell function. 
This included an increased capacity to process antigen and to up-regulate activation markers following stimulation. In 
contrast, resting PNG APC exhibited higher baseline levels of activation and inhibitory markers, and were less or 
non-responsive to stimulation in vitro. 
Conclusions This study supports the hypothesis that prenatal environments can influence the developing immune 
system in utero. Children born under modern environmental conditions exhibit increased APC reactivity at birth 
compared to children born under traditional environmental conditions. The functionally more quiescent nature of 
PNG neonatal APC may potentially protect against the development of harmful inflammatory responses in early life.  
 
 
INTRODUCTION 
 

Following trends in industrialized countries, allergic and autoimmune diseases are increasing in populations 
transiting to more modern lifestyles 1-3, suggesting that characteristics of such lifestyles, including improved hygiene 
and reduced microbial burden, contribute to this heightened risk. Indeed, epidemiologic studies have demonstrated 
inverse relationships between allergy risk and markers of microbial exposure including living in farming or rural 
environments, larger family sizes, pets and parasitic infections 4-10. According to the ‘hygiene hypothesis’, microbial 
exposure in early life ‘educates’ the developing immune system to react appropriately to stimuli, including harmless 
allergens; a process in which antigen presenting cells (APC) presumably play an important role 11-13.  

While the hygiene hypothesis initially focused on postnatal events, there is increasing interest in the 
influence of the in utero environment on postnatal immune function and hence susceptibility to allergic disease 14-17. 
Findings from human studies include reports that children born in traditional settings display altered neonatal innate 
immune responses compared to children born in developed settings, with downstream effects on postnatal T-cell 
development 18; and contact with farm animals during pregnancy decreased the expression of innate immune 
receptors at birth and protected from atopic dermatitis during the first 2 years of life 19. A landmark study by Conrad 
et al. has provided first evidence for a central role of the maternal and fetal innate immune system: in mice, microbial 
exposure during pregnancy enhanced maternal Toll-like receptor (TLR)-mediated inflammatory responses, leading to 
down-regulated TLR and cytokine expression in placental tissues, and reduced risk of allergic disease development in 
offspring 20. While it is yet unknown how disease protection is afforded or which mechanisms are involved, current 
opinion favors fetal APC as likely initial ‘targets’ of microbial effects  21, 22. 

Complementing earlier studies reporting on neonatal innate and regulatory T-cell immune responses in 
children born under diverse environmental conditions 18, 23-25, we investigated the potential effect of a changing 
lifestyle and environment on in utero APC development by comparing the function of cord blood APC from children 
born in a modern (Australia, AUS) versus more traditional environment (Papua New Guinea, PNG).  

 
 
METHODS 
 
Study populations 

PNG is a low-income country with a gross national income per capita (PPP international dollars) of $2030 
compared to $37250 for AUS. The majority of the PNG population lives in rural areas (88%), whereas in AUS most 
people (89%) live in urban centres 26, 27. The under-5 childhood mortality rate in PNG is considerably higher 
(69/1000) than in AUS (5/1000) 26, 27. According to the UN Human Development Index which takes into account 
health, education and living standards, Australia is ranked 2nd worldwide (i.e. “Very High Human Development” 
category) while PNG is ranked in the “Low Human Development” category 28.  

Pregnant women were recruited through private/state antenatal clinics in Perth, the capital city of Western 
Australia (n = 61) and through Goroka General Hospital, the only tertiary hospital in the relatively remote Eastern 
Highland Province of PNG (n = 58). Goroka area is highly endemic for respiratory pathogens (particularly 
Streptococcus pneumoniae and Haemophilus influenzae) and intestinal helminthes and protozoa, but not for malaria 
due to its location at high altitude (1500 - 1900 m above sea level). Further details on these study populations are 
described elsewhere 25. Inclusion criteria included uncomplicated pregnancy of at least 37 weeks gestation, a birth 
weight of >2000g, no acute neonatal infection and no severe congenital abnormality. All PNG mothers were screened 
for HIV infection during pregnancy and at delivery and excluded from the study if testing positive. In line with 
national standard clinical practice, most PNG study mothers (89%) were vaccinated against tetanus in the third 
trimester of pregnancy. In keeping with the high prevalence of allergy in Westernized populations, 47% of the AUS 
study mothers were atopic as determined by a positive skin prick test to common allergens. While the atopic status of 
PNG study mothers was unknown, another study in a similar population in PNG found no evidence of atopy 1.  

The number (n) of samples used for each experiment is reported in the results section.   
Healthy laboratory volunteers (n = 15; mean age ± SD = 32.6 ± 7.5 years) were recruited to collect venous 

blood and isolate adult APC and naïve CD4+ T cells, as will be further described.  
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Written informed consent was obtained from pregnant women (and in PNG also from their partners) and 
volunteers. Ethical approval was obtained from the PNG Institute of Medical Research Institutional Review Board, 
the PNG Medical Research Advisory Council and the Ethics Committee of the Princess Margaret Hospital for 
Children, Perth, Western Australia. 
 
Isolation of cord (CBMC) and peripheral blood mononuclear cells (PBMC) 

Cord (25-50 ml) and venous (lab volunteers, 10-25 ml) blood samples were collected in RPMI (Invitrogen-
Life Technologies, Melbourne, Australia) containing preservative-free heparin (20U/mL) CBMC/PBMC were 
isolated by Ficoll-Hypaque (Alexis-Shield, Oslo, Norway) gradient centrifugation and cryopreserved in 50% heat-
inactivated (HI) FCS (JRH Biosciences, Lenexa, Ks) and 7.5% dimethyl sulfoxide.. Identical protocols and 
consumables were used in PNG and AUS. Until thawing for experiments, cells were continuously kept in the liquid 
nitrogen vapor phase, including during transport via dry shipper from Goroka to Perth.  Cell viability was similar 
between PNG and AUS CBMC upon thawing. 
 
In vitro unfractionated CBMC cultures 

CBMC (1x106cells/mL) were cultured in RPMI/10% non-heat inactivated (NHI)-FCS in the presence or 
absence of 1ng/mL lipopolysaccharide (LPS; Alexis Biochemicals) with/without 10ng/mL IFN-γ (BD Pharmingen). 
For intracellular cytokine staining, Brefeldin A (5μg/mL; Sigma-Aldrich, Germany) was added for the last 18h of 
culture. Cells were harvested after 24 hours of culture for flow cytometry analysis.  

 
APC-dependent proliferation assays 

To separate T cells from APC, CBMC/PBMC were labeled with anti-CD3 Dynabeads (Invitrogen Dynal 
AS, Oslo, Norway). The CD3- APC fraction was gamma (γ)-irradiated at 3000mCg. Naïve CD4+CD127+CD25- T 
cells were sorted from the CD3+ fraction using the FACSAria instrument and FACSDiva software (BD Biosciences) 
and labeled with 11μM/mL carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes, Invitrogen, USA). Per 
well, 5x104 gamma-irradiated CD3- cells (APCs) and 2.5x104 CD4+ T cells were cultured in RPMI/5% HI-human AB 
serum with/without 1μg/mL phytohemagglutinin (PHA; Remel Europe Ltd., Kent, UK) for 68h or 88h.  In 
autologous assays, T cells and APC from the same donor were co-cultured; whereas in assays addressing the role of 
neonatal APC or T-cells, adult T-cells were cultured with cord blood APC, or cord blood T-cells were cultured with 
adult APC, respectively. 
 
Antigen processing assay 

To determine antigen processing and uptake, CBMC were cultured in RPMI + 5% FCS (2x106cells/mL) in 
24-well flat bottom plates with 1μg/mL DQ-Ovalbumin (DQOVA, Molecular Probes, Invitrogen, USA) at 37ºC, or 
4ºC (control), for 1hr.  
 
Flow cytometry 

To determine T-cell and APC proportions, CBMC were re-suspended in fluorescence-activated cell sorting 
(FACS) buffer (1x106cells/tube), incubated on ice with antibodies for CD3, CD4, CD14, CD19, CD56, CD45RO, 
lineage markers, HLADR, CD11c or CD123 (BD Biosciences), washed and fixed overnight with 1% formaldehyde 
(Univar, Seven Hills, Australia) in PBS.  

To measure proliferation, CFSE-labeled cells were co-stained with anti-CD25, CD127 and CD4 antibodies 
and propidium iodide (PI).  

To determine antigen processing, cells were stained with anti-CD14, CD56, CD19 and CD3 or anti-
HLADR, mixed lineage markers, CD123 and CD11c antibodies.  

To phenotype APC subsets at baseline, CBMC were stained with: (a) anti-CD14, CD19, HLADR, CD40, 
CD80 and CD86; (b) anti-CD14, CD19, HLADR, immunoglobulin-like transcripts -3 and -4 (ILT3/4); (c) anti-
HLADR, mixed lineage markers, CD11c, CD123, CD40; and (d) anti-HLADR, mixed lineage markers, CD11c, 
CD123, CD80 and CD86. 

To phenotype APCs in cultures, CBMC were stained with: (a) anti-CD14, CD19, HLADR, CD40, CD80 
and CD86; (b) anti-HLADR, mixed lineage markers, CD11c, CD123, CD40 and CD80; and (c) anti-CD14, HLADR, 
CD19 plus intracellular IL-6, IL-10 and IFN-γ.  

Data were acquired using 4-colour FACSCalibur or 10-colour LSRII (BD Biosciences) instruments and 
results analysed using FlowJo software (Tree Star Inc., Stanford, Calif). Dead cells were excluded from analysis 
using a forward versus side scatter gate or selection of PI- cells.  

 
Cytokine protein detection 

Cytokine levels were measured in supernatants using an in-house multiplex assay as previously described 
29. 
 
Statistical methods 

Differences in continuous variables were tested for significance using a student t test if data were normally 
distributed, or the Mann Whitney U test when data were not normally distributed. Pearson chi-square and Fisher’s 
exact tests (when cells contained numbers equal or lower than 5) were performed to test for differences between 
groups in categorical variables. Wilcoxon signed rank tests were used to test for differences in related samples. 
Differences were considered statistically significant when p-values were less than 0.05. All analyses were performed 
using SPSS 15.0. 
 
 

http://en.wikipedia.org/wiki/Carboxyfluorescein�
http://en.wikipedia.org/wiki/Ester�
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RESULTS 
 
Population characteristics 

Obstetric and newborn characteristics are described in Supplementary Table I. AUS mothers were 
significantly older, more likely to have delivered by caesarean section and to have used antibiotics during pregnancy. 
AUS newborns weighed significantly more at birth and had larger head circumferences compared to PNG newborns.   

 
Proportions of APC and CD4+ T cells  

Significantly lower proportions of monocytes (CD14+), B cells (CD19+) and plasmacytoid dendritic cells 
(pDC) (HLADR+ lineageneg CD123+; Supp. Fig E1) were present in CBMC of PNG versus AUS newborns. No 
differences in myeloid DC (mDC; HLADR+ lineageneg CD11c+; Supp Fig E1) or natural killer cells (CD56+) (Table I) 
were detected.  

The frequency of CD4+ (CD3 co-expressing) T-cells was higher in CBMC of PNG compared to AUS 
newborns (Table I). We found no difference in the CD4+ T-cell mRNA expression of T cell receptor excision circles 
(TRECs), characteristic of recent thymic emigrants (data not shown). The maturation marker CD45RO tended to be 
expressed on relatively more AUS than PNG neonatal CD4+ T cells; however, this difference was not significant 
(mean ± SEM = 13.0% ± 2.1 and 8.8% ± 1.0 respectively, p = 0.085).  
 
Cord APC phenotype 
 Markers of activation (HLADR and CD86) and inhibition (ILT3, ILT4) were expressed significantly more 
frequently by monocytes of PNG compared to AUS newborns (Fig. 1A). Monocytes expressing inhibitory markers also 
expressed the highest levels of HLADR (Supp. Fig. E2). While there was a trend for higher CD80 expression on PNG 
versus AUS monocytes (p=0.078), expression was generally low or absent on most APC types. Similar to PNG 
monocytes, the expression of HLADR (geometric mean fluorescence intensity (GMFI)) was higher on DC subsets from 
PNG compared to AUS newborns (Fig. 1D). A higher frequency of PNG compared to AUS mDC (but not B-cells) 
expressed CD86 (Fig. 1B/C). There were no significant differences in the proportion of monocytes or DC expressing 
CD40; however, more PNG than AUS B-cells expressed CD40 (Fig. 1B).  
 The relative ratio of CD80 to CD86-expressing APC at baseline was significantly higher on B cells from PNG 
compared to AUS neonates; similar trends were observed for monocytes (p=0.109) but not cord DC (Fig. 1E).   
 
Induction of T-cell proliferation by neonatal APC 

To assess the ability of neonatal APC to induce CD4+ T-cell proliferation, cord naïve CD4+ T cells were cultured 
with autologous APCs (γ-irradiated CD3-). PHA-induced T-cell proliferation was reduced and delayed in PNG versus 
AUS cultures (Fig. 2A-C and Supp. Fig. E3). After 68 hours of culturing, significantly fewer PNG compared to AUS 
neonatal T-cells had undergone cell division (mean ± SEM = 54.8 ± 4.9% and 81.3 ± 2.2%, respectively; p<0.001), while 
significantly more AUS T-cells had divided ≥ 2 times (Fig. 2B/C). Although proliferation of PNG T-cells increased by 88 
hours in culture, it did not “catch up” to that of AUS T-cells, lagging behind particularly in the number of cells that 
entered ≥ 4 divisions (Supp. Fig E3B/C).  

We next set out to determine the reason for the observed proliferative differences of PNG and AUS neonatal T-
cells. No difference in PHA-induced T-cell cytokine production (Supp. Fig. E4A) or cell death was detected: the 
proportion of live cells (PIneg) in PNG (mean + SEM = 85.3% + 1.1%) and AUS cultures (mean + SEM = 84.5% + 1.1%) 
was similar (p=0.664) following 68h stimulation. To address the possibility of an intrinsic difference in T-cell function, 
the proliferative response of PNG and AUS neonatal T-cells was studied while culturing in the presence of a 
“standardized” APC compartment (i.e. APC isolated from adult volunteers). Of note, no mixed lymphocyte reaction 
(MLR) was observed at 68h as evidenced by low background proliferation in non-stimulated (control) cultures. While a 
marginally higher proportion of AUS than PNG T-cells underwent cell division in response to PHA stimulation (Figure 
2D), proliferation of PNG T-cells was greatly enhanced if cultured with “standardized APC” instead of autologous APC 
(Supp. Fig E3B), suggesting that PNG neonatal APC limit autologous T-cell proliferation.  

To further investigate neonatal APC function, PNG and AUS APC were cultured with a “standardized” T-cell 
compartment consisting of naïve adult CD4+ T cells.. Again, there was no evidence of MLR in control cultures. Following 
PHA stimulation, adult T-cell proliferation was significantly lower in cultures containing PNG versus AUS APC, thus 
offering further support that PNG APC limit T-cell proliferation (Fig. 2E). 
 
Cord blood APC function 

Given their differing abilities to induce T-cell proliferation, we further evaluated additional functional properties 
of PNG and AUS neonatal APC.   

Comparing the in vitro antigen uptake and processing capacity of PNG and AUS neonatal APC, significantly 
fewer PNG than AUS APC, including monocytes, mDCs and pDCs became DQ-OVA+, indicating reduced antigen 
processing in PNG APC (Fig. 3A). Monocytes were the predominant DQ-OVA+ APC sub-population in both PNG and 
AUS cultures, and for this reason were chosen for further studies. 
 Adopting similar culture conditions as used in the T-cell proliferation assays, the ability of monocytes to 
up-regulate activation markers when stimulated in vitro with PHA was determined. Compared to non-stimulated 
cultures, the expression of CD40, CD86 and HLADR on monocytes significantly increased in AUS, but not PNG cell 
cultures (Fig 3B-E and Supp. Fig E5A-C). Following PHA stimulation, the ratio of CD80 to CD86-positive 
monocytes also remained higher for PNG versus AUS newborns (Supp. Fig. E5D). Notably, other APC sub-
populations did not up-regulate activation markers in either AUS or PNG cultures (data not shown). Similar results 
for monocytes were observed when CBMC were given alternative signals such as LPS +/- IFN-γ (Fig 3B-E and Supp. 
Fig E5A-C). 
 To investigate the ability of cord monocytes to produce inflammatory cytokines, LPS +/- IFN-γ was used as 
the maturation signal. In the absence of stimulation, the proportion of monocytes expressing IFN-γ or IL-6 was 
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significantly higher in PNG compared to AUS cultures (Fig. 3F-G). PNG cytokine-positive monocytes also expressed 
higher levels of HLADR compared to AUS counterparts (Supp. Fig E5E-F). However, only AUS and not PNG 
monocytes demonstrated the potential for increased cytokine production when stimulated. Of note, the addition of 
IFN-γ to LPS-stimulated cultures did not further increase the potential for cytokine production in either group.  
 
 
DISCUSSION  

Consistent with recent speculation of a potentially important role for fetal APC in mediating the disease-
protective effects of prenatal microbial exposure 20-22, we here report significant differences in neonatal APC 
phenotype and function in children born under the divergent environmental conditions of PNG and AUS. 

The most distinct difference was that PNG neonatal APC were comparatively quiescent: they processed 
less antigen, induced less robust T cell proliferation and were less or non-responsive to in vitro stimulation as 
compared to AUS neonatal APC, which in contrast were significantly more responsive.  

We suggest that functional quiescence of APC, as observed in PNG newborns, may be an evolutionary 
mechanism of immune regulation learned in utero to prepare newborns for the intensity and frequency of immune 
challenges in their postnatal environment and to protect them from pathological inflammation. Alternatively, under 
reduced microbial burden, the innate immune system may not be properly ‘programmed’ in utero, consequently 
altering the process of immune development and increasing the risk for allergic and autoimmune diseases in later life 
30. Notably, a relatively more quiescent innate immunity at birth does not necessarily translate into defective postnatal 
immune responsiveness as supported by our findings that neonatal vaccination induces normal memory T cell 
responses in PNG infants 29.. 

In addition to functional differences, variations in neonatal APC phenotype were observed. PNG monocytes 
and DC expressed significantly more HLADR than AUS counterparts, and this, together with their reduced capacity 
to process antigen, suggests a higher baseline activation or maturation status. Interestingly, HLADR expression of 
APC was reported to correlate with infection status 31, including in neonates exposed to malaria prenatally 32. 
Furthermore, enhanced baseline expression of inhibitory markers ILT3 and ILT4 on monocytes of PNG neonates 
may also suggest enhanced potential for tolerogenic activity. PNG ILT3+ ILT4+ monocytes co-expressed high levels 
of HLADR suggesting that cells with potential inhibitory function were those that had been activated in utero. Of 
interest, tolerogenic APC are known to exist in a range of maturation states 33, with ILT3 and ILT4 expression subject 
to modulation by infections 34, and in neonates, by certain prenatal exposures 35. Furthermore, APC from PNG 
compared to AUS newborns over-expressed CD80 relative to CD86, which has been associated with promotion of 
Th1 rather than Th2 responses 36, 37. Additionally, differential roles and expression of these co-stimulatory molecules 
have been observed in states of infection/inflammation 38, 39 and in the development of allergic responses 40, 41.  
 Enhanced baseline expression of activation markers but functional quiescence is also a feature of APC 
‘exhaustion’, commonly described of mature APC that become refractory to further stimulation and produce less 
Th1-polarising cytokines (even in the presence of IFN-γ) following secondary or chronic exposure to some pathogens 
(e.g. in ‘endotoxin tolerance’) 42, 43. We previously reported that APC from PNG compared to AUS newborns 
produce significantly lower pro-inflammatory cytokine responses to IFN-γ-primed BCG stimulation 18. Here, we 
again demonstrate that PNG monocytes do not up-regulate cytokine production following LPS stimulation, even in 
the presence of IFN-γ. Thus, if the functional quiescence observed here is in fact a result of exhaustion, this further 
suggests that PNG APC may be activated in utero under a higher maternal antigen experience. Indeed, monocytes of 
PNG newborns expressed higher intracellular cytokine levels in the absence of stimulation and these cytokine-
positive cells also co-expressed higher levels of HLADR; suggesting a previous cytokine response (activation) in 
utero.  

Differences in neonatal APC phenotype and function driven by prenatal exposures potentially play a role in 
altering the risks for allergic disease in later life. Indeed, animal studies have demonstrated that early postnatal 
exposure to microbial products reduces such risks 11, 44. Exposed animals developed IL-10-producing tolerogenic DC 
that, in line with our findings for PNG neonatal APC, had enhanced expression of activation markers but a reduced 
ability to induce T-cell proliferation 11, 44. Likewise, others have reported an inverse association between baseline 
HLADR expression on cord blood monocytes and development of atopic disease 45. Furthermore, we have recently 
shown in Australian cohorts that reduced neonatal innate inflammatory cytokine production is associated with 
reduced allergy risk 46, 47 Together with the present study, these findings collectively support the hypothesis that 
protection from allergic disease under conditions of high microbial burden may be mediated, at least in part, through 
relative quiescence of neonatal APC responses. Further studies are needed to test this longitudinal effect in humans 
and to explore the most important underlying in utero risk factors.  

In addition to differences in neonatal APC, we also found dissimilarities in CD4+ T-cell frequency and 
function between PNG and AUS newborns. A main difference was that proportions were significantly higher in PNG 
compared to AUS newborns. Interestingly, in neonatal mice increasing the quantities of conventional CD4+ T cells by 
adoptive transfer reduced innate immune responses and lowered the risk for “hyper-inflammation” 48.. A second 
difference was that CD4+ T-cells of PNG compared to AUS newborns underwent less proliferation in autologous 
APC-dependent cultures; however, PNG neonatal T-cells possessed the intrinsic ability to respond more efficiently 
when stimulated by APC from an unrelated adult donor, hereby highlighting the role of PNG neonatal APC in the 
reduced proliferative capacity of PNG T-cells. These findings suggest that T-cell proliferation may be limited in vivo 
in PNG newborns; perhaps to an even greater extent than that observed in our experiments given the lower ratio of 
circulating APC to T-cells found in total CBMC of PNG newborns. The impact of limited neonatal T-cell 
proliferation in the clearance of infectious micro-organisms in early postnatal life is currently unknown and requires 
further investigation. .  

Besides variation in microbial burden, differences in other environmental exposures such as maternal diet 
and indoor air pollution, as well as genetic and obstetric factors may have contributed to the observed differences in 
neonatal APC function. For example, in our study Australian mothers were significantly older than PNG mothers at 
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the time of delivery, which to a certain extent may have contributed to observed differences between the neonatal 
immune systems as older maternal age was associated with relatively higher proportions of monocytes in cord blood 
(Supp. Tables II and III). Also, 41% of the Australian study mothers had delivered by caesarean section in contrast to 
none of the PNG mothers. In the current study, we did not observe an effect of caesarean section on studied AUS 
neonatal immune read-outs (Supp. Table IV); however several other studies have investigated the effect of mode of 
delivery on neonatal immune responses with variable findings 18, 49, 50. In any case, mode of delivery and maternal age 
are two examples of population differentiating factors that may be of importance for differences in neonatal immune 
function and further studies to identify the specific influence of these and other factors are needed, now that the 
current study has successfully demonstrated the existence and nature of differential neonatal immune function in 
PNG and AUS populations.  

In summary, we have demonstrated that under conditions typical of traditional environmental settings, 
neonatal APC exhibit a more activated phenotype at baseline whilst being quiescent in function: potentially a 
protective mechanism ‘learned’ in utero. On the other hand, neonatal APC from children born in a more modernized 
environment were comparatively more responsive. Both prenatal and early postnatal exposures are thought to be 
critical to develop balanced immune regulatory responses protecting infants against severe and harmful inflammation 
in early life and possibly allergic and autoimmune diseases in later life. This study provides further evidence that 
these effects begin in utero and that fetal/neonatal innate immune pathways are involved.  
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Table I. Frequency of APCs and T cells in PNG and AUS CBMC 
 

PNG CBMC AUS CBMC P-value 

Monocytes       

B-cells       

NK-cells 

pDC 

mDC 

CD4+ T cells 

CD8+ T cells 

13.4 (5.3) 

13.0 (5.2) 

10.0 (3.7) 

0.3 (0.1) 

0.5 (0.3) 

36.9 (9.7) 

11.4 (3.4) 

18.9 (7.2) 

21.0 (8.5) 

9.6 (6.7) 

0.5 (0.3) 

0.4 (0.2) 

30.9 (9.0) 

10.3 (4.5) 

0.027 

0.010 

0.424 

0.010 

0.527 

0.020 

0.185 
 
Data present the proportions (mean and standard deviation) of different APC and T cell subsets in PNG and AUS 
CBMC; n = 11 (PNG) and 12 (AUS) for NK cell proportions; n = 12 (PNG) and 14 (AUS) for monocyte and B cell 
proportions; n = 19 (AUS) and 20 (PNG) for pDC and mDC proportions; n = 25/group for CD4+ T cell proportions 
and n = 20/group for CD8+ T cell proportions. 

 
 

 
Figure 1. Cord APC phenotype at baseline 
(A) The percentage of CD14+ monocytes expressing activation and inhibitory markers. (B) The percentages of CD19+ 
B-cells and (C) mDC and pDC expressing activation markers. (D) The intensity of HLADR expression (geometric 
mean fluorescence intensity (GMFI)) on DC subsets. (E) The relative ratio of CD80 to CD86-expressing APC. PNG 
white bars, AUS grey bars, n = 6/group. Data represent mean and SEM. Significance level is shown (* = p<0.05, ** = 
p<0.01). 
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Figure 2. Neonatal T-cell proliferation in autologous and allogeneic APC culture systems  
(A-C) Autologous cultures: (A) Neonatal T-cell proliferation under varying APC:T-cell ratios (n = 3/group). (B) 
Example of CFSE dilution and (C) proportions of neonatal CD4+ T-cells having undergone an increasing number of 
divisions when cultured at a 2:1 APC to T-cell ratio (PNG, white, n = 21; AUS grey, n = 20). (D) Cord T-cell 
function:  neonatal CD4+ T-cells (PNG, n = 15; AUS, n = 14) cultured with “standardized” APC from adult donors. 
(E) Cord APC function: neonatal APC (PNG n = 12; AUS n = 11) cultured with “standardized” CD4+ T-cells from 
adult donors. Cells were stimulated with PHA for 68 h. Data represent mean and SEM. Significance level is indicated 
(* = p<0.05, ** = p<0.01, *** = p<0.001). 
 

 
Figure 3. Neonatal APC function 
(A) Proportions of cells taking up and processing DQ-OVA (PNG white, AUS grey, n = 6/group). (B-D) Fold change 
in GMFI of HLADR (B), CD86 (C), CD80 (D) and CD40 (E) on monocytes post stimulation as compared to non-
stimulated controls (media only) (n = 4-6/group). (F-G) Percentage of monocytes expressing intracellular IL-6 or 
IFN-γ following culture (n = 6/group). Data represent mean and SEM. Significance level is indicated (* = p<0.05, ** 
= p<0.01). 
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RESULTS  

 
To study whether maternal age may account for observed differences between PNG and AUS neonatal immune 
function, linear regression models were used including neonatal  immune read-outs that significantly differed 
between the two study populations and that had sufficient power (sample sizes) for regression analysis: relative 
proportions of monocytes (PNG n = 11; AUS n = 8) and CD4 T-cells in CBMC (PNG n = 18; AUS n = 23); and 
PHA-induced % divided T-cells in autologous cell cultures (PNG n = 15; AUS n = 18) and cultures of cord APC in 
the presence of adult T cells (PNG n = 9; AUS n = 8).  Maternal age was studied as a continuous variable. To 
determine whether maternal age explains population differences, we first tested for associations between maternal age 
and immunological read-outs for the two populations separately (Table E2), and secondly performed regression 
analysis using model 1 that studies the population effect alone, and model 2 that also included maternal age as a 
variable (Table E3). When the linear regression co-efficient for the relationship between population and the 
immunological read-out changed considerably in model 2 compared to model 1, this is considered to indicate that the 
observed population difference is (to a certain extent) explained by maternal age. As demonstrated in Table E2, 
within the group of AUS mothers, increasing maternal age was found to be associated with relatively higher cord 
CD14+ monocyte proportions; whereas in the PNG group, older maternal age was associated with lower cord CD4+ 
T-cell proportions. As relative proportions of cord CD4 and CD14 cells are interrelated, these observations therefore 
may indicate that the higher proportion of CD4 T-cells in PNG cords and the relatively higher proportions of CD14 
cells in AUS cords may be explained by differences in maternal age between these two study populations. This is in 
line with the observation that in the adjusted linear regression analysis (Supp. Table III) the population difference for 
% CD14 cord cells disappears when adjusting for the effect of maternal age (comparing model 2 with model 1). In 
spite of this effect of maternal age, in the functionality experiments that follow in the presented study, we correct for 
the population differences in cord CD4+ T-cell and CD14+ monocyte proportions and the maternal age effect is then 
no longer at play. For the proliferation capacity, no effect of maternal age was found: there was no association found 
with maternal age when studying the two populations separately (Table E2) and inclusion of maternal age as a 
variable in regression analysis did not change the population effect (Table E3). 
 
 
Supplementary Table E1. Obstetrics and newborn characteristics  
 

 
PNG AUS P-value 

   Age mother, years 26.2 (6.8) 32.6 (4.2) <0.001 
   Primigravida 20/54 (37%) 12/39 (31%) 0.530 
  Delivery by caesarean 0/54 (0%) 15/37 (41%) <0.001 
  Antibiotic use in pregnancy 0/54 (0%) 5/47 (11%) 0.014 
   Male newborn 35/55 (64%) 21/46 (46%) 0.070 
   Gestational age, wks 39.5 (1.5) 39.3 (1.2) 0.496 
   Birth weight, kg 3.4 (0.5) 3.5 (0.4) 0.029 
   Mean birth length, cm 50.7 (3.2) 50.6 (2.1) 0.987 
   Mean head circumference, cm 33.7 (1.8) 34.9 (1.2) <0.001 

Continuous variables are expressed as mean with standard deviation.  

 

mailto:Anita.vandenBiggelaar@Crucell.com�


 

    349

Supplementary Table E2. Linear regression analysis to study association between maternal age and selected 
neonatal immune outcomes for the two populations separately 
 

 PNG (maternal age)  AUS (maternal age) 
 B ± SE P-value  B ± SE P-value 
% CD14 in CBMC 0.36 ± 0.27 0.218  0.33 ± 0.82 0.048 
% CD4 in CBMC -0.33 ± 0.14 0.045  -0.04 ± 0.11 0.752 
Proliferation, % T-cells divided: 
Autologous cord APC + T-cells 

 
1.42 ± 1.61 

 
0.412 

  
-0.02 ± 0.50 

 
0.908 

Proliferation, % T-cells divided:  
Cord APC + adult T-cells 

 
0.12 ± 1.07 

 
0.914 

  
-0.37 ± 0.53 

 
0.507 

 
 
 
 
Supplementary Table E3. Linear regression analysis to study whether population differences in neonatal 
immune function can be attributed to differences in maternal age 
 

 Model 1 
 

 Model 2 
 

 B ± SE P-value  B ± SE P-value 
 

% CD14 in CBMC  
- Population (PNG is reference, 1) 
- Maternal age  

 
5.03 ± 2.69 

-- 

 
0.074 

  
1.57 ± 3.76 
0.51 ± 0.31 

 
0.682 
0.118 

% CD4 in CBMC  
- Population (PNG is reference, 1) 
- Maternal age 

 
-5.94 ± 2.65 

-- 

 
0.029 

  
-5.39 ± 3.23 
-2.14 ± 0.23 

 
0.103 
0.364 

Proliferation, % T-cells divided  
Autologous cord APC + T-cells  
- Population (PNG is reference, 1) 
- Maternal age 

 
 

30.24 ± 9.45 
-- 

 
 

0.005 

  
 

23.90 ± 11.47 
0.75 ± 0.85 

 
 

0.058 
0.399 

Proliferation, % T-cells divided  
Cord APC + adult T-cells  
- Population (PNG is reference, 1) 
- Maternal age 

 
 

17.95 ± 6.05 
-- 

 
 

0.008 

  
 

16.98 ± 7.88 
-0.11 ± 0.59 

 
 

0.050 
0.855 

 

 

 

Supplementary Table E4. Linear regression analysis studying the association of neonatal immune outcomes 
with caesarean section for the AUS population 

 AUS (caesarean section) 
 B ± SE P-value 
% CD14 in CBMC  -1.84 ± 4.26 0.681 
% CD4 in CBMC 6.78 ± 3.21 0.073 
Proliferation, % T-cells divided  
Autologous cord APC + T-cells  

 
-11.28 ± 7.59 

 
0.197 

Proliferation, % T-cells divided  
Cord APC + adult T-cells  

 
4.31 ± 10.42 

 
0.696 

 

Linear regression analysis (is linear regression coefficient and SE is standard error) was used to study associations 
between delivery by caesarean section (C/S) and relevant neonatal immunological read-outs within the AUS 
population [dependent variables i.e. relative proportions of monocytes (n = 10) and CD4 T-cells in CBMC (n = 19); 
and PHA-induced % divided T-cells in autologous cell cultures (n = 15) and cultures of cord APC in the presence of 
adult T cells (n = 7)]. No significant differences were found. The observation that cord CD4+ T-cell proportions 
tended to be higher in AUS children born by C/S may imply that the observed difference in CD4 T-cell proportions 
between PNG and AUS newborns may be even greater than reported.  
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Figure E1. Cord dendritic cell gating strategy  
CBMC were stained for HLADR, lineage markers, CD11c and CD123 via flow cytometry. Plasmacytoid DC (pDC) 
were defined as lineageneg HLADR+ CD123+, while myeloid DC (mDC) were defined as lineageneg HLADR+ 
CD11c+. 
 
 
 
 
 

 
 
Figure E2. ILT3+ ILT4+ monocytes express high levels of HLADR 
(A) Example of the expression of ILT3 and ILT4 on AUS and PNG CD14+ monocytes and (B) the relative HLADR 
GMFI of ILT3-ILT4- and ILT3+ILT4+ CD14+ monocyte subsets in PNG (white bars) and AUS (grey bars) cord 
samples (n = 6/group). Data present mean and SEM. Significance level is indicated (* = p<0.05, ** = p<0.01). 
 



 

    351

 
 
Figure E3. Proliferation of CFSE-labeled CD4+ T cells 
(A) Gating strategy for determining proliferation of live CFSE-labeled CD4+ T cells in cultures supplemented with 
autologous APC +/- PHA for 68h. (B) PHA-induced proliferation of PNG CD4+ T cells after 68h in culture with 
autologous (n = 21) or adult APC (n = 16). (C) An example of CFSE dilution in PNG and AUS CD4+ T cells and (D) 
the average proportions (mean + SEM) of CD4+ T cells having undergone an increasing number of divisions in 
autologous cultures stimulated with PHA for 88h (PNG white, AUS grey, n = 10/group). Significance level is 
indicated. 
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Figure E4. Cord T cell cytokine responses to PHA  
(A) CD4+ T cells and autologous CD3- APCs were cultured at a 1:2 ratio in the presence or absence of PHA for 68h 
(PNG white n = 17; AUS grey n = 16) or (B) unfractionated CBMC (1x106cells/mL) of PNG (white, n = 36) and 
AUS newborns (grey, n = 31) were cultured in vitro with medium alone (control) or with PHA for 48h. Net changes 
in PHA-induced cytokine responses are presented as box plots (median, interquartile range and minimum/maximum 
response). Percentages of PNG and AUS cord CD4+ T cells positive for intracellular (C) IFN-γ and (D) IL-10 in 
unfractionated CBMC cultures with medium alone (control) or PHA is shown. Significance level is indicated. 
 
 
 

 
 
Figure E5. Expression of activation markers on cord monocytes  
Percentage of monocytes (CD14+) expressing (A) CD86, (B) CD80 and (C) CD40 following 48h PHA stimulation or 
24h stimulation with LPS+/-IFN-γ (PNG white bars n = 6, AUS grey bars n = 5). (D) The relative ratio of CD80 to 
CD86-expressing cord monocytes following 48h stimulation with PHA (PNG n = 6, AUS n = 5). The HLADR GMFI 
of (E) IL-6+ and (F) IFN-γ+ monocytes following 24h LPS+/-IFN-γ stimulation. Data represent mean and SEM. 
Significance level is indicated (* = p<0.05, ** = p<0.01). 
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